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Abstract

Coordination chemistry is perhaps one of the most base-level elds within chemistry,
with a rich past and an ever expanding future. EXxisting in a relatively newer niche,
however, is the eld of single molecule magnetism, sitting at an intersection between
synthetic chemistry and chemical physics with an aspiring road leading to materials
chemistry and advanced information technology. While the fundamentals of the eld
are established, it has not yet reached the stage of implementing single molecule mag-
net technology, for which a broader understanding is needed. A crucial part of this
is the ability to interpret magneto-structural correlations, to understand the ways in
which molecular structure effects the electronic structure of the metal ions, and hence
their performance as single molecule magnets.

A series of new homo- and heterometallic complexes are reported; which, where possi-
ble, have been magnetically characterized. A non-macrocyclic triangular complex fea-
turing a planar Cu 3TbOg core represents the rst of its class to exhibit slow relaxation of
magnetization in zero applied eld, a characteristic of single molecule magnets, while
similar Cu 3Gd, Cu3zDy, and Ni 3Gd complexes show eld supported magnetic proper-
ties. The regularity with which the Cu 3Ln and Ni sLn complexes crystallize, and the
observation of ferromagnetic ground states for each, exempli es the reliability of the
present synthetic strategy to produce potential single molecule magnets. The CoslLn
complexes presented here were found to have variable cobalt coordination geometries,
a subtle effect induced by the size of each lanthanide, with the CozDy complex being
the sole example of purely octahedral cobalt centres. Magnetic measurements of CosLa
revealed a ground state spin of S = 3/ 2 with a relatively large zero- eld splitting pa-
rameter, likely associated with the presence of a trigonal bipyramidal cobalt centre.

A number of higher nuclearity complexes are also reported. Four variations of a Ni 15
molecular wheel have been crystallographically identi ed, three of which are nearly-
isostructural acetate containing polymorphs and the last of which is a formate ana-
logue. One polymorph exhibited a capsule like packing arrangement within its crystal
structure, however, attempts to drive the inclusion of a guest molecule were unsuccess-
ful. Synthetic efforts to produce a copper based analogue resulted in the unexpected
formation of a Cu 14 cluster which exhibited the same binding pattern as Ni 1. Two man-
ganese containing complexes,Mn g and MnLa g, were also obtained where the former
exhibited the relatively uncommon homometallic square-in-square architecture.
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Chapter 1

An Introduction

The history of magnetic materials dates back to earlier than 600 B.C., when magnetism
was rst observed in a form of the mineral magnetite, called lodestone. It was not
until the early nineteenth century that is was formulated that magnetism and electric-
ity represent different aspects of the force of electromagnetism, which is one part of the
electroweak force. By the twentieth century, scientists had begun systematically study-
ing magnetism, nally beginning to understand it at a fundamental level, and develop
technologies based on this understanding. Research surrounding magnetic materials
encompasses nearly all areas of modern science, with a particular focus on the devel-
opment of novel magnetic materials and the ability to tune their properties. Despite the
vast amount of applications classical magnets have in our lives, they suffer, primarily,
from two major drawbacks: their chemical reactivity, and high energy cost.

1.1 Magnetic Materials and Their Properties

At its root, magnetism can arise from two sources: electric currents (1), or the spin
magnetic moments (7y) of elementary particles. In the simplest terms, the attractive or
repulsive magnetic interactions between two objects originates from the interaction be-
tween each objects electrons or an objects electrons with a magnetic eld (B).! When an
object is subjected to a relatively strong magnetic eld, the spins of the objects ground
state electrons align with the magnetic eld, however, the ground state electron spins
of most objects will become rapidly disordered when removed from the applied eld
and thus quench the observed magnetism.?



2 Chapter 1. An Introduction

1.1.1 Magnetism in Bulk Solids

At the atomic level there exists two fundamental types of magnetism: diamagnetism
and paramagnetism, each of which have unique effects on the arrangement of elec-
tron spins. Diamagnetic materials contain only anti-parallel paired electrons, thus have
a net magnetic moment of zero, and are not attracted towards an applied magnetic
eld. Paramagnetism, however, describes the attractive interaction between an applied
magnetic eld and the unpaired electrons within the material. This paramagnetic inter-
action also has a strong temperature dependence®® Bulk solids may be characterized
into further subgroups of magnetism which are most commonly combinations of prop-
erties of diamagnetic and paramagnetic materials. The magnetic properties of both
diamagnetic and paramagnetic compounds can be determined by measuring the mag-
netic response of the compound with respect to an applied magnetic eld, known as
the magnetic susceptibility, ¢, and de ned by Eq. 1.1:

_ ™

c H (1.2)

Where M is the magnetization of the sample and H is the strength of the applied eld.
In the case of a weak applied eld, the change in sample magnetization as a function of
applied eld is constant thus c is de ned by the dimensionless quantity in Eq. 1.2:

c= (1.2)

M
H
The most commonly expressed form of c is the molar susceptibility, ¢y, which is the

sum of diamagnetic and paramagnetic susceptibilities (cp and cp, respectively) and
has units cm® mol (Eq. 1.3)68

Cm=Cp*Cp (1.3)

1.1.2 Classes of Magnetic Materials

The most common classes of magnetic interactions observed in the bulk phase (exclud-
ing diamagnetism) are; paramagnetism, ferromagnetism, antiferromagnetism,
and ferrimagnetism (Figure 1.1). In general, these systems require non-zero electron
spins typically observed in organic radicals, transition metal ions, or lanthanide ions. 3
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FIGURE 1.1: Representation of the alignment of spins in an applied
eld ( B) for a) antiferromagnetic, b) ferrimagnetic, c) ferromagnetic, and
d) paramagnetic solids.

<

Paramagnetism

In paramagnetic compounds, unpaired electron spins are oriented randomly and in-
dependently of the neighbouring spins. If a suf ciently strong magnetic eld, H, is
applied to the sample then the random thermal motion can be overcome and the spins
of unpaired electrons will align parallel or anti-parallelto  H. At zero applied eld ther-
mal motion will once again dominate the system, and the unpaired electron spins will
randomize, thus the molar susceptibility of paramagnetic materials is both temperature
and eld dependent. 3° The Curie law (Eq. 1.4) de nes this temperature dependence as:

_ Nag’ng
Cm = WS(S-F 1) (1.4)

Where N4 is Avogadro’s number (6.022 10?3 mol™), g is the Lande g-factor, ms is the
Bohr magneton (9.274 10 24 J T1), kg is the Boltzmann constant (1.380 10 23J K1),
T is the system temperature, and S is the spin quantum number. The Curie constant, C
(emu K mol 1), can then be de ned as Eq. 1.5:

_ Ng’ng
C= g °S(S+ 1) (1.5)

Which allows Eq. 1.4 to simplify to:

Cm =

=0

(1.6)

This equation more directly shows the inverse temperature dependence of the molar
susceptibility for paramagnetic compounds. This leads to a linear eld dependence of
magnetization at low applied elds, however, at high applied eld strengths (with con-
stant temperature) the magnetization increases and reaches a saturation value, Mgy,
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that depends on the spin quantum number, S

Msat
Nams

= Sg=n (1.7)

Where Msf Nyng is the reduced magnetization and n is the number of unpaired electrons
in the system.38

Ferro-, Antiferro-, and Ferrimagnetism

Long-range ordering of magnetic spins in bulk materials is commonly observed and
leads to the phenomena of ferro-, antiferro-, and ferrimagnetism. These three classes of
magnetic materials behave similarly to paramagnetic compounds and lose their mag-
netic ordering above a speci c temperature, again, due to thermal motion overcoming
magnetic ordering. For ferro- and ferrimagnets this is the Curie temperature, Tc, and
for antiferromagnets this is the N eel temperature, Ty. Bulk ferromagnetic materials
are divided into Weiss domains, in the absence of an applied eld each domain has a
non-zero magnetic moment in a somewhat random orientation leading to a net sample
magnetization of zero. When a magnetic eld is applied and the sample is kept below
Tc the domain walls are displaced and a new domain structure is formed, whereby the
magnetic moments of each domain align parallel with the direction of the applied eld.
Below the Curie temperature, when the applied eld is removed, the magnetization
is retained. In contrast, the unpaired spins in an antiferromagnet will arrange anti-
parallel when below Ty, thus will give a net magnetization of zero in an applied mag-
netic eld. Ferrimagnets behave similarly to antiferromagnets with their anti-parallel
spins in an applied eld, however the magnetization vector of the domains can have
different magnitudes leading to a net non-zero magnetic moment. Similar to ferromag-
nets, below their ordering temperature, this magnetization is retained upon removal
from the applied eld.

1.1.3 Single Molecule Magnetism

Almost three decades ago magnetization experiments were carried out by Sessoli et al?
on the compound rst reported over a decade earlier by Lis, ° now commonly known
as Mnj,. This system was the rst of its kind observed to retain magnetization, at the
molecular level, in zero applied eld. %'2This discovery kick-started the now ourish-
ing eld of molecular magnetism, with Web of Science showing over 10,000 documents
matching the search term ’single molecule magnet’ published prior to 2022. 3
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Single molecule magnets primarily differ from classical bulk magnetic materials in the
nature of the magnetic interactions and ordering. SMMs rely on short range ordering,
where each individual molecular unit acts as a single magnetic domain, without the
need for long range ordering and interactions as in bulk magnets. SMMs are commonly
characterized by an effective barrier to the reversal of magnetization ( Ug¢) and their
blocking temperature ( Tg), above which they behave like regular superparamagnets
and below which they exhibit single-molecule-domain ferromagnetic behaviour.

1.2 Electronic Structure, Interactions, and Hamiltonians

At its core, magnetism requires the presence of unpaired electrons, which are typically
considered to be localized to magnetic orbitals (Figure 1.2). The unpaired electrons
can reside in p-orbitals, as in reactive radical compounds, transition metal d-orbitals, or
the highly shielded f-orbitals of the lanthanide and actinide series. Complexes can be
formed with any number of spin centres containing various combinations of p-, d-, or
f-magnetic orbitals with unique electronic structures. The subtle effects of spin-orbit,
spin-spin, ligand eld, and crystal eld interactions are paramount to the fundamen-

tal understanding of such systems; where small apparent changes can lead to vastly
different molecular properties.
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FIGURE 1.2: Real valued functions depicting the general shape of the
p-, d-, and f-orbitals.

Magnetically interesting compounds with unpaired electrons in their  p-orbitals are al-
most exclusively nitrogen based, most commonly nitronyl-nitroxide derivatives, 1417
due to their relative stability over other highly reactive light element radical species.

Magnetic d-orbitals encompass the transition metal rows, with the 3 d metals being the

most well studied due to the generally well understood nature of their coordination
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chemistry. The vast range of oxidation states available to many transition metals makes
them an attractive target for electrochemical considerations, while their often well de-
ned coordination geometries simpli es the rationalizing of their electronic structures.
Heavier transition metals, i.e. those in the 4d and 5d series, have also been explored
but much less often in heterometallic systems. Finally, the highly shielded and rela-
tively unreactive f-orbitals of the lanthanide and actinide metals paired with their un-
guenched orbital momentum makes them a highly attractive target for the construction

of magnetic complexes.

1.2.1 Spin-orbit Couplings

The spin-orbit coupling (SOC) of light atoms (generally Z  30), known as LS coupling
or Russell-Saunders coupling,'8is small so the total orbital angular momentum ( L) and
total spin (S) are said to be good quantum numbers . ° For much heavier elements,
with many electrons and a larger nuclear charge, the spin-orbit interaction becomes as
strong as the interaction between individual spins and dominates the Coulomb interac-
tions. Thus a j-j coupling scheme is used to describe the interaction between spin and
orbital angular momenta of individual electrons in heavy elements. 1°

Russell-Saunders Coupling

In multi-electron atoms with weak spin-orbit coupling, the total angular momentum
(J) can be visualized as the vector addition of the total orbital angular momentum ( L)
and the total spin angular momentum (' S), as in Fig. 1.3. This coupling regime holds
true for weak applied magnetic elds. In the presence of stronger external magnetic
elds, L and S can decouple, giving rise to a different splitting of energy levels called
the Paschen-Back effect®

j-j coupling

For heavier elements (generally Z  40) spin-orbit coupling becomes more important
as relativistic effects must be taken into account when calculating orbital energies. Spin-
orbit coupling constants ( z) tend to increase across and down the periodic table, for
example z = 460 cnt? for Fe!" (Z = 26) andz = 1900 cmit for Dy (Z = 66)2%21 The
effect of z on the energy level of the electron is computed using the Hamiltonian in Eq.
1.8, giving energies of the Jstates as in Eq. 1.9

H LS — | |_5L S
21 (1.8)
2S

where | | g =
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FIGURE 1.3: lllustration of Russell-Saunders type coupling.

E(J) = %[J(J+ 1) L(L+1) S(S+ 1)] (1.9)

1.2.2 Exchange and Superexchange

Exchange interactions between metal centres occur in complexes as a result of the
direct overlap of partially occupied atomic orbitals within the metal ions. In contrast,
superexchange interactions occur as a result of the overlap of partially occupied metal
ion orbitals with intermediary ligand orbitals. Superexchange interactions occur in
polynuclear clusters in two distinct ways: antiferromagnetic exchange occurs when
two metal ions and a ligand are colinear, i.e. a 180 ML M angle (Figure 1.4, top).
Ferromagnetic exchange occurs when this angle is reduced to near 90, involving the
interaction of a second orthogonal p-orbital of the ligand (Figure 1.4, bottom). The
Pauli exclusion principle dictates that for two magnetic ions with half-occupied orbitals
which are coupled through a non-magnetic ion, the superexchange will be strongly
antiferromagnetic in nature whereas the coupling between an ion with a lled orbital
and one with a half- lled orbital will be strongly ferromagnetic. 2223 Ferromagnetic ex-
change typically dominates when an ion with either a fully or partially occupied orbital
couples to a vacant orbital, however when multiple types of interactions are simulta-
neously present antiferromagnetic interactions will dominate due to its dependence of
the intra-atomic exchange term.?324
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FIGURE 1.4: Schematic representation of a linear exchange pathway

involving two 3 d® metal d-orbitals and one 2p® ligand centred p-orbital

(top) and a nonlinear exchange pathway involving two 3 d® metal
d-orbitals and two 2 p® ligand centred p-orbitals (bottom).

1.2.3 Magnetic Anisotropy

In the absence of an applied eld and any form of spin-orbit coupling, an electron
spin has spherical symmetry and is therefore totally isotropic. However, the interaction
between electron spin and orbital motion must be considered for real systems. A con-
sequence of SOC is the splitting of otherwise degenerate energy levels of the electrons,
and it is this interaction that leads to the anisotropic behaviour observed in metal
ions. The primary contributors to magnetic anisotropy are the zero- eld splitting (ZFS)
effect and the Zeeman effect (Figure 1.5), which can be collectively described by the
spin-Hamiltonian in Eq. 1.10:

H = H zeemant H zFs
mgBgS+ SDS

(1.10)

ZFS causes a loss of degeneracy in the spin microstates in systems with non-zero spins,
without an applied eld, originating from either a direct interaction between the mag-
netic dipoles of unpaired electrons or from another contribution arising as a conse-
guence of SOC. A series expansion of the ZFS spin Hamiltonian leads to an equation
(Eg. 1.11) described by a quadrupolar (axial) term, D, which appliesfor S 1 and a
hexadecapolar (rhombic) term, E, for S 2, of the form:
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1
Hzxs= D S? 35S+ 1) +E Sz S (1.11)

where the D parameter is non-zero in cases with symmetry lower than cubic, for which
a positive value results in the lowest spin ground state (0 or ¥/ 2) and a negative value
indicates a M = S ground state, and the E parameter is non-zero for any symmetry
lower than axial. This implies that in the low temperature regime, a system with a neg-
ative D value will have spins aligned parallel to z (as in an easy-axis system) and with a
positive value of D the system will be easy-plane, with spins oriented perpendicular to
z. If the directional g-values and SOC constant,| , are known for a given system, then
the sign and magnitude of the ZFS can be estimated using the equations in Eq. 1.12

| Ox+ g
D=3 6 —5
| (1.12)
E= -
2 Ox Oy
E A
Mg=-§ b
— N
D}’)/ Dzz
S<Mg<S Mg=0 Mg=0
\ ? y
Mg=5S D<o 0<E/ID| <% x
Mg=s
v ——r
M=-5 De Djo/
Zeeman ZFS D<0 D=0 D>0

FIGURE 1.5: Simpli ed representation of the relative energy levels split
by the Zeeman effect and zero- eld splitting, and the corresponding
change in D from easy-axis to easy-plane.

The Zeeman effect is only operative in an applied magnetic eld, i.e. H & 0. As previ-
ously discussed; in the weak eld limit the Zeeman splitting takes the form of LS cou-
pling, while in the limit of an applied eld comparable to the internal eld of the atom,

it converges to the Paschen-Back effect:® The Zeeman term of the spin-Hamiltonian in
Eqg. 1.10 can be rewritten such that it no longer depends on the g value of the element,
but rather the g value of the free electron, ge, asin Eq. 1.13:
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H zeeman= Ms(0e2S+ L) B (1.13)

Furthermore, if the 25*1L; multiplet is a pure Jstate, then the Wigner-Eckart theorem
can be applied to further simplify the Hamiltonian to Eq. 1.14:

Hzeeman= nJ B (1.14)

1.3 Selected Characterization for Metal Clusters

1.3.1 Single-crystal X-ray Diffraction

Single-crystal X-ray diffraction (SCXRD) is perhaps the most important characteriza-
tion tool for determining the molecular structure of crystalline solids in all elds of
chemistry and indeed has far reaching effects in other fundamental sciences. Although
the technique as we know it was only developed in the early 20 " century, observa-
tions about the regularity of crystal morphologies date back to the 17 1 century.2®> Max
von Laue pioneered SCXRD when he demonstrated the diffraction of X-rays through a
copper sulfate crystal, and observed a series of concentric circles, now known as Laue
rings.2® The theory was further developed by Bragg (Eg. 1.15) who determined that a
crystal would diffract X-rays if the inter-atomic spacing in the crystal, at the relevant
angle, matched the wavelength of the incident beam then the resulting constructive
interference would lead to an observable spot, commonly referred to as a re ection.

nl = 2dsing (1.15)

By de nition, crystals are periodic structures, meaning the electron density of molecu-
lar sub units can be related to the electron density of crystal as a whole. The electron
density at a given point in the crystal, relative to the origin of its unit cell, can be given
by r(x,y,z). By considering the periodicity, this electron density can be represented by
the Fourier sum of atomic structure factors as in Eq. 1.16:

r(x,y,z) =

O O O .
%a a a Fhk|62p'(hX+ky+|Z) (1.16)
h k |

where the indices h, k, and | de ne planes through the crystal lattice, and R, de nes
the structure factors for the planes that intersect some multiple of the points 4 h, ¥k,
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and Y/ 1. The atomic structure factor, R, can be further de ned as the Fourier sum of
the atomic scattering factors, f, asin Eq. 1.17:

n
[o) .

Fth: a fje2p|(hxj+kyj+lzj) (1_17)
j=1

Atomic scattering factors largely depend on the both angle of incidence (as in the Bragg
equation, Eg. 1.15) and the number of electrons that the atom has. Consequently, this
makes it dif cult to distinguish between atoms with similar atomic numbers, partic-
ularly at high values of Z. There is also a contribution from the anomalous scattering
factors, f%and f°which are wavelength dependent:

f(gl)= fo(a)+ A1)+ if%) (1.18)

Euler’s formula can be used to express the exponent in Eq. 1.17 as a complex humber,
meaning that F, can be dened as the sum of complex vectors (Figure 1.6).
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FIGURE 1.6: Vector representation of a structure factor, FK,, and its
Friedel pair, Frg
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Ordinarily, the same re ection in the opposite direction ( h, k, 1) should have the
same intensity. Experimentally, the diffraction pattern shows the intensity or jF,j in-
formation but the phase of the re ection, corresponding to the angle ain Figure 1.6, is
not observed. The position of each re ection is determined by the intensity of the elec-
tron density and the indices of the plane which it corresponds to, however the phase
information which is determined by the relative distance between the peak of the elec-
tron density and the plane of the re ection is lost. 27

1.3.2 SQUID Magnetometry

Superconducting quantum interference device (SQUID) magnetometers provide the
most effective way to measure subtle changes in magnetic elds with high sensitiv-
ity and precision. SQUID, along with its micro- and nano-SQUID counterparts, pro-
vides the only method to experimentally determine the overall magnetic moment of
a sample in absolute units with further advances leading to the measurement of in-
dividual spins. 2830 A SQUID magnetometer consists of two semiconducting half-ring
structures separated by a thin insulating material, which form two parallel Josephson
junctions (Figure 1.7). Brian Josephson, whom the Josephson junction is named af-
ter, found that the electrical current density through an insulating medium separating
two superconductors is directly proportional to the phase difference Df of the two su-
perconducting wave functions, and hence the time derivative of this phase difference
would correspond to the voltage across the insulating layer. Additionally, Df will be
in uenced by a magnetic ux, F, through the ring, producing an observable change in
voltage across the insulating layers. In principle, a sample passed sinusoidally through
a superconducting pickup coil will produce an alternating magnetic ux through the
coil that is then transferred to the SQUID coil, which is acting as a ux-to-voltage con-
verter, and the corresponding voltage can be ampli ed and read out via a computer.
SQUIDs typically operate at liquid helium to liquid nitrogen temperatures (4.2 77 K),
utilize magnetic elds of the same order as typical NMR spectroscopy (2 14 T), and
can operate in direct current (DC) and alternating current (AC) modes. The discovery
of the Josephson junction also lead to the realization that magnetic ux, Fg, is quan-
tized (Equation 1.19); where H is the reduced Planck constant, and eis the elementary
charge.

2pf

Fo= = = 20678 10 5T m? (1.19)



1.3. Selected Characterization for Metal Clusters 13

FIGURE 1.7: Schematic representation of a Josephson junction and a
representative plot of the large observed voltage drop, DV for a small
change in magnetic ux, Df.

For the purpose of characterizing SMMs, there are three routine SQUID experiments:
DC magnetic susceptibility (cm T vs T, Figure 1.8, left), DC magnetization (M vs H, Fig-
ure 1.8, right), and AC magnetic susceptibility measurements (c(w) vs w or T, Figure
1.10). For a crystalline sample with well separated molecular units, avoiding any inter-
molecular spin-dipole interactions, the DC measurements give information about the
total spin state of the sample in both high and low temperature regimes. Insight into
the spin states of individual spin centres, for example in a heterobinuclear Mn ""Th'"
complex (where St = 12), can also be gained from these measurements.
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FIGURE 1.8: Schematic representation of a DC magnetic susceptibil-
ity plot (left) and DC magnetization plot (right) for an arbitrary ferro-
magnetically coupled system.
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FIGURE 1.9: Schematic representation of the magnetic double-well
potential for a ferromagnetically coupled theoretical Mn "Tb'"" complex
with Sioiq = 12 ground state.

It is the AC magnetic susceptibility data which gives true insight into the ability of a
sample to act as an SMM. The dynamical properties of a sample can be probed by plac-
ing it between two coils which have a current ow with angular frequency  w. By oper-
ating at a frequency where the magnetic eld oscillates too fast for the magnetic dipoles
of individual molecules to align to it, the spins will be redistributed over the available
energy levels, which will be associated with a relaxation process and hence a relaxation
time, t . For a sinusoidally oscillating magnetic eld, H(t) = Ho+ hé“! where Hqis the
static eld and w = 2pn is the angular frequency of the alternating eld, the dynamic
magnetization of the sample will take a similar form: M (t) = Mg+ m(w)é"“t. For
a given system with an arbitrary relaxation pathway, the applied eld (  H(t)) and the
sample magnetization (M (t)) cannot be in phase, thusm(w) is a complex quantity and
the AC susceptibility, c(w), will also be a complex quantity dependant on an in-phase
(c9 and out-of-phase (c°y component (Eq. 1.20):

c(w) = _m(k\]/v)
= cqw) ic%w) (1.20)
= cgt €T Cs

1+ (iwt)l a
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The greatest bene t of AC susceptibility measurements for the characterization of SMMs
lies in their ability to probe different values of t by varying the measurement frequency,
w, which is often necessary for an accurate determination of the blocking temperature,
which corresponds to ¢9,, and effective barrier (Eq. 1.21). Above the blocking tem-
perature, the out-of-phase component is small and the the in-phase component follows
the Curie law (Eq. 1.6) where ¢ T 1. Because the blocking temperature has a de-
pendence on the measurement frequency, the peak in ac%%s T plot occurs at different
values of w.

Ueff

Te= ke (1.21)
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FIGURE 1.10: Schematic representation of plots for the in-phase (left)

and out-of-phase (right) components for an AC magnetic susceptibility

measurement, of an imaginary system, to illustrate the temperature and
frequency dependence.
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1.3.3 Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance (EPR) is a spectroscopic method for studying systems
containing unpaired electrons. The use of an external magnetic eld ( Bp) allows the
Zeeman effect (Equation 1.22) to be exploited due to electrons having a spin quantum
number of s= % which is split by the magnetic component mg = % the sign of which
is dependant on its alignment with the applied magnetic eld.

E= msgemSBO (1-22)

where ge is the electron spin g-factor, and ng is the Bohr magneton. For unpaired elec-
trons, the separation between the mg = + % and mg = % states is therefore given by

Equation 1.23

DE = gemsBy (1.23)

As both m and ge are constants, this splitting is directly proportional to the applied
eld and is typically on the order of microwave energies (9 10 GHz). An unpaired
electron can transition between these two energy levels by either emitting or absorbing
a photon such that hn = DE, leading to the realization of Equation 1.24

hn = genkBy (1.24)

In real world chemical systems, particularly those containing metal ions, electrons are
often associated with more than one atom. This has important consequences on the
EPR spectrum of such a system:

1. The angular momentum of an unpaired electron is a not a constant, thus can have
g-factors which differ from ge.

2. Electron-electron interactions can occur for systems with more than one unpaired
electron, and gives rise to ne structure as zero eld splitting (ZFS) and exchange
coupling.

3. A non-zero nuclear spin will cause a magnetic moment which perturbs unpaired
electron associated with that nucleus, leading to hyper ne coupling which splits
the EPR resonance signals, analogous talcoupling in NMR.
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4. The interaction between unpaired electrons and the greater chemical environment
changes the shape of the EPR spectral lines.

5. The above effects can be orientation dependant in the case of systems with large
anisotropy, hence can provide information about the molecular or atomic orbital
containing the unpaired electron.

1.3.4 °5’Fe Mossbauer Spectroscopy

The Massbauer effect describes the recoilless emission and resonant absorption of
gamma radiation by atomic nuclei in solids. 3132 M essbauer spectroscopy can be used
to elucidate various magnetic, electronic, and structural properties of solids containing
certain (M @ssbauer active) nuclei across a wide temperature range (typically 2 300 K,
although temperatures in excess of 1000 K have been reported)33 3> M @ssbauer spec-
troscopy is most commonly used for the analysis of °’Fe, which has both a very low
energy gamma-ray emission and long-lived excited state. The analysis of °’Fe requires
a Rh source doped with radioactive >’Co, which decays via electron capture to an ex-
cited state of °>’Fe, which in turn relaxes to the ground state via emission of a gamma
ray. By oscillating the position of the gamma source, the emitted gamma radiation can
be modulated by the Doppler effect. The gamma rays are allowed to pass through the
sample chamber and are detected by a scintillation detector, the signal is then ampli-
ed and analyzed by a multichannel analyser thus generating the M @ssbauer spectrum.
The Massbauer spectrum (Figure 1.11) plots count rate or transmittance against source
velocity. With the aid of curve tting software three M @ssbauer parameters can be
obtained: the isomer shift (IS), the quadrupole splitting (QS), and the magnetic hyper-
ne splitting (Figure 1.12). For selected nuclei these parameters can be used to obtain
information about the oxidation state, nature of chemical bonding, electronic and crys-
tallographic structure, coordination geometry and symmetry of the selected nuclei, and
the presence or absence of magnetic ordering®6-3’

The isomer shift, IS (d), describes the shift in resonance energy of a nucleus due to elec-
tron transitions within its s-orbitals, that is, IS is a result of the changing interaction be-
tween the nucleus and inner electron cloud due to slight variations in the electron cloud
density. The isomer shift is used to help determine the oxidation state, valency states,
and the electron withdrawing and shielding power of electronegative groups. 31:36:38
Quadrupole splitting, QS ( DEg), occurs when an applied electric eld gradient or non-
uniform electric eld causes a non-spherical charge distribution, i.e. a non-zero nuclear
guadrupole moment. The quadrupole splitting can be used to determine the oxidation
state, spin state, site symmetry, and hence the arrangement of ligands 33638
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FIGURE 1.11: Schematic diagram showing the relative energies of them;
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FIGURE 1.12: Schematic representation of hyper ne splitting and the
resulting M @ssbauer spectra.

The complex splittings present in M @ssbauer spectra all rise from subtle changes in the
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electronic structure of the iron centres. Along with oxidation state, spin state, and crys-
tal eld effects, the electronic structure of each iron centre can be uniquely affected by
the presence of applied electric or magnetic elds, as well as dipolar or superexchange
interactions. As previously discussed, temperature dependent magnetic ordering will
also in uence the electronic structure. 3°*9The Powell and Mereacre groups have exten-
sively investigated °’Fe M@ssbauer spectroscopy as a potential aid in determining the
magnetic ground state of various high-nuclearity homometallic *! and heterometallic
clusters.*? 48 Through this technique insight can be gained into not only the anisotropy
of the iron centres, but also the anisotropy and spin structure of the elements they in-
teracts with, as well as the relaxation dynamics of the total molecular spin system.

1.4 Molecular Clusters and Their Magnetic Properties

With its innumerable sub- elds and broad reaching applications, coordination chem-
istry has a rich past and a seemingly ever ourishing future. Coordination complexes,
or molecular clusters, nd applications across all areas of science and life; from antibac-
terial agents*’ 4° and molecular machines,®° > to heterogeneous catalysts for material
or fuel production 5357 and spintronic devices for new technologies. °8 > Amongst some
of the more recently discovered niches is the eld of molecular magnetism, which in
itself contains a multitude of sub- elds. Molecular magnets come in many avours,
ranging from mononuclear single-ion magnets (SIMs) to discrete polynuclear clusters
(SMMs) and also include polymeric single-chain magnets (SCMs), with many further
sub-distinctions that can be made.

Perhaps the most important distinction in the chemistry of SMMs and metal clusters is
the difference between homo- and heterometallic systems. While not strictly true for
all cases, homometallic complexes tend to have more approachable synthetic require-
ments, often utilizing small rigid ligands or exible but symmetric ligands which can
bind without the need for considering binding pocket speci city, and can allow for pre-
dictable nuclearities and topologies. Heterometallic complexes on the other hand, often
require a more conscientious approach to ligand synthesis by designing distinct bind-
ing sites for each of the desired metals. The result is an often richer and more complex
structure and set of properties, particularly for molecular magnets.

1.4.1 Homometallic Complexes

Homometallic complexes are common across essentially all molecular architectures,
with new architectures often rst discovered using homometallic systems. High
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anisotropy barriers and blocking temperatures approaching liquid nitrogen tempera-
tures have been found in two similar Dy "' metallocene SMMs reported by Lay eld et
al.% (Figure 1.13, left) and Chilton et al®* (Figure 1.13, right).

FIGURE 1.13: X-ray crystal structures of the Dy"' metallocenes reported

by Lay eld (left) and Chilton (right). Non-coordinating anions and

hydrogen atoms have been omitted for clarity. Thermal ellipsoids of
Dy ' atoms shown at 70%. C = grey, Dy = turquoise, P = orange.

Both groups similarly prepared their metallocene complexes by the reaction of dyspro-
sium halide salts with the appropriate cyclopentadienyl-like derivative (1,2,4-tri( tert-
butyl)cyclopentadienide or 1,4-bis( tert-butyl)-2,3-dimethylphospholyl) to produce
3-coordinate complexes where the ligands bind in an hg fashion and a halide group
remains bound to the Dy """ centre. To obtain the desired 2-coordinate complexes each
group performed a halide abstraction and subsequent metathesis reaction to provide
a non-coordinating anionic species to balance the complexes +1 charge. Lay eld et al.
found that by decreasing the coordination number of the relatively oblate Dy "' cen-
tre,%° which increased the axiality of the coordinating groups, the magnetic properties
were greatly enhanced with a reported blocking temperature ( Tg) of 60 K and an effec-
tive barrier to the reversal of magnetization ( Ueg) of 1277 cnit.83 Ab initio calculations
indicated that the enhanced axiality effectively suppressed QTM, leading to a domi-
nant relaxation pathway through a high energy Kramer’s doublet. A similar Ugg of
1223 cmt was reported by Chilton et al. for the monophospholyl derivative containing
complex,®* however magnetic hysteresis was only observed up to 48 K, 12 K below the
cyclopentadienyl metallocene. Chilton et al. also reported the results of ab initio cal-
culations which were in line with those of the cyclopentadienyl metallocene, however,
the weaker crystal eld provided by the monophospholyl ligand caused a compression

in energy between the electronic states, leading to faster relaxation and consequently a
lower Tg.
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As nuclearities increase, a number of supramolecular architectures become syntheti-
cally accessible. In particular, use of the molecular library model 668 to inform ligand
design and metal choice can often result in the self-assembly of complexes in the form
of common convex polygons in two dimensions and polyhedra in three dimensions.
Among the common complexes of the simple polygons are molecular M 3L 3 triangles
and M4L4 squares. Four related MzL3 complexes in the form of cyclohelicate trian-
gles have been reported by the Plieger®® and Brooker’° groups, in which the same bis-
pyridyl appended pyrazine ligand ( N,N’-(pyrazine-2,5-diylbis(methanylylidene))bis(2-
(pyridin-2-yl)ethanamine)) was found to self-assemble into molecular triangles with
Mn'" and Co" (Figure 1.14, left) by Plieger et al. and Fe"' or zn'!" (Figure 1.14, right) by
Brooker et al.

FIGURE 1.14: X-ray crystal structures of the triangular Co 3L 3 (left) and

Zn3L3 (right) cyclohelicates reported by Plieger et al. and Brooker et al,

respectively. Non-coordinated species and hydrogen atoms have been

omitted for clarity. Thermal ellipsoids of metal atoms shown at 70%.
C = grey, Co = dark purple, N = blue, Zn = light purple.

These complexes are good examples of when model chemistry can yield unexpected
results. When considering the arrangement of binding sites within the ligand and the
choice of typical octahedral transition metals, one might expect an M 4L4 square to form
like in previously reported works containing the amide analogue of this ligand. 7172
Brooker et al.reported DFT calculations which indicated the formation of triangles was
likely due to an entropic driving force dominating the enthalpic costs of any geometri-
cally induced strain in the ligand. "©
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At higher nuclearities the number of possible discrete architectures increases further,
with common motifs including coordination cages 667374and supramolecular rings or
wheels.”> 8 |n 2004 Christou et al. reported the synthesis of a Mn " g;-acetate wheel
shaped SMM (Figure 1.15)/6 With crystallographic six-fold symmetry and an outer
diameter of 4.2 nm, this complex crystallizes into perfectly aligned nanotubes. DC
magnetic measurements indicated an Sty = 6 ground state at 1.8 K, and single-crystal
magnetometry carried out with an array of micro-SQUIDs revealed open hysteresis
loops below 1.5 K. The pro le of the observed hysteresis loops did not feature any no-
table step-wise behaviour, which would be indicative of QTM, and has been attributed
to the size of the complex and the void space within the cavity which is likely lled with
heavily disordered solvent molecules, a common drawback of such large structures
with open geometries. AC susceptibility measurements further indicated the presence
of a thermally activated relaxation pathway above 0.5 K, which allowed tting of the
data to an Arrhenius relationship giving an effective relaxation barrier of 12.5cm 1.

FIGURE 1.15: X-ray crystal structures of the Mnggq molecular wheel.

Disordered species and hydrogen atoms have been omitted for clarity.

Thermal ellipsoids of metal atoms shown at 70%. C = grey, Mn = light
purple, O =red.
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An even larger molecular wheel was reported by Zheng et al. in 2017, featuring 140
Gd"" centres in a 10-fold symmetric 6.0 nm ring (Figure 1.16).8 This giant molecular
wheel self-assembled from a mixture of GA(NO 3)3 6 H,O and myc-inositol ( cis-1,2,3,5-
trans-4,6-cyclohexanehexol) in the presence of sodium acetate. The complex also fea-
tures carbonate groups which bind in a 5.2 1 22, 324 5 mode in Harris notation 82 (see Ap-
pendix A). Incorporation of carbonate anions into the complex was achieved by in situ
generation from re uxing in atmosphere allowing for CO 5 xation, which is a method
that has previously been reported for a Ln 4 clusters.8® With a large void diameter of

3.4 nm inside of the Gd 149 wheel, this complex suffers the same structurally ambi-
guity, in the contents of the void space, as the Mn g4 complex. Thermogravimetric anal-
ysis and CHN indicate the presence of approximately 80 water molecules distributed
through the lattice and void space, which necessitated the use of a solvent mask to ac-
count for both the water molecules, and the 80 nitrate anions required to balance the
charge of the complex. Magnetic characterization indicated a ¢, T value of 1042 cn?
K mol -, which is close to the expected value for 140 non-coupled Gd'"' ions. Upon
cooling to 2 K the ¢, T pro le was reported to decrease sharply to a value of 498 cm 3 K
mol-, indicating weak antiferromagnetic interactions were present, which was further
evidenced with simulations using a modi ed genetic algorithm.

FIGURE 1.16: X-ray crystal structures of the Gdi40 molecular wheel.

Disordered species and hydrogen atoms have been omitted for clar-

ity. Thermal ellipsoids of metal atoms shown at 70%. C = grey, Gd =
turquoise, O =red.
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1.4.2 The Mixed Valence Interface

Mixed valence complexes constitute a somewhat different class of homometallic clus-
ter complexes, where from the perspective of formulation and atomic number they are
the same, while also being isoelectronic with potential heterometallic analogues (e.qg.
a Co'"co"' complex and a Co"Fé' complex). Mixed valence complexes are most com-
mon among the transition metals, 848° although mixed valence lanthanide complexes
have been reported.?° 92 A prime example of a mixed valence cluster is the archetypal
SMM, Mn 15 (Figure 1.17), with its central Mn 'V ,0,4 cube surrounded by an octagonal
Mn "' g(OAC)g ring. 198 The Mn'V centres were found to ferromagnetically interact with
each other (Sy,,v = 4 3= 12), and antiferromagnetically couple to the Mn "' centres
(Synm = 8 4 = 32), resulting in an overall S = 10 ground state. This demon-
strates how the presence two different oxidation states can add to the complexity of the
molecular properties, through varying coordination number and geometry, as well as
changing the electronic structure of potentially interacting spin centres.

FIGURE 1.17: Neutron crystal structure of Mn 15 reported by Christou

et al®3 Disordered species and hydrogen atoms have been omitted for

clarity. Thermal ellipsoids of metal atoms shown at 99%. C = grey,
Mn'V = dark purple, Mn "' = light purple, O = red.
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1.4.3 Heterometallic Complexes

The use of two or more different metals in the formation of coordination compounds
provides an attractive target, particularly when utilizing metals from different regions

of the periodic table, and especially in the eld of molecular magnetism. Individ-
ually, homometallic 3 d or 4f clusters have a number of shortcomings in the search
for a highly functional SMM, such as the easily quenched orbital angular momentum
of rst row transition metals or the often unavoidable QTM present in purely lan-
thanide complexes. It's believed that these can be overcome by incorporating both
types of metals, in relatively close proximity to each other, and using a ligand system
which is suf ciently bulky so as to minimize any intermolecular interactions. 3  d-4f
SMMs were rst reported in 2004 as CulLLn(hfac)- , squares (Ln = Tb or Dy, H aLl=
1-(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxybenzylideneamino)-ethane) by Mat-
sumoto et al?* and DygMn " ;M"Y 5(H2L2)4(HL 2)oL19(MeOH) 1o(H20), (H3L? = sali-
cylhydroxamic acid) by Pecoraro et al®> While ligands can often be carefully designed
to include binding pockets of the appropriate size containing the desired donor groups,
formation of the predicted architecture is not always guaranteed, particularly when uti-
lizing small mono- or bidentate ligands. While theoretically any architecture with some
arbitrary 3 d:4f stoichiometry could be obtained, triangular M 3Ln clusters (M = rst row
transition metal) with near planar M 3LnOg cores (Figure 1.18) are of particular interest.

FIGURE 1.18: Schematic representation of a near planar MsLnOg core
with other groups bound to the transition metal equatorial sites in yel-
low.
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When M is diamagnetic, the complexes possesses only 4 single ion character, con-
versely, when Ln is diamagnetic (or isotropic and non-coupled) the complex possesses
purely 3d magnetic character with a triangular arrangement, thus necessitating a non-
zero spin. Finally, the more complex but magnetically interesting case, where both 3 d
and 4f are paramagnetic and coupled with the potential for strong superexchange in-
teractions and large Sty values. This metallacyclic M3LnOg triangle motif was rst
reported by Nabeshima et al, who used ZnsLa to template the [3 + 3] Schiff base con-
densation of 1,4-diformylbenzene-2,3-diol with various diamine linkers (Figure 1.19). %
Inspired by the predictable formation of macrocyclic Zn sLa complexes, this motif was
rst extended to include other lanthanide ions, °7 % and later to use Cu'' 104 110 Nj !t 111,112
and more recently Co'" as the & ions.113114

FIGURE 1.19: X-ray crystal structure of the rst Zn sLa complex reported

by Nabeshima et al. Hydrogen atoms have been omitted for clarity.

Thermal ellipsoids of metal atoms shown at 70%. C = grey, La = light
blue, N = blue, O =red, Zn = purple.
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Throughout the literature, the target complexes of this type all involve [3 + 3] macro-
cyclic ligand systems, templated by the M 3Ln ions, with limited non-macrocyclic ana-
logues sometimes isolated and reported as intermediate species. Mashimaet al. has
utilized M sLnL™acomplexes (M = Co" or Zn'"") as catalysts for the co-polymerization
of epoxides and CO5,1%313while Brooker et al. focused on investigating the magnetic
properties of discrete M sLnL M2 complexes (M = Zn", Cu", or Ni'') as well as six two-
component one-dimensional polymer derivatives of the most promising SMM candi-
date, CusTb.107 199 Of the M 3Ln complexes containing paramagnetic 3d metal centres
reported by Brooker et al, only some of those based on the CusThOg core exhibited slow
relaxation of magnetization and were capable of acting as SMMs. The rst triangular
Cu3Tb complex reported of this type involved the [3 + 3] macrocycle formed from 1,4-
diformylbenzene-2,3-diol and 1,3-diaminopropane (Figure 1.20).1%* The properties of
this core structure were further investigated by altering the strength of the ligand eld
through varying the size of diamine linker involved in the macrocyclization, with the
1,4-diaminobutane linker providing the rst reported macrocyclic 3 d-4f SMM which
exhibited the slow relaxation of magnetization in zero applied eld. 1% The series of
reported macrocyclic CozLn complexes do not include any magnetic characterization,
and although the reported Ni 3Ln complexes do, no slow relaxation of magnetization
was observed.

FIGURE 1.20: X-ray crystal structure of the rst Cu 3Tb complex reported

by Brooker et al. Non-coordinated species and hydrogen atoms have

been omitted for clarity. Thermal ellipsoids of metal atoms shown at
70%. C = grey, Cu = orange, N = blue, O =red, Tbh = turquoise.
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Compared to the large number of macrocyclic M 3Ln metallacycles with this planar tri-
angle topology, only three analogous non-macrocyclic aldehyde containing complexes
have been isolated and structurally reported, without any magnetic characterization,
excluding the work presented in Chapters 3 5 of this thesis. These three complexes
were prepared from the methanolic 3:3:1 reaction of 1,4-diformylbenzene-2,3-diol with
Zn(NO 3)2, 6H20 or Ni(NO 3), 6H,0 and the appropriate lanthanide nitrate salt. The
[Zn3La]?® complex (Figure 1.21) reported by Nabeshima et al!1®is nearly isostructural
with the [Ni 3Dy] 9 and [Ni 3Yb]?“ complexes reported by Brooker et all*! All feature
near-octahedral transition metal ions bound within the O 4 pocket provided by a phe-
nol and an aldehyde donor each from two separate ligands, axially capped by methanol
molecules (or crystallographically disordered 1:1 MeOH:H ,0 caps in [Ni3Yb]@%), and
a 10-coordinate Ln"" centre, with six equatorial phenol/catechol donors in the ligand
plane, and an h,-NO 3 anion capping on each side of the plane. The +1 charge on the
complexes are balanced by a non-coordinated nitrate anion.

FIGURE 1.21: X-ray crystal structure of the rst non-macrocyclic Zn zLa

metallacycle complex reported by Nabeshima et al. Non-coordinated

species and hydrogen atoms have been omitted for clarity. Thermal

ellipsoids of metal atoms shown at 70%. C = grey, La = light blue,
N = blue, O =red, Zn = purple.
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The Plieger groups continued interest in the coordination chemistry of symmetric di-
aldehyde/diimine based ligand systems fuelled the direction of this research. We aimed
to exploit the structural rigidity of a small symmetric ligand, namely 1,4-bisformyl-
2,3-naphthalenediol (H,L1), to investigate its coordination chemistry and examine the
magnetic properties of the resulting complexes. The Plieger group has previously stud-
ied the magneto-structural correlation in a number of homometallic 3 d complexes, with
a growing interest in heterometallic 3 d-4f complexes as functional SMMs. By incorpo-
rating both 3d and 4f metals in close proximity within a complex, the magnetic short-
comings of homometallic SMMs can often be overcome. By building on a family of
macrocyclic complexes reported in the literature, we expected to be able to generate
LsX"3Y" 1 complexes as in Figure 1.18, where M is a rst row transition metal, with
approximate three fold symmetry about the Y (or Ln) centre.

The use of a small, stable, and symmetric dialdehyde ligand such as H,L1 also opens
the possibility to extend and further functionalize the ligand system through a large
number of reactions; with perhaps the most obvious being through Schiff base conden-
sation to yield a symmetric diimine ligand, while also introducing another chelating

group.

Throughout this PhD, the aim was to explore the coordination chemistry of related
symmetric dialdehyde/diimine ligands through self-assembly with various homo- or
heterometallic combinations of metals, with the overall goal of generating magnetically
interesting compounds.
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Chapter 2

A Fleeting Look at Synthesis

2.1 General Experimental Details

Reagents and Solvents

All starting materials, reagents, and solvents were obtained from commercial sources
and used without puri cation, unless otherwise stated. All solvents used were of an-
alytical reagent grade, if stated as dry they were subject to the following puri cation:
MeOH and EtOH were distilled from their corresponding magnesium alkoxides and
stored over activated molecular sieves. THF, toluene, and DCM were passed through
alumina columns on an in-house solvent puri cation system and stored over activated
molecular sieves.

Synthetic Methods

All reactions were carried out in acetone rinsed, oven-dried glassware, under ambient
conditions unless otherwise stated. Reactions under an inert atmosphere were carried
out under an argon atmosphere using standard Schlenk line techniques. Elevated reac-
tion temperatures refer to the temperature of an external oil or sand bath. All organic
extracts were dried over magnesium or sodium sulfate and ltered through glass wool.
Solvents were removed under reduced pressure using a rotary evaporator, with the last
traces of solvents being removed under high vacuum using an oil pump attached to a
Schlenk line or freeze drier.

Characterization

All organic compounds were characterized by *H and C NMR on a Bruker Avance 500
spectrometer. All chemical shifts are reported relative to residual solvent. Full NMR
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assignments were made using their *H and 13C spectra, including NOESY, HMQC, and
HMBC where necessary. Selected spectra can be found in Appendix B.

High resolution MS (HR-MS) were recorded on a ThermoScienti c Q Exactive Focus
Hybrid Quadrupole-Orbitrap Mass Spectrometer. Elemental analyses (C, H, and N)
were provided by the Campbell Microanalytical Laboratory, University of Otago, New
Zealand. ATR-FTIR spectra were collected on a Nicolett 5700 FTIR tted with a
diamond ATR module. Selected IR spectra can be found in Appendix B. Melting point
measurements were collected on a Gallenkamp melting point apparatus, and are un-
corrected.

Single crystal X-ray data were collected on a Bruker D8 Venture equipped with a | S
3.0 Microfocus Cu-Ka source and PHOTON Il detector. Samples were mounted on
MiTeGen mylar loops using Fomblin Y per uoro-ether oil and cooled to 100 K using
an Oxford Cryostream 800. The re ection data was collected using the APEX3 software
package 11 Structures were solved by intrinsic phasing algorithms using SHELXT, 7
and unless otherwise stated, all non-hydrogen atoms were re ned anisotropically using
SHELXL,'!8as implemented in Olex2.1° Hydrogen atoms were calculated at their ideal
positions, and re ned using the riding model with xed  Ujso values. Crystal structure
and re nement details can be found in Appendix D. CIF les and CheckCif reports can
be found in the enclosed digital appendix.

ConQuest 2.0.4 (Build 270014) was used to access the CSD library, version 5.41 (Novem-
ber 2019), when searching the literature.

Magnetic measurements were carried out by our collaborator, Prof. Takayuki Ishida, at
Tokyo Univeristy of Electro-Communications, Chofugaoka, Japan. DC magnetization
and magnetic susceptibility measurements were carried out with a Quantum Design
MPMS-XL7 SQUID magnetometer using a static eld of 0.05T. A eld of 0.5 T was used
to measure the susceptibility of samples with small magnetic moments. Measurements
were corrected with diamagnetic blank data from the empty sample holder and the
diamagnetic contributions of the samples were estimated using Pascal’s constants. The
AC magnetic susceptibilities were recorded on a Quantum Design PPMS apparatus
equipped with an AC/DC magnetic susceptibility option. The polycrystalline samples
were xed with a small amount of eicosane to avoid magnetic torquing of the sample.
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2.2 Ligand Synthesis

1,4-Bisformyl-2,3-naphthalenediol
HoLl

This synthesis of H,L1*?is based on a procedure originally published by MacLachlan
et al1?0

To a stirred suspension of formamidine acetate (15.6 g, 150 mmol) in dioxane (300
mL) at 95 C was added acetic anhydride (28.4 mL, 300 mmol). After one hour, 2,3-
naphthalenediol (3.00 g, 18.8 mmol) was added in one portion and stirred at 95 C for 2
days, after which time the the mixture was concentrated under reduced pressure until a
thick red paste remained. Water (400 mL) was then added and the mixture stirred at 60
C for two hours, followed by the addition of HCI (1 M, 400 mL). A ne yellow-brown
solid precipitated from solution upon stirring overnight and was isolated by Itration.

The crude product was washed with water (3 x 100 mL) followed by hexane (3 x 100
mL), then puri ed by silica gel column chromatography, eluting with 100% DCM (R ¢ =
0.25), yielding 1,4-bisformyl-2,3-naphthalene-2,3-diol (3.82 g, 94%). The'H NMR spec-
trum agreed with literature values, (500 MHz, CDCI 3): d 12.98 (2H,s, Ar-OH), 10.91
(2H, s, CH=0), 8.39 (2H,dd, ; =6.4 Hz, }, =3.1 Hz, Ar-H), 7.59 (2H, dd, 3 = 6.4 Hz, , =
3.1 Hz, Ar-H) ppm. ATR-IR n: 3409, 1673, 1641, 1610, 1554, 1522, 1452, 1422, 1405, 1375,
1308, 1260, 1219, 1172, 1165, 1022, 1007, 929, 857, 745, 708 dbecomposes above
190 C.

H,L1 can be puri ed by crystallization, with yields around 85%, from the slow evap-
oration of DCM or CHCI 3 to yield thin yellow plates suitable for single crystal X-ray
diffraction, as reported by MacLachlan et al1?°
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2-(Aminomethyl)phenol

Due to limited reagents, ambient interference by humidity, and intermittently working
equipment, two different syntheses have been used to generate crude 2-(aminomethyl)
phenol with roughly equal effect: a Pd/C hydrogenation and a LIAIH 4 reduction.

Pd/C hydrogenation

Salicylaldoxime (1.50 g, 10.9 mmol) and 10% Pd/C (0.15 g) were mixed in MeOH (10
mL) in a Parr hydrogenation vessel. The vessel was evacuated then maintained under
a hydrogen atmosphere at 40 psi, with vigorous shaking, for 16 hours. The reaction
mixture was ltered through Celite and the ltrate was concentrated under reduced
pressure to yield crude 2-(aminomethyl)phenol as a pale yellow-brown solid.

LiAIH 4 reduction

To a stirred suspension of salicylaldoxime (1.50 g, 10.9 mmol) in dry Et,O (120 mL)
at 0 C under a positive pressure of Ar, was added LIAIH 4 (1.37 g, 36.00 mmol), in
small portions. After complete addition, the mixture was allowed to warm to room
temperature then re uxed for 4 hours. The reaction was then cooled to 0 C and slowly
guenched with 10% aqueous NaOH. The organic layer was separated and concentrated
under reduced pressure to yield crude 2-(aminomethyl)phenol as a pale yellow solid.

Puri cation

Puri cation of crude 2-(aminomethyl)phenol was rst attempted by silica gel column
chromatography eluting with hexane/EtOAc in ratios from 19:1 to 1:1, however bis(2-
hydroxybenzyl)amine was the primary product obtained. Puri cation by recrystalliza-
tion of the crude product was successful by the slow evapouration of a concentrated
solution in CCl 4. This method gave analytically pure 2-(aminomethyl)phenol as an off-
white solid in yields from 0.42 g (31%) to 0.47 g (35%), independent of the preparation
method. The *H NMR spectrum agreed with literature values, (500 MHz, D ,0): d 7.19
-7.25 (2H,m, Ar-H), 6.76 (1H, d, J, = 7.8 Hz, Ar-H), 6.71 (1H, t, J, = 7.4 Hz, Ar-H), 4.08
(2H, s, CH2) ppm.
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1,4-Bis((E)-((2'-hydroxybenzyl)imino)methyl)-2,3-naphthalenediol
H4l2

To a stirred suspension of 1,4-bisformyl-2,3-naphthalenediol (1.08 g, 5.00 mmol) in dry

MeOH (40 mL) was slowly added a solution of 2-(aminomethyl)phenol (1.24 g, 10.0

mmol) in dry MeOH (10 mL). The reaction mixture was re uxed for 2 hours, then stood

overnight to precipitate the product as a brown solid. The solid material was Itered off

and the Itrate was concentrated to approximately 15 mL under reduced pressure and

cooled to -4 C to afford red crystals. The combined solids were hot recrystallized from

dry MeOH or CHCI 3, affording pure 1,4-bis(( E)-((2’-hydroxybenzyl)imino)methyl)-2,3-

naphthalenediol (2.07 g, 97%) as bright red block crystals. 'H NMR (500 MHz,

DMSO-dg): d 13.39 (2H,t, J; = 5.4 Hz, Naphth-OH), 9.94 (2H, s, Ar-OH), 8.93 (2H, d,

J =11.6 Hz), 7.71 (2H,m, Naphth-H), 7.26 (2H, d, 3 = 7.4 Hz, Ar-H), 7.16 2H, t, 3 =7.4

Hz, Ar-H), 7.06 (2H, m, Naphth-H), 6.86 (2H, d, J = 8.0 Hz, Ar-H), 6.80 (2H,t, 3 =7.4

Hz, Ar-H), 4.72 (4H, d, J, = 4.4 Hz, CH,) ppm. 13C NMR (126 MHz, DMSO-d ¢): d 176.2,

158.6, 155.9, 129.9, 129.8, 127.0, 124.1, 123.4, 119.6, 119.0, 115.7, 106.6, 50.1 ppm. ATR-IR

n: 3063, 2940, 2705, 2614, 1631, 1603, 1532, 1459, 1444, 1387, 1360, 1328, 1282, 1243, 1213,

1186, 1138, 1108, 1041, 987, 936, 874, 834, 766, 756, 746.cHR-MS: 427.1652 (calcu-

lated for C 26H2oN»04+H™). Microanalytical data found(calc) for H4L2 (calculated for

Co6H 20N 204, M, = 426.46 g mott) C: 72.98(73.23), H: 5.14(5.20), N: 6.81(6.57). MP: 178.6
184.1 C.
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1,4-Bis((E)-((2-(pyridin-2-yl)ethyl)imino)methyl)-2,3-naphthalenediol
H>L3

To a stirred suspension of 1,4-bisformyl-2,3-naphthalenediol (1.08 g, 5.00 mmol) in dry
MeOH (40 mL) was slowly added a solution of 2-(2-aminoethyl)pyridine (1.23 g, 10.0
mmol) in dry MeOH (10 mL). The reaction mixture was re uxed for 2 hours, then stood
overnight to precipitate the product as an orange solid. The solid material was Itered
and the Itrate was concentrated to approximately 10 mL under reduced pressure and
cooled to -4 C to afford dark red crystals. The combined solids were hot recrystallized
from dry MeOH, affording pure 1,4-bis(( E)-((2-(pyridin-2-yl)ethyl)imino)methyl)-2,3-
naphthalenediol (1.99 g, 94%) as dark red block crystals. tH NMR (500 MHz, DMSO-d ¢):
d 13.12 (2H,br s, Naphth-OH), 8.766 (2H, s, CHN), 8.55 (2H, d, J; = 4.7 Hz, Ar-H), 7.73
(2H, t, J; = 7.6 Hz, Ar-H), 7.65 (2H, m, Naphth-H), 7.32 (2H, d, J; = 7.6 Hz, Ar-H), 7.24
(2H, t, J; = 6.4 Hz, Ar-H), 7.02 (2H, m, Naphth-H), 4.01 (4H, t, ; = 6.7 Hz, CH), 3.16
(4H, t, J; = 6.7 Hz, CH5) ppm. 3C NMR (126 MHz, DMSO-d ¢): d 175.5, 158.1, 158.0,
149.1, 136.6, 126.4, 123.5,122.8,121.7, 118.6, 106.1, 48.9, 38.0 ppm. ATiR-BR85, 3256,
2976, 1627, 1603, 1594, 1569, 1538, 1479, 1439, 1362, 1331, 1285, 1244, 1152, 1102, 1002,
851, 777, 750, 676, 657, 629 ¢l HR-MS: 425.1967 (calculated for GeH 24N 40, +H™).
Microanalytical data found(calc) for H,L3 (calculated for CogH 22N 204, M, = 424.49 g
mol1) C: 73.55(73.56), H: 5.63(5.70), N: 13.51(13.20). MP: 148.3 151.0 C.
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2-Hydroxy-3-(aminomethyl)-5-( tert -butyl)benzaldehyde hydrochloride
aminoSal

The starting material for this reaction is readily available in the Plieger lab, and its syn-
thesis starting from 4-(tert-butyl)phenol has been well documented. 121 124

To a stirred solution of 2-hydroxy-3-(bromomethyl)-5-( tert-butyl)benzaldehyde (5.00 g,
18.5 mmol) inwarm CHCI 3 (50 mL) was added a solution of 1,3,5,7-tetraazaadamantane
(3.48 g, 25.0 mmol) in CHCI3 (100 mL). The reaction was vigorously stirred and after
three minutes the intermediate product, 1-(2-hydroxy-3-formyl-5-( tert-butyl)benzyl)-
1,3,5,7-tetraazaadamantium bromide (hexamineSal), rapidly precipitated as a aky pale
yellow crystalline solid (6.91 g), which could be redissolved in hot chloroform (300 mL)
and crystallized in the freezer (6.42 g, 17.5 mmol, 95%). Once ltered and dried, hexam-
ineSal (5.00 g, 12.2 mmol) was suspended in hot EtOH (250 mL) to which concentrated
HCI (37%, 100 mL) was added dropwise until the suspension became a bright yellow
solution and re uxed overnight. Upon cooling in a freezer the product, 2-hydroxy-3-
(aminomethyl)-5-( tert-butyl)benzaldehyde hydrochloride ( aminoSal), precipitated as a
hygroscopic yellow powder (2.91 g, 12 mmol, 98%). *H NMR (500 MHz, DMSO-d ¢): d
11.10 (1H,s, Ar-OH), 10.12 (1H, s, CHO), 8.33 (3H, brs, NH3"), 7.90 (1H,d, J; = 2.3 Hz,
Ar-H), 7.81 (1H, d, J; = 2.3 Hz, Ar-H), 7.27 (3H, 1:1:1t, **N H coupling, NH 3*, J, =50
Hz), 4.06 (2H, s, CH>), 1.30 (9H,s, 'Bu) ppm. *H NMR (500 MHz, DMSO-d ¢): d 197.1,
156.7, 142.7, 135.8, 129.9, 122.3, 121.2, 36.9, 34.6, 31.5 ppm. ATR:IB382, 3116, 2962,
2868, 1654, 1614, 1463, 1308, 1267, 1218, 1118, 1081, 1002, 951, 900, 893, 883, 829, 767,
752, 713 cm'. HR-MS: 208.1331 (calculated for GoH1gNO,Cl Cl ). Microanalytical
data found(calc) for aminoSal (calculated for C1oH 1gNOCIl, M, = 243.73 g mot?) C:
59.41(59.13), H: 7.72(7.44), N: 5.81(5.75). Decomposes above 168.5 C.
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FIGURE 2.1: X-ray crystal structure of the hexamineSal chloroform sol-
vate. Thermal ellipsoids shown at the 30% probability level. C = grey,
O =red, N = blue, Br = orange, Cl = green.
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2.3 Complexes of H,L1

M sLn Triangle complexes

All M 3Ln triangle complexes, including [ Ni3Gd] 4ciq and the polymeric [ Ni3Tb],, fea-
tured in Chapters 3 5 were prepared by the same method.

To a stirred suspension of H,L1 (108 mg, 0.5 mmol) in methanol (5 mL) was added
a methanolic solution of the appropriate transition metal nitrate (0.5 mmol, 5 mL),
causing the ligand suspension to rapidly dissolve. Methanolic solutions of the ap-
propriate lanthanide salt (0.167 mmol, 2 mL) were then added, and no further colour
changes were observed. Certain reaction mixtures, particularly those involving cobalt,
produced an intermediate precipitate which redissolved upon further stirring, thus all
complexations were stirred overnight to ensure complete dissolution of all components.
Solutions were then Itered into the inner of a double vial setup, with Et >0 in the outer
vial for crystallization by vapour diffusion. IR spectroscopy con rmed the presence of
coordinated aldehyde groups in the 1610 1620 cm™ region with the complete disap-
pearance of the stretches corresponding to unreacted aldehyde (1673 and 1641 crit).

Subsequent recrystallizations were performed in the same manner, by Itering the crys-
talline material and redissolving in a minimal amount of methanol before vapour dif-
fusing with Et 0, to yield high-quality crystals which were characterized by FT-IR and
single crystal XRD, with bulk purity established by elemental analysis.
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2.4 Molecular Structures

H4L2

The red block shaped crystals of H4L2 produced upon cooling or by hot recrystalliza-
tion were of suf cient quality for single crystal X-ray diffraction. H4L2 typically crys-
tallized in the triclinic space group Pl as the dimethanol solvate with Z' = 1 (Figure 2.2),
however plate-like crystals of the same material were sometimes observed which crys-
tallized in the centrosymmetric monoclinic space group P24/ n, also as the dimethanol
solvate with Z' = 1. Both the triclinic and monoclinic phases pack with considerable
naphthalene naphthalene p p interactions as well as intermolecular COH pengy
COnaphth hydrogen bonds, the triclinic phase also features p  p stacking interactions
between the benzyl side-arms of neighbouring molecules.

FIGURE 2.2: X-ray crystal structure of the H4L2 dimethanol solvate.
Thermal ellipsoids shown at the 70% probability level. C = grey,
O =red, N = blue.
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HoL3

The dark red block crystals of H,L3 were also of suf cient quality for single crystal
X-ray diffraction. H,L3 crystallized in the base centred monoclinic space group C2/c
(Z' = 0.5) as the chloroform solvate (Figure 2.3). All aromatic rings are signi cantly
offset resulting in no appreciable p  p stacking interactions, nor are there any notable
intermolecular hydrogen bonds or CH  p interactions.

FIGURE 2.3: X-ray crystal structure of the H,L3 chloroform solvate.
Thermal ellipsoids shown at the 70% probability level. C = grey,
O =red, N = blue, Cl = green.
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Tautomerism

Of patrticular note in the crystal structures of H4L2 and H,L3 is the protonation of the
nitrogen atoms either side of the naphthalene ring, and consequent shortening of the
Chaphth O bond (1.274(2) A and 1.274(4)A, respectively), indicating signi cant double
bond character. The unit cell parameters remain the same for both compounds at 293
K and 100 K, indicating this is phenomena is not a low temperature induced transi-
tion but simply occurs in the solid state. Figure 2.4 shows a proposed scheme for the
keto-enol imine-enamine like tautomerism occurring in both H4L2 and H,L3. Bond
lengths of interest for both of these ligands are tabulated in Table 2.1 along with the
dialdehyde precursor ( H,L1) and L2 bound in the complex Ni 16 as the enol-imine form
for comparison.

FIGURE 2.4: Schematic representation for the proposed keto-enol
imine-enamine like tautomerism.

TABLE 2.1: Selected average bond lengthsA) for H4L2, H,>L3, HoL1 and

L2Nizs,
enol-imine keto-eneamine
HoL1E L2Niss H4l2 HoL3
Chaphth — O 1.350(3) 1.356(9) 1.274(2) 1.274(4)
Chaphth —CN 1.458(3) 1.462(9) 1.418(3) 1.404(5)
oCc-COo 1.421(3) 1.482(9) 1.501(3) 1.495(5)
C-N 1.234(3) 1.258(9) 1.305(3) 1.316(5)

[l |engths given correspond to aldehyde group rather than imine/eneamine group.

DFT calculations (Output 2.1) were performed to relax the geometries of both the keto-
eneamine and enol-imine forms of H4L2, with appropriate bond modi cations made
from the crystal structure. The B3LYP hybrid functional, 12°when paired with a rela-
tively large basis set and Grimme’s dispersion correction, has been shown to provide
fast and accurate geometries for main group and organic systems.'? 128 The conductor-
like polarizable continuum model, CPCM, ?°has also been included as a solvent model,
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which when used with an in nite dielectric constant is a common way to crudely model
non-covalent interactions in a crystalline environment for small molecules, 130132 how-
ever will not fully reproduce the effects of p p stacking between the benzyl arms of
H4L2.

OuTPUT 2.1: Input parameters used for the geometry optimization of
H4L2 and H,L3.

I BALYP Def2-TZVP Def2/J RIJCOSX D3BJ CPCM Opt Freq

The enol-imine form of H4L2 optimized with near perfect Cssymmetry (RMSD =0.039),
and as a consequence of the fully aromatized ring system, the naphthalene backbone
is perfectly planar (Figure 2.5). In contrast, the keto-eneamine form of H4L2 better rep-
resents the crystal structure with an RMSD value of 0.312 from the idealized Cs point
group and a non-planar naphthalene backbone due to its naphthalene-2,3(1H,4H)-dione
character. Consistent with the structural comparison, single point energy calculations
indicate that the keto-eneamine form is more stable than the enol-imine form by 0.0142
Hartree (37.3 kJ molt). Similar calculations using an in nite dielectric constant for both
forms of H,L3 indicate that the keto-eneamine form is more stable than the correspond-
ing enol-imine form by 0.0150 Hartree (39.4 kJ moll). Gas phase calculations for each
form of H4L2 also indicate that the keto-eneamine form is more stable, however the
energy difference is much smaller at just over 2kgT (0.0022 Hartree, 5.76 kJ mob).
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FIGURE 2.5: Comparison of the enol-imine, keto-eneamine, and X-ray
structures looking down the catechol-naphthalene plane aligning C2 and
C3 with C5 and C10.
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FIGURE 2.6: X-ray crystal structure of the naphthalene cores of HoL1,
H4L2, and H,L3, including bond lengths. Note: HjL1 and H,L3 crystal-
lize with Z' =0.5
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A Brief Interlude

Non-macrocyclic Heterometallic M sLn Triangle Clusters

A series of structurally similar tetranuclear heterometallic X "3Y""' ; complexes have
been synthesized using the ligand 1,4-bisformyl-2,3-naphthalenediol (H,L1), where
X3Y; represents various combinations with X = Co, Ni, or Cu; and Y = Ba, La, Eu,
Gd, Tb, Dy, Ho, Er or Yb. The relatively planar arrangement of ligands and metals in
these complexes can be seen schematically in Figure 2.7. The coordination of uncharged
capping groups to the axial positions (in and out of the plane of Figure 2.7) of both the
octahedrally and non-octahedrally bound metals is an indication of some Lewis acid
character. The following three chapters discuss the structure and properties of these
complexes.

FIGURE 2.7: Generalized schematic showing the binding modes of the
ligand to the lanthanide (light green) and transition metals (purple) in
the heterometallic tetranuclear complexes.
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Continuous shape measurement (CShM) calculations and octahedral distortion param-
eter calculations were performed using the SHAPE 133134 and OctaDist3° software pack-
ages, respectively, to better aid in the assessment of local coordination geometries.
Cross-sectional molecular areas were calculated in ChemCraft'*® and non-covalent in-
teractions were assessed in Olex2. Schematic representation of the selected 5-, 6-, 9-, 10-,
and 11-coordinate geometries can be found in Appendix A Figures A.2 A.5. SHAPE
outputs for the 9-, 10- and 11-coordinate centres featured in Chapters 3 5 can also be
found in Appendix A Output A.1.

Single crystal XRD data were collected in triplicate, from freshly prepared samples, to
ensure consistency in the crystal form, axially coordinated groups, and non-coordinated
lattice species. The crystal structures presented in this thesis correspond to the data set
with the best re nement statistics, found in Appendix D. Lattice solvents have, in most
cases, been con rmed by CHN microanalytical data. Full chemical formulations for
each complex are based upon a combination of crystallographic and microanalytical
data; which were only found to con ict for complexes containing diethyl ether in the
crystal lattice, however, these same complexes were observed to crumble upon stand-
ing in air as one would expect from rapid desolvation of the crystal lattice.
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Chapter 3

Ni 3Ln Clusters

A family of six Ni "3Y'""! triangle type complexes, where Y = Ba'', La"', Eu"', Gd"', or
Tb"', have been synthesized and characterized. Single crystal X-ray diffraction studies
revealed the expected [L13Ni " 3L.n"] structural motif was present for the four monomeric
complexes, along with a fth unexpected monomeric complex and a 1D polymeric com-
plex. Each complex in the Ni'' series was prepared by the simple 3:3:1 reaction of HL1
suspended in methanol with methanolic solutions of Ni(NO 3), 6H»,0 and the appro-
priate heavy metal salt. Complexes NislLa, Ni3Gd, and NisEu also underwent mag-
netic characterization to explore the nature of the Ni Ni coupling across the four-atom
bridges and direct Ni Ln coupling for  NisEu and Ni3zGd. Complex NizBawas gen-
erated in an attempt to further extend this structural motif to include alkaline earth
centred analogues. Similar preparative methods were also carried out with Sr ' and Y
salts, however no crystalline materials were forthcoming.

3.1 Molecular Structure

The lanthanum containing complex, NisLa (Figure 3.1), and gadolinium containing
complex, Ni 3Gd (Figure 3.2), both crystallized in the primitive monoclinic space group
P2,/ n, while the remaining monomeric lanthanide containing complex, NisEu (Figure
3.3), crystallized in the base centred monoclinic space group C2/ cand the alkaline earth
containing complex, NisBa (Figure 3.4), crystallized in the triclinic space group Pl

AlINi " centres are 6-coordinate with the equatorial sites occupied by the phenolate and
aldehyde groups of L1 and a mixture of methanol and water groups coordinating axi-
ally, in regular octahedral geometries with CShM OC-6values of 0.284 0.290 (i sLa),
0.318 0.685 (Ni3zGd), 0.295 0.447 (i3Eu), and 0.090 0.130 (i 3Ba).
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FIGURE 3.1: X-ray crystal structure of NisLa. Non-coordinated solvate
species and hydrogen atoms are omitted for clarity. Thermal ellipsoids
of metal atoms shown at the 70% probability level.

C =grey, O =red, N = blue.

While the central metal ions of NijslLa, Ni3Gd, and NizEu are all 10-coordinate, only
the Gd"" and Eu"" centres feature two axially coordinated h,-NO 3 groups, whereas the
La"" centre has one bidentate nitrate, a monodentate nitrate, and a coordinated water
molecule. Finally, complex Ni3Ba, containing the much larger divalent alkaline earth
metal, features an 11-coordinate B&' centre with two bidentate h,-NO3 anions and a
coordinated methanol. The lanthanide containing complexes all require an additional
monoanionic counterion to be present, which was crystallographically identi ed as a
non-coordinated nitrate ion in all cases. Complex NisLa has six water caps, two on
each Ni2 and Ni3 and one on each Ni4 and Lal, with the remaining axial Ni4 site being
occupied by a methanol molecule. Despite the difference in space group symmetries,
Ni 3Gd and Ni 3Eu are very similar in core structure; with the former having only axial
water caps on all three Ni'' centres and the later having only axial methanol caps on
each Ni'".
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FIGURE 3.2: X-ray crystal structure of Ni3Gd. Non-coordinated solvate
species and hydrogen atoms are omitted for clarity. Thermal ellipsoids
of metal atoms shown at the 70% probability level.

C =grey, O =red, N = blue.

Crystallographic analysis showed Ni 3Bacontains a mixture of axial water and methanol
capping groups, with Ni4 being symmetrically capped by two water molecules, whereas
Ni2 and Ni3 have crystallographically disordered axial sites formulated as
(H20)1.5(MeOH) g5 and (H20)q.5(MeOH) ; 5, respectively. The eleventh, non-nitrate, co-
ordination site of the Ba'' centre was also found to be present as a crystallographically
disordered 1:1 mixture, (H 20)o5(MeOH) o5 The crystal lattice was also found to con-
tain heavily disordered solvate species which have been included within a solvent mask
consisting of 33 electrons per asymmetric unit in a 136 A® void, corresponding to two
methanol molecules totalling 36 electrons, which is consistent with the CHN analysis.



52

Chapter 3. NizLn Clusters

FIGURE 3.3: X-ray crystal structure of NizEu. Non-coordinated solvate
species and hydrogen atoms are omitted for clarity. Thermal ellipsoids
of metal atoms shown at the 70% probability level.

C =grey, O =red, N = blue.
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FIGURE 3.4: X-ray crystal structure of NizBa. Non-coordinated solvate
species, disordered species, and hydrogen atoms are omitted for clarity.
Thermal ellipsoids of metal atoms shown at the 70% probability level.
C =grey, O =red, N = blue.
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The Ni" series contains a further two complexes, [Ni3Tb], and [Ni 3Gd] 4ciq Which are
somewhat different in structure and formulation to the other triangle clusters. The
complex [NisTb],, as the name implies, is a polymeric analogue of the system one
might expect to be formed from the reaction of H,L1 with nickel and terbium salts.
This complex crystallized in the enantiomorphic orthorhombic space group P2,2,2,,
forming a 1D polymer along a 2-fold screw axis running parallel to the crystallographic
a-axis.

FIGURE 3.5: X-ray crystal structure showing the asymmetric unit of

[Ni3Tb],. Disordered species and hydrogen atoms are omitted for clar-

ity. Thermal ellipsoids of metal atoms shown at the 70% probability level.
C =grey, O =red, N = blue, Cl = green.

The asymmetric unit of [ Ni3Tb], contains the expected L13Ni3Tb unit in a very non-
planar arrangement. Ni2 and Ni3 each feature an axially coordinated chloride cap,
with the required third negative charge being provided by a m-NO3 anion bridging
the Th1l and Ni4 centres on the opposite side of the Ni3z plane to the chlorides. Ni3
and Ni4 also each have a crystallographically disordered water/methanol cap (both
present in a 1:1 ratio). The remainder of the Tb"' coordination sphere consists of a
methanol molecule proximal to the nitrate, for which the carbon is spatially disordered
(1:1) over two sites, and a well-ordered methanol molecule which hydrogen bonds to
the CI1 cap of Ni2. Through symmetry generation (denoted by *) along a 2-fold screw
axis(( ¥Y2+ X,32 Y,1 Z)and (¥2+ X,32 Y,1 Z)),the polymeric nature of
[Ni3Tb], can be seen (Figure 3.6). The CI2* cap of Ni3* lIs the sixth and nal coordi-
nation site of Ni2 with a slightly longer bond length (Ni2 CI1 =2.442(4) A and Ni2
Cl2* = 2.475(3)A). This longer Ni CI bond increases the OC-6value of Ni2 to 1.454,
which is signi cantly higher than the values for Ni3 (0.382) and Ni4 (0.841), describing
a 6-coordinate centre that is less octahedral and more orthorhombic in nature, i.e. three
pairs of similar lengths rather than all six similar lengths.
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FIGURE 3.6: X-ray crystal structure showing a 3-mer of [ Ni 3Tb];.
Thermal ellipsoids of metal atoms shown at the 70% probability level.
C =grey, O =red, N = blue, Cl = green.

While [Ni3Tb], isn’t the rst example of an M "sLn triangle complex forming a 1D
polymeric chain; it is, at the time of writing, the only example where the bridging
group originates from what would be the monomeric complex rather than an added
co-ligand, and one of a limited number of examples of m-Cl bridged Ni ' complexes
reported in the literature. Furthermore, there are only 13 structurally characterized het-
erometallic complexes reported which feature a single-atom Ni Cl Ni bridging motif,
one of which is a perfectly linear bridge (180 ) and the rest of which all have bridg-
ing angles less than 90 . The Brooker group have reported six polymeric variants of
their macrocyclic LCu 3Tb complex, one where the amine linker is 1,2-ethylenediamine
and bridging co-ligand is terephthalic acid; 1% and all others were derived from the
1,3-diaminopropane linked macrocycles, with metal cyanides providing the bridging
moieties in various con gurations. 07199 The terephthalate containing complex has a
mixture of h; and h, binding modes attached directly to the Tb "' centre, whereas the
metal cyanide containing complexes bridge only the transition metal centres like in
[Ni3Tb]p.

The single atom bridging in [ Ni3Tb], dramatically decreases the intra-chain M"" M !l
and Tb"" Tb'" separations in comparison with the larger molecular bridging species
reported by Brooker et al. (Table 3.1). The Ni2 Ni3 separationin [ NizTb], (4.352(3)A)
via the bridging CI2 (where Ni2 CI2 Ni3 =125.8(1) ) is far shorter than any Cu Cu

separation observed in the literature analogues. While initially this might be seen as a



56 Chapter 3. NizLn Clusters

good magnetic superexchange pathway connecting two high spin d® centres, the litera-
ture suggests that chloride mediated exchange between Ni' centres with similarM M

distances and M Cl M angles are in fact strongly antiferromagnetic in nature. 137139
TaBLE 3.1: Smallest M M" and Tb"" Tb" separations (A) in
[Ni 3Tb], and similar literature complexes.
Complex MII _ Mll MII _ Mll MII _ Mll Tblll _ Tblll Tblll _ Tblll
complex intra-chain inter-chain intra-chain inter-chain
[Ni3Tb]n 6.150(3) 4.352(3) 6.126(3) 8.229(1) 11.914(1)
CuTb terephthalate 6.114(2) 6.962(2) 6.084(2) 10.059(1) 9.783(1)
CuTb stepped W(CN) 5 6.315(2) 10.489(3)  6.403(2) 14.894(3) 10.385(3)
CuTp sauare wave W(CN)s | g 189(1) 10.928(2) 6.596(1) 15.154(1) 9.420(1)
CuTb frans-Fe(CN)s 6.123(1) 10.202(1) 7.696(1) 14.463(1) 9.836(1)
CuTb Cis-Fe(CN)s 6.142(1) 7.529(1) 6.128(1) 12.713(1) 8.416(1)
CuTh cis-Co(CN)s 6.156(1) 7.533(1) 6.162(1) 12.755(1) 8.419(1)

CuTb terephthalate 108
CuTb stepped W(CN) s gnd CuTp Sauare wave W(CN) g107
CuTb trans-Fe(CN)g CuTb cis-Fe(CN)g and CuTb cis-Co(CN)109

The other structural oddity, [Ni3Gd] g (Figure 3.7), was found in an aged sample
thought to be Ni3Gd. This complex also crystallized in the monoclinic space group
P2,/ n, however, X-ray crystallographic analysis showed that in place of the nitrate an-
ion or solvent molecule expected to be axially coordinated to the Gd "' centre, there was
an oxidized form of H,L1, 2,3-dihydroxynaphthalene-1,4-dicarboxylic acid ( H4L1'"). It
is worth noting that no other discrete complexes featuring a 2,3-dihydroxyterephthalate
type moiety, or related ether/ester derivatives, have been structurally reported through-
out the literature making this 'accidental co-ligand’ a potentially interesting synthetic
pathway to investigate, if large scale polymerization and/or MOF formation can be
avoided. With the inevitable presence of water in the reaction mixture, transition metal
mediated oxidation of H,L1 to H4L1' is likely to have occurred through the initial for-
mation of a gemdiol species. This fourth ligand unit was found to bind Gd1 through its
fully deprotonated catechol moiety in an h fashion, with the ninth and nal coordina-
tion site of Gd1 being occupied by an h1-NO 3. Each Ni'' centre in [Ni 3Gd] aciq is capped
by either methanol or water molecules, maintaining its octahedral coordination sphere
and having OC-6values (0.298 0.491) comparable to those calculated forNi 3Gd (0.318
0.685, Table 3.1).
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FIGURE 3.7: X-ray crystal structure of [Ni 3Gd] 5.iq- Non-coordinated sol-

vate species and hydrogen atoms are omitted for clarity. Thermal ellip-

soids of metal atoms shown at the 70% probability level. L1' shown in a
darker colour scheme. C = grey, O =red, N = blue.

In the crystal structure of [Ni 3Gd] g the carboxylic acid groups of L1' are not proto-
nated as all four acid C O bond lengths sit in the range of 1.204(11) to 1.243(11) A,
putting them in the range of a deprotonated carboxylate group in its resonance form.
However, the nickel and gadolinium based bond lengths are consistent with those ob-
served in Ni 3Gd, thus are in the expected +2 and +3 oxidation states, respectively. The
C CandC O phenol bond lengths of HyL 1" are also consistent with those of H,L1. Fur-
ther, the low min/max residual electron densities (-1.0/+1.8) and lack of major peaks
within the difference map indicate that there are no other cationic species present such
as alkali, alkali earth, or transition metals which is also consistent with the elemental
analysis. This allows us to conclude that despite the ambiguous bond lengths in the
crystal structure, the acid groups are in fact protonated.
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OuTpPUT 3.1: SHAPE output for 6-coordinate Ni'' centres of Nisla,
Ni 3Gd, Ni 3Eu, Ni3Ba, Ni3Th, and [Ni 3Gd] acid (Iabeled as Ni3Gd’).

Structure PPY -6 OC-6 TPR-6 JPPY -6
Ni3La-Ni2, 27.185, 0.284, 13.953, 30.571
Ni3La-Ni3, 27.852, 0.286, 14.672, 31.441
Ni3La-Ni4, 27.643, 0.290, 15.497, 31.336
Ni3Gd-Ni2, 27.109, 0.318, 14.008, 30.650
Ni3Gd-Ni3, 25.783, 0.685, 12.330, 29.415
Ni3Gd-Ni4, 27.148, 0.403, 14.174, 30.718
Ni3Eu-Ni2, 27.870, 0.335, 14.935, 31.352
Ni3Eu-Ni3, 26.764, 0.295, 14.256, 30.468
Ni3Eu-Ni4, 26.179, 0.447, 13.838, 29.848
Ni3Ba-Ni2, 28.612, 0.113, 15.315, 31.986
Ni3Ba-Ni3, 29.286, 0.090, 16.033, 32.618
Ni3Ba-Ni4, 28.942, 0.130, 15.535, 32.370
Ni3Tb-Ni2, 26.847, 1.454, 14.688, 30.069
Ni3Tb-Ni3, 27.275, 0.382, 13.756, 30.967
Ni3Tb-Ni4, 27.494, 0.841, 14.651, 30.772
Ni3Gd'-Ni2, 25.860, 0.491, 13.405, 29.688
Ni3Gd'-Ni3, 26.966, 0.299, 15.282, 30.447

Ni3Gd'-Ni4, 27.316, 0.371, 14.212, 31.068
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3.2 Supramolecular Interactions

The ve monomeric Ni 3Ln complexes feature extensive intermolecular hydrogen bond-
ing networks involving the axially coordinated solvate and nitrate groups, as well as
non-coordinated nitrate and solvate species. The packing of these monomeric NisLn
complexes is further stabilized by a considerable number of supramolecular p p in-
teractions ranging from 3.519 Ain NisLato 3.960A in Ni3Eu (Table 3.2), with centroid

centroid separations of up to 3.8 A and angles up to 20 consideredtobestrong p p
interactions. 4% With the presence of pseudeCs;, symmetry in the M 4L153 plane, selected
distances and angles are given in Table 3.3 as ranges over similar atom groups, e.g.
Ni'" O phenol, for each complex.

Complexes Ni zLa and Ni 3Eu both feature notably shorter minimum Ln "' Ln " sepa-
rations (9.160(1) and 9.767(1A, respectively) than the two non-macrocyclic Ni 3Lnh com-
plexes reported by Brooker et al. (9.912(2)A for the Ni 3Dy complex and 9.900(2) A for
the NizYb complex),**! and indeed complexes Ni3Gd, [Ni3Gd] 4cig, and NisBa see
Table 3.3 for further details. An even shorter 'intra-chain’ Ln "' Ln """ separation of
8.229(1)A is observed for [ Ni 3Tb], due to the conformational restrictions imposed by

its polymeric nature, while these same constraints result in a much longer 'inter-chain’

Ln"'" Ln " separation of 12.733(1)A. A consequence of the increased intermolecular
Ln"" Ln " separations is a reduction of spin-dipole interactions, which can act as a
QTM pathway, and a subsequent decrease in the mixing of Ln "' wave functions. 141 143

Complexes Ni sLa, Ni 3Eu, Ni 3Ba, and [Ni 3Gd] 4¢iq also feature a number of direct inter-
complex hydrogen bonds, some of which may help in the stabilization of deviations in
the ligands planarity (e.g. the formyl carbon being skewed from the naphthalene plane
as in Figure 3.8). Notably, Ni3Gd does not form any direct inter-complex hydrogen
bonds nor are there any inter-chain hydrogen bonds presentin [ Ni3Tb]n.



60

Chapter 3. NizLn Clusters

FIGURE 3.8: X-ray crystal structure highlighting the inter-complex in-

teractions between two partial units of NizBa. The pink plane was cal-

culated for the C1 C10 naphthalene plane. The dashed yellow bond

represents a hydrogen bond, while the dashed blue line joining the blue

centroids representsthep p stacking interaction occurring between the
respective rings.
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TAaBLE 3.2: List of p p stacking interactions with centroid-centroid
distances and angles, as calculated by Olex2. The second plane in each
row corresponds to a symmetry generated molecule.

Complex | Planes Distance (A) Angle (°)
_ hC1, C2, C3, C4, C5, C6i 3.519 5.130
Nisla | 1oo5 c26, C27, C28, C29, C30i
hC41, C42, C43, CA4, C45, CA6i 3.597 4.422
hC25, C26, C27, C28, C29, C30i
_ hC1, C2, C3, C4, C5, C10i 3.606 5.855
NisGd | nos o6, €7, C8, C9, C10i
hCs, C6, C7, C8, C9, C10i 3.723 0.000
hcs, C6, C7, C8, C9, C10i
_ hC41, C42, C43, C44, C45, CA6i 3.668 8.272
NisEU | a5 cae, C47, C48, C49, C50i
hC21, C22, C23, C24, C25, C30i 3.820 3.426
hC25, C26, C27, C28, C29, C30i
hC1, C2, C3, C4, C5, C10i 3.885 18.729
hC25, C26, C27, C28, C29, C30i
hC41, C42, C43, C44, CA45, CA6i 3.960 8.900
hC41, C42, C43, CA4, C45, CA6i
_ hC1, C2, C3, C4, C5, C10i 3.580 3.674
Nisla | o5 26, C27, C28, C29, C30i
hC21, C22, C23, C24, C25, C30i 3.714 4.300
hC25, C26, C27, C28, C29, C30i
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TABLE 3.3: Selected structural parameters for the Ni'' series.

Bond (A) NisLa Ni 3Eu Ni 3Gd Ni 3Ba [NigTb]n  [Ni3Gd]aciq
Ni O phenol™ 1.978(4) - 1.962(2) - 1.963(2) - 1.990(6) - 1.961(7) - 1.957(7) -
2.003(4) 1.993(2) 1.999(2) 2.015(6) 1.995(8) 1.990(86)
Ni O agehyae™ | 1.983(4) - 1.981(2) - 1.975(2) - 1.990(6) - 1.985(9) - 1.962(7) -
2.016(4) 2.008(2) 2.023(2) 2.013(6) 2.015(9) 2.015(7)
Ni O n,0 2.073(4) - 2.076(2) - 2.067(6) - 2.081(9) - 2.072(7) -
2.169(4) 2.167(1) 2.112(6) 2.094(2) 2.084(8)
Ni O meoH 2.098(4) 2.061(2) - 2.068(7) - 2.081(9) - 2.083(8) -
2.120(2) 2.099(7) 2.094(2) 2.115(7)
Ni Anion [ 2.098(9) -
2.474(3)
Ln O phenol 2.544(4) - 2.473(2) - 2.493(2) - 2.686(6) - 2.411(8) - 2.361(7) -
2.597(4) 2.543(2) 2.525(2) 2.752(6) 2.490(8) 2.567(6)]
Ln O no, 2.614(4) - 2.487(2) - 2.455(2) - 2.824(8) - 2.410(9) 2.424(7)
2.658(4) 2.555(2) 2.516(2) 3.306(7)
Ln O gopent® 2.515(4) 2.881(9) 2.360(9) -
2.390(8)
Ni Ni 6.339(2) 6.276(1) 6.296(1) 6.404(3) 6.150(3) 6.262(2) -
6.287(3) 6.268(2)
Ni Ln 3.670(2) 3.625(1) 3.636(1) 3.761(2) 3.536(2) 3.588(2) -
3.656(2) 3.670(2)
Min. Ln Ln 10.221(2)  10.625(2)  9.598(1) 10.430(1)  8.229(1) 10.496(1)
Ln Ni 3plane 0.139(2) 0.091(1) 0.333(1) 0.143(1) 0.237(2) 0.376(2)
Angle ()
Ni O phenot Ln | 105.6(2) - 106.2(1) - 106.1(1) - 102.6(2) - 103.8(3) - 106.9(3) -
107.3(2) 108.7(1) 108.9(1) 105.4(2) 109.6(3) 109.4(3)

8 Ophenol Corresponds to 02, 03, 06, 07, 010, and O11.
(] O/dehyde COMresponds to 01, 04, 05, 08, 09, and 012.

[l Anion is m-NO 3 for lower range of [ Ni 3Tb], and m-Cl for upper range.
[ The lower range corresponds to the axially coordinated L1'.
(] Solvent is MeOH for NizBaand [Ni3Tb]n, and H»0 for NisLa and Ni3Ba.
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Complex NizLa has three unique inter-complex hydrogen bonds (Figure 3.9a) each of
which indicates an interaction between the proton of a nickel bound water capping
group to an aldehyde moiety of a neighbouring unit complex (O1 H15A = 2.851(5)
A, O5 H13B = 2.456(6)A, and 012 H18B = 2.825(5)A). Thus each complex is
connected to four other complex units. NizEu, however, contains four unique inter-
complex hydrogen bonds (Figure 3.9b), all of which are water-cap donors with a mix-
ture of water, aldehyde, and nitrate acceptors. Each unit complex of NisEu interacts
with ve neighbouring molecules, with a notably short hydrogen bond between the
H15A proton of a water cap and the O21 oxygen of a nitrate group (O8 H16B =
2.492(7)A, 013 H18A = 2.242(6)A, O16 H17B = 2.049(6)A, and 021 H15A
=1.965(8)A). The alkaline earth metal containing complex, Ni 3Ba, forms three unigque
inter-complex hydrogen bonds (Figure 3.9¢) between the water capping groups of the
Ni'"' centres and both nitrate anions bound to Bal as well the O1 formyl oxygen (O1

H17A =2.722(8)A, 021 H1AA =2.738(13) A, and 025 H18A = 2.827(9)A).
Interestingly, the mixed ligand Ni 3Gd based complex, [Ni 3Gd] 4.iq, features two unique
inter-complex hydrogen bonds linking each unit complex with four neighbours. Each
unit complex forms a strong hydrogen bond between a formyl oxygen and a methano-
lic proton (O8 H14 = 1.923(9)A) and a relatively weaker hydrogen bond between
a different formyl group and a water cap (012 H15A = 2.093(8)A). Note that these
hydrogen bonds are either in the 'moderate’ or 'weak’ category de ned by Jeffrey 144
and Steiner'*® as being mostly electrostatic with H A separations of 1.5 2.2 A,
or being a mixture of electrostatic and dispersive with H A separations > 2.2 A,
respectively.
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FIGURE 3.9: X-ray crystal structures of Ni szLa (a), Ni 3Eu (b), and Ni 3Ba

(c) highlighting inter-complex hydrogen bonds from the central unit

complex. All non-coordinated species, disordered species, and non-

acidic hydrogen atoms omitted for clarity. Thermal ellipsoids of metal

atoms shown at the 70% probability level. C = grey, O =red, N = blue,
hydrogen bonds = yellow.



3.3. Magnetic Characterization 65

3.3 Magnetic Characterization

The absence of magnetic characterization within the literature for Ni "' based
non-macrocyclic M zLn triangle complexes fuelled our interest in investigating these
systems as potential SMM candidates. Due to complexesNi zLa and Ni 3Ba being struc-
turally and electronically similar, with both Ba "' and La'"' being diamagnetic, both com-
plexes are representative of a Ni"' 3-only spin system. Therefore, only NisLa was chosen
to undergo magnetic characterization as it presented crystals of a higher metric symme-
try and more readily crystallized without the presence of other crystalline impurities.

DC magnetic susceptibility and magnetization measurements of NislLa clari ed the
presence of three §;1 = 1 centres with g = 2.3. A wide plateau of 4.0 cm3 K mol 1
can be observed inthec, T vs T plot (Figure 3.10) at 300 K, which exceeds the theoreti-
cal spin-only value ( gy = 2.0) of 3.00 cn? K mol -2 for three non-coupled Ni " ions. The
magnetization at 1.8 K (Figure 3.11) was observed to be proportional to the g-factor, fur-
thermore, the experimental magnetization reached 5.9 s at 7 T with a positive slope,
which is consistent with the susceptibility measurement. A decrease of ¢, T at low
temperature was observed, which can be attributed to the zero eld splitting of the Ni "
centres4® A mixture of intramolecular Ni Ni superexchange and non-covalent inter-
molecular interactions may be operative, contributing to the drop. Unfortunately these
contributions could not be quantitatively separated due to the small and monotonic

FIGURE 3.10: Plot of DC magnetic susceptibility (c T vs T) for poly-

crystalline NiglLa, NizEu, and Ni3zGd. The solid black line represents

the t for the susceptibility data of Ni3Gd. SamplesNisEu and Ni3Gd

were xed in a small amount of eicosane prior to measurement. Data for

Ni sLa was collected in a 5000 Oe applied eld, while NizEu and Ni3Gd
were collected in a 500 Oe applied eld.
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decrease of thec, T value. The c, T value of NisEu (Figure 3.10) was found to be 7.49
cm? K mol -1 at 300 K. Since the ground state of EU" hasJ= L+ S = 0, the magnetic
susceptibility arising from the Eu "' centre must be assigned to excited state moments
and temperature independent paramagnetism. In the low temperature regime the spin
projection is dominated by Sy;, and extrapolating the ¢, T product to 0 K gives a value
of approximately 5.0 cm 3 K mol X resulting in a Ni "' g-factor (gy;1) of 2.5 2.6. The nal
dropinthe ¢, T vs T plotis attributed to the ZFS of the nickel centres, similarto Ni zLa.
The magnetization measurement of NizEu at 1.8 K (Figure 3.11) reached 8.0# how-
ever there was a considerable residual slope at 7 T the majority of which is assigned
to the Ni " moments.

FIGURE 3.11: Plot of DC magnetization data (M vs H) for polycrystalline
Ni sLa, Ni 3Eu, and Ni 3Gd at 1.8 K, where Ni 3Eu and Ni3Gd were xed
in a small amount of eicosane.

Figure 3.10 also shows thec, T vs T data and t for Ni3Gd. The ¢, T value for this
complex was found to be 12.4 cm® K mol ! at 300 K, which is greater than the theo-
retical spin-only value of 10.9 cm?3 K mol™. This discrepancy can be attributed to the
g-factor of the Ni" centres which was estimated to be 2.46. There is a sharp increase
in the ¢y T product upon cooling below 50 K, indicating the presence of ferromagnetic
interactions and reaching a maximum of 19.8 cm?® K mol - at 3.6 K. The magnetization
measurements of Ni 3Gd at 1.8 K (Figure 3.11) reached 13. /% at 7 T, which is near the
saturation point as indicated by the small residual slope in the plotted data. Assuming
the experimental value of gy;n = 2.46 and a ground state spin projection of Sy = 192
(corresponding to a Mgpin.ony Value of 13 ng), the calculated Mgat is 14.4np  where

Mgat = g SGdIII + gNiuS\“ll-
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The Ni  Gd exchange coupling has been estimated using the van Vleck equation (Eq.
3.1) based on the spin Hamiltonian H = 2J(S; S+ S S5+ S $4), and including
the Weiss mean eld parameter, g, to account for intermolecular interactions. To avoid
over-parameterization, only a single Jcoupling term is calculated, as quantitative sep-
aration of the Jsg1-ni2» Jodi-niz, @and Jsgi-nia terms becomes dif cult in the presence of
local Cg, symmetry within the M 4Og plane.

_ 2NRgRemE T A

.
Cm ks T qB

(3.1)

where

A = 3exp( 48J kg) + 30exp( 45J kg) + 105exp( 40J kg) + 60exp( 39J k)
+ 210exp( 34J kg) + 252exp( 33J kg) + 315exp( 30J kg) + 504exp( 27J kg)
+ 495exp( 24J kg) + 756exp( 23J kg) + 252exp( 21J kg) + 990exp( 18J kg)
+ 1485exy{ 14J kg) + 858exp( 13J kg) + 1716exy 7J kg) + 1365

B = exp( 48JY kg) + 2exp( 45J kg) + 3exp( 40J kg) + 4exp( 39 kg)
+ 6exp( 34J kg) + 4exp( 33J kg) + 9exp( 30J kg) + 8exp( 27J kg)
+ 5exp( 24J kg) + 12exp( 23J kg) + 4exp( 21 kg) + 10exp( 18J kg)
+ 15exp( 14J kg) + 6exp( 13J kg) + 12exp( 7J kg) + 7

Optimization of Eq. 3.1 gave 2J kg = 1.952) K, gave = 2.1032), and q = 0.8379) K to
produce the t (solid black line) in Figure 3.10. In general, complexes containing para-
magnetic Ni'!' centres involve the zero eld splitting effect, which can lead to a drop
in the ¢, T product upon cooling. 4 Although it can be dif cult to separate the ZFS D
parameter from the intramolecular Ni Ni superexchange coupling ( j) and the inter-
molecular mean eld ( g). An attempt was made to evaluate D and j simultaneously.
A simulation of Ni sLa run using the MagPack software package*’1%8to evaluate only
D gave D/ kg = 9 K (Figure 3.12). A simulation of j based on the spin Hamiltonian
H= 2(S Ss+S Si+ Sz Sy), where j represents coupling between Ni'' centres,
was completed resulting in 2 j/ kg = 0.8 K (Figure 3.13), the optimization of j repro-
duced the experimental ¢, T vs T pro le well, however the tforthe M vs H data was
unsatisfactory. This result implies that the contribution from j is minor.
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FIGURE 3.12: Plots ofc T vs T and M vs H for NiszLa and t with the
optimized value of D.

FIGURE 3.13: Plots ofc T vs T and M vs H for NizLa and t with the
optimized value of j.

When simulating the data using both D and j, the j2jj value is indicated to be less than
0.6 K (Figure 3.14), which is consistent with a long super exchange pathway across the
fouratom O C C O bridge. Furthermore, it can be concluded that the experimental
value of D would be smaller than or equal to 9 K for Ni sLa. In light of the results found
for NigslLa, further calculations were performed for Ni3Gd. A simulation of NizGd
evaluating Jand D resulted in values of 2J kg = 1.6 K and D/ kg = 11 K (Figure
3.15). A different simulation using Jand j for Ni3Gd led to 2J kg = 2.0 to 2.4 K and
2j/ kg = 2.4to 3.4 K (Figure 3.16). When simultaneously accounting for D and j,
we found j2jj < 0.8 K (Figure 3.17). The AC magnetic susceptibility of Ni 3Gd was also
investigated (Figure 3.18), however, no appreciable frequency dependent signals were
observed. The magnetically isotropic nature of Gd " means that this observation is not
surprising; and although Gd "' complexes do not generally behave as SMMs, related
heavier lanthanide ions could be prepared by means of the present synthetic strategy.
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FIGURE 3.14: Plots ofciy T vs T and M vs H for NigzlLa and t with the
optimized values of D and j.

FIGURE 3.15: Plots ofcy T vs T and M vs H for Ni3Gd and t with the
optimized values of D and J

FIGURE 3.16: Plots ofciy T vs T and M vs H for Ni3Gd and t with the
optimized values of D, J andj.
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FIGURE 3.17: Plots ofciy T vs T and M vs H for Ni3Gd and t with the
optimized values of Jand j.

FIGURE 3.18: Plots of AC magnetic susceptibilities (in phase, ¢® and out
of phase, c¢% for Ni3Gd. The applied DC bias elds are indicated for
each plot. Lines are shown as a guide to the eye only.
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Conclusions

Six new non-macrocyclic heterometallic triangular tetranuclear clusters have been
generated from the methanolic reaction of H,L1 and Ni(NO 3), 6 H»>O with hydrated
nitrate salts of La"', Eu"", Gd"', and Ba' or TbCl3 6H,0. These complexes have
been characterized by single crystal X-ray diffraction, con rming their relatively planar
NisLnOg cores. The successful isolation of the B4 centred complex, Ni 3Ba, shows the
potential for other non-lanthanide metals to be introduced into the centre of this type
of complex while maintaining the same general formulation and structure. The Tb '
containing complex, [ Ni3Tb],, also provides the rst polymeric example of this type
of complex to contain single-atom bridges between the monomeric units. Complexes
Ni sLa, NizEu, and Ni3Gd underwent magnetic characterization to examine possible
ferromagnetic Ni Ln couplings that have not been observed in the previously re-
ported macrocyclic hexa-imine/oxime analogues. The three Ni ' centres in Ni 3Gd were
observed to be ferromagnetically coupled to the central Gd "' ion with a calculated cou-
pling constant of 2J kg = 1.6 2.0 K. The Ni"" ZFS leads to a decrease of the magnetic
susceptibility, which is particularly evident in the low-temperature regime. AC mag-
netic susceptibility experiments were carried out, but no frequency dependent signals
were observed and thus the slow relaxation of magnetization which is characteristic
of SMMs was not observed for these complexes. The results reported here show that
utilizing a somewhat overlooked non-macrocyclic class of ligands to generate these tri-
angular metal clusters can yield interesting results.
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Preparation

Ni gLa formulated as [L13NizLa(NO 3)2(H20)s(MeOH)](NO 3)(H20)4(MeOH) was obtained as
orange plate crystals in 81% yield (based on La(NO3)3 6H20). ATR-IR n: 1616, 1566, 1484,
1449, 1429, 1379, 1354, 1307, 1261, 1127, 1027, 997, 970, 955, 753, 712, 689, 646viomoan-
alytical data found(calc) for NisLa (calculated for C37H 4oNisLaN303p, M, = 1355.72 g motl)
C: 32.63(32.78), H: 2.92(3.12), N: 3.23(3.10).

Ni3Eu formulated as [L13Ni3zEu(NO3)2(H20)6](NO 3)(MeOH) > was obtained as orange block
crystals in 68% vyield (based on Eu(NO3)3 6H20). ATR-IR n: 1620, 1569, 1489, 1450, 1436,
1383, 1353, 1312, 1262, 1131, 1025, 969, 955, 747, 714, 690, 648 cMicroanalytical data
found(calc) for Ni3Eu (calculated for C3gH 3gNi 3EUN 3029, M, = 1328.76 g motl) C: 34.69(34.35),
H: 2.72(2.88), N: 2.99(3.16).

Ni3Gd formulated as [L13Ni3zGd(NO 3)2(MeOH)g](NO3)(MeOH)3 was obtained as
orange plate crystals in 72% yield (based on Gd(NO3)3 6H20). ATR-IR n: 1620, 1569, 1489,
1450, 1436, 1383, 1353, 1312, 1262, 1131, 1025, 969, 955, 747, 714, 690, 649 Klicroana-
lytical data found(calc) for Ni3Gd (calculated for CasHs4Ni 3GdAN 30309, M, = 1450.24 g mot?)
C: 37.17(37.27), H: 3.55(3.75), N: 3.01(2.90).

Ni 3Ba formulated as [L13Ni3zBa(NO3)2(H20)4.5(MeOH)2.5](MeOH) 2[MeOH] was obtained
as orange block crystals in 47% yield (based on Ba(NQ;)2; 6 H20). ATR-IR n: 1620, 1563, 1492,
1427, 1377, 1346, 1310, 1260, 1239, 1130, 1029, 1001, 970, 957, 755, 711, 688, 66 Mitnoan-
alytical data found(calc) for NisBa (calculated for C41.5H49Ni 3BaN2O2g, M, = 1337.24 g mot?)
C: 37.45(37.27), H: 3.55(3.69), N: 2.32(2.09).

[Ni3Tbh], formulated as [ L13Ni3TbCl>(NO 3)(H 20)(MeOH) 3] was obtained as orange block crys-
tals in 30% yield (based on ThCl3 6H>0). ATR-IR n: 1624, 1561, 1492, 1428, 1378, 1347, 1311,
1258, 1235, 1129, 1030, 999, 964, 958, 758, 712, 687, 66b. dvticroanalytical data found(calc) for
[Ni3Tb], (calculated for CszgH4oNisThCIoNO24, M, = 1314.65 g mot') C: 36.01(35.63),
H: 3.56(3.22), N: 1.21(1.07).

[Ni 3Gd] 5cig formulated as [L13(H2L1")Ni3Gd(NO 3)(H20)2(MeOH) 3](Et2O) was obtained as

large orange block crystals in 22% yield (based on Gd(NO3); 6H>0). ATR-IR n: 1623, 1567,

1520, 1486, 1456, 1425, 1380, 1357, 1312, 1264, 1243, 1166, 1126, 1028, 969, 954, 795, 739, 713,
690, 649 cmt. Microanalytical data found(calc) for [ Ni3Tb], (calculated for CsoH 44Ni 3GANO 27,

M, = 1448.23 g mot?) C: 42.83(43.13), H: 2.81(3.06), N: 0.75(0.97).
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CusLn Clusters

A family of seven [ L15Cu''3Ln""] complexes, where Ln = La, Gd, Tb, Dy, Ho, Er, or
Yb, have been synthesized and characterized. The entire family of CusLn complexes
crystallized in either monoclinic or orthorhombic space groups, and contain only 5-
coordinate copper centres. Complexes Cu3Gd, CusThb, CusDy, CusHo, and CusYb
were prepared in suf cient quantities to undergo magnetic characterization.

4.1 Molecular Structure

Complexes Cusla, CuzGd, CusDy, and Cu 3Yb

Complexes Cusla, CuzGd, CusDy, and CusYb are isomorphous and crystallize in the
centrosymmetric monoclinic space group C2/ c (Figure 4.1). They form a set of rela-
tively planar complexes, with only minor deviations ofthe Ln "' centre and ligands from
the Cus plane. Each Ln'"' centre is 10-coordinate, with an axially bound h,-NO 3 anion
either side of the plane in a pseudehexagonal bipyramidal coordination geometry. All
copper atoms are 5-coordinate with square pyramidal coordination geometries, where
the axial cap of each copper is on the same side of the Cy; plane. Gd1 is displaced from
its respective Cuz plane the least among these four complexes (0.050(2A) while Yb1 is
displaced by the most (0.060(2)A), with the Dyl and Yb1 displacements sitting between
these two values, both at 0.053(2)A. Each complex contains two water caps (on their
respective Cu2 and Cu3 centres) and a methanol cap on Cu4. Unfortunately, the axial
sites of each copper centre inCuszYb were poorly ordered, thus were modelled with
only 50% chemical occupancy, however, the microanalytical data for CusYb is consis-
tent with full occupancy of these axial donors. All four of these complexes exhibited
further crystallographic disorder with one non-coordinated nitrate per unit complex,
required to achieve charge balance, being spatially disordered over at least two sites.
This nitrate group was identi ed to occupy a special position on a two-fold rotation
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axis in CusGd, CusDy, and CusYb, with 50% occupancy per unit complex. A second
disordered nitrate fragment was located for Cu3Gd, but was only stable to re nement
at 25% occupancy with the remaining quarter equivalent of nitrate being contained
within a solvent mask. The remaining half occupancy nitrate anion in CusDy was lo-
cated vicinal to the methanol cap of Cu4, and was stable to re nement only with very
hard isotropic restraints. Finally, the remaining half occupancy nitrate for CusYb and
full nitrate anion for CugslLa could not be located in the difference map, and thus were
included in a solvent mask. The presence of a non-coordinate nitrate anion per unit
complex is consistent with the CHN microanalysis for each complex.

FIGURE 4.1: X-ray crystal structure of CusLa. Thermal ellipsoids of
metal atoms shown at the 50% probability level. C = grey, H = white,
O =red, N = blue.

CusHo and Cu 3Er

Two isomorphous complexes, CusHo (Figure 4.2) and CusEr, crystallized in the cen-
trosymmetric orthorhombic space group Pbcnand exclusively feature chloride anions
from the heavy metal salts used in preparation. The Ln "' centre in each of these com-
plexesis displaced above the Cus plane by 0.245(1)A, and the ligand unit which bridges
Cu2 and Cu3 in each sits well below the plane. These two copper centres are axially
coordinated by chloride anions on one side of the plane, while Cu4 is axially coordi-
nated on the opposite side of the Cuj plane. This Cu4 cap is the only structural differ-
ence betweenCusHo and CusEr, with CusEr containing a crystallographically disor-
dered water/methanol cap (in a 1:1 ratio) in place of the well ordered methanol cap of
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CuzHo. Holmium and erbium, being amongst the smaller lanthanide metals, occupy
9-coordinate sites in their respective complexes, each with two water molecules bound
above the plane and one water molecule below. Considering the charge balance of the
species present in each crystal structure, an additional negative charge per unit complex
is required. A third, non-coordinated, chloride anion was crystallographically observed

in both CuzHo and CusEr, but was heavily disordered across no less than three sites
(one of which occupies a special position on a two-fold rotation axis) but was unstable,
even to anisotropic re nement. As such, these chlorides have been included within a
solvent mask for each complex. The lack of nitrogen in the microanalytical data helped
further evidence the presence of a third chloride anion being present, as opposed to
a nitrate anion which would have originated from the copper salt. The solvent mask
for each complex was the same, consisting of 38 electrons in approximately 100 A3,
which is consistent with the presence of one chloride and two water molecules per unit
complex.

FIGURE 4.2: X-ray crystal structure of CusHo. Thermal ellipsoids of
metal atoms shown at the 50% probability level. C = grey, ClI = green,
H = white, O = red.

CU3Tb

Much like the two orthorhombic Cu 3Ln complexes, the crystal structure of CusTb re-
vealed a relatively non-planar complex (Figure 4.3) which crystallized in the enan-
tiomorphic monoclinic space group P2;. Although CusTb was not the only CuslLn
type complex prepared using a LnCl 3 xH >0 and Cu(NO 3), 3H,0 combination, it is the
only complex in this family to feature both chloride and nitrate capping groups as
con rmed by single crystal X-ray diffraction and elemental analyses. As expected, the
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large Tb'"" ion sits in the middle of the O g equatorial binding environment formed by
the ligands, with its axial coordination sites occupied by two water molecules above
the Cus plane, and an h,-NO 3 anion below the plane. Similar to CuszHo, Cu2 and Cu3
each have an axially coordinated chloride and Cu4 is capped by a methanol molecule,
which for CusTb is on the same side as the chlorides. The entire ligand unit which
bridges Cu2 and Cug3 sits below the Cu3 plane, while Tb1l is displaced above the plane
by 0.162(3)A. The curvature of CusTb relative to the chloride caps is quite different to
the curvature of CuzHo and CusEr, and can be quanti ed by examining the angle at
which the chlorides are either converging or diverging from the centroid of the bridg-
ing catechol unit (O2  O3). The chlorides of CusTb can be seen to diverge away from
the centre of the complex, with an angle of 129.6 and a Cl ClI separation of 8.327(8)
A, allowing for a parallel arrangement of the water caps on Tbh1. The two chloride caps
each accept a hydrogen-bond from a different water molecule (014 H14A cll =
2.494A and O15 H15A Cl2=2.407A). In contrast, the Cu Clbondsin CuszHo and
CusEr converge relative to their respective 02 O3 centroids, forming 77.1 and 76.9
angles, respectively. These angles imply a much smaller CI Cl separation (4.826(1)
A for CuszHo and 4.814(2)A for CuzEr) meaning the two water caps on Hol and Erl
must run perpendicular to Cl ClI, with only a single water molecule forming hydrogen
bonds to both CI1 and CI2 in each complex (average hydrogen bond length of 2.029 A
in CuzHo and 2.122Ain CusEr).

FIGURE 4.3: X-ray crystal structure of CugTbh. Thermal ellipsoids of
metal atoms shown at the 50% probability level. C = grey, Cl = green,
H = white, O =red, N = blue.
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4.2 Supramolecular Interactions

Throughout the entire Cu 3Ln series there is an absence of inter-complex hydrogen
bonding, with complexes CuslLa and CusYb featuring no hydrogen bonding at all.
Complexes Cu3zGd and CusDy each feature an intermolecular hydrogen bond between
their non-coordinated nitrate and the methanol cap of Cu4 (022 H15 = 1.949(18)
and 2.193(19)A, respectively). The two coordinated chloride caps in CuszHo (Figure
4.4) and CusEr each form intermolecular hydrogen bonds to symmetry generated wa-
ter solvates (Cl1 H17A* = 2.190(8) and 2.188(7)A, and CI2 H17B* = 2.271(7)
and 2.298(9)A, respectively). Each chloride cap in the Cu' series is also involved in
intramolecular hydrogen bonding with water capping groups on each of the respective
Ln"" centres in CuzHo (Cl1 H14A = 2.014(9) A and CI2 H14B = 2.044(9)A),
CugEr (CI1  H15A = 2.108(9) A and CI2 H15B 2.136(9)A), and CusTb (CI1
H14A = 2.494(7)Aand CI2  H15A = 2.046(7)A).

FIGURE 4.4: X-ray crystal packing of CuzHo within the unit cell with hy-

drogen bonds (in yellow) shown to highlight the intermolecular hydro-

gen bonds stabilizing the position of the non-coordinated water molecule
(017).

In contrast to the large hydrogen bonding networks present in the Ni 3Ln complexes
discussed in Chapter 3, the inter-complex interactions of the Cu sLn series are largely
dominated by p p stacking interactions (Figure 4.5). Although CusTb, notably, fea-
tures only a single p  p interaction with a distance of 3.825 A (Figure 4.6, Table 4.1).
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FIGURE 4.5: Packing of the unit cell of CuszDy. Least-squares planes vi-

sualized for the Cu 3 planes of neighbouring unit complexes to show the

relative planarity of the crystal packing within  CusDy, CusGd, CusYb,
and CuslLa.

FIGURE 4.6: Packing of two molecules of CusTb within the unit cell.

Least-squares planes visualized for each Cw; plane. The distance given

corresponds to the p  p stacking separation of the naphthalene back-
bone sitting in the Cu 3 plane.
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TABLE 4.1: Calculatedp p stacking distances and cross-sectional ar-

eas.
Complex p p stacking (A) Molecular area ( A%)
CusLa 3.763 3.824 210.0
Cu3zGd 3.632 3.898 219.1
CusDy 3.642 3.935 218.7
CuszYb 3.622 3.892 223.5
CuszHo 3.644 3.914 203.1
CugzEr 3.614 3.987 203.0
CusThb 3.825 203.6

4.3 Magnetic Characterization

Five of the seven CusLn complexes have been characterized with DC susceptibility and
magnetization measurements, with AC measurements completed for the three most
promising complexes: CusTb, CusDy, and CuzGd. Unfortunately, the CusEr and
CuslLa complexes could not be prepared in the required quantity to facilitate magnetic
characterization.

DC Magnetic Measurements

Complexes CuzHo and CusYb both exhibited room temperature ¢, T products (13.79
and 3.63 cn?® K mol 1) below their expected spin-only values of 15.2 and 3.70 cm® K
mol-1, respectively. It was found that upon decreasing temperature, both CusHo and
Cu3zYb exhibited a monotonic decrease in the ¢, T product (Figure 4.7, top) which may
be associated with the progressive depopulation of the Stark sub-levels of each lan-
thanide ion. This suggests an apparent weak antiferromagnetic coupling between the
Ccu" and Ln"" ions, which is further evidenced by the experimental M vs H data (vide
infra). Complexes CusDy and CusTb both exhibited room temperature ¢, T products
(14.06 and 11.70 cm K mol 1) below their expected spin-only values of 15.3 and 12.9
cm® K mol 1, respectively. CuzGd had an experimental room temperature ¢, T product
of 9.06 cn? K mol -1 which slightly exceeded the calculated spin-only value of 9.00 cm 3
K mol 1. These three complexes exhibited a sharp increase in their respectivec , T prod-
ucts when cooled below ca. 50 K, with CusTb reaching a peak of 14.6 cn? K mol - at 2.2
K and CusGd reaching a peak of 12.5 cn? K mol ! at 7.5 K (Figure 4.7, bottom). These
peaks strongly suggest ferromagnetic coupling between the Ln"" and Cu" centres.

The M vs H magnetization plots for each complex is shown in Figure 4.8. The mag-
netization of CusGd nearly reached its theoretical saturation magnetization ( Mgyt =
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FIGURE 4.7: Plot ofcy T vs T for CusHo and CuzYb (top), and CuzDy,
Cu3Gd, and CusThb (bottom), measured at 5000 Oe above 100 K and 500
Oe below 100 K.

Ot S+ Gyt Seyn) of 10 Nang, while CusTb and CusDy did not reach their theo-
retical Mgy values even at 7 T (Table 4.2), owing to the presence of strong magnetic
anisotropy. However, these values exceeded the antiferromagnetic limit, supporting
the presence of a ferromagnetic ground state. The magnetization data of CuzsHo and
CusYb similarly exceeded the antiferromagnetic limit, however, practically non-coupled
systems would also show a similar behaviour due to the additive property of mag-
netic susceptibility, i.e. cmT(CusHo) 3 cmT(Cu")+ ¢, T(Ho™) for a non-coupled
CuzHo complex. Combining the susceptibility results, we can cautiously conclude that
the Ln Cu exchange couplings in CusHo and CusYb are ferromagnetic in nature.

The M vs H data for CusGd reached 9.84mmg, very near its spin only M g5 of 10ms, which
unequivocally evidences a high spin ground state with S5 = 19 2. Thecy, T vs T plot
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FIGURE 4.8: Plot of M vs H for CusgHo and CusYb (top), and CusDy,
Cu3Gd, and CuzTb (bottom), measured at 1.8 K.

for CusGd shows a monotonic increase down to 7.5 K, originating from the three Cu "
Gd'" interactions. However, the quantitative separation of the J-coupling terms is dif -
cult from an experimental standpoint due to the approximate local Cs, symmetry about
Gd1. Thus, to avoid over-parameterization Cu3Gd has been approximated to feature
only a single Cu" Gd " coupling term; i.e. Jo = J3 = Ju = J, where Jcan be esti-
mated with the following van Vleck equation (Eq. 4.1) based on the spin Hamiltonian
H= 2SS $+S S+ S S

e

T B (4.1)

where
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A = 5exp( 24J kg) + 1dexp( 18J kg) + 28exp( 15J kg) + 30exp( 10J kg)
+ 60exp( 7J kg) + 55

B = 5exp( 24J kg) + 7exp( 18JY kg) + 1ldexp( 15J kg) + 9exp( 10J kg)
+ 18exp( 7J kg) + 11

The Weiss mean eld parameter, g, has also been included to account for intermolec-
ular interactions. Optimization of Eq. 4.1 gave 2 J kg = + 5.786) K, gave = 1.9762),
and q = 0.8997) K. The calculated tting parameters reproduced the trend of the
experimental data well (Figures 4.7 and 4.8, bottom).

Fitting of the experimental DC susceptibility and magnetization data of Cu3Gd was at-
tempted using a 2j model based on a modi ed spin Hamiltonian, Eq. 4.2. However, the
nal decrease in the ¢, T product below 7 K could not be properly reproduced (Figure
4.9) when modelling the Cu Cu interactions (b3, b4, and %4) with MAGPACK. 147148

H= 2JS $+S S$+85 &) (S S+ S+ S) (42

where 2J kg =+ 5.78 Kand 2cycy / kg = 8.0 or 16.0 K.

TABLE 4.2: Calculated and experimental values for the magnetic prop-
erties of complexes CusThb, CuzHo, CuzGd, CuzDy, and CusYb.

Complex gjoftn™ ¢, T / ecm® K cmT/ecm3 K M [/ Nang Msa / Nang
moll (exp. at mol?l(calc)  (exp.at7T)Pl (calc)c
300 K)l&]

CusThb 32 11.70 12.9 7.52 12

CusHo 54 13.79 15.2 7.81 13

CusGd 2 9.06 9.00 9.84 10

CusDy 43 14.06 15.3 7.98 13

CusYb 87 3.63 3.70 4.39 7

[a] Measured at 500 Oe, xed with eicosane
] Measured at 1.8 K, xed with eicosane
[°] Calculated for strongly anisotropic Ln " ions where j&j J
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FIGURE 4.9: Plots ofc, T vs T (top) and M vs H (bottom) for CuzGd and
their simulated ts using a 2 j model based on the below spin Hamilto-
nian.
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AC Magnetic Measurements

As expected from the pro le of the DC magnetic susceptibility measurements, only
CusDy, CusGd, and CusTb exhibited meaningful frequency dependence in the AC
susceptibility measurements. Complexes CusGd (Figure 4.10) andCusDy (Figure 4.11)
showed appreciable frequency-dependent AC susceptibilities below 5 K with applied
DC bias elds of 2000 and 1000 Oe, respectively.

FIGURE 4.10: Temperature and frequency dependence of the AC suscep-
tibilities in various applied DC elds for CuzGd.

FIGURE 4.11: Temperature and frequency dependence of the AC suscep-
tibilities in various applied DC elds for CuzDy.
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Similarly, CusTb exhibited slow relaxation of magnetization as indicated by the appre-
ciable frequency dependence of the AC susceptibility below ca. 5 K (Figure 4.12). The
effective barrier for the reversal of magnetization, U, for CuzTh was estimated using
a modi ed Arrhenius plot (Figure 4.13) based on Eq. 4.3: 149

COO Ut

In o0 - In(2pnt o) + T

(4.3)

FIGURE 4.12: Temperature and frequency dependence of the AC suscep-
tibilities in various applied DC elds for CugsTb.

FIGURE 4.13: Modi ed Arrhenius plots for CugTb at various frequencies
and static elds. The dotted red line is drawn for the estimation of Ugg
and t g.

Based on Figure 4.13 and Eq. 4.3, théJ . values for Cu3Tb are 10.5(1) K (in zero applied
eld) and 13.3(2) K (in a 1000 Oe applied bias), with t ¢ values of 5.02 10 8and 3.10

10 8s, respectively. Similarly, based on the plots in Figure 4.14, Eq. 4.3 can be optimized
for CuszGd (in a 2000 Oe applied bias) and CusDy (in a 1000 Oe applied bias), to give
Uex values are 10.8(2) and 7.82(4) K andt ¢ values of 8.80 10 & and 6.05 10 8 s,
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respectively. Figure 4.15 shows the modi ed Arrhenius plots for the 1000 Hz data of
each complex.

FIGURE 4.14: Modied Arrhenius plots for CusGd (left) and Cu3zDy
(right) at various frequencies with the stated applied biases. The dot-
ted red line is drawn for the estimation of Ut and t .

FIGURE 4.15: Modi ed Arrhenius plots for the 1000 Hz data of CugTb
in zero applied DC eld, Cu3Gd in a 2000 Oe static eld, and CugDy in
a 1000 Oe static eld.

Based on the AC susceptibility data of CusTb in a 1000 Oe static eld, a Cole-Cole
plot can be drawn (Figure 4.16) to show the relationship between the in-phase data
(c9 and the out-of-phase data (c°§. The solid lines drawn for data sets at 2.0, 2.1, and
2.3 K represent the best t obtained at the given temperature when considering the
generalized Debye model, as in Eq. 4.41%0

Ct Cs

+ —1+(iwt)1 ~ (4.4)

c(w) = cs
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FIGURE 4.16: Cole-Cole plot for CuzTh in 1000 Oe static eld, with traces
drawn for data sets recorded at 2.0, 2.1, and 2.3 K.

where csis the adiabatic susceptibility, ct is the isothermal susceptibility, w is the fre-
guency, t is the relaxation time, and a is the Cole-Cole parameter which is related to the
distribution of relaxation times. 1°1 The best line ts at 2.0, 2.1, and 2.3 K almost trace
quarter circles where a = 0.24(2), 0.21(2), and 0.19(5), respectively. In this low tempera-
ture regime, the thermal energy is of the order of the exchange coupled excited states,
thus allowing thermal population of these states and serving as a potential magnetiza-
tion relaxation pathway, where the Orbach process may be operative. Unfortunately, a
normal Arrhenius plot cannot be drawn from the data, and based on the collected data
the exact relaxation mechanisms at play in this system cannot be determined with ac-
curacy. However, the relatively small Cole-Cole parameter values do indicate the there
is only likely to be one relaxation process occurring.

Table 4.3 summarizes the results of the AC magnetic susceptibility measurements. In
general, superexchange between the 8,. . orbitals of the transition metals and the
4f spins of the heavy lanthanide metals depends on the geometry of the Cu O Ln
O four-membered chelate ring where more planar MO , and LnO, dihedral angles
lead to stronger ferromagnetic couplings. 12 155 Based on macrocyclic CusLn analogues
previously prepared by Brooker et al; CusTb, containing the Cu3TbOg core, was ex-
pected to show the greatest potential as an SMM. The CuzTbLBY complex (LBY =
[3+ 3] Schiff base of 1,4-diaminobutane and 1,4-diformyl-2,3-dihydroxybenzene) con-
taining a 10-coordinate Tb ion was reported to have a barrier of 19.5(5) K. A smaller
CusTbLP" analoguel® (LP" = 3+ 3 Schiff base of 1,3-diaminopropane and 1,4-diformyl-
2,3-dihydroxybenzene), which contained a 9-coordinate Tb ion, was also determined to



88 Chapter 4. CusLn Clusters

be an SMM although a barrier height could not be extracted. CusTb, being a Kramer’s
type molecule, showed the most promise as an SMM as indicated by the magnitude
of c%and its frequency dependence. CusGd and CusDy also showed appreciable fre-
guency dependence in an applied eld, but had lower effective barriers, which may be
related to the fact they are not Kramer’s type molecules. 6157 Since Gd'" itself is an
isotropic ion, the origin of the slow relaxation of magnetization for Cu3Gd is unclear.
There are many literature examples of Gd"' containing complexes, and indeed CuGd
type systems, which exhibit slow relaxation of magnetization. In the case of CusGd it
is thought that the observed anisotropy could arise from an asymmetric crystal eld
environment where J is not equal to % and J,.1°8

TABLE 4.3: Summary of the key parameters extracted from the AC sus-
ceptibility measurements.

Complex H/Oe to/108s Uett / kg K

CuzTb 0 5.0(1) 10.5(1)
1000 3.1(2) 13.3(2)
2000 3.6(3) 13.2(3)

CusGd 2000 8.8(6) 10.8(2)

CuzDy 1000 6.0(1) 7.82(4)
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Conclusions

The reaction betweenH,L1 and Cu(NO 3), 3 H,0 in the presence of various lanthanide
salts has yielded seven new complexes, all of which have been structurally character-
ized. This class of self-assembled metallacyclic complexes has previously been over-
looked in favour of macrocyclic analogues where peripheral diimine chelators are typ-
ically used to stabilize complexes involving a transition metal ion with ve- or six-
membered chelation rings. Formation of a macrocyclic scaffold was found to be un-
necessary in the successful construction of tetranuclear clusters with SMM proper-
ties. Five of the complexes were prepared in suf cient quantity and purity to elicit
magnetic characterization. DC susceptibility measurements indicated a ferromagnetic
ground state was present for CuzGd, CusDy, and CusTh, furthermore, all three of
these complexes exhibited appreciable frequency dependence in their AC magnetic
measurements. Macrocyclic analogues indicated that the CusTb complex was likely
to exhibit SMM properties; however, observation of the slow relaxation of magnetiza-
tion in monomeric Cu 3Ln (Ln = Gd or Dy) complexes of this type have not previously
been reported. Fitting of the AC data yielded small values for the Cole-Cole parameter,
a, implying that there is most likely only a single relaxation pathway present in these
complexes. CusTb, containing T, is a Kramers-type molecule and had an observable
barrier to relaxation in the absence of an applied eld, with its maximum barrier de-
termined to be 13.3(2) K in a 1000 Oe applied bias. ComplexesCu3Gd and CusDy are
not Kramers-type molecules but still yielded meaningful frequency dependent data in
their AC susceptibility measurements. The Gd-containing complex, CuzGd, was found
to have a barrier height of 10.8(2) K in a 2000 Oe applied bias, while CusDy showed
a lower barrier of 7.82(4) K in a 1000 Oe applied bias. This chapter represents the rst
reported observation of the slow relaxation of magnetization in this type of Cu 3Ln com-
plex utilizing an acyclic ligand system.
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Preparation

CusDy formulated as [L13Cu3zDy(NO 3)2(H20)2(MeOH)](NO 3) was obtained as orange plate
crystals in 47% yield (based on Dy(NO 3)3 6 H20). ATR-IR n: 1611, 1568, 1486, 1432, 1382, 1351,
1313, 1259, 1141, 1030, 974, 755, 711 ¢mMicroanalytical data found(calc) for CusDy (calcu-
lated for C 37H 26Cu3DyN 3024, M, = 1249.75 g mot?) C: 35.72(35.56), H: 1.97(2.10), N: 3.31(3.36).

CugEr formulated as [L13CuzErClz(H20)3.5(MeOH)0.5](H20) was obtained as orange plate
crystals in 84% yield (based on ErClz3 6H20). ATR-IR n: 1612, 1567, 1484, 1428, 1381, 3152,
1310, 1264, 1143, 1027, 981, 756, 710-¢mMicroanalytical data found(calc) for CuzEr (calcu-
lated for C 3.5H 29Cu3ErCl3017, M, = 1203.87 g moIl) C: 36.70(36.42), H: 2.48(2.43).

CusGd formulated as [L13Cu3zGd(NO 3)2(H20)2(MeOH)](NO 3) was obtained as orange plate
crystals in 88% yield (based on Gd(NO3)3 6H20). ATR-IR n: 1616, 1566, 1485, 1429, 1382, 1351,
1314, 1258, 1140, 1029, 975, 756, 718"¢mMicroanalytical data found(calc) for CuzGd (calcu-
lated for C 37H 26Cu3GdN 3024, M, = 1244.50 g motl) C: 36.07(35.71), H: 1.97(2.11), N: 3.59(3.38).

CuszHo formulated as [ L13CusHoCI 3(H20)4(MeOH)](H 20) was obtained as orange block crys-
tals in 56% yield (based on HoCl3 6H,0). ATR-IR n: 1611, 1568, 1486, 1433, 1382, 1352, 1313,
1259, 1141, 1029, 975, 755, 717 dmMicroanalytical data found(calc) for CusHo (calculated for
C37H30CusHoCl 3017, M, = 1208.55 g mot!) C: 36.47(36.77), H: 2.38(2.50).

Cusla formulated as [L13CusLa(NO3)2(H20)2(MeOH)](NO 3) was obtained as orange plate
crystals in 28% yield (based on La(OAc)s 6H20). ATR-IR n: 1614, 1566, 1488, 1434, 1387, 1351,
1317, 1261, 1144, 1030, 975, 751, 710-¢mMicroanalytical data found(calc) for CusHo (calcu-
lated for C 37H 26CusLaN 3024, M, = 1226.15 g mot') C: 36.40(36.24), H: 1.80(2.14), N: 3.41(3.43).

CusTb formulated as [L13CusThCl2(NO3)(H20)2] was obtained as orange block crystals in
77% yield (based on ThClz 6H20). ATR-IR n: 1612, 1569, 1485, 1450, 1432, 1382, 1351, 1314,
1259, 1141, 1030, 975, 756, 718 &mMicroanalytical data found(calc) for CusTb (calculated for
C36Cu3ThCIoNO 17, My = 1161.03 g motl) C: 37.19(37.24), H: 1.71(1.91), N: 1.22(1.21).

CusYb formulated as [L13Cu3Yb(NO3)2(H20)2(MeOH)](NO 3) was obtained as orange block
crystals in 44% yield (based on Yb(OAc); 6H20). ATR-IR n: 1610, 1567, 1488, 1434, 1383, 1355,
1316, 1260, 1143, 1032, 975, 752, 699 -émMicroanalytical data found(calc) for CusYb (calcu-
lated for C 37H 26Cu3YbN 3024, M = 1260.30 g mot?) C: 36.40(36.24), H: 1.80(2.14), N: 3.41(3.43).
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Chapter 5

CosLn Clusters

This chapter discusses the preparation, structural elucidation, and some further charac-
terization for the four Co " based triangle clusters (CoszDy, CosGd, Cosla, and CosTb).
This modest series of complexes features variations in the coordination geometry of
one cobalt centre within each of the complexes Co3Gd, CoslLa, and CosTh. Aside from
these three exceptions, all of the Cd' centres in this series are octahedrally coordinated.
The lanthanum bearing complex, CoslLa, was prepared in suf cient quantity and pu-
rity to undergo magnetic characterization. The [Xe]4 f° electronic con guration of La
makes the CozLa complex a model compound for cyclic triangular Co " Co'" Co"
interactions in the absence of another paramagnetic ion.

A literature search revealed only a single publication to date which featured com-
plexes with a Co'3Ln"'Og core (Figure 5.1). This report by Mashima et al. detailed
the synthesis of seven macrocyclic triangle complexes, four of which ([Co 3La], [Co3Ce],
[CosSm], and [CosEu]) were structurally characterized. 113 As with a majority of other
analogous systems within the literature, a single [3 + 3] macrocyclic ligand was present
in these complexes, providing an N >0, equatorial environment for the Co " centres
the ligand in this case was prepared from the Zn sLa templated [3 + 3] condensation
of 1,4-diformylbenzene-2,3-diol with 1,2-bis(aminooxy)ethane, prior to metal abstrac-
tion with HCI. The focus of this paper was not on magneto-structural correlations, but
rather the catalytic properties of the complexes for the co-polymerization of CO , and
cyclohexene oxide. Notably, the Col centre of Mashima’'s [Co3Ce] complex exhibits a
square pyramidal coordination geometry ( SPY-5 = 0.645.113

5.1 Molecular Structure

Complex CozDy has the formula [Co3DyL13(H>0)(MeOH) 5(NO 3),](NO 3) and crystal-
lizes in the triclinic space group Pl with the asymmetric unit containing a full complex.
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FIGURE 5.1: Schematic of the relatively unseen CaLnOg core.

This complex is relatively non-planar, as seen in Figure 5.2, with each cobalt centre be-
ing axially capped by two methanol molecules (Co2), a methanol and a water (Co3), or

a methanol and an h;-NO3 anion (Co4). The Dy"' ion sits in a 9-coordinate environ-
ment being equatorially bound by the six phenol groups and capped on one side of the

Cosz plane by an h,-NO3 anion and on the other side by a methanol molecule. Charge
balance considerations require all methanol and water caps to be fully protonated ( i.e.
charge neutral), with the metals contributing a total charge of +9 (Dy*3and3 Co*?)
which is balanced by the three ligands witha 2 charge each and three nitrate anions.

FIGURE 5.2: X-ray crystal structure of CozDy . Hydrogen atoms omitted
for clarity. Thermal ellipsoids of metal atoms shown at the 70% proba-
bility level. C = grey, O =red, N = blue.
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Co3Dy features extensive intermolecular and intra-complex hydrogen bonding (Figure
5.3). The non-coordinated nitrate group forms strong hydrogen bonds from its 026
oxygen with a methanol cap of Co2 and the water cap of Co3 (026 H13=1.989(10A
and 026 H15A = 1.904(10)A, respectively). A symmetry generated unit of complex
provides a further two hydrogen bonds, stemming from the H14* proton of a Co2*
bound methanol cap (027 H14* = 2.496(9)A and 028 H14* = 2.100(8)A). There
are another two strong hydrogen bonds formed directly between the two complex units
by the methanol cap of Co4* with the water cap of Co3 (015 H17* = 2.008(7)A)
and the proton of the Co3 water cap acting as a hydrogen bond donor to the aldehyde
binding Co4* in a symmetry generated molecule (O9* H15B = 2.078(8)A).

FIGURE 5.3: X-ray crystal structure showing the intermolecular hy-
drogen bonding between two unit complexes of CoszDy and the non-
coordinated nitrate. C = grey, O =red, N = blue.

The CozGd complex crystallizes in the triclinic space group P1 (Z' = 1) with the for-
mula [Co 3GdL13(MeOH) 4(NO 3)3] (Figure 5.4). Co3Gd is signi cantly more planar than
CosDy and features two near octahedral cobalt centres (Co2 and Co3) each capped with
two methanol molecules and one cobalt centre (Co4) in a strongly distorted octahedral
environment (OC-6 = 4.914 Output 5.1). Co4 features anh,-NO3 cap which leads to
the aldehyde groups binding in a relatively distorted manner. The gadolinium centre of
Co3Gd sits in a 10-coordinate pseudehexagonal bipyramidal site with an h,-NO3 cap
either side of the Cogz plane. With the three nitrate ions bound to metals, this complex is
overall charge neutral. The absence of non-coordinated lattice species greatly reduces
the number of intermolecular hydrogen bonds presentin CosGd.
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FIGURE 5.4: X-ray crystal structure of Co3Gd. Hydrogen atoms omitted
for clarity. Thermal ellipsoids of metal atoms shown at the 70% proba-
bility level. C = grey, O =red, N = blue.

Similar to CoszDy and Co3Gd, the CosLa complex (Figure 5.5) also crystallizes in the
triclinic space group P1(Z' = 1), with only two near octahedral cobalt centres (Co2 and
Co3). The other cobalt centre in this complex, Co4, sits in a distorted 5-coordinate trigo-
nal bipyramidal environment ( TBPY-5 = 1.678 Output 5.2). Water caps are present on
both axial sites on Co2 and Co3, as well as the remaining equatorial coordination site on
Co4. With two hoNO3 caps and one water cap, Lal has a coordination number of 11.
Complex CoslLa has the formula [CosLal13(H20)s(NO3)2]NO 3 H,0 [1.5 EtO], where
the solvent contained within the square brackets corresponds to the contents of the sol-
vent mask, with the non-coordinated nitrate being almost equally disordered over two
spatially close sites with freely re ned occupancies of 0.47(2) and 0.53(2).

Complex CosLa packs with extensive inter- and intra-molecular hydrogen bonding
(Figure 5.6). All but one of these hydrogen bonding interactions (015 H18A =2.054
A) occur with a nitrate being the hydrogen bond acceptor, with all three nitrates per unit
complex forming two hydrogen bonds, and all hydrogen bond donors stemming from
water caps. Inversion symmetry forms a small hydrogen bonding network between
the N1 nitrate cap of Lal and an O13 water cap of Co2 with those of the inverted unit
complex (019  H13A=1.936A, and 021 H13B* = 1.951A). The non-coordinated
nitrate species shown in Figures 5.5 and 5.6 has the slightly higher occupancy (0.53(2)),
and is stabilized by two hydrogen bonds to H15A (O31B H15A = 1.848 A and
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FIGURE 5.5: X-ray crystal structure of CozLa. Hydrogen atoms, sol-

vated, and disordered species are omitted for clarity. Thermal ellipsoids

of metal atoms shown at the 70% probability level. C = grey, O =red, N
= blue.

033B H15A = 2.281 A), whereas, the nitrate site with occupancy 0.47(2) forms
weaker hydrogen bonds (O31A H15A =2.905A and O33A H15A =2.154A). The
remaining nitrate cap forms a strong hydrogen bond to the H14A water cap
(022 H14A = 1.931A) of Co2 and a relatively weaker bond to the H16B water cap
(022 H16B = 2.307A) of Co3. The crystal data for CosLa shows a solvent accessible
void of 192 A3, however there are no obvious structures present in the difference map,
thus has been modelled with a solvent mask which accounts for 127 electrons per unit
cell, this ts well for three diethyl ether molecules per unit cell (which equates to 126
electrons). The presence of diethyl ether in the crystal lattice, while not seen in the ele-
mental analysis, is consistent with the observation of crystalline CozlLa samples rapidly
crumbling when removed from the mother liquor and sat in air.
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FIGURE 5.6: X-ray crystal structure of CozLa showing the intermolecular

hydrogen bonding between two complex units and the non-coordinated

nitrate. The inset shows the two partially occupied nitrate sites. Thermal

ellipsoids of metal atoms shown at 70% probability. Non-acidic hydro-

gen atoms have been omitted for clarity. H bonds shown as segmented
yellow/pink bonds. C = grey, O =red, N = blue.
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OuTPUT 5.1: SHAPE output for 6-coordinate Co' centres of CosDy
Co3Gd Cosla and CosTh.

Structure PPY -6 OC-6 TPR-6 JPPY -6
Co3Dy-Co2, 23.460, 1.586, 9.247, 26.862
Co3Dy-Co3, 23.511, 1.634, 9.167, 27.141
Co3Dy-Co4, 26.314, 0.733, 13.479, 30.101
Co3Gd-Co2, 24.208, 1.263, 10.607, 28.554
Co03Gd-Co3, 27.422, 0.301, 14.711, 31.137
Co3Gd-Co4, 18.605, 4.914, 9.173, 22.831
Co3La-Co2, 26.572, 0.355, 13.673, 30.169
Co3La-Co3, 25.998, 0.605, 12.287, 29.345
Co3Tb-Co2, 25.058, 0.738, 11.901, 28.808
Co3Th-Co4, 24.589, 0.947, 12.115, 28.466

OuTPUT 5.2: SHAPE output for 5-coordinate Co'" centres of CosLa
CosThb and Mashima’s [Co3Ce] complex.

Structure vOC-5 TBPY -5 SPY-5 JTBPY-5
Co3La-Co4, 5.623, 1.678, 3.334, 4.048
Co3Tb-Co3, 4.736, 3.221, 1.734, 6.781
Co3Ce-Col, 1.884, 3.944, 0.645, 6.061

Complex CosTb (Figure 5.7) is a charge neutral mixed anion complex with the formula
[Co3TbL13CI(H 20)0.5(MeOH) 4.5(NO 3)2] [1.5H2>0] which crystallizes in the centrosym-
metric monoclinic space group C2/c(Z' = 1). Similar to CoszLa, CosTb has two near
octahedral cobalt centres (Co2 and Co4) and a square pyramidal Co3 SPY-5 = 1.734
Output 5.2). Although Co3Tb was not the only Co sLn complex prepared using a hon-
nitrate salt (see the preparation of CozLa), the square pyramidal cobalt centre, Co3, is
unambiguously capped by a single chloride anion originating from the TbCl 3 6H,0 salt
used in the complex preparation. Both Co2 and Co4 are octahedral but Co2 is capped
equally by two methanol molecules, whereas one cap of Co4 is methanol and the other
is crystallographically present as both water and methanol occupying the same site (in
a 1.1 ratio).
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FIGURE 5.7: X-ray crystal structure of CosTh. Hydrogen atoms, and
disordered species are omitted for clarity. Thermal ellipsoids of metal
atoms shown at the 70% probability level. C = grey, O =red, N = blue.

Of the four Co sLn type complexes structurally characterized by Mashima et al, the two
most important complexes, for the purposes of comparison, are [Co 3Ce] with its non-
octahedral Col, and [CosLa] for a more direct analogy with CoslLa. As expected, both
complexes have longer Co N imine bonds than the analogous Co O jgenyde bONdS,
while the square pyramidal Col of the cerium containing complex (with a Col O 4
plane separation of 0.459(2)A) shows similarities to the CosTb complex, its metal
metal related separations make it more comparable to CozLa. Selected distances and
angles for CosDy, Co3Gd, Cosla, and CosTh are listed in Table 5.1. The [CosCe] com-
plex has a small minimum intermolecular Ln """ Ln " separation (9.441(1)A) while also
having longer Co" Co!" and Co" Ln"' separations in the range of CosLa; 6.225(1) -
6.448(1)A and 3.603(1) - 3.760(1)A for [Co 3Ce], respectively. Putting aside the absence
of a non-octahedral cobalt centre, the [CosLa] complex is very similar in structure to
[CosCe] and thus Cogla, with similar metal metal separations (minimumLn "' Ln !
=9.308(1)A, Co" Co' =6.289(1) - 6.436(1A, and Co" Ln """ =3.635(1) - 3.736(1N).
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TaBLE 5.1: Selected structural parameters for CozDy, Co3Gd, Cosla,

and CosThb.
Bond (A) CosDy Co3Gd CoszlLa CosTb
Co O phenal@ 1.979(9) - 2.036(9)  1.989(5)-2.011(5)  1.984(8)-2.046(8)  1.984(5) - 2.045(5)
CO O agenyde™ | 1.996(9)-2.044(10) 1.990(8) - 2.046(5)  1.982(9)-2.044(10) 1.998(5) - 2.025(4)
Co Oy,0 2.148(9) 1.922(9)-2.177(8)  2.195(15)
Co O veoH 2.133(8) - 2.191(8)  2.108(6) - 2.178(6) 2.133(6) - 2.204(10)
Co Anion [ 2.166(8) 2.130(5) - 2.206(6) 2.292(2)
Ln O phenol 2.394(9)-2.460(10) 2.410(5) - 2.552(6) 2.567(9) - 2.657(8)  2.439(5) - 2.546(5)
Ln O o, 2.450(8) - 2.459(7)  2.455(6) - 2.498(5)  2.625(8) - 2.801(9)  2.438(6) - 2.494(5)
Ln O gopent® 2.339(7) 2.576(9)
Co Co 6.228(4) - 6.269(3)  6.335(2) - 6.393(2)  6.324(2) - 6.469(3)  6.345(2) - 6.366(1)
Co Ln 3.594(2) - 3.623(3)  3.647(2)-3.710(2) 3.682(2)-3.733(2)  3.663(1) - 3.678(1)
Min. Ln Ln 10.221(2) 10.625(2) 9.598(1) 10.540(1)
Ln Co 3 plane 0.139(2) 0.091(1) 0.333(1) 0.143(1)
Co4 Oy planel®! | 0.015(5) 0.648(3) 0.609(5) 0.581(3)
Angle ()

Co Oppeno LN | 106.2(4)-109.3(4)  106.2(2)-111.1(2)  104.1(3)-108.5(3)  107.0(2) - 109.2(2)

8 Ophenol corresponds to 02, 03, 06, 07, 010, and O11.

] O,igenyde COrrespdonds to O1, 04, 05, 08, 09, and 012.

[l Anion is mM-NO3 for CosDy, mp-NO 3 for CozGd, and my-Cl for CosTh.

[ solvent is MeOH for CosDy and H,0O for Cosla.

(] The 04 plane corresponds to the least-squares plane of the four equatorial ligand based donors in the
idealized octahedral binding environment.

5.2 Supramolecular Interactions

CosDy contains the smallest trivalent lanthanide ion discussed in this section, with an
effective ionic radius of 91.2 pm,1>° which affords each cobalt centre the steric free-
dom to dominate their own coordination geometry. The cross-sectional molecular area,
in the CoslL13 plane, was calculated using the inbuilt ChemCraft utility; and p p
stacking interactions were analyzed in Olex2 with the aromatic centroid-centroid dis-
tances listed in Table 5.2. Complex CoslLa, containing the largest trivalent lanthanide
ion (La""), has the largest calculated molecular area as well as the longest rangep  p
stacking interaction. It also features the longest average Cd' Ln " and Co" Co"
distances, however it interestingly also has the shortest Ln'"' Ln "' distance (Table
5.1). The same trend in ionic radii vs cross-sectional molecular area is not followed
for the other three complexes. Complex CosTb contains Th'"" which is smaller than
Gd"" but larger than Dy "', however CosTb has the second largest calculated molecular
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area which may be attributed to the way in which the chloride cap of Co3 in uences
the planarity and shape of the complex and hence the crystal packing.

TABLE 5.2: Calculatedp p stacking distances and cross-sectional ar-

eas.
Complex p p stacking (A) Molecular area ( A3)
Co3zDy 3.763 3.824 206.5
Co3Gd 3.731 3.740 208.9
CoszlLa 3.586 3.955 213.1
CozThb 3.551 3.791 212.1

At the mesoscale, the crystal packing of CozGd resembles that of CosDy (Figure 5.8).
When viewed along the crystallographic aaxis, both complexes pack similar to two-
dimensional layered systems along the ab-plane with clear inter-layer separations along
the c-axis. Although CoszlLa has the same metric symmetry and is in the same space
group as CozDy and CosGd, the geometry of the unit cell is considerably different.
Where CosDy and Co3zGd have similar aand blengths and both a and b angles are near
90, Cogsla has similar band clengths with the corresponding aand g angles being near
90 . The shorter length of cin CosLa relative to the other two triclinic structures results
in a greater proportion of a third molecule, whose centre of mass sits outside of the unit
cell, occupying the space to ensureZ = 2 when Z' = 1, resulting in an apparent overlap
of aromatic rings when viewed along the crystallographic a-axis.
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FIGURE 5.8: Simplied X-ray crystal structure packing diagrams of
CosDy, CosGd, and CosLa viewed alone the crystallographic a-axis.
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5.3 Magnetic Analysis of Co sLa

DC magnetic susceptibility and magnetization measurements have been performed to

examine the potential Co' Co! interactions and/or zero eld splitting effects present

in the CoszLa complex. As the other complexes within the Co 3Ln family each feature

different Co" coordination geometries, this initial study of CosLa cannot be considered
representative of the other complexes.

The ¢, T vs T product of CoslLa (Figure 5.9) reached 9.4 cnd K mol ! at 300 K, which
exceeded the expected spin-only value for three isolated Co" ions of 5.63 cn?® K mol 1,
and clari ed the presence of three S, = 3/ 2 spins with g = 2.59. The experimental
magnetization at 7 T was 7.1 mg, which corresponds to ca. 60% of the theoretical limit
(11.7 m). If antiferromagnetic interactions were dominant, the experimentally mea-
sured magnetization would be approximately one third of the theoretical value and the
cmT product at 1.8 K would approach one third of the value at 300 K. Hence, the mea-
sured value of 7.1 s indicates the antiferromagnetic interactions are relatively small
for this system. Part of the gradual decrease in the pro le of the ¢, T vs T datais likely
to originate from the single-ion nature of the spatially separated Co " centres. To evalu-
ate the ZFS of the Cd' ions and further comprehend the magnetic properties of Cosla,
simulations were performed using MAGPACK. 147:148

FIGURE 5.9: Plot ofc, T vs T measured at 0.5 T (left) and M vs H plot

measured at 1.8 K (right) for CozLa. Solid line traces the simulated t,

with parameters as noted on the gure. Measurements were performed
on a polycrystalline sample xed in a small amount of eicosane.

Using an approximation based on three-fold symmetry, optimization of the ZFS pa-
rameter D for each Co' gave D/ kg = 65 K with gave = 2.55, neglecting any E value.
Using these values of D and g, the calculated cw T vs T and M vs H pro les were re-
produced nicely with this effectively 1 Jmodel. This value of D is relatively large, but is
comparable with values reported in the literature. 160165
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The large D value is likely related to the 5-coordinate cobalt centre (Co4), however,
when considering the exchange coupling model using a spin Hamiltonian based on
an antiferromagnetic triangular model, H = 2JS; S+ S S+ S, S3), the experi-
mental data cannot be reproduced (Figure 5.10). At low temperatures and under a small
applied eld the ground state of CosLa will have a residual S= 3 2 moment stemming
from only one Co'" centre, while in stronger applied elds the ground state becomes
ferromagnetic (S= 9 2). The calculatedM H pro les show a small curvature between
3 and 6 T which can be assigned to a gradual transition from the S = 3/ 2 state to the
S = 9 2 state, however the experimental M vs H data in this region has a monotonically
increasing pro le.

FIGURE 5.10: Simulation of the c, T vs T (left) and M vs H data (right)
for CoslLa based on the above spin Hamiltonian. Using values of gave =
259 and 3o = 2.0and 3.0K.



104 Chapter 5. CosLn Clusters

Conclusions

Four new non-macrocyclic heterometallic Co"sLn"" clusters have been prepared fol-
lowing the general method, and structurally characterized. The coordination geom-
etry of each metal centre was examined by continuous shape measurements (CShM)
using the SHAPE software package. While CosDy was found to contain three near-
perfectly octahedral Co' centres, the remaining three complexes each contained one
non-octahedral Co'" ion. This non-octahedral site was found to be strongly distorted to-
wards trigonal prismatic in CosGd, with 5-coordinate geometries observed for Cosla,
trigonal bipyramidal, and CosTb, square pyramidal. DC magnetic measurements of
Cogzla clari ed a ground state spin projection of Sy = 3 2, with weak antiferromag-
netic contributions from the Co Co interaction, and a relatively large ZFS parameter,
D/ kg = 65 K. The large D value is likely associated with the trigonal bipyramidal Co "
centre (Co4). This work comprises only the second set of examples of CosLn complexes
with planar M 3LnO 3 cores within the literature, and also represents the rst methodical
structural study as well as the rst magnetic investigation into these complexes.
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Preparation

CozDy formulated as [L13Co3Dy(NO 3)2(H20)(MeOH) 5](NO 3) was obtained as orange block
crystals in 58% yield (based on Dy(NO 3)3 6 H,0). ATR-IR n: 1614, 1566, 1483, 1435, 1378, 1351,
1310, 1260, 1124, 1027, 969, 753, 682 tmMicroanalytical data found(calc) for CosDy (calcu-
lated for C 41H 40C03DyN 30,7, M, = 1346.06 g mot!) C: 36.30(36.58), H: 3.32(3.00), N: 3.22(3.12).

Co3zGd formulated as [L13C03Gd(NO 3)3(MeOH) 4] was obtained as orange block crystals in
51% vyield (based on Gd(NO3)3 6H>0). ATR-IR n: 1611, 1567, 1486, 1432, 1382, 1351, 1313,
1259, 1141, 1029, 975, 753, 697 dmMicroanalytical data found(calc) for CozGd (calculated for
C40H34C03GdN 3025, M; = 1290.75 g mott) C: 36.99(37.22), H: 2.92(2.66), N: 3.31(3.26).

CoslLaformulated as [ L13CosLa(NO3)2(H20)6](NO 3) (H20) 1.5[EtO] was obtained as orange
plate crystals in 57% yield (based on La(OAc)s 6H20). ATR-IR n: 1615, 1566, 1482, 1435,
1378, 1351, 1311, 1261, 1128, 1027, 969, 753, 682'cnMicroanalytical data found(calc) for
CosHo (calculated for C3gH3,CozLaN 3028, M, = 1270.35 g motl) C: 34.30(34.04), H: 2.32(2.54),
N: 3.32(3.31).

Co3Tb formulated as [L13Cu3TbCI(NO 3)2(H20)0.5(MeOH)4.5] 1.5[H,0] orange block crystals
in 66% vyield (based on ThCl3 6H20). ATR-IR n: 1611, 1568, 1486, 1432, 1382, 1352, 1313,
1259, 1141, 1030, 974, 755, 711 &m Microanalytical data found(calc) for CosTb (calculated
for C39.5Co3TbCIN ,024.5, M, = 1303.90 g mot!) C: 36.15(36.38), H: 2.60(2.94), N: 2.00(2.15).
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Chapter 6

A Descent Through the Nuclearities

Throughout this research a large number of complexes with nuclearities ranging from
one to 16, with polymers being the exception, have been isolated. Some complexes
presented multiple crystal polymorphs, which in turn, related to the physical morphol-
ogy of the crystal the cause of this was rudimentally explored for the complex Ni 1.
Some, but not all, of the complexes discussed here were obtained using the symmetric
dialdehyde ligand discussed in Chapter 2 or a simple Schiff base derivative of H,L1.
Homometallic complexes with nuclearities ranging from eight to sixteen were isolated,
one containing copper, two hexadecanuclear nickel complexes, and one octanuclear
manganese complex. A heterometallic heptanuclear complex containing a Mn "' Lag core
was also obtained. Where possible there complexes have been structurally identi ed by
single crystal X-ray diffraction experiments, with formulations con rmed by CHN mi-
croanalysis, and had the presence of their expected functional groups con rmed by IR.
Of these ve complexes only the largest, Niig, could be reliably reproduced at larger
scales. Synthetic methods for the preparation of each complex discussed here can be
found at the end of the chapter.

6.1 Nisg

The largest complex in this set, the hexadecanuclear Ni;g complex (Figure 6.1) formed
with the general formula L24Niig(OAC)16(MeOH)4(H20)12 «, in the form of a
supramolecular ring with an almost bowl or cone like topology similar to that of cal-
ixarenes. As mentioned, this complex presented three distinct crystal morphologies
(needles, plates, and blocks), each with its own unique unit cell. The complex, initially
obtained as needles, featured an unwieldy monoclinic unit cell with a volume of ap-
proximately 52,000 A2 in the centrosymmetric space group C2/ cwith Z'=1and x = 2.
Attempts to synthesize more of the complex yielded larger plate-like crystals with a
similarly large unit cell volume of almost 44,000 A3, this time in the monoclinic space
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group P2,/ nwith Z'=2 and x = 8 on one of the molecules within the asymmetric unit
and x = 9 on the other. Finally, a block-like crystal form presented itself, which was
found to have a smaller unit cell volume of 23,700 A2 of polar tetragonal symmetry, in
the space group P4ncwith Z’' = 0.25, hereafter simply referred to Ni 16. All forms of this
complex were obtained from the 1:4 reaction of H4L2 with Ni(OAc) » 6H,0, re ux-
ing in 10% water in methanol. It was observed that vapour diffusion after three days of
re uxing resulted in primarily needle and plate crystals, however, if the mixture was re-
uxed for ve to seven days, the crystalline product was almost exclusively blocks. The
asymmetric unit of Ni 14 contained two distinct fragments, both ttingthe x = 8 formu-
lation, albeit with the water caps in different positions. In all cases, the ligand ( H>L2)
binds in a 5.21,2,32342451>14 fashion. The 5.222211 Harris notation binding mode 82 in-
dicates each ligand is bound to ve metal centres with four mp-sites (all oxygen donors
in this case) and two m-sites (both imine groups). The central catechol group binds a
nickel in its centre to form a ve-membered chelate ring whilst also bridging to another
Ni'' ion on each side which are in turn meridionally bound by their nearest imine and
phenol groups. These phenol groups each bridge to another Ni' ion either side which
is shared with the phenol moiety of the neighbouring ligand unit. Every nickel centre

is further bridged to at least two others through acetate groups which bind in both 2.11
and 3.21 modes. See Appendix A for illustrative examples of these binding modes.

FIGURE 6.1: A cartoon schematic showing the generalized structure of
the Ni 16 complex (represented with x = 0). Hydrogen atoms omitted for
clarity. C = grey, N = blue, Ni = green, O =red.



6.1. Nig 109

By careful inspection of the two fragments within the asymmetric unit of the tetragonal
Ni 16 solution (Figure 6.2) it can be seen that the bridging direction of the 2.11 acetate
bound to the central Ni " (bound within the catechol group) changes and the axial water
cap switches which side of the plane it is on. These fragments are almost isostructural
by inversion, with an RMSD value of 0.320 A when overlaid (based on the Ni ' con-
nectivity), and can each be grown by 4-fold rotation to produce a unit of Ni 1 with
different handedness, i.e. the connectivity pattern of two rings are reversed relative to
each other. The presence of Nig units with both handedness is also observed in the
monoclinic solutions; in the case of the C2/ ¢ solution, a Ni 16 unit of opposite handed-
ness is generated by inversion symmetry. Ni 1 units of both handedness are present
within the asymmetric unit of the P2,/ n solution, however because the two units have
formulations with different values of x there exists four distinct molecules.

FIGURE 6.2: X-ray crystal structure showing the asymmetric unit of

Ni 16. Thermal ellipsoids of metal atoms shown at 70%. Non-coordinated

species and hydrogen atoms omitted for clarity. C = grey, N = blue, O =
red.

While the established connectivities for each of the Ni 15 polymorphs are essentially the
same, the data collected from the plate and needle samples were much weaker. At-
tempts were made with all three polymorphs to model as many of the non-coordinated
solvent molecules as possible. However, even in the tetragonal Ni 1, Solvents assigned
based on the difference maps were unstable, with only one water molecule and two
methanol molecules of half occupancy each (per asymmetric unit) being stable to re-
nement. The remainder of the electron density was modelled in a solvent mask con-
taining 343 electrons occupying ~ 1200A2 per asymmetric unit, corresponding to 34
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water molecules which is consistent with the presence of 32 to 36 water molecules es-
timated by CHN microanalysis. The lower quality data of the monoclinic solutions
made the assignment of non-coordinated solvate species even more dif cult, thus sol-
vent masks with comparable contents were applied.

The three different solutions show good regularity with the exterior dimensions of the
monomeric Ni 1 units, with the monoclinic solutions differing from  Ni 16 by less than
3% in each dimension. The size of monomeric Nig units were calculated using an in-
built ChemCratft utility. Figure 6.3 shows the dimensions of a single Ni 15 complex from
Ni 16 (a and c) as well as the dimeric Ni1g capsule (b and d), note that the four-fold
symmetry means the side lengths in the top down views (bottom) are equal in both
dimensions. The total height of the dimeric capsule is 0.5 A less than double the
height of the monomeric unit, showing the considerable overlap between complexes
which nestle together with a nearly 30 rotation along the same four-fold axis (Figure
6.3b) which generates each complex from its asymmetric unit.

FIGURE 6.3: Space lling diagrams of Ni g viewed parallel (a and b)
and perpendicular (c and d) to the plane, showing the dimensions of the
monomeric unit (a and c¢) and dimeric capsule (b and d).
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As is expected from solutions in different space groups, the crystal packing of each so-
lution is vastly different. Looking at the arrangement of molecules in the unit cell alone,

it can be seen that the highest symmetry species packs as a molecular capsule where a
Ni 16 unit of each handedness dimerizes to form a closed capsule (Figures 6.4 and 6.5).
The primitive monoclinic solution packs in the opposite manner with the two smaller
rims of the complexes coming together to form the shape of an elliptic hyperboloid (Fig-
ure 6.6) where a Niyg unit of each handedness and different formulations of x dimerize
(i.,e. anx = 8 and anx = 9 molecule of opposite handedness). No such open- or closed-
capsule geometry is observed in the unit cell packing of the base-centred monoclinic
species (Figure 6.7).

FIGURE 6.4: X-ray crystal packing of Ni1g within the unit cell, viewed

along the crystallographic b-axis to highlight the capsule-like dimers.

Non-coordinated species and hydrogen atoms omitted for clarity. C =
grey, N = blue, Ni = green, O =red.
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FIGURE 6.5: X-ray crystal packing of Nije, viewed along the crystallo-

graphic c-axis highlighting the off-set tubular stacking. Non-coordinated

species and hydrogen atoms omitted for clarity. C = grey, N = blue, Ni =
green, O = red.
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FIGURE 6.6: X-ray crystal structure of the P2;/ ¢ Nijg complex show-

ing two molecules packed together as an elliptic hyperboloid. Non-

coordinated species and hydrogen atoms omitted for clarity. C = grey,
N = blue, Ni = green, O = red.
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FIGURE 6.7: X-ray crystal packing of the C2/c Nijg complex within

the unit cell, viewed along the crystallographic b-axis. Non-coordinated

species and hydrogen atoms omitted for clarity. C = grey, N = blue, Ni =
green, O =red.
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6.1.1 The Call of the Void

The dimerization of Ni 16 units into a non-covalently bound capsule presents an inter-
esting void, which, under the right conditions, could encapsulate another species either
non-covalently, as the system stands, or electrostatically by rst altering the chemical
environment within the void. The maximum possible guest diameter can be found by
inspecting the distances across the inner (H,O H»0) and outer (naphthalene based
centroids shown in pink in Figure 6.8) rims of a Ni 1 unit, note that these distances
must be corrected for the Van der Waals radii of the relevant atoms. When considering
the full capsule of Ni g, the naphthalene backbones encircling the widest point of the
capsule makesp p stacking the obvious potential driving force to exploit. As such,
attempts were made to encapsulate fullerene molecules within the capsule, similar to
work previously reported by Truhler et al. for C%® and Yamago et al. for C70.16” An
initial model was developed to ensure there was a good size match between the host
(Ni 16 dimer) and guest molecules (Cgp or C70). It was thought that due to the prolate
shape of the void and relatively large separation between the two Ni 15 planes in the
capsule (7.898A), C,owould be a better candidate (Figure 6.9).

FIGURE 6.8: X-ray crystal structure of Ni 16 showing the inner and outer
rim distances. Hydrogen atoms omitted for clarity. C = grey, N = blue,
Ni = green, O =red. Centroids in pink.
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FIGURE 6.9: Schematic representations of a potential Go@2Nig host-

guest complex, from two perpendicular views, based on the original

crystal structure coordinates of Nijg. Hydrogen atoms omitted for clar-

ity. C = grey, N = blue, Ni = green, O =red. C 7¢ in purple (left) and
space- lling (right).

Formation of the host-guest complex was attempted synthetically for both C gg and Cyq,
through various methods. Initial attempts involved layering a solution of Ni 14 (in aque-
ous methanol, or a 1:1 methanol toluene/1,2-dichlorobenzene mix) with each fullerene
dissolved in 1,2-dichlorobenzene, toluene, p-xylene, or mesitylene. After weeks of sit-
ting undisturbed, both in light and out of light, no solids were observed. The same
combinations of reactants and solvents were brought to re ux then cooled and al-
lowed to slowly evaporate, with a black amorphous solid precipitating on cooling
which IR identi ed as the fullerene starting material and small black crystals of the
respective fullerene, crystallized on slow evapouration of the solvents. C 7o was also
introduced to the initial Ni 1 reaction mixture in its nal 24 hours of re ux, but upon
cooling the same black precipitate was observed. A further polymorph of Ni 15 was
observed to crystallize from an encapsulation attempt in a purely 1,2-dichlorobenzene
solution; however the data was only good enough to establish the connectivity, pres-
ence of two molecules of 1,2-dichlorobenzene in the asymmetric unit, and absence of
any fullerene. Encapsulation experiments were also carried out, attempting to encapsu-
late trans-dichlorotetrakispyridine ruthenium(ll) withina  Ni 16 capsule. These attempts
followed the same methods of layering, mixing, or adding to the reaction mixture; with
less success than the fullerene attempts.
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6.1.2 A Formate Analogue

During the writing of this thesis, another analogue of Ni 15 was isolated and structurally
characterized. The complex Ni 1™ (Figure 6.10) was prepared in the same manner
as Ni 1, using Ni(HCOO) , 2H>0 in place of Ni(OAc) » 6H>0, and crystallized in the
enantiomorphic trigonal space group P3:21 (Z’ = 0.5) as small green blocks with the
formula L24Ni15(HCOO)14(H20)12 + solvents The conditions used to crystallize this
complex also leads to the crystallization ofunreacted Ni(HCOO) » 2H,0 over the same
time period, which could not be separated by solvent-solvent extraction. This complex
has not yet been produced in larger quantities for puri cation, thus it has only been
structurally characterized. The asymmetric unit contains half of the Ni 1™ complex
where the presence of two-fold symmetry, rather than four-fold rotational symmetry as

in Ni 16, results in a slightly less symmetrical complex with more ellipsoid character and
asymmetric dimensions (Figure 6.11).

FIGURE 6.10: X-ray crystal structure of Ni 1™ Disordered species
omitted for clarity. C = grey, N = blue, Ni = green, O =red.
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FIGURE 6.11: Space lling diagrams of Ni 1™ viewed parallel (left)
and perpendicular (right) to the plane, including dimensions.

Although this complex has not yet been produced at larger scales and fully charac-
terized, it indicates the possibility for this system to be further modi ed by other car-
boxylate anions, and potentially introduce additional functionality to the interior of
each Niig bowl. Accordingly, synthetic efforts have been made to produce analogues
containing tri uoroacetate, 2-hydroxyacetate, glycinate, or benzoate through the ini-
tial formation of their respective Ni " salts, however, characterizable solids have not
yet been obtained. The much lower pKj of tri uoroacetic acid could potentially pro-
duce a smaller Niig bowl as a result of the larger O C O bridging angle, while the
2-hydroxyacetate and glycinate analogues would provide more hydrogen-bonding ca-
pabilities to the interior of the Ni 14 bowl. Finally, a benzoate analogue would produce
a smaller cavity space within the complex and provide more aromatic surfaces to help
facilitate p p stacking interactions.



6.1. Nig 119

FIGURE 6.12: X-ray crystal packing of Ni 1™ viewed along the crys-
tallographic b-axis (top) and c-axis (bottom). Disordered species and hy-
drogen atoms omitted for clarity. C = grey, N = blue, Ni = green, O =red.
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Structural Parameters for Ni 1 Complexes

TABLE 6.1: Selected structural parameters for each Niig complex.

Bond (A) Ni 16 Ni 1672/ N Ni 162/ ¢ Nj 1glormate
Ni O phenol 1.956(5) - 2.099(4)  1.969(4) - 2.077(4)  1.962(6)-2.103(6)  1.991(6) - 2.108(9)
Ni N imine 1.924(6) - 2.058(5) 1.973(5)-2.021(5) 1.912(9)-2.033(9)  1.947(8) - 2.013(9)
Ni O h,0 2.111(5) - 2.175(5)  2.053(4) - 2.145(6)  2.009(6) - 2.192(8)  2.016(8) - 2.139(7)
Ni O meoH 2.016(5) - 2.120(4)  2.037(5) - 2.173(4)  2.092(6) - 2.107(9)
Ni COO - 1.928(4) - 2.177(4)  1.957(5)-2.213(4)  1.996(8) - 2.187(6)  1.894(9) - 2.131(8)
Ni Ni [@ 3.039(1) - 3.458(1)  3.032(1)-3.465(1) 3.021(2) - 3.445(2)  3.022(2) - 3.510(3)
Ni Ni 160! 0.143-0.965 0.000 - 1.400 0.049 - 1.203 0.019-1.119
Ni  Nild 14.884(1)- 13.643(1)- 14.600(3)- 14.518(2)-

14.949(1) 15.910(2) 15.030(2) 14.603(2)
+ Ni  Nild 12.317(1)- 11.845(1)- 12.066(3)- 11.357(2)-

12.393(1) 12.472(1) 12.621(2) 12.254(2)
Single-atom bridging angle ()
Ni O phenot Ni | 97.8(2)-119.4(2)  97.4(2)-116.8(2)  97.8(2)-117.2(3)  95.7(3)- 117.2(3)
Ni O COO" Ni el | 92.2(2) - 95.6(2) 92.2(1) - 96.4(2) 91.0(3) - 96.8(3) 91.8(4) - 98.2(3)

@ for neighbouring Ni " centres.

[b] deviation of Ni "' centres from the calculated Ni 16 plane.

[l corner-to-corner distances between Ni ! centres bound by phenol side-arms of separate ligand units.
[l side-to-side distances between Ni "' centres bound by catechol groups on opposite sides of the ring.
[¢] this applies only to the my-O of 3.21 type carboxylate groups.

Conclusions

Four related Ni 16 wheel complexes have been prepared, isolated, and structurally char-
acterized. All complexes self-assemble into L24Ni 15 supramolecular wheels; with three
acetate containing complexes being nearly isostructural, each presenting a unique crys-
tal morphology corresponding to their crystallographic symmetry. A fourth formate
containing analogue has also been obtained, which presents a strikingly different pack-
ing arrangement. While only structural data has been obtained so far for these com-
plexes, they present an exciting opportunity for extension in magnetic analysis and
host-guest chemistry.
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6.2 Cu

During attempts to make a Cu " analogue of Ni 1, a single acetonitrile based sample
presented crystals as bright green blocks after 3 months. X-ray crystallographic anal-
ysis revealed a tetradecanuclear copper complex, Cuy4 (Figure 6.13). Formulated as
L25:L.2',Cuya(my O) 2(mp OH) 2(my OMe) 2(OAC)s(H 20)(MeCN)(MeOH) », this complex
contains L2', an oxidized form of L2 where one of the imine arms has cleaved and been
oxidized to a nitrile ( L2' = (E)-2,3-dihydroxy-4-(((2-hydroxybenzyl)imino)methyl)-1-
naphthonitrile).

FIGURE 6.13: X-ray crystal structure of Cui4. Disordered species and
non-acidic hydrogen atoms omitted for clarity. C = grey, Cu = orange, N
= blue, O =red.

Both units of L2 follow the same 5.222211 binding mode seen in the Ni;g complexes,
whereas the oxidized L2' exhibits a 3.2211 binding mode. The Cu14 cluster features cu
centres in four different geometries: seven square pyramidal environments (note Cu2
is weakly coordinated by an acetate at 2.45(1) giving it octahedral character, SPY-5 =
2.437 and OC-6 = 4.282, one trigonal bipyramidal centre (Cu4, TBPY-5 = 2.254, one
distorted octehdral environment (Cu9, OC-6 = 3.754, and ve square planar environ-
ments (Cu3, Cu5, Cul0O, Cull, and Cul2,SP-4 = 0.181 0.489) which each have a
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weakly coordinated axial site (MeCN, H ,0, or OAc) giving them some square pyra-
midal character. Without the weakly coordinated water and acetonitrile molecules, the
complex exhibits near perfect C, symmetry, which can be seen by the symmetry of the
inner binding groups. The presence of m-OH groups was assigned on the basis of
charge balance; the +28 charge from the 12 Cd? centres was partially balanced by two
L2 units (-8), two L2' units (-6), two ny-OMe anions (-2), six OAc anions (-6), and two ny-
072 (-4), leaving a total charge of +2 to be balanced by the two m-OH species bridging
Cu2/Cu6 and Cu9/Cul2. The difference map indicates that there are a number of non-
coordinated acetonitrile molecules present in the lattice, however, none were found to
be stable to anisotropic re nement, even with freely re ned occupancies. Due to the
limited number of crystals of this compound being obtained, a solvent mask including
296 electrons in 1209A3 has been applied to the data set, but without CHN microanal-
ysis no reliable formulation which includes suf cient lattice solvent to satisfy the mask
can be assigned. The axially coordinated methanol caps of Cul and Cu8 each form
hydrogen bonds to the monodentate phenolic oxygen of the nearest L2' unit (O11
H15=2.179(9)A and O14 H25 =2.146(9)A). No intermolecular hydrogen bonds are
observed in the crystal packing (Figure 6.14), norareany p p stacking interactions.

FIGURE 6.14: X-ray crystal packing of Cuy4, viewed along the crystal-
lographic b-axis. Disordered species and hydrogen atoms omitted for
clarity. C = grey, Cu = orange, N = blue, O = red.
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6.3 Mn'g

In the process of trying to synthesize paramagnetic homometallic clusters, using the
dialdehyde ligand H,L1, the octanuclear complex Mn g (Figure 6.15) was obtained as
orange plate crystals. The complex exhibits the rare homometallic square-in-square
topology, for which a Mn gLg(PrOH) 4 (L = diethyl ketipinate) analogue has been pre-
viously reported by Saalfrank et all8 Based on the crystal structure, Mn g has the for-
mulation L1gMng(H>0),MeOH, with the charge of each Mn ' centres being balanced
by the -2 charge from each ligand. Each of the inner-square metals are bound by seven
ligand based oxygen donors with molecular geometries somewhere between capped
octahedra (COC-7 = 1.958 2.246) and capped trigonal prismatic ( CTPR-7 = 1.805

2.181). The outer-square metal centres are only bound by six ligand based oxygen
donors with a seventh coordination site occupied by water or methanol for Cul, Cu2,
and Cu4 resulting in the capped trigonal prismatic molecular geometries for all three
(CTPR-7 = 0.424 0.955), with Cu3 remaining as a 6-coordinate distorted trigonal
prism (TPR-6 = 3.810. The L1 units can be split into two different groups; those in the
Mng plane, and those orthogonal to the plane. Each of the four in-plane L2 units bind
in a 3.1221 fashion where the salicylaldehyde-like binding mode forms a 6-membered
ring with an outer-square Mn "' and the catechol group binds a Mn " centre in the inner
square. The four ligand units orthogonal to the plane bind in a 4.1321 mode, bridging
each apex in the outer-square to the three nearest inner-square Mn' centres.

FIGURE 6.15: X-ray crystal structure of Mn g, viewed along the crystallo-

graphic a-axis (left) and c-axis (right). Thermal ellipsoids of metal atoms

shown at 70%. Hydrogen atoms omitted for clarity. C = grey, Mn = light
purple, O = red.
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The large exposed naphthalene surfaces and the presence of three relatively small
protic solvent caps allow the complex units to pack tightly together (Figure 6.16), with
each complex forming three unique intermolecular hydrogen bonds (O4 H35 =
1.829(9)A, 012 H34A = 1.951(8) A, and 013 H34A = 2.565(9) A) forming
hydrogen bonded 1D strands (Figure 6.17 note strands run along B). The intra-strand
interactions are further enhanced by a p p interaction between in-plane ligand
units (hC5, C6, C7, C8, C9, C10i hC24, C25, C26, C27, C28, C33i = 3.811 A)
with an inter-strand interaction between hC52, C53, C54, C55, C56, C57i and
hC88, C89, C90, C91, C92, C93i ensuring tight packing of the strands at 3.951 A.

FIGURE 6.16: Crystal structure showing three interacting units of Mn g.

Hydrogen bonds shown as dashed yellow bond. Intra- and inter-strand

p p interactions shown between the pink and blue centroids, respec-

tively. Non-acidic hydrogen atoms omitted for clarity. C = grey, Mn =
light purple, O = red.
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FIGURE 6.17: X-ray crystal packing of Mn g, viewed along the crystal-

lographic aaxis with two different styles to illustrate depth. Thermal

ellipsoids of metal atoms shown at 70%. Non-acidic hydrogen atoms
omitted for clarity. C = grey, Mn = light purple, O = red.
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6.4 Mn'La"g

While attempting to produce manganese containing analogues of the M 3Ln triangles
discussed in Chapters 3 5, only the sample containing lanthanum nitrate produced
characterizable solids. The MnLa g complex formed from the same reaction stoichiom-
etry as the MsLn triangles, and presented as bright orange plate crystals. Structural
analysis however, showed that it was not the expected Mn zLa type complex but rather a
heptanuclear complex which crystallized in the monoclinic space group C2/c(Z’=0.5)
with the proposed formula L1gMn'"La" g(H20)12(MeOH) »(NO3)4, based on the crystal
structure solution (Figure 6.18) and microanalytical data. Interestingly, this was the
only structure of its type obtained from a large variety of transition metal/lanthanide
combinations.

FIGURE 6.18: X-ray crystal structure of MnLa g, viewed along the crys-

tallographic c-axis. Thermal ellipsoids of metal atoms shown at 70%.

Non-coordinated species and hydrogen atoms omitted for clarity. C =
grey, La = light blue, Mn = light purple, O = red.

The asymmetric unit consists of half of the full complex, with the remainder generated
by two-fold rotation about the Mn " centre. The ligands within the asymmetric unit
have three unique binding modes: 3% .1, 152 a21a32La3ta4lia4: 3°-2un1La22Laztazlias,
and 4P .1 442\ a1 2221 aomn12vniLaz+ (See Figure 6.18 for labelling). The unbound aldehyde
group of the ligand labelled L2C in Figure 6.18 was found to be crystallographically
disordered over two sites in a freely re ned ratio of 41:59. Figure 6.19 shows a reduced
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crystal structure with the other ligand units removed, both disordered aldehyde frag-
ments of L2C are shown, with the primary component in yellow and the secondary
component in red. The lower occupancy fragment (O1C) is weakly coordinated to the
Mn1 centre at 2.64(3)A. The central Mn " ion ordinarily sits in a 6-coordinate distorted
trigonal prismatic environment ( TPR-6 = 4.669, but due to the weakly coordinated
secondary fragment of O1C, there exists a possible 8-coordinate triangular dodecahe-
dron geometry (TDD-8 = 1.317%. The La2 centre methanol cap and is bound by the
catechol groups of all four ligand units within the asymmetric unit as well as the O4D
aldehyde of a symmetry generated L2D molecule, thus occupies a 10-coordinate site
with approximate C,, symmetry, best described as a sphenocorona SPC-10 = 4.583.
The La3 and La4 centres are each bound by three of the four ligand units from within
the asymmetric unit (through the salicyaldehyde-like binding mode), and are coor-
dinated by three water caps per metal, resuling in a 9-coordinate muf n geometry
(MFF-9 = 0.692and 0.599, respectively). The total +20 charge of the metals (1 Mn*2
and 6 La*) is partially balanced by eight L2 units (-16), with the remainder of the
charge believed to be balanced by non-coordinated nitrate anions. The crystal structure

FIGURE 6.19: Reduced crystal structure of MnLa g, highlighting the pos-
sible 8-coordinate Mn'" centre. Non-relevant carbons and all hydrogen
atoms omitted for clarity. C = grey, La = light blue, Mn = light purple, O

= red/yellow.
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contains one nitrate per unit complex and has a solvent mask which contains 178 elec-
trons in 632 A2 (per unit complex), which is consistent with three nitrate anions and
eight water molecules (totalling 173 electrons). The nitrogen content found by CHN
microanalysis supports the assignment of four nitrates per formula unit.

DC magnetic susceptibility and magnetization experiments have been completed for
this complex (Figure 6.20) to con rm the oxidation and spin state of the manganese
centre. The room temperature ¢, T product of 5.0 cm?2 K mol 1 exceeded the theoretical
spin-only value of 4.375 cm? K mol ! at 300 K, which indicated the presence of a5z spin.
The experimental magnetization at 7 T was almost 5 ng, which also agrees with the
assignment of a single high-spin Mn "' centre, with g = 2.0. The slight residual slope in
the c, T vs T pro le at high temperature could be assigned to some contribution from
temperature independent paramagnetism.

FIGURE 6.20: Plot ofc, T vs T measured at 0.5 T (left) and M vs H plot
measured at 1.8 K (right) for MnLa g. Measurements were performed on
a polycrystalline sample xed in a small amount of eicosane.
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Structural Parameters for Cu 14, Mn g, and MnlLa ¢

TABLE 6.2: Selected structural parameters forCui4 and Mn g.

Bond (A) Cui2 Mn g

M O phenol 1.928(4) - 2.225(3) 2.091(3) - 2.459(3)
M X (g 1.937(3) - 1.954(3) 2.137(3) - 2.279(3)
M O 0 2.452(3) - 2.584(3) 2.192(3) - 2.210(3)
M O meoH 2.286(3) - 2.304(3) 2.234(3)

M O OAC 1.919(4) - 2.454(3)

M M bl 2.865(1) - 3.599(1) 3.473(1) - 3.534(1)

Single-atom bridging angle ()

M
M
M
M

M

M-Ophenol M
rTB_Ophenol M
0] OAc” M [c]
o H0 M
N MeCN M

93.2(1) - 123.6(1)
94.8(1) - 103.6(1)
85.4(1) - 97.6(1)
78.5(1)

73.1(1)

102.3(1) - 110.0(1)

[a] X js NiMine for Cuq4 and O2ldehyde for Mn g.

8] for neighbouring metal centres connected by one-atom bridges.

(€] this applies only to the m-O of 3.21 and 4.22 type acetate groups.

TABLE 6.3: Selected structural parameters forMnLa g.

Bond (A) MnLa fragment[@l Las fragment®!

M O phenol 2.072(9) - 2.217(8) 2.432(6) - 2.648(7)
M O adenyde 2.217(7) 2.483(7) - 2.685(9)
M O y,0 2.535(4) - 2.638(3)
M O meoH 2.511(9)

Single-atom bridging angle ()

M

O La

93.7(3) - 100.5(2)

101.1(3) - 102.8(3)

@ M=mn".
bl M=Lall.
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Conclusions

While attempting to generate a Cu'' analogue to the cyclic Niig complexes reported
at the start of this chapter, the large Cui4 complex was isolated and structural analy-
sis revealed a number of different coordination environments. During the assembly of
this complex, two units of ligand were partially oxidized to form an asymmetric imine-
nitrile ligand. Attempts to reproduce this complex have so far been unsuccessful. A
further two polynuclear Mn "' containing complexes, Mn g and MnLag, were also ob-
tained while attempting to generate Mn " analogues of the triangle complexes discussed
in Chapters 3 5. X-ray crystallographic analysis revealed Mn g exhibited the relatively
unseen homometallic square-in-square topology; the presence of a large number of sin-
gle atom bridges between Mn'" centres could make it a magnetically interesting com-
pound.
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Preparative Methods
Ni 16

To a stirred suspension of H4L2 (0.426 g, 1 mmol) in MeOH (16 mL) was added
Ni(OAc) 2 4H>0 (0.995 g, 4 mmol) in water (4 mL). The orange solution turned murky
green on heating, and was re uxed for 7 days at 90 C before being concentrated to dry-
ness under reduced pressure. The green-brown solid was then dissolved in a minimum
amount of 5% water in MeOH and set up for vapour diffusion with diethyl ether, to
yield green crystals. All three Ni 16 polymorphs were prepared under the same synthetic
conditions, however, it was observed that reduced reaction times resulted in increased
formation of the monoclinic polymorphs (as needles and plates). The Niq°™a€ ana-
logue was produced using the same general method, with Ni(HCOO) > 2H,0 in place
of Ni(OAc) » 4H50. Yield of the tetragonal species was approximately 15% based on
Ni(OAc) » 4H,0. ATR-IR n: 3402, 1630, 1559, 1484, 1416, 1380, 1341, 1286, 1263, 1238,
1110, 1036, 928, 880, 754, 685 cinMicroanalytical data found(calc) for Ni 16 (calculated
for C140H 152N gNi 16060 34 H20O, M, = 4458.34 g mott) C: 37.70(37.72), H: 4.88(4.97),
N: 2.32(2.51).

Cuys

To a stirred suspension of H4L2 (0.426 g, 1 mmol) in MeCN (16 mL) was added
Cu(OAc)2 H,0 (0.798 g, 4 mmol) in water (4 mL). The orange solution turned brown
on heating, and was re uxed for 7 days at 100 C before being concentrated to dryness
under reduced pressure. The brown solid was then dissolved in a minimum amount
MeCN and set up for vapour diffusion with diethyl ether, producing bright green block
crystals in very low yield.

Mn g

To a stirred suspension of H,L1 (0.216 g, 1 mmol) in MeOH (15 mL) was added
Mn(NO 3)2 4H,0 (0.251 g, 1 mmol) in MeOH (15 mL), causing rapid dissolution to

form a dark red solution which was stirred at 40 C for 3 days before being concen-

trated to dryness under reduced pressure. The red-brown solid was then dissolved in

a minimum amount of MeOH and set up for vapour diffusion with diethyl ether, pro-

ducing orange-red plate crystals in approximately 20% yield. ATR-IR n: 3352, 2960,

1626, 1575, 1569, 15557, 1538, 1533, 1505, 1480, 1464, 1394, 1338, 1274, 1157, 1116,
754, 646 cmt. Microanalytical data found(calc) for Mn g (calculated for CggHsgMn gOss,

M, = 2234.99 g mot!) C: 52.48(52.66), H: 2.30(2.62).
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MnlLa g

The MnLag complex was prepared using the same general method for the triangu-

lar clusters discussed in Chapters 3 5. Varying the stoichiometry of starting mate-

rials to match the formulation of the crystal structure neither improved yield or time

to crystallization. Using the general method, MnlLag was obtained as bright orange-

yellow plate crystals in 48% vyield (based on La(NO 3)3 6 H>0). ATR-IR n: 3382, 2361,

1620, 1564, 1521, 1471, 1427, 1377, 1355, 1335, 1262, 1243, 1112, 1031, 1000, 969, 948,
744, 679, 624, 512 crh. Microanalytical data found(calc) for MnLag (calculated for
CogHgoLagMnN 40sg, M, = 3130.05 g motl) C: 37.49(37.60), H: 2.69(2.58), N: 2.00(1.79).
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Chapter 7

Conclusions, Perspectives, and
Outlooks

Throughout this research, the primary focus has been on two simple ligand systems
and the metal clusters they (do or do not produce. The dialdehyde ligand, H,L1, was
the organic focus for a majority of this work including all complexes in Chapters 3

5. Optimization of an effectively one-pot literature synthesis has led to an increase in
yield from 52% for the literature method to > 90% as presented in this thesis, which is a
four-fold improvement over multi-step syntheses of Hj,L1 and its monocyclic benzene
analogue. The second ligand of focus, H4L2, was a simple one-step transformation
away from H,L1. This diimine ligand was found to exhibit a tautomeric-like structure

in the solid state corresponding to two symmetric [1,5]-proton shifts. H4L2 produced
the high nuclearity complexes (M x where x > 10) presented in Chapter 6.

The MsLn clusters discussed in Chapters 3 5 represent a class of under-represented
structures, which previous to this work have only been isolated and structurally char-
acterized as intermediate species on the way to larger macrocyclic systems. Exclusively
featuring near-planar M 3LnO ;5 cores, the 15 standard monomeric complexes discussed
in these chapters greatly expand this class of complex, and show promise for their po-
tential as SMMs. While the magnetically characterized Ni sLn complexes in Chapter 3
did not display any meaningful frequency dependant AC data, the DC magnetic data
did indicate the presence of dominant ferromagnetic interactions. Chapters 4 and 5
contain the rst examples of non-macrocyclic Cu 3Ln and CosLn complexes in this class,
respectively. With the CusTb complex being the rst in this class to exhibit SMM be-
haviour in zero applied eld; with a barrier height, U, of 10.5(1) K (7.30(7) crt).
The CusGd and Cu3Dy complexes were also found to be eld supported SMMs with
Uerr = 10.82) Kand Ut = 7.8(1) Kiin 2 kOe and 1 kOe applied elds, respectively. Al-
though Gd """ is isotropic and hence should not exhibit slow relaxation of magnetization,
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the interesting magnetic responses of Ni 3Gd and Cu3Gd can be attributed to an asym-
metric crystal eld where J, 6 J,J,. With only the CozLa complex in Chapter 5 being
produced in suf cient quantity for magnetic characterization, the potential magnetic
properties of the CosLn complex remains unclear. Based on structural characterization
alone, it was clear that the size of the central lanthanide ion in the Co 3Ln complexes
played an important role on in uencing the coordination sphere of each Co " centre, a
study on the remainder of the lanthanide series and potentially on the reduction in size
of the ligand to 1,4-diformylbenzene-2,3-diol would provide further insight.

The large bowl-shaped hexadecanuclear nickel complex formed using the H4L2 di-
imine ligand was found to crystallize as three distinct polymorphs with clear differ-
ences in crystal morphology, with perhaps the most interesting also being the most eas-
ily obtainable through extended reaction times. Obtained as block crystals, the tetrag-
onal polymorph, Nijg, exhibits four-fold symmtery and packs each hexadecanuclear
bowl together in the form a non-covalent dimerized molecular capsule. The ability for
this capsule to act as the name suggest was explored through the introduction of C g
and Cyg buckyballs; with the idea that given the reasonable size match of the capsule
void with these buckyballs, p p interactions and the hydrophobic effect could po-
tentially drive for formation of a C 70@2Nhg host-guest complex, however no evidence
has been seen of a successful transformation. Although initial attempts have proven
unsuccessful, other guest species such a InP magic-sized clusters or mono-disperse car-
bon dots could also be explored. At the time of writing, the Ni 15 complex has not yet
been magnetically characterized, but is awaiting further measurements with our collab-
orators, Prof. Annie Powell and Dr. Chris Anson, at Karlsruhe Institute of Technology,
Germany. Modi cations of the Ni1g complex have been explored in a limited capac-
ity, with the successful isolation and structural characterization of a formate containing
analogue, and further efforts put in to the incorporation of other carboxylate anions as
well as other transition metal analogues.

A tetradecanuclear Cu' complex was obtained in an effort to produce the Cu 15 ana-
logue. This Cujy4 complex exhibits the same ligand-metal binding pattern as Ni 16, Show-
ing promise that a Cu 1 analogue could be obtained with different synthetic conditions,
however the space has not yet been explored. Similarly, while attempting to generate
manganese containing variations on the M 3Ln triangles and the Ni 14 cluster, a vari-
ety of other unexpected complexes were obtained. In particular the MnLag complex
presents an architecture rich for investigation. While an obvious variation is to incor-
porate paramagnetic lanthanide ions into the La " sites, there also exsists the potential
to substitute the central ion for other 3 d metals, or potentially even a lanthanide given
the ability of the weakly coordinated aldehyde arms to provide two additional donors.
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Obviously, with positive signs of SMM properties found for some of the non-macrocyclic
MsLn triangles, future synthetic efforts should be made to extend these; complete the
available lanthanide families within each transition metal set, and magnetically char-
acterize each for a more complete understanding. While initial attempts to produce
a family of Mn 3Ln complexes were unsuccessful, there is still room to explore, and
potentially further extend these systems to produce the as yet unreported Fe 3Ln trian-
gles. Given the presence of SMM properties in Cu3Th, magnetic characterization of the
[Ni 3Tb], polymer with synthetic efforts targeted at producing polymeric Co " and Cu"
analogues could prove interesting.

Although this thesis has only studied some small portion of the possible non-macrocyclic
M3sLn triangle complexes and M 15 bowl-shaped clusters, it has further demonstrated
the versatility of simple ligand systems to produce wildly varied complexes.
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Appendix A

A Geometric Appendix

This thesis makes use of the Harris method for ligand-metal binding notation; where
the leading digit corresponds to the total number of metal centres the ligand is bound
to, and each digit following the decimal place corresponds to the number of metal cen-
tres each donor is bound to. This notation works best for symmetric systems, where
left-to-right or right-to-left orientations of the ligand do no change the binding pattern

in Harris notation. Numbering of the donors is sequential per element, withO > N> S
> X, with no preference as to the type of donor. If the metal centres are labelled then a
more explicit version of the notation can be used, where each of the digits correspond-
ing to donors can be subscripted with the labels of the metals bound by that donor. For
example, the 5.222211 notation used to describe the binding mode ofL2 in Ni g can be
more explicitly stated as 5.2152,32342451,>14, Which implies the left hand phenolic side
arm is bound to metals 1 and 2, the left oxygen of the catechol group is bound to metals
2 and 3, the right oxygen to metals 3 and 4, the right hand phenolic side arm to metals
4 and 5, with the left imine binding only to metal 2 and the right imine binding only to
metal 4. Figure A.1 illustrates some common binding modes for the acetate anions, as
well as the 5.222 binding mode of carbonate present in the Gd140 complex discussed in
Chapter 1.4.1.

The SHAPE software package has also been used extensively throughout this thesis for
continuous shape measurement (CShM) calculations to aid in a more accurate determi-
nation of local coordination geometries. Figures A.2 A.5 illustrates some of the more
common 5-, 6-, 9-, 10-, and 11-coordinate geometries. SHAPE makes use of a number of
non-standard 5- and 6-coordinate geometries, such as the vacant octahedron ¢OC-3,
Johnson trigonal bipyramidal ( JTBPY-5, and Johnson pentagonl pyramidal (JPPY-6
geometries, which are axially compressed analogues of SPY-5 TBPY-5 and PPY-§ re-
spectively. In the vacant octahedron and both Johnson solids, rather than having equal
M X distances, the distance between binding groups (X X) is equal.
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FIGURE A.1: Examples of Harris notation for selected binding modes of
acetate and carbonate.
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FIGURE A.2: Schematic representation of some 5- and 6-coordinate ge-
ometries, with corresponding CShM labels.



140 Appendix A. A Geometric Appendix

OuTpPuT A.1l: SHAPE output for 9-, 10-, and 11-coordinate ions con-
tained in the complexes reported in Chapters 3 5.

9-coordinate geometries

Structure CSAPR-9 TCTPR-9 HH-9 MFF -9
Co3Dy, 4.391, 5.306, 4.561, 3.490
Cu3Er 4.373, 5.450, 3.928, 3.088
Cu3Ho 4.417, 5.524, 3.851, 3.110
Ni3Th 4.217, 4.919, 3.848, 3.144
Ni3Gd_acid 5.501, 6.601, 2.757, 4.062

10-coordinate geometries

Structure JSPC-10 SDD-10 TD-10 HD-10
Co3Gd 3.460, 2.094, 1.405, 5.768
Co3Th 3.001, 2.078, 1.350, 6.553
Cu3Dy 4.181, 1.532, 0.608, 4.971
Cu3Yb 4.439, 1.565, 0.697, 4.683
Cu3lLa 4.341, 1.332, 0.637, 5.099
Cu3Gd 4.589, 1.477, 0.620, 4.970
Cu3Thb 2.052, 2.531, 1.665, 7.358
Ni3Gd 3.294, 2.725, 1.690, 5.659
Ni3Eu 3.173, 2.430, 1.596, 6.212
Ni3La 3.389, 1.724, 1.587, 6.731

11-coordinate geometries
Structure JCPPR-11 JCPAPR-11 JAPPR-11 JASPC-11

Co3La 8.661, 4.655, 11.666, 5.964
Ni3Ba 9.993, 5.896, 12.313, 8.778
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FIGURE A.3: Schematic representation of some 9-coordinate geometries,
with corresponding CShM labels.
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FIGURE A.4: Schematic representation of some 10-coordinate geome-
tries, with corresponding CShM labels.
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FIGURE A.5: Schematic representation of some 11-coordinate geome-
tries, with corresponding CShM labels.
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Appendix B

Assorted Spectra

Assorted Spectra for Characterization

Figures B.1 B.3 show labelled schematics of the three new organic compounds (H4L2,
H,L3, and aminoSal) reported in this thesis and the accompanying spectra used for
their characterization.

Selected ATR-IR spectra of metal complexes from Chapters 3 6 then follow in Figures
B.4 B.9.
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H4L2

FIGURE B.1: Schematic ofH4L2, labelled for NMR assignment.
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H,L3

FIGURE B.2: Schematic ofH4L2, labelled for NMR assignment.
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aminoSal

FIGURE B.3: Schematic ofaminoSal, labelled for NMR assignment.
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Selected ATR-IR of Metal Complexes

FIGURE B.4: Representative ATR-IR of the MsLn complexes.

FIGURE B.5: ATR-IR of [Ni3Tb]p.
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FIGURE B.6: ATR-IR of [Ni 3Gd] acig-

FIGURE B.7: ATR-IR of Ni 1.
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FIGURE B.8: ATR-IR of Mn g.

FIGURE B.9: ATR-IR of MnLa .
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Appendix C

Miscellaneous Complexes

Synthetic Dribs and Drabs

Preparative notes and basic crystal data for a collection of complexes obtained through-
out this PhD which, as yet, have little to no further characterization.

L122n(H 20)2

Attempts to produce Zn 3Ln analogues of the triangles reported in this thesis led to the
isolation of a mononuclear Zn " species,L1,Zn(H ,0), (Figure C.1). Bound within the
classic salicylaldehyde-like L,M cavity, and axially coordinated by water molecules,
this Zn" complex crystallized in the centrosymmetric monoclinic space group C2/ ¢ (Z’
=0.5) as yellow blocks. L1,Zn(H ,0), was prepared using the general method for M 3Ln
triangle complexes.

FIGURE C.1: X-ray crystal structure of L1,Zn(H 20),. C = grey, O = red,
Zn = pale purple.

Crystal Data for C 24H18010Zn (M = 531.75 g mol1): monoclinic, space group C2/ ¢ (no. 15),a
=19.8859(8)A, b= 4.9509(2)A, ¢ = 22.2461(9)A, b = 113.156(2) , V = 2013.75(14p3,2 =4, T =
100.0 K,m(CuK 5) = 2.284 mmt, Dy = 1.754 g cm® 22952 re ections measured (8.646  2Q
136.468 ), 1829 unique Rint = 0.0493,Rsigma = 0.0233) which were used in all calculations. The
nal R; was 0.0329 ( > 2s(1)) and wR, was 0.0942 (all data).
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L2,C04(OTf) 3(OH)(H 20)(MeOH) » 2 Et,O

The complex L2,Co4(OTf) 3(OH)(H ,0)(MeOH) » 2 Et,O (Figure C.2) was obtained as
purple plates, which crystallized in the monoclinic space group P23/ n (Z' = 1), dur-
ing attempts to produce a Co'" analogue to Nis. Asymmetrically bound within two
H,L2 ligands, there are four Co' centres, with the ligands exhibiting a 3.012201 bind-
ing mode. One Co' is bound within the centre of each catechol group with another
in the ONO pocket and the third bridged by the phenol side-arms, resulting in a frag-
ment of the complex which resembles the ligand-metal binding of Nis. A my-OH an-
ion bridges the periphery metals, providing the fourth equatorial donor to each metal
bound within the ONO pocket. The nal equatorial site of the phenol bridged Co " is
provided by a water molecule, each metal centre is then axially coordinated by either a
methanol molecule or a tri ate anion, with one non-coordinated tri ate and two diethyl
ether solvates in the lattice, resulting in exclusively 5-coordinate square pyramidal Co "
centres. This complex was prepared at a reduced scale based on the preparation ofNi 15
(see the end of Chapter 6), the tri ate salt was used in this preparation as the acetate
salt did not show signs of successful reaction.

FIGURE c.2: X-ray crystal structure of

L2,Co4(OTf) 3(OH)(H 20)(MeOH) » 2Et,O. Non-coordinated species

and hydrogen atoms omitted for clarity. C = grey, Co = purple, F =
bright green, N = blue, O =red, S = yellow.

Crystal Data for C gsH71C04FgN 4023 (M = 1779.15 g molt): monoclinic, space group P2;/ n
(no. 14),a=18.901(3)A, b=14.695(3)A, c=28.391(5)A, b =98.360(7) , V = 7802(2A3,Z=4,T=
100 K, m(CuK g) = 8.130 mm?, D¢y = 1.515 g cmi® 143390 re ections measured (5.282  2Q
147.266 ), 15478 unique Rint = 0.1726,Rsigma = 0.1211) which were used in all calculations. The
nal R; was 0.0896 ( > 2s(l)) and wR;, was 0.2987 (all data).
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L2,Mn " sMn ! 5(OAC) 2(MeOH) ¢ 2 MeOH

Attempts were made to produce a manganese basedNi 15 analogue, however the com-
plex L2,Mn " sMn " 5(OAC) 2(MeOH) ¢ 2MeOH (Figure C.3) was obtained as dark red,
almost black, block crystals for all ligand:metal stoichiometries from 1:1 to 1:8, which
crystallized in the monoclinic space group C2/c (Z' = 1). This mixed valence man-
ganese complex is analogous to a complex reported by Brooker et al&®

L2,Mn " sMn " 5(OAC) 2(MeOH) ¢ 2MeOH forms with two inner 7-coordinate Mn " cen-
tres and two outer 6-coordinate Mn """ centres; symmetrically bound by a catechol group
of one ligand and an ONO pocket of the second ligand, giving 5 equatorial donors, or
the ONO pocket of one ligand and a phenol side-arm from the second ligand, respec-
tively. Each Mn'"" centre is axially coordinated by a m, h;-OAc anion and a methanol
molecule, with the Mnlll centres having their coordination sphere lled by a methanol
donor on either side of the ligand plane. This complex was prepared following the gen-
eral method for Niig. It should be noted that while re uxing is not necessary for this
complex, crystal formation was observed to be faster when the reaction was re uxed for
a minimum of 3 days. This preparation can also be carried out with MNn(NO 3), 6H,0
to produce the nitrate analogue which features my, h;-NO3 anions in place of the ac-
etates, but is otherwise isostructural.

FIGURE C.3: X-ray crystal structure of
L2,Mn " sMn "' 5(OAC) 2(MeOH) § 2MeOH .  Non-coordinated species
and hydrogen atoms omitted for clarity. C = grey, Mn = light purple, N

= blue, O =red.

Crystal Data for C gsH74Mn 4N 4020 (M = 1439.03 g mol1): monoclinic, space group C2/ ¢ (no.
15), a = 41.799(2)A, b = 14.5983(8)A, ¢ = 25.1333(14)A, b = 121.667(2) , V = 13052.9(13A3,
Z =8, T =173.0 K,mCuK,) = 6.801 mm?, D¢y = 1.465 g cn® 97491 re ections measured
(4968 2Q 130.164), 10612 unique Rin; = 0.0781,Rsigma = 0.0540) which were used in all
calculations. The nal R; was 0.0567 { > 2s(1)) and wR, was 0.1246 (all data).
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[L2Zn 4(OAc)4 0.5H,O 0.5DMF],

Synthetic efforts to produce a Zn' analogue of Ni 16 were similarly unsuccessful. The
1D polymer, [L2Zn4(OAc)4 0.5H,O 0.5DMF], (Figure C.4), was isolated as yellow
blocks which crystallized in the triclinic space group Pl (z' = 2). This complex ex-
hibits the same 5.222211 binding pattern seen inNi 15, however, the mixture of 4- and
5-coordinate Zn" centres doesn't allow for the nearly right-angled link between L2Zn,4
moieties necessary to make a wheel-shaped complex. Following the method for prepar-
ing Ni 16, this complex formed regardless of reaction temperature or time.

FIGURE C.4: X-ray crystal structure of the

[L2Zn 4(OAc)4 0.5H,0O 0.5DMF], monomeric unit. Non-coordinated

species and hydrogen atoms omitted for clarity. C = grey, N = blue, O =
red, Zn = pale purple.

Crystal Data for C35 5Has 5N» 5013Zn4 (M = 965.63 g moll): triclinic, space group Pil (no.
2), a= 13.9742(4)A, b = 16.6949(5)A, ¢ = 17.3981(6)A, a = 85.015(2), b = 80.164(2),g =
86.080(2) , V =3978.2(2A%,Z =4, T = 100.0 K,m(CuK g) = 3.294 mm, Dy = 1.612 g cm® 75978
re ections measured (5.17 2Q 152.184 ), 15408 unique Riy; = 0.0806, Rsigma = 0.0789)
which were used in all calculations. The nal R; was 0.0575 ( > 2s(l)) and wR, was 0.1533
(all data).
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L32Ni 5F4(H 20)4(M€OH) 2 2BF4

Replacement of the phenol side-arm of H4L2 with a pyridyl group (as in  H,L3) was
explored in an effort to provide a different ligand eld for potential ~ Ni ;g analogues. The
pentanuclear complex L3;Ni sF4(H20)4(MeOH) » 2 BF,4 (Figure C.5) was obtained from
the 5:2 reaction of Ni(BF4), 6 H,O and H,L3 in re uxing methanol. Vapour diffusion

of diethyl ether into a concentrated methanolic solution of the complex yielded yellow
block crystals, in the monoclinic space group C2 (Z' = 1). A Ni'' is centrally bound
between the two catechol units, like in the L2,Co4(OTf) 3(OH)(H »,0)(MeOH) , 2EtO
complex, and is axially capped either side of the ligand plane by water molecules. Each
of the four ONO pockets bind a Ni ' centre, which are symmetrically bridged by two
mp-F anions, which have been assigned as such on the basis of low-res mass spec. The
charge of the complex is balanced by two non-coordinated BF 4 anions, which is also the
proposed uoride source for the m-F bridges.

FIGURE C.5: X-ray crystal structure of L32Ni sF4(H20)4(MeOH) > 2 BF;.
Non-coordinated species and hydrogen atoms omitted for clarity. C =
grey, F = bright green, N = blue, Ni = pale green, O =red.

Crystal Data for C s54H75B2F1oNgNisO16 5 (M = 1640.36 g moll): monoclinic, space group C2
(no. 5), a= 31.5982(13)A, b= 17.9409(7)A, c = 17.3121(7)A, b = 122.341(2) , V = 8291.8(6A°,
Z =4, T =100.0 K,mCuKg) = 1.986 mnm!, Dy = 1.314 g cm® 203951 re ections measured
(6.042 2Q 152.442), 15656 unique Riy = 0.0359,Rsigma = 0.0171) which were used in all
calculations. The nal R; was 0.0466 { > 2s(1)) and wR, was 0.1427 (all data).
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Cuzp

Formally called Cu1p, reproducibility has been a struggle with this complex. Initially
prepared by the 1:1:4 reaction of aminoSal with Cu(CIO 4), 6 H,0O and KOH in re ux-
ing 3:2 MeOH:water, the Cuj, complex indicated a potential impurity by means of the
aminoSal ligand containing some traces of the bromide salt. The green-brown solid ob-
tained upon drying was dissolved in acetonitrile to give a bright green solution, which
formed large green block crystals when vapour diffused with diethyl ether. The sam-
ples were observed to rapidly desolvate and crumble upon removing from solution,
and of those that survived transferring to oil, very few crystals proved of suf cient
quality for single-crystal X-ray diffraction, with even the best data set obtained having
less than desirable re nement statistics. With the generous input of Horst Puschmann
and Oleg Dolomanoy, a crystal structure solution was found in the monoclinic space
group P2,/ cwith Z’ =1 (Figure C.6).

FIGURE C.6: X-ray crystal structure of Cuiz. Non-coordinated species
and hydrogen atoms omitted for clarity. Br = reddish-brown, C = grey,
Cl = green, Cu = orange, N = blue, O =red.
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Formulated as [(L*Cua(m-O))3(ms-Br),] 4ClO4 4MeCN, where L is the tetrameric self-
condensation product of four units of aminoSal which each bind four Cu " centres
within each ONO pocket. A my-O2 species is believed to bridge each copper ion within
its respective ligand in a see-saw like geometry, with three of these tetrameric L*Cuy
units (Figure C.7) folding slightly and coming together as a trimer bound by two -
bromide anions bridging what are effectively the two trans-Cu' centres along the
'folding-line’ of the tetrameric units. Charge balance is afforded by two non-coordinated
and two weakly coordinated perchlorate anions, with one weakly coordinated MeCN
molecule identi ed and three other MeCN solvates which where stable to re nement.
Although the data quality is poor, it was suggested by Horst and Oleg that the copper
ions bridged by the bromide groups do not have 100% occupancy, but are rather ve
metals across six sites. The presence of bromine was con rmed by energy-dispersive X-
ray spectroscopy. Unfortunately no sense could be made from the CHN microanalytical
data.

FIGURE C.7: Reduced X-ray crystal structure showing just one
tetrameric unit of Cuj». C = grey, Cu = orange, N = blue, O =red.

Crystal Data for C 150H180Br2Cl4Cu11N 16031 (M = 3727.67 g mol?): monoclinic, space group

P2,/ c(no. 14),a= 33.494(2)A, b=27.0856(18A, c=20.0569(14A, b = 104.049(4) , V = 17651(2)
A3,Z =4, T =100.0 K,m(CuK ) = 3.053 mn7l, D¢y = 1.403 g cni®, 429619 re ections measured

(2.72 2Q  136.488), 31915 unique Rin; = 0.0714,Rsigma = 0.0348) which were used in all

calculations. The nal Ry was 0.1738 ( > 2s(l)) and wR;, was 0.4839 (all data).
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[L*2Cu2Br Br 2MeCN]p

Given the evidence of a potential bromide impurity in aminoSal, the ligand was inten-
tionally prepared as the HBr salt by using HBr in place of HCI in the cleavage of hex-
amineSal to aminoSal. However, attempts to prepare Cusz in bulk using the bromide
salt of aminoSal culminated in the unexpected isolation of [L*,Cu,Br Br 2MeCN],
(Figure C.8), where L* is 2-(aminomethyl)-4-(tert-butyl)-6-(iminomethyl)phenol. Ap-
pearing as green blocks which crystallized in the monoclinic space group P2/ c (Z’
= 1). X-ray diffraction experiments revealed the sample to be a 1D polymer, con-
taining the rarely seen primary imine (with just 29 hits for a search based on two
2-(iminomethyl)phenolates binding a metal within the N ,0, pocket). The presence
of bromide anions remained, with two required to balance the overall charge of a
monomeric unit of [L*>Cu,Br Br 2MeCN],. One bromide remains uncoordinated,
while the other axially coordinates to the amine bound Cu " centre and acts to bridge it
to the imine bound Cu " centre of the next unit in the polymer.

FIGURE C.8: X-ray crystal structure showing the asymmetric unit of
[L*2Cu2Br Br 2MeCN],. Non-coordinated species omitted for clarity.
Br = reddish-brown, C = grey, Cu = orange, N = blue, O = red.

Crystal Data for C 2gH 40BroCusNgO> (M = 779.56 g moll): monoclinic, space group P2;/ ¢ (no.
14),a=17.8293(13A, b=20.7376(15A, c=8.8396(6)A, b=102.187(2) ,V=3194.7(4p%,Z2=4,T
=100.0 K,m(CuK ) = 4.849 mn!, Dggc = 1.621 g cni® 64734 re ections measured (6.624  2Q
152.272'), 6187 unique Rint = 0.0469,Rsigma = 0.0247) which were used in all calculations. The
nal R;was 0.0373 ( > 2s(1)) and wR, was 0.1022 (all data).
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The Ligands H 3SalAl " and H 5SalOxP"

During the early stages of this PhD, the target ligand systems involved bridged sali-
cylaldehyde derivatives using 2-hydroxy-3-(bromomethyl)-5-( tert-butyl)benzaldehyde
(BrSal) as a starting point. The idea was to design amine or alcohol terminated bridg-
ing units, with additional donors near the centre of the bridge, such that they could
undergo direct N-alkylation or Williamson ether formation with BrSal, resulting in a
double headed aldehyde ligand. These dialdehyde ligands could then undergo Schiff
base condensation or oximation to further functionalize them, with the intention of
producing different types of binding pockets to better promote the formation of het-
erometallic 3d-4f complexes.

The dialdehyde ligand, HsSalAl™", was prepared by base-mediated direct N-alkylation
of 1,3-bis(methylamino)propan-2-ol with BrSal, adapted from a method by Schr eder et
al.1%9 commonly used by the Plieger group. 1?1 124 The dioxime ligand, HsSalOx"", was
prepared by oximation of HsSalAl " using another method well known to the Plieger
group. 121124

FIGURE C.9: Basic reaction scheme for the preparation ofH 3SalAl P" and

HsSalOxP". (i) 0.5 eq. 1,3-bis(methylamino)propan-2-ol, 2 eq. EgN,

CHCl 3, 24 hr, RT. (ii) 2.5 eq NH,OH HCI, 2.5 eq. NaOH, EtOH, 48 hr,
RT.
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SalAl P',Cu4(OAC) 2(1,4 —dioxane) 2 MeOH

The complex SalAl P",Cu4(OAc)»(1,4—dioxane) 2MeOH (Figure C.10) was obtained
by the 1:2 reaction of HzSalAl " with Cu(OAc) » H0 in hot methanol. After drying,
the brown solids were dissolved in a minimum amount of 1:1 MeOH:1,4-dioxane, and
vapour diffused with diethyl ether to yield blue rectangular prisms. Crystallizing in the
orthorhombic space group Pbcn with only half of the complex in the asymmetric unit.
Each Cu' centre is 5-coordinate square pyramidal, and is bound within an ONO pocket
with an acetate bridging the two Cu " centres bound within the same ligand. One of the
two coppers in the asymmetric unit has an axially capping 1,4-dioxane molecule, while
the other is coordinated by an unbound aldehyde group from the second ligand in the
complex, making a 12-membered Cu,04Cg binding ring.

FIGURE C.10: X-ray crystal structure of

SalAl P5Cu4(OACc) 2(1,4—dioxane) 2MeOH . Non-coordinated species,

hydrogen atoms, and tert-butyl groups omitted for clarity. C = grey, Cu
= orange, N = blue, O =red.

Crystal Data for C 7oH10gCusN 402 (M = 1603.78 g motl): orthorhombic, space group Pbcn
(no. 60), a= 26.3922(19)A, b = 16.7768(7)A, ¢ = 20.2987(8)A, V = 8987.8(8)A3,Z =4, T =
100 K, m(CuK ) = 1.566 mm1, D, = 1.185 g cni® 63643 re ections measured (6.242  2Q
144.224), 8733 unique Rint = 0.1021,Rsjgma = 0.0926) which were used in all calculations. The
nal R; was 0.0659 ( > 2s(1)) and wR;, was 0.2041 (all data).
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H 3SalOxP"Ni »(OAc)(H 20)(MeOH) Cl

The dinuclear complex, H3SalOx"'Ni »(OAc)(H 20)(MeOH) CI (Figure C.11), was pro-
duced by the same method as SalAP',Cu4(OAC)2(1,4 dioxane) 2MeOH, using the
HsSalOxX’" and Ni(OAc) » 4H,0 in place of HsSalAlIP" and Cu(OAc), H-,0, respec-
tively. H3SalOxP'Ni »(OAc)(H ,0)(MeOH) ClI crystallized in the triclinic space group
pil (Z' = 1) as cubic orange crystals. The binding motif exhibited by this complex is in-
credibly common among transition metal dimers which utilize  valxntype ligands (valxn
= Schiff base condensation ofo-vanillin with  m,n-diamines such as ethylenediamine or
o-phenylenediamine). Charge balance dictates the oximes and alkyl alcohol must still
be protonated due to the presence of a chloride and acetate anion. It is currently un-
clear what the initial chloride source was, but this complex has been reproduced in
small quantities using a 1:1 mixture of Ni(OAc) 2 4H,0 and NiCl, 6 H,0.

FIGURE C.11: X-ray crystal structure of

H 3SalOxP"Ni »(OAc)(H 20)(MeOH) Cl. Non-coordinated species

and non-acidic hydrogen atoms omitted for clarity. C = grey, N = blue,
Ni = pale green, O =red.

Crystal Data for C 35H50CIN 4Ni 209 (M = 787.63 g mol™): triclinic, space group pil (no. 2),a=
10.1792(5A, b=13.6601(7)A, c=14.6298(8)A, a =73.077(2) ,b =80.359(2) ,g =73.288(2) ,V =
1856.16(17A%, Z = 2, T = 100.0 K,m(CuK ) = 2.381 mm!, D, c = 1.409 g cm® 27106 re ections
measured (6.342 2Q  130.164), 6245 unique Rint = 0.0429,Rsjgma = 0.0408) which were
used in all calculations. The nal R; was 0.0560 ( > 2s(1)) and wR, was 0.1563 (all data).
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Appendix D

Crystal Structure and Re nement
Data

CIFs, Re nement Data, and Reports

The crystal structure and re nement details for complexes reported in Chapters 2 6
can be found in this appendix. The same information is printed below the gure of
each complex reported in Appendix C.

CIFs and CheckCif reports for all crystal structures reported in Chapters 2 6, as well
as those in Appendix C, can be found in the enclosed digital appendix.

Some notes on common CheckCif alerts:

PLAT410_ALERT 2

This alert indicates the relatively close proximity of the protons attached to each
aldehyde or imine carbon of H,L1 or H4L2 with the nearest naphthalene based
proton, and is a consequence of the ligands rigidity.

PLAT420_ALERT 2

This alert most commonly arises as a consequence of the steric bulk of the ligand,
excluding lattice solvents from interacting as hydrogen bond acceptors/donors
for axially coordinated solvent molecules.

PLAT380_ALERT 4
Some methyl groups were found to be unstable to free re nementwith  AFIX 137,
causing non-negligible shift values, thus had to be restrained using AFIX 33
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H4L2

Crystal structure and re nement data for H4L2.

Empirical formula C 2gH30N 206

Formula weight /g mol 1 490.54

Temperature /K 100

Crystal system triclinic

Space group pil

al A 9.4717(5)

b/ A 11.2928(7)

c/A 11.7203(8)

al 83.287(6)

b/ 79.718(6)

g/ 87.035(6)

Volume A3 1224.39(13)

z 2

rcalc /g cm 3 1.331

m/mm -1 0.769

F(000) 520.0

Crystal size /mm 0.22 0.20 0.14
Radiation CuK 4 (I = 1.54178)

2Q range for data collection / 9.496 to 144.214

Index ranges 11 h 11, 13 k 13, 14 | 14
Re ections collected 25392

Independent re ections 4578 [ Ripy = 0.0482,Rsigma = 0.0363]
Data / restraints / parameters 4579/0/445

Goodness-of- t on F 2 1.201

Final Rindices [I  2s(I)] R; = 0.0535wR; = 0.1482
Final R indices [all data] R; = 0.0644wR, = 0.1798

Largest diff. peak/hole/ eA-3 0.35/-0.29
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H,L3

Crystal structure and re nement data for H,L3.

Empirical formula
Formula weight /g mol 1
Temperature /K

Crystal system

Space group

al A

b/ A

c/A

al

b/

g/

Volume A8

Z

r calc /g cm 3

m/mm -1

F(000)

Crystal size /mm
Radiation

2Q range for data collection /
Index ranges

Re ections collected
Independent re ections
Data / restraints / parameters
Goodness-of- t on F 2
Final Rindices[I  2s(1)]
Final R indices [all data]

Largest diff. peak/hole/ eA=

C 28ClgH 26N 402
663.26

173

monoclinic

C2/c
24.4862(11)
10.0342(4)
12.3679(9)
90
98.066(7)
90

3008.3(3)

4

1.464

5.488

1360.0
0.38 0.35 0.22
CuKa (I = 1.54178)
7.22t0 143.98

28 h 30, 11 k 12,

16692

2909 [ Rint = 0.0923,Rsigma = 0.0801]

2909/0/195
1.122
Ry = 0.0629WR, = 0.1580
Ry = 0.0899WR; = 0.1876
0.30/-0.47
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hexamineSal

Crystal structure and re nement data for hexamineSal.

Empirical formula BrC 20ClgH29N 402
Formula weight /g mol -1 650.08

Temperature /K 150

Crystal system triclinic

Space group pil

al A 9.0701(6)

b/ A 11.0872(8)

c/A 15.7926(11)

al 93.325(7)

b/ 98.145(7)

g/ 113.143(8)

Volume A3 1426.24(19)

z 2

r calc /g cm 3 1.514

m/mm -1 7.342

F(000) 660.0

Crystal size /mm 0.15 0.15 0.15
Radiation CuK, (I = 1.54178)

2Q range for data collection / 5.7310130.13

Index ranges 10 h 10, 11 k 12, 18 | 18
Re ections collected 19251

Independent re ections 4790 [ Ripy = 0.0923,Rsigma = 0.0801]
Data / restraints / parameters 4790/36/301

Goodness-of- t on F 2 1.124

Final Rindices [I  2s(I)] R; = 0.0637wR, = 0.1717
Final R indices [all data] R; = 0.0902wR;, = 0.2014

Largest diff. peak/hole/ eA-3 0.59/-0.63
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Ni sLa

Crystal structure and re nement data for Ni sLa.

Empirical formula
Formula weight /g mol 1
Temperature /K

Crystal system

Space group

al A

b/ A

c/A

al

b/

g/

Volume A8

Z

r calc /g cm 3

m/mm -1

F(000)

Crystal size /mm
Radiation

2Q range for data collection /
Index ranges

Re ections collected
Independent re ections
Data / restraints / parameters
Goodness-of- t on F 2
Final Rindices[I  2s(1)]
Final R indices [all data]

Largest diff. peak/hole/ eA=

C 38H46LaN3Ni3033
1387.82
100
monoclinic
P2;/ n
10.4295(8)
19.2819(15)
24.0313(18)
90
102.277(3)
90
4722.2(6)
4
1.952
9.197
2800.0
0.24 0.18 0.04
CuKa (I = 1.54178)
5.93t0 136.49

12 h 11, 22 k 21, 28

28526

8337 [Rint = 0.0502,Rsigma = 0.0494]

8337/4/730
1.081
Ry = 0.0580WR; = 0.1659
Ry = 0.0607WR; = 0.1719
1.92/-2.27
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Ni 3Gd

Crystal structure and re nement data for Ni3Gd.

Empirical formula C 45GdH 54N 3Ni 3039
Formula weight /g mol -1 1450.29

Temperature /K 100

Crystal system monoclinic

Space group P2:/ n

al A 17.0721(10)

b/ A 18.7861(11)

c/A 19.1302(10)

al 90

b/ 106.716(3)

g/ 90

Volume A3 5261.8(5)

z 4

rcalc /g cm 3 1.831

m/mm 1 10.111

F(000) 2932.0

Crystal size /mm 0.23 0.10 0.10
Radiation CuK 4 (I = 1.54178)

2Q range for data collection / 6.442 10 136.484

Index ranges 20 h 20, 22 k 22, 20 | 20
Re ections collected 143215

Independent re ections 9641 [ Rint = 0.0509,Rsigma = 0.0206]
Data / restraints / parameters 9641/70/798

Goodness-of- t on F 2 1.026

Final Rindices [I  2s(I)] R; = 0.0232wR; = 0.0607
Final R indices [all data] R; = 0.0242wR;, = 0.0614

Largest diff. peak/hole/ eA-3 0.76/-0.57



Appendix D. Crystal Structure and Re nement Data 173

Ni 3EU

Crystal structure and re nement data for Ni 3Eu.

Empirical formula C 375EUH3N3Ni 30285
Formula weight /g mol 1 1312.78

Temperature /K 100

Crystal system monoclinic

Space group C2/c

al A 12.7986(12)

b/ A 16.5467(16)

c/A 39.972(4)

al 90

b/ 90.203(3)

g/ 90

Volume A3 8464.9(14)

z 8

r calc /g cm 3 2.060

m/mm -1 12.934

F(000) 5256.0

Crystal size /mm 0.18 0.14 0.10
Radiation CuK, (I = 1.54178)

2Q range for data collection / 4.422 t0 136.462

Index ranges 15 h 14, 19 k 19, 46 | 48
Re ections collected 129662

Independent re ections 7697 [Rint = 0.0491,Rsigma = 0.0205]
Data / restraints / parameters 7697/14/682

Goodness-of- t on F 2 1.048

Final Rindices[I  2s(1)] R1 = 0.0249wR; = 0.0675
Final R indices [all data] R; = 0.0250,wR, = 0.0676

Largest diff. peak/hole/ eA 0.68/-0.72
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Ni 3Ba

Crystal structure and re nement data for Ni 3Ba.

Empirical formula BaC 41.5H49.5N3Ni 3028
Formula weight /g mol -1 1337.80

Temperature /K 100

Crystal system monoclinic

Space group pil

al A 11.0862(6)

b/ A 15.5290(9)

c/A 16.8872(9)

al 115.311(4)

b/ 101.491(4)

g/ 97.235(4)

Volume A3 2501.3(3)

z 2

r calc /g cm 3 1.776

m/mm -1 8.148

F(000) 1353.0

Crystal size /mm 0.21 0.20 0.16
Radiation CuK, (I = 1.54178)

2Q range for data collection / 6.034 t0 130.164

Index ranges 11 h 12, 18 k 18, 19 | 19
Re ections collected 68110

Independent re ections 8413 [Rint = 0.0916,Rsigma = 0.0583]
Data / restraints / parameters 8413/39/682

Goodness-of- t on F 2 1.052

Final R indices [I  2s(l)] R1 = 0.0711wR; = 0.1515
Final R indices [all data] R; = 0.0926 wR, = 0.1625

Largest diff. peak/hole/ eA- 1.20/-1.19
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NisTh

Crystal structure and re nement data for Ni3Th.

Empirical formula
Formula weight /g mol 1
Temperature /K

Crystal system

Space group

al A

b/ A

c/A

al

b/

g/

Volume A8

Z

r calc /g cm 3

m/mm -1

F(000)

Crystal size /mm

Radiation

2Q range for data collection /
Index ranges

Re ections collected
Independent re ections
Data / restraints / parameters
Goodness-of- t on F 2

Final Rindices[I  2s(l1)]
Final R indices [all data]
Largest diff. peak/hole/ eA=

Flack Parameter

C 56Cl2H52NNi 3024Th
1313.68
100
orthorhomibic
P2,2,2¢
13.1191(5)
17.5642(6)
21.1099(7)
90
90
90
4864.3(3)
4
1.794
10.070
2628.0
0.10 0.10 0.08
CuKa (I = 1.54178)
6.546 to 136.472

15 h 15, 21 k 20, 24

158157

8628 [ Rint = 0.0552,Rsigma = 0.0316]

8628/97/617
1.043
R; = 0.0584WR; = 0.1478
Ry = 0.0615WR; = 0.1501
0.96/-0.80
0.165(7)
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Ni 3Gd-Acid

Crystal structure and re nement data for Ni3Gd-Acid .

Empirical formula C 56H52GdNNi 3028
Formula weight /g mol 1 1520.36

Temperature /K 100

Crystal system monoclinic

Space group P2:/ n

al A 11.2553(12)

b/ A 19.402(2)

c/A 25.293(3)

al 90

b/ 96.675(7)

g/ 90

Volume A3 5485.8(11)

z 4

rcalc /g cm 3 1.841

m/mm -1 9.700

F(000) 3068.0

Crystal size /mm 0.21 0.08 0.08
Radiation CuK 4 (I = 1.54178)

2Q range for data collection / 5.756 to 136.492

Index ranges 12 h 13, 23 k 23, 30 | 30
Re ections collected 97593

Independent re ections 10019 [Rint = 0.1193,Rsigma = 0.0610]
Data / restraints / parameters 10019/3/817

Goodness-of- t on F 2 1.077

Final Rindices [I  2s(I)] R; = 0.0814wR, = 0.1870
Final R indices [all data] R; = 0.0976 wR, = 0.1962

Largest diff. peak/hole/ eA-3 1.78/-0.96
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CuslLa

Crystal structure and re nement data for CuslLa.

Empirical formula
Formula weight /g mol 1
Temperature /K

Crystal system

Space group

al A

b/ A

c/A

al

b/

g/

Volume A8

Z

r calc /g cm 3

m/mm -1

F(000)

Crystal size /mm
Radiation

2Q range for data collection /
Index ranges

Re ections collected
Independent re ections
Data / restraints / parameters
Goodness-of- t on F 2
Final Rindices[I  2s(1)]
Final R indices [all data]

Largest diff. peak/hole/ eA

C 37CuzH26LaN 3021
1164.13
100
monoclinic
C2/c
28.6966(12)
16.3850(7)
20.3386(11)
90
98.064(4)
90
9375.8(6)
8
1.633
9.022
4592.0
0.05 0.05 0.01
CuKa (I = 1.54178)
6.222 t0 136.486

34 h 34, 19 k 19, 24

53692

8685 [ Rint = 0.1965 Rsigma = 0.1307]

8685/285/583
1.066
Ry = 0.0966WR; = 0.2626
Ry = 0.1692WR; = 0.3175
1.14/-2.21
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CU3Gd

Crystal structure and re nement data for Cu3zGd.

Empirical formula C 3gCu3GdH 32N 3028
Formula weight /g mol 1 1306.53

Temperature /K 100

Crystal system monoclinic

Space group C2/c

al A 28.7291(8)

b/ A 16.3936(5)

c/A 20.1091(9)

al 90

b/ 98.124(2)

g/ 90

Volume A3 9375.8(6)

z 8

r calc /g cm 3 1.880

m/mm -1 11.423

F(000) 5248.0

Crystal size /mm 0.04 0.04 0.01
Radiation CuK, (I = 1.54178)

2Q range for data collection / 6.216 to 136.822

Index ranges 33 h 33, 19 k 17, 24 | 23
Re ections collected 77123

Independent re ections 8563 [ Rint = 0.1187,Rsigma = 0.0776]
Data / restraints / parameters 8563/394/559

Goodness-of- t on F 2 1.042

Final Rindices [I  2s(I)] R; = 0.0984wR, = 0.2593
Final R indices [all data] R; = 0.1395wR;, = 0.2892

Largest diff. peak/hole/ eA- 2.16/-1.41
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CuzDy

Crystal structure and re nement data for CuzDy.

Empirical formula
Formula weight /g mol 1
Temperature /K

Crystal system

Space group

al A

b/ A

c/A

al

b/

g/

Volume A8

4

r calc /g cm 3

m/mm -1

F(000)

Crystal size /mm
Radiation

2Q range for data collection /
Index ranges

Re ections collected
Independent re ections
Data / restraints / parameters
Goodness-of- t on F 2
Final Rindices[I  2s(1)]
Final R indices [all data]

Largest diff. peak/hole/ eA

C 37Cu3DyH 26N 3024
1249.73
100
monoclinic
C2/c
28.6992(9)
16.3760(5)
20.1703(8)
90
98.062(3)
90
9385.9(6)
8
1.769
10.677
4912.0
0.10 0.08 0.04
CuKa (I = 1.54178)
6.22 t0 152.912

33 h 35 18 k 19, 25

53922

9466 [ Rint = 0.0999,Rsigma = 0.0761]

9466/400/560
1.033
R; = 0.1027WR; = 0.2672
Ry = 0.1396WR, = 0.2922
2.16/-1.60
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CU3Yb

Crystal structure and re nement data for CuzYb.

Empirical formula C 405Cu3H38N30265Yb
Formula weight /g mol -1 1354.40

Temperature /K 100

Crystal system monoclinic

Space group C2/c

al A 28.6124(17)

b/ A 16.3599(10)

c/A 20.3464(16)

al 90

b/ 97.601(4)

g/ 90

Volume A3 9440.4(11)

z 8

r calc /g cm 3 1.906

m/mm -1 5.902

F(000) 5368.0

Crystal size /mm 0.14 0.12 0.08
Radiation CuK, (I = 1.54178)

2Q range for data collection / 6.232 10 136.484

Index ranges 33 h 34, 18 k 19, 24 | 24
Re ections collected 37380

Independent re ections 8620 [ Rint = 0.0562,Rsigma = 0.0506]
Data / restraints / parameters 8620/369/601

Goodness-of- t on F 2 1.073

Final R indices [I  2s(l)] R1 = 0.0966wWR;, = 0.2836
Final R indices [all data] R; = 0.1109,wR;, = 0.2947

Largest diff. peak/hole/ eA-3 2.42/-1.48
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CuszHo

Crystal structure and re nement data for CuzHo.

Empirical formula C 36.5Cl3CusH 28 sH00 17
Formula weight /g mol 1 1200.97

Temperature /K 100

Crystal system orthorhombic

Space group Pbcn

al A 34.591(2)

b/ A 16.5550(10)

c/A 13.7333(8)

al 90

b/ 90

g/ 90

Volume A3 7864.5(8)

z 8

r calc /g cm 3 1.969

m/mm -1 7.330

F(000) 4572.0

Crystal size /mm 0.10 0.10 0.04
Radiation CuK, (I = 1.54178)

2Q range for data collection / 5.198 to 136.49

Index ranges 40 h 41, 19 k 19, 16 | 16
Re ections collected 176922

Independent re ections 7184 [Rint = 0.0440,Rsigma = 0.0155]
Data / restraints / parameters 7184/22/560

Goodness-of- t on F 2 1.061

Final Rindices[I  2s(1)] R; = 0.0399wR; = 0.1055
Final R indices [all data] R; = 0.0469,wR, = 0.1103

Largest diff. peak/hole / eA-3 1.57/-0.66
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CusEr

Crystal structure and re nement data for CusEr.

Empirical formula C 36.5Cl3Cu3zErH 32,5019
Formula weight /g mol 1 1239.35

Temperature /K 100

Crystal system orthorhombic

Space group Pbcn

al A 34.5966(13)

b/ A 16.5510(6)

c/A 13.7093(5)

al 90

b/ 90

g/ 90

Volume A3 7850.1(5)

z 8

r calc /g cm 3 2.097

m/mm -1 8.245

F(000) 4876.0

Crystal size /mm 0.07 0.05 0.01
Radiation CuK 4 (I = 1.54178)

2Q range for data collection / 8.756 to 152.51

Index ranges 43 h 42, 20 k 20, 17 | 16
Re ections collected 202987

Independent re ections 8171 [Rint = 0.1144,Rgigma = 0.0407]
Data / restraints / parameters 8171/19/552

Goodness-of- t on F 2 1.025

Final Rindices [I  2s(I)] R; = 0.0492wR, = 0.1257
Final R indices [all data] R; = 0.0737,wR, = 0.1422

Largest diff. peak/hole/ eA-3 1.72/-1.65



Appendix D. Crystal Structure and Re nement Data 183

CU3Tb

Crystal structure and re nement data for CusTb.

Empirical formula
Formula weight /g mol 1
Temperature /K

Crystal system

Space group

al A

b/ A

c/A

al

b/

g/

Volume A8

Z

r calc /g cm 3

m/mm -1

F(000)

Crystal size /mm
Radiation

2Q range for data collection /
Index ranges

Re ections collected
Independent re ections
Data / restraints / parameters
Goodness-of- t on F 2
Final Rindices[I  2s(1)]
Final R indices [all data]

Largest diff. peak/hole/ eA=

C 37CI2CuzH26NO 18Th
1193.03
100
monoclinic
P2,
10.9841(7)
16.6805(10)
13.6105(8)
90
113.771(4)
90
2282.2(2)
2
1.736
10.742
1170.0
0.18 0.14 0.10
CuKa (I = 1.54178)
7.096 to 136.488

13 h 13, 20 k 20, 16

74422

8372 [Rint = 0.1874,Rsigma = 0.1208]

8372/75/563
1.007
R; = 0.0782WR; = 0.1949
Ry = 0.1496 WR, = 0.2374
1.31/-1.07
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CosDy

Crystal structure and re nement data for CozDy.

Empirical formula C 41Co3DyH 40N 3027
Formula weight /g mol 1 1346.05

Temperature /K 100

Crystal system triclinic

Space group pil

al A 10.2212(8)

b/ A 11.0914(10)

c/A 22.1617(19)

al 91.217(7)

b/ 91.740(6)

g/ 116.345(6)

Volume A3 2248.7(3)

z 2

rcalc /g cm 3 1.988

m/mm 1 18.174

F(000) 1340.0

Crystal size /mm 0.18 0.18 0.14
Radiation CuK 4 (I = 1.54178)

2Q range for data collection / 3.992 10 136.472

Index ranges 12 h 11, 13 k 12, 26 | 26
Re ections collected 22277

Independent re ections 8044 [Rint = 0.1035,Rsigma = 0.1359]
Data / restraints / parameters 8044/15/698

Goodness-of- t on F 2 1.043

Final Rindices [I  2s(I)] R; = 0.0873wR, = 0.2074
Final R indices [all data] R; = 0.1414wR, = 0.2413

Largest diff. peak/hole/ eA-3 1.39/-1.64
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CO3Gd

Crystal structure and re nement data for CozGd.

Empirical formula
Formula weight /g mol 1
Temperature /K

Crystal system

Space group

al A

b/ A

c/A

al

b/

g/

Volume A8

Z

r calc /g cm 3

m/mm -1

F(000)

Crystal size /mm
Radiation

2Q range for data collection /
Index ranges

Re ections collected
Independent re ections
Data / restraints / parameters
Goodness-of- t on F 2
Final Rindices[I  2s(1)]
Final R indices [all data]

Largest diff. peak/hole/ eA=

C 40C03GdH 34N 3025
1290.74
100
triclinic
Pil
10.1882(12)
10.2651(13)
23.231(3)
86.370(8)
84.284(8)
65.297(8)
2416.3(4)
2
1.952
19.214
1280.0
0.17 0.16 0.14
CuKa(l = 1.54178)
3.824 10 136.488

11 h 12, 12 k 12, 27

76045

7796 [Rint = 0.1270,Rsigma = 0.0763]

7796/12/666
1.134
R; = 0.0590WR; = 0.1432
Ry = 0.0936WR; = 0.1602
0.87/-1.17
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CoslLa

Crystal structure and re nement data for Cosla.

Empirical formula C 32Co3H47LaN 3029 5
Formula weight /g mol -1 1381.52

Temperature /K 100

Crystal system triclinic

Space group pil

al A 10.2888(8)

b/ A 15.4555(13)

c/A 16.0338(13)

al 93.324(7)

b/ 108.261(8)

g/ 90.444(6)

Volume A3 2416.3(4)

z 2

r calc /g cm 3 1.899

m/mm 1 15.544

F(000) 1388.0

Crystal size /mm 0.14 0.10 0.04
Radiation CuK, (I = 1.54178)

2Q range for data collection / 5.7310 136.492

Index ranges 12 h 11, 18 k 18, 19 | 18
Re ections collected 34920

Independent re ections 8664 [ Riny = 0.1021,Rsigma = 0.1034]
Data / restraints / parameters 8664/91/681

Goodness-of- t on F 2 1.036

Final Rindices [I  2s(I)] R; = 0.0804wR, = 0.2016
Final R indices [all data] R; = 0.1199wR;, = 0.2235

Largest diff. peak/hole/ eA- 1.85/-1.17
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CO3Tb

Crystal structure and re nement data for CozTh.

Empirical formula C 39.5CICo3H36N 2023 5Th
Formula weight /g mol 1 1285.86

Temperature /K 100

Crystal system monoclinic

Space group C2/c

al A 14.0045(5)

b/ A 15.7554(5)

c/A 41.1854(16)

al 90

b/ 96.063(2)

g/ 90

Volume A3 9036.6(6)

z 8

r calc /g cm 3 1.890

m/mm -1 17.370

F(000) 5104.0

Crystal size /mm 0.12 0.10 0.10
Radiation CuK, (I = 1.54178)

2Q range for data collection / 8.474 10 136.468

Index ranges 15 h 16, 18 k 18, 49 | 49
Re ections collected 36728

Independent re ections 8148 [ Rint = 0.1009,Rsjgma = 0.0831]
Data / restraints / parameters 8148/21/645

Goodness-of- t on F 2 1.029

Final Rindices [I  2s(I)] R; = 0.0546,wR, = 0.1292
Final R indices [all data] R; = 0.0924wR;, = 0.1479

Largest diff. peak/hole / eA-3 1.07/-1.26
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Ni 16—C2/ C

Crystal structure and re nement data for Ni 15~C2/c.

Empirical formula C 128H 148N gNi 16060
Formula weight /g mol 1 3818.00

Temperature /K 100

Crystal system monoclinic

Space group C2/c

al A 62.292(4)

b/ A 22.4830(13)

c/A 42.170(2)

al 90

b/ 118.221(3)

g/ 90

Volume A3 52039(5)

z 8

rcalc /g cm 3 0.975

m/mm -1 1.665

F(000) 15680.0

Crystal size /mm 0.28 0.02 0.02
Radiation CuK 4 (I = 1.54178)

2Q range for data collection / 3.2210 136.492

Index ranges 74 h 74, 27 k 25, 50 | 50
Re ections collected 493490

Independent re ections 47602 [Rint = 0.1507,Rsigma = 0.0865]
Data / restraints / parameters 47602/324/1824
Goodness-of- t on F 2 1.234

Final R indices [I  2s(l)] R1 = 0.1233wR; = 0.3679
Final R indices [all data] R; = 0.1727wR, = 0.3989

Largest diff. peak/hole/ eA-3 0.95/-0.69
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Ni 16—P21/ n

Crystal structure and re nement data for Ni 1—P2;/n.

Empirical formula C 144.H 161N gNi 16060
Formula weight /g mol 1 3909.16

Temperature /K 100

Crystal system monoclinic

Space group P2;/ n

al A 25.1716(11)

b/ A 44.6220(19)

c/A 39.0396(17)

al 90

b/ 91.394(3)

g/ 90

Volume A3 52039(5)

z 8

r calc /g cm 3 1.185

m/mm -1 1.987

F(000) 16096.0

Crystal size /mm 0.12 0.11 0.02
Radiation CuK, (I = 1.54178)

2Q range for data collection / 4.562 to 136.488

Index ranges 30 h 28, 53 k 39, 45 | 45
Re ections collected 428528

Independent re ections 79176 [Rint = 0.0974,Rsigma = 0.0821]
Data / restraints / parameters 79176/560/4158
Goodness-of- t on F 2 1.063

Final Rindices [I  2s(I)] R; = 0.0738wR, = 0.2095
Final R indices [all data] R; = 0.1146wR, = 0.2361

Largest diff. peak/hole / eA-3 2.34/-0.64
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Ni 16—P4nc

Crystal structure and re nement data for Nig—P4nc.

Empirical formula C 292H344N 16Ni 320128
Formula weight /g mol -1 8004.53

Temperature /K 100

Crystal system tetragonal

Space group P4nc

al A 24.2318(5)

b/ A 24.2318(5)

c/A 40.3595(5)

al 90

b/ 90

g/ 90

Volume A3 23698.3(13)

z 2

r calc /g cm 3 1.122

m/mm -1 1.861

F(000) 8256.0

Crystal size /mm 0.18 0.16 0.10
Radiation CuK, (I = 1.54178)

2Q range for data collection / 4.254 10 152.63

Index ranges 28 h 29, 27 k 28, 26 | 50
Re ections collected 335181

Independent re ections 23648 [Rint = 0.0660,Rsjgma = 0.0314]
Data / restraints / parameters 23648/20/1094
Goodness-of- t on F 2 1.026

Final Rindices [I  2s(I)] R; = 0.0490wR, = 0.1294
Final R indices [all data] R; = 0.0727wR, = 0.1444
Largest diff. peak/hole/ eA-3 0.40/-0.34

Flack parameter 0.069(7)
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Ni ;e—formate

Crystal structure and re nement data for Ni ;g—formate.

Empirical formula C 120H112NgNi 16060
Formula weight /g mol 1 3565.53

Temperature /K 100

Crystal system trigonal

Space group P3,21

al A 26.3591(5)

b/ A 26.3591(5)

c/A 27.5189(9)

al 90

b/ 90

g/ 120

Volume A3 16558.6(8)

z 3

r calc /g cm 3 1.073

m/mm -1 1.932

F(000) 5448.0

Crystal size /mm 0.14 0.12 0.08
Radiation CuK, (I = 1.54178)

2Q range for data collection / 5.03 to 144.652

Index ranges 32 h 26, 32 k 29, 25 | 34
Re ections collected 57752

Independent re ections 20347 [Rint = 0.0264,Rsigma = 0.0300]
Data / restraints / parameters 20347/385/859
Goodness-of- t on F 2 1.114

Final Rindices [I  2s(I)] R; = 0.0594wR, = 0.1858
Final R indices [all data] R; = 0.0685wWR, = 0.1976
Largest diff. peak/hole / eA-3 0.53/-0.39

Flack parameter 0.40(3)
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Cuyg

Crystal structure and re nement data for Cuza.

Empirical formula C 108Cu14H97NgO35
Formula weight /g mol 1 2970.50

Temperature /K 100

Crystal system triclinic

Space group pil

al A 18.3776(13)

b/ A 19.3734(13)

c/A 23.6144(17)

al 66.425(3)

b/ 72.861(3)

g/ 73.944(3)

Volume A3 7241.8(9)

z 2

r calc /g cm 3 1.362

m/mm -1 2.722

F(000) 2988.0

Crystal size /mm 0.21 0.14 0.12
Radiation CuK 4 (I = 1.54178)

2Q range for data collection / 4,174 t0 136.492

Index ranges 22 h 21, 23 k 23, 28 | 28
Re ections collected 267249

Independent re ections 26452 [Rint = 0.0742,Rsigma = 0.0315]
Data / restraints / parameters 26452/108/1556
Goodness-of- t on F 2 1.022

Final Rindices [I  2s(I)] R; = 0.0572wR, = 0.1657
Final R indices [all data] R; = 0.0620wR, = 0.1693

Largest diff. peak/hole/ eA-3 2.08/-0.81
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Mn g

Crystal structure and re nement data for Mn g.

Empirical formula
Formula weight /g mol 1
Temperature /K

Crystal system

Space group

al A

b/ A

c/A

al

b/

g/

Volume A8

Z

r calc /g cm 3

m/mm -1

F(000)

Crystal size /mm
Radiation

2Q range for data collection /
Index ranges

Re ections collected
Independent re ections
Data / restraints / parameters
Goodness-of- t on F 2
Final Rindices[I  2s(1)]
Final R indices [all data]

Largest diff. peak/hole/ eA=

C 111H112Mng0a49
2669.52
100
monoclinic
P2;/ n
17.1286(13)
27.2886(17)
24.0193(15)
90
106.097(4)
90
10786.8(13)
4
1.644
8.223
5480.0
0.34 0.30 0.05
CuKa (I = 1.54178)
5.014 t0 137.976

20 h 20, 32 k 32, 28

105874

19693 [Rint = 0.0738,Rsigma = 0.0644]

19693/3/1268
1.070
R; = 0.0663WR, = 0.1844
Ry = 0.0835WR; = 0.1982
1.71/-0.76
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MnLa g

Crystal structure and re nement data for MnLag.

Empirical formula C ggH72LagMnN 4066
Formula weight /g mol 1 3429.99

Temperature /K 100

Crystal system monoclinic

Space group C2/c

al A 24.627(3)

b/ A 22.701(2)

c/A 21.441(2)

al 90

b/ 95.454(6)

g/ 90

Volume A3 11933(2)

z 4

r calc /g cm 3 1.809

m/mm -1 17.968

F(000) 6332.0

Crystal size /mm 0.24 0.11 0.04
Radiation CuK 4 (I = 1.54178)

2Q range for data collection / 5.306 to 136.47

Index ranges 29 h 29, 27 k 26, 25 | 25
Re ections collected 104713

Independent re ections 10883 [Rint = 0.1324,Rsjgma = 0.0800]
Data / restraints / parameters 10883/107/708
Goodness-of- t on F 2 0.998

Final Rindices [I  2s(I)] R; = 0.0744wR, = 0.2033
Final R indices [all data] R; = 0.1324wR, = 0.2427

Largest diff. peak/hole/ eA- 1.88/-1.10
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