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Abstract

The PhD thesis describes a research project that focuses primarily on a series of
dysprosium metallocenium single-molecule magnets containing cyclopentadienyl and
fulvalenyl ligands. The project aims to discover the influence of the various ligand

types on the magnetic properties, including the exchange coupling.

An introduction to SMMs is described in the first chapter, which mainly shows a
historical perspective, current theoretical models and synthesis strategies. Inspired
with the previous achievement of cyclopentadienyl sandwich SMMs in the Layfield
group, | have successfully synthesized several dimetallic and trimetallic dysprosium
metallocene SMMs containing the bulky pentafulvalenyl ligand [(Cs'BuzH2)2]%", with
the complexes also containing bridging borohydride ligands, as described in Chapters
2 and 3, respectively. The bridged polynuclear structures show a periodic improval in
the SMM properties, such as an increase in the effective energy barrier to reversal of
the magnetization, which is thought to be a consequence of the gradually diminishing
influence of the borohydride ligands. The magnetic measurements and theoretical
calculations also indicate that the quantum tunnelling of the magnetization (QTM)

process is suppressed in the polynuclear system due to magnetic exchange.

In Chapter 4, | describe a dysprosocenium-based single-ion magnet, which is
sandwiched by a mono-phospholyl ligand and a Cp* ligand. The near-linear
metallocenium compound displays an excellent blocking temperature of 70 K and two
separate energy barriers of 1410 cm™ and 747 cm™ due to two distinct Orbach
processes. According to the AC magnetic susceptibility measurements, the compound
unexpectedly gives two range of maxima in magnetic susceptibility (y'm and »''m),

which is not observed in other reported phospholide samples.

In Chapter 5, two dimetallic uranocenium compounds are reported based on the
fulvalenyl ligand, with additional iodide bridges. The dimetallic U(l1)-U(lll) sandwich
structure gives distinct chemical reactivity as the iodide ligand cannot be removed,

but resulting in a mixed-valence U(lII)-U(IV) cation.
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Chapter 1

General Introduction to Single-Molecule Magnets



General Introduction to Single-Molecule Magnets

Research of SMMs (single-molecule magnets) has evolved into an advanced and
popular field of study, continuing to attract a lot of attention from researchers in
chemistry, physics and materials science. Because of their unique magnetic properties
on the molecular-scale and their potential multifunctional behaviour (conductivity,
redox properties, optics, chirality),)> SMMs have the potential to revolutionise
application in the next generation quantum materials, especially in the field such as

data storage, molecular spintronic, sensors, and logic devices.*

Currently, most SMMs only show magnetic relaxation when cooled with liquid-helium
cooling circumstance. Indeed, until now, only one SMM is known to function above
liquid nitrogen temperatures (i.e., 80 Kelvin)°, which limits their potential applications.
In order to achieve high-quality SMMs, current research is focused on improving key
characteristics underpinning SMM behaviour such as the effective energy barrier (Uess)
and the magnetic blocking temperature (Ts) by using chemical or physical

approaches.®

In this chapter, the basic principles of SMMs will be explained, focusing primarily on
lanthanide magnetism and current strategies used to obtain high-quality SMMs with
excellent effective energy barrier and blocking temperature. In that respect, some key

examples to demonstrate the qualifiers of a ‘good’ SMM are also presented below.



1.1. Introduction to Lanthanide lons

1.1.1. Lanthanide Electron Configurations

The lanthanide series covers 15 elements, whose atomic numbers are Z=57-71 (Table
1.1). Scandium (Z = 21) (also referred to as a pseudo-lanthanide), yttrium (Z = 39),
lanthanum and the other 14 lanthanide (Ce-Lu) elements are also referred to as the
rare-earth elements, partly because of their similar chemical and physical properties.
Lanthanides are the first elements in the periodic table with populated 4f orbitals,
which has a crucial impact on their chemical and physical properties. The core-like
nature of the 4f orbitals stems from them being buried within the lanthanide 5s and
5p shells, which are fully occupied. Based on the lowest energy principle, their electron

configurations of atoms is either [Xe]4f"6s? or [Xe]4f"-15d'6s% (Table 1.1).57

Table 1.1 The electronic configurations of lanthanide elements.

Electron Electronic
Element z configuration of configurations
neutral atoms of trivalent ions

La 57 [Xe]4f® 5d! 6s? [Xe]4f°

Ce 58 [Xe]4f! 5d! 6s? [Xe]4f!

Pr 59 [Xe]4f® 652 [Xe]4f?

Nd 60 [Xe]4f* 6s2 [Xe]4f3

Pm 61 [Xe]4f> 6s2 [Xe]4f*

Sm 62 [Xe]4f® 6s? [Xe]4f°

Eu 63 [Xe]4f” 6s2 [Xe]4f®

Gd 64 [Xe]4f’ 5d! 6s? [Xe]4f’

Tb 65 [Xe]4f® 6s2 [Xe]4f®

Dy 66 [Xe]4f0 6s2 [Xe]4f®

Ho 67 [Xe]4ft! 6s2 [Xe]4f10

Er 68 [Xe]4f!? 6s2 [Xe]4ft!

m 69 [Xe]4f13 652 [Xe]4f1?

Yb 70 [Xe]4f* 6s2 [Xe]4f13

Lu 71 [Xe]4f* 5d! 6s2 [Xe]4f14

Sc 21 [Ar]3d! 4s? [Ar]

Y 39 [Kr]4d? 5s? [Kr]



1.1.2 Lanthanide lons

In the majority of lanthanide complexes, the trivalent Ln3* oxidation state is the most
common and has the general electronic configurations of trivalent Ln3* ions are [Xe]4f".
Nevertheless, the stability engendered by an empty (4f°, Ce**), half-filled (4f7, Eu** and
Tb*) or fully occupied (4f*#, Yb?* and Lu?*) f-shell makes these electronic
configurations common (or at least accessible), whilst divalent Sm?* (4f%) is also very
common, featuring an electronic configuration same to Eu. In the last decade,
examples of divalent Ln** complexes across the series (except radioactive promethium)
have been synthesised and studied.” The work in this thesis focuses entirely on

complexes of trivalent lanthanides.

1.1.3 The Lanthanide Contraction

Figure 1.1 illustrates the radial distribution functions for selected orbitals of a cerium
atom, which shows an overlap area between the 4f and 5s/5p orbitals.® The presence
of three angular nodes in 4f orbitals results in reduced screening of the nuclear charge,
resulting in an increased attraction between the nucleus and outer electrons. Hence,
the lanthanide ionic or atomic radii shrink across the series from left to right, termed

as lanthanide contraction.”

2
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Figure 1.1 Radial distribution functions of 4f, 5s and 5p electrons for cerium, the figure

reprinted from Ref. 8, with permission from Elsevier B.V.8



1.1.4 Magnetism of Free Ln** lons

The electron configuration of lanthanide ions can be represented as [Xe]4f" (Table 1.1).
The electron energy levels are based on three factors: electron repulsion, spin-orbit
coupling and crystal-field effects. The 4f orbitals have a strong angular dependence
(Figure 1.2),° and in theory, the electronic ground state should mostly contribute to
the magnetic properties based on the strong spin-orbit coupling according to the
Russell-Saunders approximation. Furthermore, since the 4f electrons do not
effectively shield 5s and 5p electrons from the nucleus and, conversely, the 5s and 5p
orbitals effectively shield the 4f electrons from the external (chemical) environment.
Because of this special ‘shielding” structure in lanthanides, the degeneracy of the
atomic 4f orbitals is not lifted to an appreciable extent by crystal field effects and
electrons can have large angular momentum and strong spin-orbit coupling (SOC),

which is much stronger than found in complexes of 3d metal ions.®

10 W/ H

°H

Energy (cm™ x 10°)

0 - GH151‘2
electron spin-orbit crystal

repulsion coupling field

Figure 1.2 Left. Energy of electronic structure of the Dy3* ion and Right. 4f orbitals
from m = 0to m = + 3, reprinted from Ref. 9, with permission from Royal Society of

Chemistry.®



1.1.5 Anisotropy of Ln?* lons

Magnetic anisotropy — which refers to the non-spherical distribution of unpaired
electron spin density — is an important consequence of SOC and plays an important
role in SMMs. According to quadrupole moment calculations, the distribution of the
4f electron density in Ln3* can be divided, qualitatively, into three types (Figure 1.3):
Pm3*, Sm3*, Er3*, Tm3*, Yb3* ions have anisotropic, prolate electron density (stretched
along the z-axis); Ce3*, Pr3*, Nd3*, Tb3*, Dy3*, Ho?* ions have anisotropic, oblate

electron density (extending in the xy-plane); and Gd3*, Lu3* ions are isotropic.® % 1°

Two factors will affect the anisotropy of lanthanide ions: spin-orbit coupling and
crystal-field splitting. Because the 4f electrons are shielded by the 5s and 5p orbitals,
the lanthanide ions experience weak crystal-field splitting and have large unquenched
orbital angular momentum, which leads to strong spin-orbit coupling. However, the
contribution from the crystal-field is critical for understanding their SMM properties,

a factor which is developed further in this thesis.

Colly  Pel) - NdW)  Pm(ly  Sml)  Eu(l) Gd{lll)
ar! 4f 2 414 41 ¢ a1 s af7

To(ll)  Dy(l)  Ho(l)  Er(ll)  Tm(ll)  Yb(ll)  Lu(
af® af° af 1@ 41 af 2 4f af

Figure 1.3 Anisotropy of trivalent lanthanide ions 4f electron distribution by
guadrupole approximations, reprinted from Ref. 9, with permission from Royal Society

of Chemistry.®
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1.1.6 Crystal-field to Lanthanide lons

Several theoretical models have been used to explain the distinct magnetic behaviour
of many different types of SMMs. For lanthanide complexes, two factors are
important for high-quality SMMs: (1) double degeneracy (bistability) in the magnetic
ground state with a high magnetic moment; (2) strong SOC, combined with strong
single-ion anisotropy and, as recently discovered, a strong crystal field which
possibility enhances the oblate or prolate nature of the electron density distribution
for the various Ln3* ions. The first factor is associated with the natural property of the
specific ions, with Dy3* usually thought of as an ideal for SMM applications, because it
is a Kramers ion and maintains the necessary degenerate ground state. The second
factor is associated with the strength and symmetry of the crystal field, which is
reflected by the coordination environment. A simple model to illustrate the
relationship between 4f" electron density and crystal field was published by Long et
al. in 2011.° The different shapes of 4f electron distribution were used to explain the
effect of the crystal field (Figure 1.4): the crystal-field position should complement the

shape of the electron density in order to obtain large anisotropy.

For the oblate ions Ce3*, Pr3*, Nd3*, Tb3*, Dy3* and Ho?*, the crystal-field should be
placed along the z-axis direction. Conversely, if the crystal-field is set in the xy-plane
for these lanthanides, the energy separation between ground and excited state(s) will
decrease and magnetic relaxation will be subject to a low barrier (Figure 1.4 left). This
model has been involved to explain the excellent magnetic property of dysprosium
complexes in sandwich structures, such as [(Cp™™)Dy(Cp*)]*.> ¥ 12 For prolate ions,
Pm3*, Sm3*, Er3*, Tm3* and Yb3*, coordination in the equatorial xy-plane is preferred,
(Figure 1.4 right). Some reported Er3* samples fit with this rule of thumb, such as
Er[N(SiMes),]3.22 Although this model is very simple!?, it is a helpful tool to predict the
potential magnetic property for lanthanide SMMs, especially in the case of lanthanide
metallocenes.® Further detail about the role of the crystal field in lanthanide SMMs

will be discussed in the following sections.
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Figure 1.4 Low- and high-energy level of the 4f orbital electron density with respect to
the crystal-field for oblate (/eft) and prolate (right) ions. The green arrow represents
the orientation of the spin angular momentum coupled to the orbital moment.

Reprinted from Ref. 9, with permission from Royal Society of Chemistry.®
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1.2 Magnetism in Single-molecule Magnet

1.2.1 The First SMM in 1993

The discovery of SMMs can be tracked back to the early 1990s. Technically, the first
characterization of a molecule displaying magnetic hysteresis was reported in several
papers by Sessoli et al. in 1993, focusing on the now famous cluster
[Mn12012(CH3C0O0)16(H20)4] (Mn12Ac). Although this manganese cluster was first
synthesized in 1980 by Lis (Figure 1.5),'® 1° its magnetic properties were not
investigated until the 1990s. In the paper, the authors indicated its potential to
become an information storage material. As a result, Mni2Ac became the first SMM
and heralded the start of a new research field, which has grown substantially in the
following decades. According to a theoretical calculation?® 2%, the relaxation time of
Mn12Ac is two months at 2 K or even 50 years at 1.5 K, which is longer than found in
bulk magnetic materials. However, the hysteresis loop in Mn12Ac can only be observed

below 2.8 K.
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Figure 1.5 Left: molecular structure of the Mn1;Ac cluster, Reprinted from Ref. 19, with
permission from Royal Society of Chemistry.'® Right: The hysteresis loops of Mn1,Ac
at 2.2 K (black dots) and 2.8 K (white dots). Reprinted from Ref. 15, with permission

from Springer Nature.'®
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1.2.2 Basic Properties of SMMs

Single-molecule magnets are bistable magnetic molecules. Generally, an SMM should
display hysteresis based on the properties of individual molecules rather than relying
on interactions across magnetic domains, as in traditional bulk magnets.?? In that

respect, the nanoscale dimensions of SMMs have been proposed as the basis of

information storage devices.

slow relaxation

Figure 1.6 The double-well model of magnetic bistability in SMMs.

SMMs display the bistability, which can be described in terms of a simplified double
potential energy well (Figure 1.6).22> As mentioned previously, the energies of the
unpaired electrons are subject to three factors: electron repulsion, spin-orbital
coupling and crystal-field effects, which jointly induces the effective energy barrier
gap between ground state (Ms = £ S) and the excited states. In Figure 1.6 (/eft), the
two wells on the bottom with spins of opposite orientations (up and down, or M = £5)
refer to the two components of the bistable ground state (magnetic bistability), which
can represent binary information 0 and 1 in storage devices. Originally, both sides of
the potential are equally populated, so there is no net magnetization. However, if an
external magnetic field is applied, the potential wells lose their degeneracy. One well
goes to a lower energy state and the other one will increase in energy, which leads to
a change of spin distribution and all the spins will settle in the new ground state and

as a result the magnetic moment is trapped in one of the wells (Figure 1.6 middle).
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After removing the magnetic field, anisotropy generates an effective energy barrier
(Ueff) to repopulation of the two Ms states below a blocking temperature (Tg).
Therefore, the digital signal ‘1’ in this depiction is saved in the SMM (Figure 1.6 right).
Although the spins will eventually relax to their equilibrium populations, the process

could take a long time (e.g. even several years).?°

1.2.3 The Effective Energy Barrier (Uess) and the Blocking Temperature (Tg)

As most reported SMMs show this magnetic bistability at extremely low temperatures
(typically liquid-helium), one of the present challenges is to discover or develop higher
qguality SMMs such function at higher temperatures. In that respect, two physical
parameters, the effective energy barrier and the blocking temperature, are widely

used to determine and evaluate the ‘quality’ of such candidates for SMMs.

(1) The Effective Energy Barrier (Ues)

The effective energy barrier can be considered as the ‘wall’ between the two spin wells
(Figure 1.6), which refers to the energy gap between the ground state and the highest
excited magnetic state. SMMs with higher effective energy barrier normally have
better performance. In theory, the effective energy barrier value refers to the

anisotropy energy barrier AE (energy to reorientate the magnetization).

In a strongly exchange-coupled system, such as one containing 3d transition ions, it
can determine by the largest possible spin of ground state value (S) and zero-field

splitting parameter (D) according to Equation 1:

AE = DS? or D(S% — 1/4) (1)

However, because the exchange interactions between ions in lanthanide complexes
are weaker, Equation 1 is not suitable. Instead, the thermal energy barrier can be

determined using an Arrhenius-type equation (Equation 2):
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T = Tgexp (Use/KgT) ort = 19 exp (AE/KgT) (2)

In Equation 2, T represents the relaxation time, 1o is the pre-exponential factor, K is

the Boltzmann’s constant and T refers to temperature.®

(2) The Magnetic Blocking Temperature (Ts)

The blocking temperature can be considered as the ‘proper’ temperature at which an
SMM can act as a magnet. It has to be mentioned that three definition of blocking
temperature can be used: (a) the temperature at which the magnetic relaxation time
is 100s; (b) the highest temperature at which a hysteresis loop can be observed, or (c)
the temperature at which the field-cooled and zero-field cooled (FC-ZFC)
magnetization diverge.® Generally, the definition of (b) is widely accepted, which is
also the standard definition in this thesis. Even though, caution should be used when

comparing blocking temperatures in different SMMs.

1.2.4 Magnetic Relaxation and Quantum Tunnelling of the Magnetization (QTM)

The record SMM energy barrier is currently 1541 cm™t (2219 K), while the record of
blocking temperature is 80 K.> Up to four different types of process can contribute to
the magnetic relaxation in SMMs: Orbach processes, Raman processes, direct
processes (Figure 1.7 left) and QTM (Figure 1.7 right), according to the following

equation (Equation 3):

Tt =15 texp(—Ueg /KgT) + CT™ + AT + 1qtm (3)
Orbach + Raman + Direct + QTM

(a) The direct process is a single-phonon process (Figure 1.7a), in which the phonon is
excited to an energy of A = hv, and is then emitted to the ground state. In Equation 3,

the constant A is associated to the Kramers and non-Kramers doublets.
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(b) The Raman process is a two-phonon process (Figure 1.7b), in which the phonon is
excited to a virtual state with the absorption energy of A = hv; and then transferred
to its ground state with the emission energy of A = hv. In Equation 3 (on page 16), the
Raman exponent n depends on the exact energies of ground doublets.

(c) Compared to Raman process, the Orbach process has a similar two-phonon process
(Figure 1.7c), but through a real state with the energy of A = h(v: - v2), which is
described by the Arrhenius in Equation 2 and 3 (on page 16).

(d) The QTM process corresponds to a spin inversion through the potential energy
barrier. QTM does not only happen in the ground state but also in excited energy
states (thermally assisted QTM). Different from the other three thermal relaxation
processes, the quick spin-transfer of QTM leads to the reduction of relaxation time
and results in a lower blocking temperature. Hence, in order to achieve high

performing SMMs, strategies should be applied to supress QTM.® 24

Thermal Relaxation

real

virtual

.

hv, hv, hv| |hv) |y,

hv =

A4 \J y
0 Y

(a) Direct (b) Raman (c) Orbach

Figure 1.7 Left: Description of direct (a), Raman (b) and Orbach (c) processes,
reproduced from Ref. 24, with permission from John Wiley & Sons.?* Right: a double-

well model represents the process quantum tunnelling (red dotted lines).

1.2.5 Magnetic Property Characterization

The common instrument used to study the magnetic properties of SMMs is SQUID
(superconducting quantum interference device). The SQUID measurements allow the

determination of to the DC and AC magnetic susceptibility, the magnetization and the
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magnetic hysteresis behaviour of a potential SMM. As an example, the sandwich

complex [(Cp'™),Dy][B(CsFs)a] is used to introduce some of the common magnetic

measurements by SQUID on SMMs.!

(1) DC Magnetic Measurement

Generally, the DC measurement gives information of the thermal and field
dependence of the magnetic properties for a SMM. For example, in Figure 1.8, the
amT vs. T plots of [(Cpt),Dy][B(CsFs)a] (20y) and its precursor [(Cpt),DyCl] (1py) show a
gradual reduction of ymT with the decrease of temperature from 300 to 80 K. Below
80 K, the ymT of [(Cp'™).Dy][B(CsFs)s] drops dramatically, which illustrates its stronger

thermal dependence at lower temperature, compared to the slight decrease of ymT

for compound [(Cp'*),DyCl].1*
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Figure 1.8. Plots of ymT vs. temperature for[(Cp™),DyCl] (1py) and [(Cp*™).Dy][B(CsFs)a]

(2oy), reproduced from Ref. 11, with permission from John Wiley and Sons.!!

A dynamic DC field can also be applied in forward and reverse directions to observe
the hysteresis loops at different temperatures, in which the maximum temperature
will be defined as the blocking temperature. For instance, the [(Cp™),Dy][B(CsFs)4]
gives obvious opened hysteresis loops up to 60 K using an average sweep rate of 3.9

mT s~%, which defines its blocking temperature (Ts = 60 K) (Figure 1.9).1?
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Figure 1.9 Thermal hysteresis loops in a changing DC field for [(Cp').Dy][B(CeFs)a].

Reproduced from Ref. 11, with permission from John Wiley and Sons.!

Meanwhile, for a high-quality SMM with longer relaxation time than that measured in
AC magnetic field, the relaxation time can be directly measured in a DC field (magnetic
decay experiments): a DC field will be applied and the temperature will be cooled
down to the required value, then remove the DC field and measure the function of

magnetization moment changing with the time (M / t).

(2) AC Magnetic Susceptibility

The AC susceptibility measurement is specifically utilized to study the dynamic
magnetism in SMMs. A small oscillating magnetic field is applied to measure the
susceptibility in zero DC field or sometimes in an applied DC field. With the slow
relaxation processes under blocking temperature, the magnetic susceptibility will be
divided into two components: in-phase (y') and out-of-phase ("), with a high-
frequency AC field. The susceptibility plots can be represented in '/ y" versus

temperature (T) or versus frequency (v).

As mentioned previously, the maximum temperature at which a peak can be observed
in an out-of-phase (") susceptibility is regarded as the ‘blocking temperature’ in some
publications, although the acknowledged Tg refers to the highest temperature at

which hysteresis loops can be observed (which depends on the sweep rate of the
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magnetic field). However, its value is usually not equal to the defined blocking
temperature (Tg) and we normally call it the temperature maxima in this thesis. In
addition, if a supplementary DC field is applied in the original AC field, it will change
the temperature dependence of the ac susceptibility. For [(Cp'™).Dy][B(CsFs)a], the
out-of-phase susceptibility are shown in Figure 1.10, in which a maxima can be
observed at 111 K in the " plot. Compared to its defined blocking temperature of Tg

=60 K, the value of maxima is clearly much higher.!!

z," 1 em® mol”

Figure 1.10 Temperature dependence of the out of phase (") for [(Cp™).Dy][B(CsFs)4]
at indicated frequencies under zero DC field at AC frequencies of v=0.1-1488 Hz from

75-111 K. Reproduced from Ref. 11, with permission from John Wiley and Sons.!!
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The AC susceptibility data is analysed using equations arising from the Debye model

(Equation 4):

P ¢ £)) U (21Vg 1) "% sin( am/2)]
® 14 2Q2nv, )% sin(an/2) + (2nv,.1)2(0-D

X,(Vac) =X

(Xs — Xoo) 2TV 7)1 % cos(am/2)
1+ 2Q2nvg. 1) "% sin(an/2) + (2mv,.1)2(1-2

X”(Vac) =

With Equation 4 (also known as Cole-Cole fitting), a series of variable (xs, Y-, @ and
7) can be extracted and the plot of relaxation time versus inverse temperature is
obtained. Further, after obtaining the best fit of the data with Equation 3 (on page 16),
the parameters Ues, 70, C and n are obtained. Thus, we can find which relaxation
processes happen in the SMM and their relative importance at a given temperature.
For [(Cp'™),Dy][B(CsFs)a], the plot of 7 vs. 1 of AC susceptibility is shown in Figure
1.11a. With a further fitting with the formula of T=% = tyte Veit/k8T 4 CT™, it
indicates that the whole relaxation includes the Orbach and Raman processes, with an

effective energy barrier of 1277 cm™1.1
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Figure 1.11 Temperature dependence of the relaxation time (a) and Cole-Cole plots
for the AC susceptibilities in zero DC field (b) for [(Cp™).Dy][B(CeFs)a]. Reproduced

from Ref. 11, with permission from John Wiley and Sons.*!
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If we make a plot of in-phase (y') versus out-of-phase (y"), an approximate semi-
circular curve for [(Cp'™),Dy][B(CsFs)4] is given (Figure 1.11b), which is called a Cole-
Cole plot. In SMMs, there may be several pathways and this is reflected in asymmetry
in the curve. In Figure 1.11, the data points and solid lines represent the experimental
data and the fitting data, respectively, which also shows the quality of the fitting

operation.

(3) Theoretical Calculation of Electronic Structure

At present, ab initio multireference theoretical calculations are widely used in SMMs,
which simulate the energy states based on the non-optimized molecular structures.?®
The comparison of the experimental data and calculation results help us better
understand the relaxation processes and overall magnetic property. Calculations in
the Layfield group are carried out through a collaboration with Dr Akseli
Manksikkamaki at the University of Oulu, Finland. For example, the ab initio
calculation of [(Cp™).Dy]* cation illustrates its first non-negligible transition occurs
around KD6 (KD refers to Kramers doublet) with the energy of 1156 cm™ (Figure 1.12),
which matches very well with the experimental effective energy barrier of 1277
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Figure 1.12 The ab initio calculated barriers for the local relaxation of magnetization
for [(Cp™).Dy][B(CsFs)a]. Reproduced from Ref. 11, with permission from John Wiley

and Sons.11

1.3 A Brief Overview of SMMs

Nowadays hundreds of SMMs are reported each year, occasionally with dramatic
improvements of the magnetic properties. In this part, several typical samples are
presented in order to briefly introduce the development of SMMs and also the
synthetic strategies to access them. To closely associate with the topic of my project,
the discussion will mainly focus on the lanthanide SMMs with sandwich structures,

especially dysprosium metallocene SMMs.

1.3.1 The Early Years of SMMs: Manganese Polynuclear Clusters

Since the first SMM (Mn12Ac) was published in 1993, a golden age of manganese

coordination chemistry began (Figure 1.13).26
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Figure 1.13 Timeline of SMM development. Reprinted from Ref. 26, with permission

from Elsevier.2®

Several derivatives of the original Mni2Ac cluster have been synthesized to study the
effect of changing the crystal-field on the magnetic properties. Accordingly, the
acetate group ([CH3CO:]") has been replaced by other acetate groups, i.e., [PhCO,]~,®

[BrCH,C02],2% 2% and [CICH,CO2].3% While, larger clusters including more manganese
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ions3 32 or smaller structures with fewer Mn™ centres ions have also been
synthesised.®® Even though, the highest effective energy barrier in such kind of
compounds ([MneO2(Et-sao)s(02CPh)2(EtOH)4(H20)2], saoH; = salicylaldoxime) is only
slightly increased to 60 cm™ (86 K) and the blocking temperature is normally below 5
K.3* The magnetic properties of polynuclear manganese clusters are possibly due to
their complicated chemical environments, which can be different for different
manganese ions. The heterogeneous crystal-field creates distortion of axial
anisotropies for different manganese ions and, finally, the overall anisotropy
decreases. In recent years, as the importance of the symmetry strategy has become
better understood in SMMs, several single-ion magnetic Mn3* complexes have been
reported.®>*! The highest effective energy barrier to date is only 18.5 cm™ (26.6 K),
even with a better symmetry of the crystal-field and in an applied DC field, which

indicates that complexes of this type may not be ideal as SMMs.

1.3.2 Other 3d Transition Metal SMMs

In 1997, the first non-manganese SMM was reported, i.e., the Fes cluster
[(tacn)sFesOH12]%*, with an energy barrier of 17 cm™ (245 K, tacn =
triazacyclononane).*> However, similar to the manganese SMMs, polynuclear 3d-
cluster based on other transition metals cannot meet the requirements of higher

magnetic performance.

In theory, for 3d transition metal ions, the spin-orbit coupling can provide anisotropy,
which gives a large value of zero-field splitting (Equation 1 on page 15). However, it is
found that the magnitude of D will decrease if the crystal-field has lower geometrical
symmetry. In order to improve the crystal-field symmetry and easily control the
structure through chemical synthesis, the study of single-ion or monometallic SMMs
has become a hot topic. The reported 3d- or 5d-based single-ion SMMs mainly
includes metals like Fe, Co, Ni and Cr.*> %4 According to their magnetic data, SMMs

based on iron and cobalt display better magnetic properties.
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1.3.2.1 Iron single-ion SMMs

A well-known Fe-based single-ion SMM K[Fe{C(SiMes)s},] was reported by Long et
al..*> In the molecular structure, the anion [Fe{C(SiMes)s}.]” (Figure 1.14) has an
approximately linear structure (C-Fe-C = 179.2°). The effective energy barrier of 226
cm™ was relatively large (for the time), and the a blocking temperature was
determined to be 6.5 K. Long et al. also made other linear examples, like [Fe(l)
(N(SiMes3)3)2]" and [Fe(l1)(C(TMS)s)2], however, the energy barriers of these latter two

iron complexes are not as good as for the one in [Fe{C(SiMe3)3},] .64’

Magnetization (ug)

d.c. magnetic field (T)

Figure 1.14 Structure of the [Fe{C(SiMes)s}>]~ anion, and hysteresis loops (1.8 K-6.5 K)
under induced DC field. Reprinted from Ref. 45, with permission from Springer

Nature.*

1.3.2.2 Cobalt SMMs

In 2002, the first cobalt SMM was described, i.e., the [Cos(hmp)a(MeOH)4Cls] (hmp~ =
the anion of hydroxymethylpyridine) cluster was found to display SMM behaviour,*®
49 |n 2011, the first Co-based single-ion SMM ([Co(SPh)4]>") was reported and is also
the first transition metal single-ion SMM to show magnetic relaxation in zero DC-
field.>® The properties of the Co?* single-ion SMM quickly attracted attention, leading
to many more cobalt single-ion complexes. The highest effective energy barrier in a

cobalt single-ion SMM is currently 413 cm™ (594 K), which is reported by Gao et al. in
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2016.°1 The [(sIPr)Co(Il)(NDmp)] complex (Figure 1.15, NDmp = 2,6-dimesitylpheny)
has a near linear structure (sIPr-Co-NDmp = 175.7°). In the same paper, other two
linear Co** SMMs, [(IPr)Co(NDmp)] (IPr-Co-NDmp = 173.0°) and [(cylPr)Co(NDmp)]
(cylPr -Co-NDmp = 177.5°) are reported to have lower effective barrier of 297 cm™

and 288 cm™! respectively.

Comparing all the 3d single-ion SMMs,3° the high symmetry strategy seemingly helps
to improve the energy barrier, especially compared to the early polynuclear clusters.
However, the symmetry is obviously not the only factor that affects the magnetism,
typically, some of high symmetric linear SMMs have even weaker barriers. Actually,
the choice of ligands (crystal-field properties) and d” configuration will also
significantly influence the relaxation process. On the other hand, it can be noticed that,
along with the increases in energy barrier, the blocking temperature is rarely
mentioned because the value is usually under 10 K, even with the induced DC field

and with fast hysteresis scan rates.

700 Qe/s

H / kOe

Figure 1.15 Structure of [(sIPr)CoNDmp], and hysteresis loops (2.0 K-9.5 K). Reprinted

from Ref. 51, with permission from American Chemical Society.>!

1.3.3 Lanthanide single-ion SMMs

The blocking temperature and effective energy barrier are the descriptors driving the

development of SMMs. Initially, lanthanide complexes were not regarded as a
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promising SMM candidate due to the weak exchange coupling and weaker crystal-
field effects. However, some research has shown that lanthanide mononuclear
complex with low coordination numbers can easily take advantage of the strong spin-

orbit coupling and enhance the anisotropy.> 1!

1.3.3.1 Terbium Single-ion SMMs

In 2003, the first Ln-SMM complexes, [NBua][LnPc;] (Pc = dianion of phthalocyanine;
Ln = Tb3*, Dy3*, Ho%*, Er®*, Tm3*, Yb3*), were described by Ishikawa et al., in which the
lanthanide ions are coordinated by the [Pc]?” ligand in a sandwich-like structure
(Figure 1.16 left).>* 53 The Dag symmetry of crystal field matches with the crystal-field
requirement of oblate 4f® electron density of Tb3* model in Long’s paper.’ However,
only the [PcaTb]™ anion has a good effective energy barrier of 230 cm™ (331 K), while
the [Pc2Dy]™ one has a distinct effective barrier of 28 cm™ (40 K). Other [LnPc;]™ (Ln =
Ho3*, Er®*, Tm3*, and Yb3*) did not show any slow magnetic relaxation. A cursory
explanation of this phenomenon is that the M, = +6 state of Tb3* has an oblate shape
of electron density. Despite the difference between the Tb3* and Dy3* Pc-SMMs, a
series of modified-structures was published in the following years, including versions
with different oxidation levels, e.g. [PcaTb]® (Uer = 410 cm™)** and
[{Pc(OEt)s},Tb][SbCle] (Uett = 550 cm™).>> 36 Another example, [Tb{(O-(CeHa)-p-
'Bu)sPc}(Pc’)], was reported by Coronado et al. in 2013. This sandwich structure (Figure
1.16 right) is coordinated by two different ligands, Pc and Pc(O-(CeHa)-p-'Bu)s, with an
effective barrier of 652 cm™! (939 K).>’

t::t:?_@tﬂ
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Figure 1.16 Left: structure of [Pc2Tb]™ anion, reprinted from Ref. 52, with permission
from American Chemical Society.>? Right: structure of [Tb((O-(CsHa)-p-'Bu)sPc)(Pc)],

reprinted from Ref. 57, with permission from John Wiley & Sons.>’
1.3.3.2 Erbium Single-ion SMMs

The first Er-SMM was the polyoxometalate sandwich complex [ErW10036]°~ (Figure
1.17) by Coronado et al. in 2008, in which an Er3* ion is coordinated in a Daqg crystal-
field by POMs (polyoxometalates).>® The Uess value is 38 cm™ (55 K), however, the Tb3*,
Dy3*, Tm3*, and Yb3* versions do not have any slow relaxation behaviour except those
containing Ho3* (3.47 cm™) and Nd3* (51.4 cm™%, H4c = 1 kOe)®°. Notably, the Er3* 4f1°
ion has a prolate shape, which should prefer a transverse crystal-field from the xy-
plane. Furthermore, it is difficult to explain the distinct properties of other
[LnW10036])°~ sandwich complexes. Here, the ‘prolate and oblate electron’ model of

Ln3* displays its limitations.

Figure 1.17 Structure of the [ErWi0036]°~ and the coordination environment.

Reprinted from Ref. 58, with permission from American Chemical Society.*®

Gao et al. were the first to introduce the COT?~ ligand (cyclo-octatetraenide, CsHg?")
into Er3* single-ion SMMs in 2011.%° The combination of Cp* and COT ligand gives
complex [(Cp*)Er(COT)] (Figure 1.18 left), which has two thermal relaxation paths with
effective energy barrier of 224 cm™ (323 K) and 137 cm™ (197 K), respectively.
Subsequently, a series of COT-based SMMs were reported, i.e., [Er(COT)2]™ (Uetr = 147
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cm™ and 199 cm )%V 82 gnd [Li(DME)3][Er(COT”)2] (Uett = 130 cm™, COT” = 1,4-
bistrimethylsilyl-cyclooctatetraenyl dianion).'* Using the isoelectronic to (Cp*)~, boron
ligand (CsHsBNEt;)-, the effective energy barrier in the Er3* complex
[(CsHsBNEt,)Er(COT)] (Figure 1.18 right) was measured to be 300 cm™ (421 K).®3

Figure 1.18 Structures of [(Cp*)Er(COT)] (left) and [(CsHsBNEt,)Er(COT)] (right). The

structures are reproduced based on the cif files from the Ref. 60 and 63.60 63

For Er3* SMMs, complexes with a pure equatorial crystal-field are rarely reported. The
best-known complex was made by Tang et al. in 2014 (Figure 1.19).23 This
Er[N(SiMes);]s complex has three N(SiMes); ligands coordinated on the equatorial
plane in local C3,-symmetry. This complex gives a Uess of 85 cm™ (122 K), while the Dy3*
version does not show any slow magnetic relaxation. In this case, it can be explained
that the prolate Er®* ion is favoured by the equatorial crystal-field, while the ground

state of oblate Dy3* ion is not well stabilized.
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Figure 1.19 Structure of the Er[N(SiMes);]3 and the out-of-phase susceptibility (y").

Reprinted from Ref. 13, with permission from American Chemical Society.!3

1.3.3.3 Dysprosium SMMs

In 2006, Powell et al. reported the first Dy-based SMM, which was a trinuclear Dy3*
cluster (Figure 1.20). The measurement of its magnetic relaxation behaviour gave an
effective energy barrier of 43 cm™! (61.7 K) with a blocking temperature of 0.1 K.54
Between 2007 and 2013, a huge number of polynuclear Dy3* complexes was reported,
including Dy2,%°78 Dys3,7%-82 Dy,4,%3-88, Dye,89%> and other high-nuclearity structures.®® %7
These polynuclear complexes typically produced effective barriers below 100 K and

maxima in the AC susceptibility were hardly observed above 10 K. The hysteresis was

also poor.

Figure 1.20 Structure of the [Dys3(us-OH);L3CI(H20)s]Cl3-4H,0-2MeOH-0.7MeCN.

Reprinted from Ref. 64, with permission from John Wiley & Sons.%*

In 2013, a quasi-Dsp-symmetric  dysprosium  single-ion SMM, i.e.
[Zn,DyL2(MeOH)]NO3-3MeOH-H,O (L = 2,2°,2”-(((nitrilo-tris(ethane-2,1-diyl))-
tris(azanediyl))-tris(methylene))-tris(4-bromo-phenol))), was synthesized by Tong et

al., which gave an effective energy barrier of 305 cm™ (439 K) with a blocking
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temperature of 12 K (Figure 1.21).% This symmetry of the dysprosium can be switched
to octahedral after removing a molecule of MeOH, i.e., [Zn,DyL:(MeOH)]NO3-H,0 (Ut
=44 cm™, Hqc = 1.2 kOe). Based on ab initio calculations, the Dspis a better symmetry

than Ox, which may explain the dramatic barrier change between these two structures.

Figure 1.21 Structures of [Zn;DyL:(MeOH)]NO3-3MeOH-H,O (left) and
[Zn,DyL2(MeOH)]NOs-H20 (right), Reproduced from Ref. 98, with permission from

Royal Society of Chemistry.%®

Subsequently, Tong et al. reported another Dsp-symmetric complex, [Dy(bbpen)Br]
(Figure 1.22 left, H,bbpen = N,N'-bis(2-hydroxybenzyl)-N,N’-bis(2-methylpyridyl)-
ethylenediamine), which increased the effective energy barrier to 712 cm™ (1025 K)
with a blocking temperature of 14 K. A similar molecule [Dy(bbpen)Cl] gave an
effective barrier of 492 cm™ (708 K). The difference is possibly caused by a stronger
axial crystal-field and weaker Dy-Br bond in the bromide SMM.*° Coincidentally, Zheng
et al. increased the barrier record effectively to 1260 cm™ (1815 K) in the same year.1°
As well, the trigonal bypramidal [Dy(O'Bu)2(py)s][BPha] complex (Figure 1.22 right) has
a Dsp, geometry symmetry, coordinated by five pyridine ligands in the equatorial plane
with a near-linear O-Dy-0 angle (178.9°). The weaker Dy-N bonds apparently reduce

the transverse crystal-field effect to result in a stronger axial anisotropy.
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Figure 1.22 Left: Structures of [Dy(bbpen)Br]. Reprinted from Ref. 99, with permission
from American Chemical Society.®® Right: Structure of [Dy(O!Bu)2(py)s] anion.

Reprinted from Ref. 100, with permission from John Wiley & Sons.1%

A revolutionary breakthrough happened in the following years. The first ‘equatorial
ligand-free’ lanthanide metallocene single-ion SMM was described by Layfield et al.
and Mills et al. respectively in 2017.1% 12 This bis(cyclopentadienyl)-sandwich complex
[Dy(Cp™)2][B(CsFs)a] (Figure 1.23, Cp't =1,2,4-tri(tert-butyl)-cyclopentadienide) shows
extraordinary magnetic properties, including a record blocking temperature of 60 K
and an effective energy barrier of 1277 cm™ (1837 K). This amazing behaviour is due
to its unique molecular geometry, in which the equatorial crystal-field has been

removed. Therefore, even with a slight bent in the Cp.—Dy-Cpc angle (158.8°), there is

101

a strong axial anisotropy.

T T
——60Kk ——15K
——s5K ——10K
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Figure 1.23 Structure of [Dy(Cp™)].* cation and the hysteresis loops in various

temperature. Reprinted from Ref. 11, with permission from John Wiley & Sons.*!
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This record did not stand for long, as the following year the Layfield group set a new
milestone for SMMs. In 2018, the blocking temperature to a higher level of 80K, i.e.,
above the liquid-nitrogen temperature (77 K) was reported. This time, the combination
of two distinct ligands, Cp™ (penta-isopropyl-cyclopentadienyl) and Cp* (CsMes), was
crucial in achieving this landmark, exemplified in complex [(Cp™)Dy(Cp*)][B(CeFs)4]
(Figure 1.24).> The crystal-field creates shorter Dy-Cp. (Cp. = Cp centroid) distance as
well as a less-bent angle of Cp.—Dy-Cp. (162.5°), compared to the [Dy(Cp™)2][B(CsFs)a].
Correspondingly, a record of effective energy barrier of 1541 cm™ (2219 K) was

measured. So far, the record Uest and T determined for this complex still stands.
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Figure 1.24 Structure of [(Cp™™)Dy(Cp*)]* cation and hysteresis loops above 75 K.

Reprinted from Ref. 5, with permission from AAAS.>

1.3.3.4 SMMs Based on Less Common Lanthanides

Except the mentioned lanthanide Th3*, Er3* and Dy3* above, other lanthanide SMMs
also get reported, using Pr,0% Ce,1% Nd,'%* Tm1% and Yb.1% However, their relaxation
behaviour was usually proved to be weak or negligible, so less attention is paid to

these lanthanides at present.

1.3.4 Actinide SMMs

Actinide ions have strong spin-orbit coupling and stronger crystal-field effects than

those found in lanthanide complexes. This is because 5f electrons are not shielded to
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the same extent of 4f electrons. However, actinide SMMs are not widely developed
and most studies only focus on U-based SMMs, although a few examples are known
with Np** and Pu3*.197. 108 The first uranium SMM, [(cyclam)M(u-Cl)U(Me2Pz)a]2 (M =
Ni, Cu, Zn; cyclam = 1,4,8,11-tetraazacyclotetradecane, [Me;Pz]- = 3,5-
dimethylpyrazolate), was published in 2007 with extremely weak SMM behaviour.1%?
Since then, a few samples of diuranium bridged-SMMs were discovered, i.e., U3*-U>*
and U*-U* complexes, all of which have very small effective energy barriers.110-112
Meanwhile, a series of monometallic U3* SMMs were reported,'*31'7 with the record
of effective energy barrier for this sub-class of SMMs being 33 cm™ (48 K, H4c = 1.5
kOe) in a magnetically diluted sample of [U(BpM¢)s] complex ([BpM¢]~ = dihydro-

bis(methypyrazolyl)-borate).!8

Uranium sandwich single-ion SMMs are quite rare, with the first example being
[UM(COT")2] complex (COT” = 1,4-bis(trimethylsilyl)-cyclooctatetraenyl dianion) with
the effective energy barrier of 27 K (Hae = 1 kOe).1*° In 2019, Layfield et al. published
two uranium metallocenes, [(Cp™®™),U"]* cation and [(Cp™™),U"] (Figure 1.25),120 121
which were not able to obtain energy barrier due to a dominant Raman relaxation in
the former and efficient QTM in the latter. These two samples illustrate that the
metallocene structure does not afford the ideal crystal-field for actinide based SMMs,

even though [(Cp™™),U] has a perfect linear angle (Cp.—U-Cp. = 180°).

Figure 1.25 Structures of [(Cp™™),U]* cation (left) and [(Cp’*™).U] (right). Reprinted

from Ref. 120 and 121, with permission from John Wiley & Sons.120: 121
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1.4 Synthetic Strategies for High-Temperature Dysprosium SMMs

The impressive evolution of lanthanide SMMs in the last decade should be attributed
to the development of synthetic strategies based on the combination of a large
number of experimental studies of SMMs and guidance from new theoretical
models.?22 With this approach, the effective energy barrier rose from 229 cm=! to 1541
cm™, and the blocking temperature was improved from 1.7 K to 80 K (Figure 1.26).
Nowadays, dysprosium plays the most important role in achieving high-performance
SMMs, therefore Dy-based SMMs are used to summarize the main synthetic strategies

in high-quality SMMs.

— 1993 2003 2016 —— 2017 —— 2018 —

.L!é\' 3:

Mn,,ac [TbPe,|- [Dy(O'Bu),(py)s]* [Dy(Cp),]* [Dy(Cp*)(Cp**s)]*
T,=3K T,=17K T,=14K T,=60K T,=80K
U,=61K U,=330K U,=1815K U,=1760 K U,=2217K

Figure 1.26 Milestones of SMMs in different periods. Reproduced from Ref. 122, with

permission from American Chemical Society.'??

1.4.1 High-Symmetry Dysprosium Single-ion SMMs

As mentioned above, symmetry-based strategies have been used to enhance the
properties of lanthanide single-ion SMMs. For the oblate-shape Dy3* ion, the axial
crystal-field is favoured.’ However, additional coordination in the equatorial plane is
difficult to avoid with traditional synthesis methods. Therefore, highly axial symmetry
is required and the strategy must also reduce the equatorial contribution as far as
possible, which can be achieved with trigonal bipyramidal dysprosium SMMs. Four
high-performance SMMs (Figure 1.27) can be used to illustrate the progress of the

symmetry-based strategy.®®190 123 These complexes have similar bipyramidal crystal-
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field environments, except for [Dy(O'Bu)z(L)4]* (L = 4-phenylpyridine), which is Dan-
symmetric, whereas the others have local pseudo-Ds, symmetry. All of these SMMs
have a well-defined magnetic ground state of M, = + 15/2 with perfect axiality (gx = gy
=0, g, = 20), but with different effective energy barriers in the range 305 cm™1-1440
cm™ (Table 1.2).

(d)

Figure 1.27 Structures of (a) [Zn2DyL2(MeOH)], (b) [Dy(bbpen)Br], (c) [Dy(OBu)2(py)s]™,
(d) [Dy(O'Bu)z(L)4]*. Dy, green; Zn, cream; N, blue; Br, olive green; O, red; C, orange.
The light-grey area represents the approximate equatorial crystal-field planar. The

structures are reproduced based on the cif files from the Ref.98, 99, 100, and 123.%

100, 123

Although ligand coordination in the xy-plane may not be completely eliminated, a
weak crystal field can be targeted. For example, [Zn2DyL2(MeOH)] has the smallest
barrier among the four complexes. However, this complex has a larger O-Dy-0 angle
(168.6°) but a barrier of 305 cm™, which compares to an analogous angle of 155.8° in
[Dy(bbpen)Br] with a much larger barrier of 712 cm™. The equatorial oxygen atoms
produce a stronger equatorial crystal field in [Zn;DyL,(MeOH)] than the nitrogen
donors do in the other three compounds. Thus, the transverse anisotropy increases
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and the axiality is diminished, which leads to a smaller effective energy barrier. For
another case, if the equatorial bromide ligand in [Dy(bbpen)Br] is replaced by chloride,
the effective energy barrier drops to 492 cm™, due to a stronger Dy-Cl interaction
(2.681 A).%° On the other hand, lower coordination numbers can also reduce the
transverse anisotropy. For example, [Dy(O'Bu)z(L)s]* has a perfectly linear O-Dy-O
angle compared to an angle of 178.9° in [Dy(O!'Bu)2(py)s]-, but shorter Dy-N bonds
(2.468 A). Even though, [Dy(O'Bu)(L)s]* has fewer equatorial ligands than
[Dy(O!Bu)2(py)s]~, which causes an improvement in effective energy barrier (1440

cm™).

Table 1.2 Selected structural parameters and magnetic properties.

Complex f[Zn,DyL,(MeOH)]  [Dy(bbpen)Br]  [Dy(O'Bu)a(py)s]~  E[Dy(O'Bu)a(L)s]*
Pseudo
local Dsh Dsh Dsh D4h
symmetry
O-Dy-0/°° 168.6 155.8 178.9 180.0
. 2.195(7) 2.110(2)
O-Dy/A® 2.163(3) 2.066(8)
2.221(6) 2.114(2)
Dy-O: Dy-N: Dy-N: Dy-N:
2.366(6)- 2.578(4) 2.534(3)-2.580(3) 2.468(6)
O-, Br-,
. 2.427(6) 2.594(4)
N-Dy/A ¢
Dy-Br:
2.8515(6)
Uesi/cm™14 305 712 1260 1440
Ta/K ¢ 12 14 14 5

2 Angle from the axial direction.

b 0-Dy distance from the axial direction.

€ 0O-, B-, N-Dy distance from the equatorial planar.

dDetermined in zero DC field.

¢ Defined as the maximum hysteresis temperature.
fL=2,2",2”-(((nitrilo-tris(ethane-2,1-diyl))-tris(azanediyl))-tris(methylene))-tris(4-bromo-phenol))).

8L = 4-phenylpyridine.
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1.4.2 High-Performance Dysprosium Metallocene SMMs

Since the discovery of ferrocene?* 12> and the first lanthanide metallocenes'?* 12> in
the 1950s, the bis-cyclopentadienyl (Cp) sandwich structure has made a big impact.t?®
The introduction of metallocenes has also contributed to the evolution of SMMs.
Compared to the [COT]? and [Pc]?" ligands, [Cp]~ can produce stronger axial crystal-

fields, which matches the oblate-ion model developed for Dy3*.
(1) Synthesis of Dysprosium Metallocene SMMs

Traditional three-coordinated [Dy(Cp’)s] (Cp’ = CsHaSiMes) structure or four-
coordinated complexes of the type [DyCp2(NHs).]* cannot eliminate the transverse
crystal-field.'?” 128 |n order to remove the equatorial ligands, the synthetic protocol

shown in Scheme 1.1 was developed.

ol NXmgel ar HNEt;BPh, A ) @
\D R 1 R \ L, TP \ L -
Vo, - - MgCl Dy —\, - NEt Dy=Z---.
cl 2 3 2
ili THF -THF % - Propene ﬁ#i @/ @
-KCl )
MesC B Me,C ®
Mee,CCMe3 [M(SIEL)] N MescCMes
Dy—Cl [B(CoFs)al © Dy 2
Meacﬁﬁ_rCMea - Et;SiH MeaCﬁ%:CMea
MeyC - EtSiCl MesG
L o A
[B(C6Fs5)4l
ipr JPr _ ipr_/Pr
" Fip [H(SiEts),] ® N .
ipr ! o Pr\
oy \H [B(CeFs)dl ip 3)
r Dy -_— > I Dy
/L H -2 Et;SiH A
-0.5 ByHg
L o A
[B(CsFs5)4l

Scheme 1.1 Three synthesis paths of dysprosium metallocene cations.'?”- 128

Although not for the purposes of synthesizing an SMM, the first attempt to remove
the equatorial chloride ligand in Ln metallocene structure was reported by Evans et

al..1?% 130 |n the first step, [(Cp*)2LnCl.K(THF),] (Lh = Sm, Tm, Nd, Gd, Y) were reacted
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with allylmagnesium chloride to obtain the precursors of [(Cp*).Ln(C3Hs)]. Then, a
deprotonation reaction with [EtsNH][BPh4] yielded [(Cp*).Ln][BPha4]. Using this
approach, [(Cp*).Dy][BPhs] complex was made by Long et al. in 2014 (Scheme 1.1-1).”7
However, for this compound, the equatorial crystal-field has not been thoroughly
eliminated since two phenyl rings of the [BPh4]™ anion coordinate to the Dy ion, with
the Dy-C distances of 2.830(4) and 2.836(1) A, which leads to a Cpc—Dy-Cp. angle of
134°. Thus, with the distorted Cp crystal-field and the transverse effect from the

[BPhs], an effective energy barrier of 314 cm™ is obtained under a zero DC field.'3!

As the [(Cp''),DyCl] reacts with the extremely electrophilic [(Et3Si)2H]* cation to cleave
the Dy—Cl bond, it produced the [Dy(Cp™)2][B(CsFs)a] (Scheme 1.1-2). Indeed, the
formation of the [Dy(Cp™),]* cation proved that the Cp' ligand is bulky enough to
obstruct the potential coordination from the [B(CeFs)a]~ with a Dy-F distance of
5.8145(4) A. Similar reactivity of [(EtsSi)2H][B(CsFs)s] towards other Dy-X bonds has
been developed (X = |, BHg4).13?

Bulkier Cp substituents tend to require longer reaction times and higher temperatures
to be transferred to lanthanides than smaller Cp ligand. Then, when the huge
substituent ligand Cp™™ was introduced for synthesis of [(Cp*)Dy(Cp™™)][B(CeFs)4]
(Scheme 1.1-3), the starting material DyCl3(THF)s.s was replaced by Dy(BHa)3(THF)s.
Doing so allowed the initial synthesis of [Dy(Cp’*™)(BHa4)2(THF)], followed by the
reaction with KCp* to give [(Cp*)Dy(Cp®™>)(BH4)]. The subsequent reaction of this
metallocene with the silylium reagent produced the SMM [(Cp*)Dy(Cp™")][B(CeFs)a].

(2) Ligand, Angle and Distance.

In the metallocenium cations, the equatorial crystal-field has been greatly minimized.
Compared with the bipyramid single-ion SMMs, the metallocene SMMs display a
substantial increase in blocking temperature. Therefore, it seems that the equatorial
crystal-field can significantly restrain Tg for oblate lanthanide ions. The bis-Cp
sandwich structure is a much simpler environment dysprosium coordination
environment, such that the SMM properties focus on three factors: the Cp

substituents, the (Cp.—Dy-Cp.) angle; and the (Cp.—Dy) distances. Here, three typical
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sandwich cations (Figure 1.28) are chosen to illustrate the main points, with selected

parameters listed in Table 1.3.> 11,132

Figure 1.28 Thermal ellipsoid representation (30 % possibility) of molecular structures
of (a) [Dy(Cp™)2]*, (b) [Dy(Cp ®>)2]*, (c) [(Cp*)Dy(Cp *™)]*. Dy, green; C, black. The

structures are reproduced based on the cif files from the Ref. 5, 11 and 132.> 1% 132

Based on Table 1.3, these SMMs are somewhat bent and not strictly linear, however
all of them have excellent magnetic properties. However, even a slight changing in the
angle will impact on Tg and Uest. The initial strategy is to use the substituted Cp-ligands
to control the Cp.—Dy-Cp. angle. It was believed that bulky Cp ligands can increase the
steric hindrance, which should protect the Dy3* ion from potential coordination of the
[B(CeFs)a]™ anion and from other solvent. Steric effects can also enhance the repulsion
between two Cp-rings so that the Cp.—Dy-Cp. angle tends to 180°. Hence, a series of
substituted bis-Cp sandwich complexes have been made with a range of bulky Cp
ligands. The strategy seemingly works. For example, [Dy(Cp *™)2]* has much bigger
Cp™™ ligands than [Dy(Cp®)2]*, which leads to a larger Ueff (1334 cm™) and a slight lift
in Tg (66 K). However, the added repulsion between two Cp-ligands inevitably
increases the Cp.~Dy distances, which weakens the crystal-field. In [(Cp*)Dy(Cp **)]*,
the bulky Cp®™ ligand provides the steric hindrance and the less-bulky Cp* helps
reduce the repulsion between the two ligands, which leads to shorter distances of
both CpP™>-Dy (2.296 A) and Cp*-Dy (2.284 A) when compared to the related SMMs.

The result is a record effective energy barrier of 1540 cm™! and a blocking temperature
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of 80 K. According to the ab initio calculations, [Dy(Cp®™)2]* and [(Cp*)Dy(Cp *)]* both
have the well stabilized ground state (M, = + 15/2) and highest excited 5™ KD and 6"
KD respectively. The Orbach relaxation of thermally assisted QTM could happen at the
fifth KD for [(Cp*)Dy(Cp P™)]*, while at fourth KD for [Dy(Cp®),]*. As a conclusion, the
strategy of using two different substituted Cp-ligands can promote a much more linear
Cpc—Dy-Cpc angle and short Cp-Dy distances, which helps reach a good balance

between the need for a crystal field which is both strong and highly axial.

able 1.3 Selected structural parameters and magnetic properties.

Complex [Dy(Cp™)2]* [Dy(Cp *)]* [Cp*DyCp ]
Local symmetry Co Co Co
Cp—Dy-Cp./° 152.8 157.8-167.9 162.5

. 2.309(1) 2.296(1) (Cp™™)
Cp—Dy/A 2.321(10)-2.358(10)

2.324(1) 2.284(1) (Cp*)

Uef/cm™*2 1277 1334 1540
Te/KP 60 66 80
2Determined in zero applied DC field.
®Defined as the maximum hysteresis temperature.

1.4.3 Radical-Bridged Organolanthanide SMMs

Long et al. reported a radical-bridged structure, [(Cp*.Ln)2(u-bpym®)]* (Ln = Gd, Tb,
Dy), which contains the radical anion of 2,2’-bipyrimidine (bpym) ligand (Figure 1.29
left).”” The Tb3* and Dy3* version have effective energy barriers of 87.8 cm™ and 44
cm™, respectively. For the dysprosium version, the opened hysteresis loops were
observed at the temperature lower than 7 K under zero field. In contrast to exchange-
coupled polynuclear lanthanide SMMs based on classical coordination chemistry
methods,’® 133141 the Gd3*, Tb3* and Dy3* radical-bridged complexes all exhibit a
strong antiferromagnetic coupling, with an exchange coupling constant of J=-10 cm™,
determined for the gadolinium version (-2J formalism). A very similar phenomenon is
observed in another trinuclear radical-bridged structure Cp*sLns(us-HAN) (Ln = Gd, Tb,

Dy; HAN = hexaazatrinaphthylene).*> Another example was published by Layfield et
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al. in 2017, which is a double-reduced radical system (Figure 1.29 right ).*3 The indigo-
bridged complexes [{(Cp*).Ln}2(p-ind)]"~ (Ln = Gd, Dy, n =0, 1, 2) have distinct coupling
behaviour for the first and second reduction. The [{(Cp*).Ln}2(u-ind)]~ shows very
strong antiferromagnetic exchange, with J = -11 cm™ for the gadolinium version.
However, the hysteresis loops are closed under zero field even at a low temperature

of 1.8 K.

Figure 1.29 Thermal ellipsoid representation (30 % possibility) of molecular structures
of [(Cp*2Dy)2(u-bpym*)]* (left) and [{(Cp*).Dy}(u-ind)]~ (right). Dy, green; C, black; O,
red; N, blue. The structures are reproduced based on the cif files from the Ref. 77 and

143 77,143

1.5 Summary

After three decades of continued development, the SMMs enter an exciting period
with great progress achieved not only in quantity but also in quality. Based on a large
amount of early research, principles and mechanisms have been revealed as well as
synthetic approach and theoretical models. Recently, the huge success in lanthanide
single-ion SMMs inspire us to pursue even better performing SMMs. Using the
proverbial lessons taught by metallocene sandwich SMMs, and specifically the
importance of symmetry in developing high performing SMMs, | am employing two
novel aromatic Cp ligands for this Ph.D. project, in order to achieve the goal of better

SMMs. My efforts are discussed in the following chapters.
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Chapter 2

Dimetallic Dysprosocenium Single-Molecule Magnets Based

on Fulvalene Ligands
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2.1 Introduction to Fulvalenyl Complexes

The main aim of the work in this chapter is to synthesize a dysprosium ‘double
metallocene’ and to study the magnetic properties, including SMM behaviour and
how it is influenced by intramolecular magnetic exchange interactions. As described
in the introduction, the bridged-sandwich or double metallocene structure is rare in
lanthanide chemistry. Therefore, to obtain the desired compounds, the fulvalenyl
ligand [1,1’,3,3’-(Cs'BuzH2)2]>~  (Fvt™, Scheme 2.1), which is essentially a
dicyclopentadienyl dianion, is used to obtain a series of magnetic complexes involving

rare-earth elements for the first time.

Bu

Scheme 2.1 Structure of fulvalenyl ligand [1,1’,3,3’-(Cs'BuzH)2]%~ (Fvit).
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Very few complexes of Fv'™ are known. An early strategy used in transition metal
chemistry to build a fulvalenyl-ligated double metallocene structure involves a multi-
step reaction starting with a single ferrocene (Scheme 2.2).1#* The dilithioferrocene is
reacted with the 2,3,4,5-tetramethyl-2-cyclopenten-1-one followed by acidic work-up
to give a ferrocene with 1,1'-dicyclopentadienyl substituents. which is then

sandwiched with the Fe,Cl4(THF)s to give a bis-fulvalenyl-substituted ferrocene.

1 O
LD L ) 2)HCI (5 %) {4 D
Fe -TMEDA  + — %
U < =7
() (@)

1) Fe,Cly(THF)5 ’ ,
2) H,0 <

Scheme 2.2 Synthesis approach of 1,1’-ferrocene-diylbis(n’-2,3,4,5-tetramethyl-

cyclopentadienyl) iron.14

Another example uses doubly depronated Fv'' as the dilithium salt in a reaction
reaction with Ni(CO)s, which finally gives two bridged metallocene-like structures

(Scheme 2.3).1%° However, the Ni-Cp coordinating modes vary as n>and 1°.

1). 2 MeLi

/Bu ‘Bu :
2 i ,( 2). 2 Ni(CO)
Bu Q t e 4

Scheme 2.3 Synthesis of (n°: n>-Fvt)  (MZn2-Fv™)Nix(CO), and (n%n°-
Fvit),Ni(CO),.14°



The only bis(fulvalenyl) structures containing lanthanides was reported by Neif et a/.14¢
Mixing elemental samarium or ytterbium and tetra-tert-butylpentafulvalene with
HgCl, (1 %) in THF produces a syn-syn configuration of (Fvt™),Ln,(THF),; after heating

to 110°C, an anti-anti structure is then formed (Scheme 2.4).

=<

THF~ jy Ln—THF
(PN
t syn,syn
Bu /Bu 1wt % HgCl,
‘—“e + Ln ———
f 110 °C
Bu By
=—
Ln=Yb, Sm THE-LN Lo THF
= C'Bu - :
— anti,anti

Scheme 2.4 Synthesis of the divalent lanthanide complexes (Fv®*™),Ln,(THF); (Lh = Sm,
Yb).146
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2.2 Synthesis of Fulvalenyl Ligand and Bridged Complexes

2.2.1 Synthesis of the Fv'' Ligand

Two approaches have been developed to obtain the Fvt'™ ligand and its alkali metal
salts (Scheme 2.4).147: 148 Route a is reported to have better yields and fewer steps
than route b. Compound 2.2 actually forms as a mixture isomer, which does not affect
the subsequent steps. Different alkali metals, Li, Na, K, have been tried to form the
corresponding M,Fvt™ compounds. After optimizing the reaction conditions, the
sodium salt Na;Fv''™ (2.3) proved most useful for the next steps, with the isolated yield

of 43 %.

1) 'BuBr
Ardogen 464 )

KOH (50 %)
A () ' SR
2) "BulLi
t
IZ/CV \

tBu
o c !
tBu
Bu
2.2
NaHMDS 382
4 ¢
Bu fBu tBU Bu
Na
t > 7 I
R e
Na Na By
2.3 I‘Bu

(@) (b)

Scheme 2.5 Synthesis of Na,Fyttt 147, 148
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2.2.2 Synthesis of [FV*YCI,Li(THF)2]2

Inspired by the previous work from Nief et al.,'*> the yttrium double-sandwich
complex [(n>-Fvitt)Y(u-Cl),Li(THF)2]2 (2.4) was produced by reacting [YCl3(THF)3 5] and
NaFvi*™ (Scheme 2.5 and Figure 2.1). The double metallocene structure was a
promising start; however, the unexpected co-complexation by {Li(THF)(u-Cl)}
seemingly obstructs further reaction with [(Et3Si),H][B(CsFs)a], aiming to remove the
chloride ligands and obtain the desired double metallocenium cation [Y2(Fvit),]%*.
Furthermore, with an extremely low yield, only trace amounts (isolated yield < 1 %) of
complex 2.4 could be obtained as single crystals. to reveal the cell parameters.
Consistent with this, the reaction of [DyCl3(THF)3 5] with NaFvt™ did not produce any

isolable material.

= C'Bu

YCI,THF5 5 o—J

— > THF_ ¢! ! THF
©_© SLizCly vl i
U L Toluene THF Cl™ ' ClT > THE
! : 110 °C r@" <®
2.3
2.4

Scheme 2.6 Synthesis of [(n-Fv*)Y(u-Cl),Li(THF),]2 and molecular structure.

Figure 2.1 Structure of complex 2.4, Y, blue; C, black; Cl, green; Li, pink; O, red.
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2.2.3 Synthesis of Heterobimetallic Fulvalene-Bridged Double Metallocene

In light of the undesired outcomes when using rare-earth chlorides in the reactions
with NaxFvi™, we switched to the borohydride complexes [Ln(BH4)3(THF)s] (Ln = Dy, Y).
The 1:1 reaction of NaxFv!™ and [Ln(BHa)3(THF)3] does not, however, give any result.
In contrast, the coordination polymers [LnNa(n>-Fvt®);Na(THF)(u-BHa)] (2.5) (Scheme
2.7) can be produced by adding a second equivalent of Na,Fv'', with a poor isolated
yield of 4 %. The double-sandwich structure consists of yttrium or dysprosium
sandwiched with sodium in the double metallocene, with an additional p-bridging
interaction via a cyclopentadienyl to the second sodium ion. The coordination polymer
assembles by virtue of the bridging Cp unit and a borohydride ligand bound to the

rare-earth metal (Figure 2.2).

o—J

[CO>—CI 05 Ln(BH,)sTHF;  (H,B)—Ln Na

fa ke TP 59—l
= C'Bu E
2.3 Ln =Dy, Y THF-Na—/
25

Scheme 2.7 Synthesis of complexes 2.5 (Ln =Y, Dy).
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Figure 2.2 Thermal ellipsoid representation (30 % possibility) of molecular structure
of complex 2.5-Y and the spiral-chain structure after unit growing. Y, blue; C, black; B,

pink; Na, purple; H, white.

Compounds 2.4 and 2.5 both illustrate the difficulty of synthesizing desired di-
lanthanide double metallocene through a one-step reaction. Therefore, the synthesis

procedures should be modified in order to obtain the target complexes.

2.2.4 Synthesis of [DyFv'],[B(CsFs)4]2

According to the previous results, a stepwise synthesis procedure is applied based on
[Dy(BH4)3THF3], with the aim of first isolating a ‘double half sandwich’ complex and
then moving on to target a double metallocene. The expected double half-sandwich
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complex [Fv"{Dy(BH4)(THF)},] (2.6py) was obtained (isolated yield = 29 %) via the
reaction of NaFv'*t with two equivalents of [Dy(BH4)3[(THF3)] (Scheme 2.8). Then, one
more equivalent NaFv'"* was added to make the double metallocene complex
[(BH4)DyFV't]; (2.7), which has a borohydrides coordinated on each of the dysprosium
ions. In order to remove the BH4 ligands, a further reaction of 2.7 with two equivalents
of [(EtsSi)2H][B(CsFs)4] yielded the double metallocene dication [DyFv™];[B(CesFs)al2
(2.8, isolated yield: 89 %), whose structure is revealed by a crystal data in poor quality.
However, the coordination of the anion via F---Dy interactions was observed, probably

due to the significant twisting around the C—C bond that connects the Cp rings.

[HB(p-H)3] -H);BH
2 [DY(BH)o(THF)| T aak

b </> . HB(wH)RImDYT T Dy ~[(uH)BH]
( D))

©

2.6p,
2.3

= CBu +2.3
L =THF

o . 2 [H(SiEts)y] @ o—J

F Feo | __F B(CsF | | .
(csFe)as)@F—"D.V Oy ST % BN pget By Dy
F e e F - e L

2.8 2.7

Scheme 2.8 Synthesis of complexes 2.6-2.8.

[

Figure 2.3 The molecule structure of complex 2.8. Dy, green; C, black; B, pink; H,
white; F, yellow.
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2.2.5 Synthesis of [{Ln(Cp*)(BHa)}2(FV't)]

In light of the difficulties of obtaining a bis(fulvalenyl) double metallocene, a modified
approach was adopted in which a different type of double metallocene was targeted,
which involves a single bridging fulvalenyl ligand coordinated to two separate {CpM}
units. Therefore, two equivalents of KCp* were reacted with 2.6 to yield [{Ln(n>-
Cp*)(u-BHa)}2(n°:m>-Fvitt)] (2.9), in which two BH4 bridged between the lanthanide
cores (Ln =Dy, Y). Thus, a key target compound has been synthesized, with the isolated
yield of 36 % and 40 % for Dy and Y versions, respectively. To obtain a metallocene
cation, compound 2.9py was reacted with one equivalent of [(EtsSi)2H][B(CsFs)4] to
gives the desired separated ion-pair [{Dy(n>-Cp*)}(u-BHa)(m>:n>-Fvit)][B(CeFs)4]
([2.10][B(CeFs)a], isolated yield = 29 %), with a single BHs bridged between the
dysprosium ions (Scheme 2.9). Notably, adding one more equivalent of

[(Et3Si)2H][B(CsFs)a] does not remove the other borohydride bridge.

2 [Ln(BH4)s(THF)s] +

[HB(p-H)s] [(u-H)3BH]
Na Na L=t Lo
-2 NaBH, [HB(u-H)s]=Ln LN <[(u-H)3BH]
H—<5 4THE &5
2.6
2.3
2 KCp*
- o'y -2 KBHy, -2 THF
L=THF
Ln=Dy,Y

t’ *‘ IH(SIEt)) (BH)  (BHa)
B(CeFs)] © )
DvH HD [B(CoFs)] Q 1 Q
-2 HSIEt;
° -0.5 B,Hg é CE
[ (CeFs)a]

2.10 2.9

Scheme 2.9 Synthesis of complexes 2.9 and 2.10.
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2.3 X-Ray Diffraction Studies

The molecular structures of complexes 2.6, 2.7, 2.9 and 2.10 were measured by X-ray
diffraction using good quality single-crystals. For complexes 2.4, 2.5 and 2.8, the data

were not of publication quality due to poor crystallinity.

2.3.1 Crystal Structure of [FV'Lny(BH4)2THF]

The molecular structures of compounds 2.6py and 2.6y are shown in Figure 2.4 and
selected bond lengths and angles parameters are shown in Table 2.1. For complex
2.6py, the coordination environment of each dysprosium consists of a Cp-ring of a Fy't
ligand in an n°>-manner, two k3-borohydride ligands, and a molecule of THF. The Dy1-C
distances are in the range of 2.607(4)-2.698(4) A, and in the range 2.619(4)-2.696(4)
A for Dy2-C. The Dy-Cpc (centroid) distance is 2.361(1) A for Dy1 and 2.362(1) A for
Dy2. The Dy---B distances are 2.490(6) and 2.506(6) A for Dyl1, and 2.496(6) and
2.498(6) A for Dy2. Coordination of THF gives a Dy-O bond length of 2.338(3) A for
Dy1 and 2.342(3) A for Dy2. The two planes of Cp-rings give a twist angle of 70.302
(5)°, which results in an intramolecular Dy--Dy distance of 5.443(1) A. The FTIR
spectrum shows a medium-strength absorption at ¥ = 2127-2467 cm™! for the
terminal and bridging B-H groups (Figure 7.1 in the Experimental Section). The 2.6y
has a similar structure to 2.6py with only slight difference in parameters, therefore,
the detailed values will not be described. The 'H and 3C NMR spectra are also

consistent with the solid-state structure of 2.6y (Figure 7.2-7.5).
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Figure 2.4 Thermal ellipsoid representation (30 % possibility) of molecular structures

of 2.6py and 2.6y.

Table 2.1 Selected bond lengths (A) for 2.6y and 2.6py.

2.6y

2-6Dy

M—C(Fv™®)

Y1-C1: 2.695(2)
Y1-C2: 2.663(3)
Y1-C3: 2.611(3)
Y1-C4: 2.633(3)
Y1-C5: 2.632(3)
Y2-C6: 2.691(2)
Y2-C7: 2.664(2)

(2)

Y2-C9: 2.633(3)
Y2-C10: 2.632(2)

Dy1-C1: 2.698(4)
Dy1-C2: 2.668(4)
Dy1-C3: 2.607(4)
Dy1-C4: 2.640(4)
Dy1-C5: 2.641(4)
Dy2—C6: 2.696(4)
Dy2—C7: 2.668(4)
Dy2—C8: 2.619(4)
Dy2—C9: 2.648(4)
Dy2—C10: 2.635(4)

M—Cp. (Fv'™ centroid)

Y1-Cp.: 2.356(1)
Y2-Cp.: 2.355(1)

Dy1-Cp.: 2.361(1)
Dy2-Cp.: 2.362(1)

Mi—M, Y1-Y2: 5.445(1) Dy1-Dy2: 5.443(1)

M-0 Y1-01: 2.321(2) Dy1-01: 2.338(3)
Y2-02: 2.313(2) Dy2-02: 2.342(3)

M-B Y1-B1: 2.505(4) Dy1-B1: 2.506(6)
Y1-B2: 2.488(4) Dy1-B2: 2.490(6)
Y2-B3: 2.493(3) Dy2-B3: 2.498(6)
Y2-B4: 2.497(4) Dy2-B4: 2.496(6)
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2.3.2 Crystal Structure of [(BH4)DyFv'™],

The dimetallocene complex 2.7 consists of two dysprosium centres, in which each Dy
is n>-sandwiched by two Cp units of the two fulvalenyl ligands and a k2-bridging
borohydride ligand (Figure 2.5). The Dyl and Dy2 have a similar Dy-C distance range,
i.e. 2.602(5)-2.681(4) and 2.584(5)-2.682(4) A respectively. The Dy—Cp. distances are
2.360(1) and 2.363(1) A for Dy1, and 2.354(1) and 2.360(1) A for Dy2. Compared to
2.6py, compound 2.7 has a shorter Dy--Dy distance of 5.044(1) A, with Cpc—Dy—Cpc
angles of 136.406(12)° for Dyl and 137.767(12)° for Dy2. The larger steric effect from
two bulky fulvalenyl ligands results in longer Dy--B distance of 2.645(6) and 2.648(6)
A. The IR spectrum of 2.7 shows a borohydride absorption band at 7 = 2373-2466

cm™! (Figure 7.6 in the Experimental Section).
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Figure 2.5 Thermal ellipsoid representation (30 % possibility) of molecular structure

of 2.7.
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Table 2.2 Selected bond lengths (&) and angles (°) for 2.7.

Dy—C(Fv'™)

Dy1-C1: 2.662(4)
Dy1-C2: 2.602(5)
Dy1-C3: 2.654(5)
Dy1-C4: 2.658(4)
Dy1-C5: 2.658(4)
Dy1-C27: 2.659(4)
Dy1-C28: 2.681(4)
Dy1-C29: 2.653(5)
Dy1-C30: 2.668(4)
Dy1-C31: 2.608(4)
Dy2—C6: 2.625(4)
Dy2—C7: 2.679(5)
Dy2—C8: 2.649(5)
Dy2—C9: 2.669(4)
Dy2—C10: 2.609(4)
Dy2—C32: 2.682(4)
Dy2—C33: 2.584(5)
Dy2—C34: 2.660(5)
Dy2—C35: 2.660(5)
Dy2—C36: 2.660(5)

Dy—Cp. (Fv'™ centroid)

Dy1-Cp.1: 2.363(1)
Dy1-Cp.2: 2.360(1)
Dy2-Cpc1: 2.354(1)
Dy2-Cpc2: 2.360(1)

DY1"'DY2

Dy1-Dy2: 5.044(1)

Dy1-B1: 2.645(6)
Dy2-B2: 2.648(6)

Cpc—Dy—Cpc(°)

Dy1: 136.406(12)
Dy2: 137.767(12
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2.3.3 Crystal Structure of [{Ln(n°-Cp*)(1-BHa)}o( 11°: 17°-FVit)]

In complexes 2.9py and 2.9y, each metal centre is sandwiched by one 1n°-Cp* ligand
and one five-membered ring from the n>-Fv'™ ligand; in addition, two borohydride
ligands bridge between the metals (Figure 2.6). For compound 2.9py, the Dy1-C bond
lengths are in the range of 2.630(2)-2.704(4) A to the fulvalenyl ligand and
2.643(3)-2.667(2) A to the Cp* ligand. A similar range of 2.633(3)-2.698(4) A and
2.647(3)-2.660(3) A was found for Dy2. The Dy—Cp* distances are 2.362(1) A and
2.360(1) A, making them slightly shorter than those to the Dy-Fv't centroids, i.e.
Dy1-Cp. = 2.378(1) A and Dy2-Cp. = 2.375(1) A. Due to the bridging BHs ligands, the
Dy---Dy distance is significantly reduced to 4.148(1) A relative to compound 2.6py, with
Cp*-Dy-Cp™ bending angles of 137.913(1)° and 139.143(1)° for Dyl and Dy2,
respectively. The Dy--B distance increases to 2.782(6)-3.323(1) A. The two
cyclopentadienyl units of the fulvalenyl ligand have a twisted angle of 30.82(11)°
(defined as the angle formed between the mean planes of the two Cs rings of Fv'tt),
which is much smaller than that in 2.6py. The IR spectrum of 2.9py shows a borohydride
absorption band at ¥ = 2124-2473 cm™ (Figure 7.8 in the Experimental Section). For
compound 2.9y, the related parameters are listed in Table 2.3, also with the diagnostic

1H, 13C and 'B NMR spectra (Figure 7.10-7.12, Experimental Section).

Figure 2.6 Thermal ellipsoid representation (30 % possibility) of molecular structures

of 2.9py and 2.9y.
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Table 2.3 Selected bond lengths (&) and angles (°) for 2.9.

Y1-C3: 2.663(2)
Y1-C4: 2.693(2)
Y1-C5: 2.627(2)
Y2-C6: 2.650(2)
Y2-C7: 2.625(2)
Y2-C8: 2.694(2)
Y2-C9: 2.660(2)

2.9v 2-9Dy
M—C(Fv') Y1-C1: 2.646(2) Dy1-C1: 2.653(2)
Y1-C2: 2.676(2) Dy1-C2: 2.687(3)

(
(
Dy1-C3: 2.670(3)
Dy1-C4: 2.704(3)
Dy1-C5: 2.630(2)
Dy2—C6: 2.649(3)
Dy2-C7: 2.633(3)
Dy2—C8: 2.698(3)
Dy2—C9: 2.671(3)
Dy2-C10: 2.677(3)

M-C(Cp¥)

Y1-C27: 2.639(2)
Y1-C28: 2.639(2)
Y1-C29: 2.650(2)
Y1-C30: 2.634(2)

(

(

(

(

(

Y1-C31: 2.664(2)

Y2-C37: 2.659(2)

Y2-C38: 2.655(2)

Y2-C39: 2.643(2)
(

Y2-C41: 2.638(2)

Dy1-C27: 2.643(3)
Dy1-C28: 2.645(3)
Dy1-C29: 2.659(2)
Dy1-C30: 2.646(2)
Dy1-C31: 2.667(2)
Dy2-C37: 2.663(3)
Dy2-C38: 2.660(3)
Dy2-C39: 2.650(3)
Dy2—C40: 2.630(3)
Dy2—C41: 2.647(3)

M—Cpc (Fv'™ centroid)

Y1- Cp.: 2.370(1)
Y2- Cp.: 2.371(1)

Dy1- Cpc: 2.378(1

M-Cp. (Cp* centroid)

Y1- Cpe: 2.353(1)
Y2- Cpe: 2.355(1)

(1)
Dy2- Cp: 2.375(1)
Dy1- Cp.: 2.362(1)
Dy2- Cp.: 2.360(1)

Mi--*M,

Y1-Y2: 4.162(1)

Dy1-Dy2: 4.148(1)

Y1-B1:2.902(2)
Y1-B2: 3.066(3)
Y2-B1:2.785(2)
Y2-B2:3.311(1)

Dy1-B1: 2.909(3)
Dy1-B2: 3.037(4)
Dy2-B1: 2.782(6)
Dy2-B2: 3.323(1)

Cp(Fv'™ )-M—Cp(Cp*)

Y1:138.028(1)
Y¥2:138.967(1)

Dy1: 137.913(1)
Dy2: 139.143(1)
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2.3.4 Crystal Structure of [{Dy(1°-Cp*)}o(1-BHa)( 1> : 1°-Fvi')][B(CsFs5)a]

For complex [2.10][B(CsFs)s], the coordination environment of the dysprosium centres
is similar to that observed in 2.9, but with only one bridging borohydride ligand (Figure
2.7). The Dy1—C bond lengths are in the range 2.594(7)-2.650(8) A to the Cp* ligand
and 2.578(7)-2.742(8) A to the Fvtttligand, which is similar to the range for Dy2 (Table
2.4). Due to loss of one BH4 ligand, the Dy-centroid distances are shorter for both the
Cp* and Fv'™ ligands, with lengths of 2.355(1) and 2.322(1) A for Dy1, respectively,
and 2.348(1) and 2.310(1) A for Dy2. A longer Dy:--Dy distance of 4.701(1) A was found.
Meanwhile, the Cp*-Dy-Cp™ angles are less bent at 145.727(1)° and 146.246(1)° for
Dyl and Dy2, respectively, with a Cp—-Cp twist angle of 78.2° in the Fv'"" ligand. The
sole borohydride ligand is bridging in a k2> manner for both of the dysprosium ions,
with a shorter Dy--B distance of 2.715(10) A Dyl and 2.696(5) A for Dy2. The IR
spectrum reveals a weak peak at ¥ = 2230 cm™ for the borohydride group (Figure

7.13).

Figure 2.7 Thermal ellipsoid representation (30 % possibility) of molecular structure
of [2.10]" cation.
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Table 2.4 Selected bond lengths (A) and angles (°) for [2.10]* cation.*

2.10 (disordered part 1) | 2.10 (disordered part 2)

Dy—C(Fv'tt) Dy1-C1: 2.578(7)
Dy1-C2: 2.592(8)
Dy1-C3: 2.644(8)

(
(
(
Dy1-C4: 2.742(8)
Dy1-C5: 2.675(7)
Dy2—C6: 2.687(7)
Dy2—C7: 2.699(10)
Dy2—C8: 2.613(7)
Dy2—C9: 2.589(7)
Dy2-C10: 2.591(8)

Dy—C(Cp*) Dy1-C27: 2.634(8)
Dy1-C28: 2.594(7)
Dy1-C29: 2.599(7)
Dy1-C30: 2.622(8)
Dy1-C31: 2.650(8)
Dy2-C37: 2.600(16 Dy2-C37A: 2.620(20)

) (

Dy2-C38: 2.620(20) Dy2—C38A: 2.620(20)

Dy2-C39: 2.594(18) Dy2—C39A: 2.655(18)

Dy2—C40: 2.599(15) Dy2—C40A: 2.699(6)
)

Dy2-C41: 2.610(15 Dy2-C41A: 2.652 (18)

Dy—Cp. (Fv™ centroid) Dy1-Cp.: 2.355(1)
Dy2—Cpc: 2.348(1)

Dy—Cp. (Cp* centroid) Dy1-Cp.: 2.322(1)

Dy2—Cpe: 2.310(1) Dy2—Cpe: 2.356(1)
Dy:'*-Dy> Dy1-Dy2: 4.701(1)
Dy--B Dy1-B1: 2.715(10)

Dy2-B1: 2.696(5)

Cp(Fv'™ )—Dy—Cp(Cp*) Dy1: 145.727(1)
Dy2: 146.246(1) Dy2: 145.656(1)

* One of the Cp*(C37-C41) disordered over two sites.
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2.4 Magnetic Property Characterization

The magnetic properties of compounds 2.6py, 2.7, 2.9py and [2.10][B(CeFs)a] were
studied, including DC and AC magnetic susceptibility and isothermal magnetization
measurements. Magnetic hysteresis measurements were also performed. These
measurements were conducted in collaboration with Prof. J. Tang at the Changchun

Institute of Applied Chemistry, China.

2.4.1 DC Magnetic Measurements

The temperature dependence of the molar magnetic susceptibility plots as ymT versus
T was measured for the four complexes under a 1 kOe DC field (Figure 2.8). The values
of ymT at 300 K were determined as 27.3, 27.2, 27.2 and 27.5 cm® K mol! for 2.6py,
2.7, 2.9py and [2.10][B(CsFs)s] respectively, which are close to the theoretical value of

28.2 cm3 K mol™ for two non-interacting Dy3* ions with ®His/> ground terms.14°
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Figure 2.8 Plots of ymT versus temperature for (a) 2.6py, (b) 2.7, (c) 2.9py and (d)
[2.10][B(CsFs)a] in an applied magnetic field of 1 kOe.
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All the ymT values of the four compounds begin to slowly decrease with decreasing
temperature. For 2.6py and [2.10][B(CeFs)s], the decreases in ymT at low temperature
are similar, dropping slightly to 22.2 cm3® K mol™? for both compounds at 2.0 K.
Compounds 2.7 and 2.9py show a sharper decrease in ymT below 20 K, which reaches
17.9 cm3 K mol~* for 2.7 and 17.5 cm?® K mol™! for 2.9py at 2.0 K. The decrease in ymT
can be ascribed to the thermal depopulation of the excited crystal field levels of Dy3*
and/or the weak antiferromagnetic exchange. As the temperature gets lower, the

antiferromagnetic exchange coupling makes more contributions, which is evident in
particular in compounds 2.7 and 2.9py.

On the other hand, the isothermal field-dependence of the magnetization i.e., M
versus H, were measured at 1.90 K, 3.0 Kand 5.0 K (Figure 2.9). The maximum M values

are 9.89, 10.11, 9.80 and 9.60 Nf3 from 2.6py to [2.10][B(CsFs)s] respectively at 1.9 K

and 7 T, without quite reaching saturation. These values are considerably lower than

the theoretical value of 20 N3 for a dysprosium dimer,?°° a feature typically attributed

to the strong magnetic anisotropy.
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Figure 2.9 Plots of field dependent magnetization for (a) 2.6py, (b) 2.7, (c) 2.9py and (d)

[2.10][B(CsFs)a] at 2 K, 3 Kand 5 K.
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2.4.2 AC Magnetic Measurement

The frequency (v) dependence of the in-phase (¥’) and the out-of-phase (') magnetic
susceptibility was measured using a small 3 Oe AC field and zero DC field. The results
are shown in Figures 2.10-2.14 for 2.6py, 2.7, 2.9py and [2.10][B(CsFs)s], respectively.
Their Cole-Cole plots are also given in Figures 2.11b-2.14b. The corresponding

relaxation fitting parameters with Debye model (Equation 4 on page 21) are listed in

Table 2.5-2.8.

2/ cm® mol™

10 100 1000 1 10 100 1000
v/ Hz
(©) (@)
14+ 19K ;
: i
< 1.04 55 K

1/ em® mol”

1 10 100 1000
v [ Hz

Figure 2.10. Frequency dependence of the in-phase susceptibility (') for (a) 2.6py, (b)

2.7, (c) 2.9py and (d) [2.10][B(CsFs)a] at AC field frequencies of 1-1488 Hz in zero DC
field.

For compound 2.6py, with @ measurement temperature range of 1.9-22 K, maxima in
7"(v) were observed up to 14 K (Figure 2.10a). Fits of the data were achieved using

the equation 77 = 75 te~Vert/keT 4 CT™ 4 751y, with the parameters: Uesr = 154(15)
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cm™! with pre-exponential factor of 70 =3.93(6) x 10715, C=8.16(3) x 1074 s 1K™, n =
5.87(1) and a QTM time of zqrm = 2.31(1) x 1073 s (Figure 2.11a). According to the
dependence of In (7/ s) on T71, the magnetic relaxation processes are dominated by
the quantum tunnelling below 6 K because the relaxation time is temperature-
independent Above 6 K (he dependence of In (z/s) on T! is linear, indicating a
thermally activated (Orbach) relaxation mechanism (Figure 2.11c). The fitting with the
Debye model yields o parameters in a range of 0.12-0.30, which also suggests a small

distribution of the relaxation times (Table 2.5).
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Figure 2.11. Frequency dependence of the in-phase and out-of-phase (b)susceptibility
(¢") for 2.6py in zero DC field at AC frequencies of 1-1488 Hz; Solid lines are a guide to
the eye. (c) Cole-Cole plots for 2.6py in zero DC field; Solid lines are fits of data with
Equation 4 on page 21 (adjusted R? = 0.99900-0.99999). (d) The Plots of natural log of

the relaxation time (1) versus inverse temperature for 2.6py. The blue points are from
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the AC susceptibility measurements. The solid red line is the best fit using Equation 3

on page 16 (adjusted R? = 0.99987).

Table 2.5. Relaxation fitting parameters for 2.6py corresponding to Figures 2.10a and

2.11a (adjusted R? = 0.99900-0.99999).

T/K a1/ cm®mol™  ys/cm3 mol™? a 7/s
14.06 1.65224 08 0.15263 1.20E-04
13.03 1.77967 0.05386 0.13526 2.30E-04
12 1.92129 0.14236 0.11958 4.10E-04
11 2.09779 0.19103 0.13083 6.43E-04
10 2.31333 0.22883 0.15463 9.43E-04
9 2.57102 0.25952 0.18765 0.00129
8 2.91312 0.28278 0.22664 0.00167
7 3.34096 0.29652 0.26529 0.00198
6 3.88481 0.31078 0.29171 0.00217
5 4.64557 0.35246 0.30024 0.00225
4.5 5.14155 0.38302 0.30116 0.00226
4 5.76087 0.43 0.29925 0.00227
3.5 6.56279 0.48492 0.2982 0.00227
3 7.63392 0.56247 0.29588 0.00227
2.5 9.14251 0.67345 0.29315 0.00229
2.2 10.457 0.76801 0.29196 0.00231
1.9 12.00758 0.86028 0.29476 0.00238

$ These parameter values were restricted to being non-negative.
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Complex 2.7 was measured using a similar temperature range of 1.9-25 K, in which
the maxima are observed (Figure 2.12a). Using the same fitting procedure as for 2.6py,
for compound 2.7, a lower effective energy barrier of Uest = 108(10) cm™! was obtained,
with 7 = 3.17(3) x 10 s. The strong curvature in the data indicate that Raman
processes are significant in this system, which were fitted with C = 4.46(6) x 107 571
K™ and n = 3.93(6). The QTM time is 7qrm = 4.44 (1) x 1073 s, and this process plays the
dominant role below 4 K (Fig 2.12c). The « parameters show a small distribution of

relaxation times in range of 0.11-0.27 (Table 2.6).
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Figure 2.12 (a) Frequency dependence of the out-of-phase susceptibility (y") for 2.7
in zero DC field at AC frequencies of 1-1488 Hz; Solid lines are a guide to the eye. (b)
Cole-Cole plots for 2.7 in zero DC field; Solid lines are fits of data with equation 4 on
page 21 (adjusted R?> = 0.99846-0.99999). (c) The Plots of natural log of the relaxation
time (7) versus inverse temperature for 2.7. The blue points are from the AC
susceptibility measurements; The solid red line is the best fit using Equation 3 on page

16 (adjusted R? = 0.99975).
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Table 2.6 Relaxation fitting parameters for 2.7 corresponding to Figures 2.10b and

2.12a (adjusted R? = 0.99846-0.99999).

T/K a1/ cm®mol™  ys/cm3 mol™? a 7/s
16 1.43097 08 0.11862 2.36766E-5
15 1.52209 0.00865 0.11908 3.23854E-5
14.05 1.61838 0.22986 0.10549 5.35244E-5
13.02 1.73552 0.2905 0.10466 7.84564E-5
12 1.87257 0.33061 0.10725 1.1253E-4
11.02 2.02657 0.36067 0.10911 1.62942E-4
10 2.21863 0.37534 0.11465 2.4211E-4
9 2.45435 0.37765 0.12909 3.63562E-4
8 2.74685 0.37434 0.14763 5.60601E-4
7 3.12382 0.3463 0.17613 8.7614E-4
6 3.62432 0.27987 0.21398 0.00136
5 4.30387 0.19618 0.24661 0.0021
4.5 4.72913 0.17063 0.256 0.00255
4 5.24422 0.1681 0.25946 0.00304
3.5 5.87373 0.17095 0.26412 0.00346
3 6.70103 0.18686 0.26623 0.0038
2.5 7.77876 0.20525 0.26874 0.00406
2.2 8.68182 0.21597 0.27232 0.00424
1.9 9.70562 0.22727 0.27846 0.00452

$ These parameter values were restricted to being non-negative.
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Compound 2.9py was measured in the temperature range of 1.9-55 K, and the maxima
were observed between 6-40 K. Thus, the QTM process even at low temperatures is
not significant in this SMM (Figure 2.13a). Without the QTM part, the equation of
171 = gyle Vert/kBT 4 CT™ results in an effective energy barrier of Uetr = 252(4) cm™!
with 70 =1.94(3) x 1078 s and the Raman parameters of C=4.56(2) x 10* s"1 K™ and n
= 4.12(1) (Figure 2.13c). The Debye model fitting gives a narrow distribution of

relaxation time for the a parameters of 0.03 < < 0.17 from 6-40 K (Table 2.7).
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Figure 2.13 (a) Frequency dependence of the out-of-phase susceptibility (y") for 2.9py
in zero DC field at AC frequencies of 1-1488 Hz; Solid lines are a guide to the eye. (b)
Cole-Cole plots for 2.9py in zero DC field; Solid lines are fits of data with equation 4 on
page 21 (adjusted R?>=0.99321-0.99996). (c) The Plots of natural log of the relaxation
time (7) versus inverse temperature for 2.9py. The blue points are from the AC
susceptibility measurements; The solid red line is the best fit using Equation 3 on page

16 (adjusted R? = 0.99991).
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Table 2.7 Relaxation fitting parameters for 2.9py corresponding to Figures 2.10c and

2.13a (adjusted R? = 0.99321-0.99996).

T/K ar/cm3mol™ x5/ cm3 mol™? a /s
40 0.62631 0.11981 0.03639 1.34283E-4
39 0.64266 0.08219 0.06929 1.51005E-4
38 0.65831 0.09873 0.05898 1.97059E-4
37 0.67575 0.09391 0.0698 2.42631E-4
36 0.69388 0.09755 0.0701 3.06877E-4
35 0.71298 0.09445 0.07609 3.83478E-4
34 0.73338 0.09147 0.08271 4.78412E-4
33 0.7554 0.08733 0.09098 5.9663E-4
32 0.77858 0.08599 0.09871 7.51126E-4
31 0.80468 0.08398 0.10429 9.39476E-4
30 0.82926 0.07956 0.10946 0.00118
29 0.85913 0.079 0.11053 0.00148
28 0.88923 0.07754 0.11354 0.00184
27 0.92247 0.0742 0.11604 0.00228
26 0.95737 0.07072 0.11743 0.00281
25 0.99482 0.06845 0.11754 0.00345
24 1.0358 0.06575 0.1181 0.00422
23 1.0786 0.06623 0.1129 0.00515
22 1.12603 0.06626 0.11096 0.00634
21 1.1787 0.06444 0.11107 0.00774
20 1.23448 0.06694 0.10731 0.00954
19 1.29855 0.06826 0.10692 0.01186
18 1.36856 0.06973 0.10741 0.0148
17 1.44545 0.07178 0.10672 0.01871
16 1.53454 0.07419 0.10914 0.02402
15 1.63439 0.07604 0.11132 0.03126
14.05 1.7414 0.08038 0.11614 0.0408
13.02 1.86995 0.08475 0.12007 0.05515
12 2.02548 0.08829 0.12724 0.07692
11.02 2.19284 0.09336 0.13202 0.10824
10 2.41217 0.09985 0.13934 0.16131
9 2.62604 0.10686 0.1387 0.24186
8 2.94926 0.11607 0.1543 0.40079
7 3.3717 0.12681 0.17469 0.72298
6 4.07094 0.14183 0.03639 1.47795
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Finally, compound [2.10][B(CsFs)4] was measured in the temperature range 1.9-72 K,
with the maxima obtained at 1.9-60 K (Figure 2.14a). A fitting of the AC data gave Ues
=384(18) cm~t with 75 =1.37(6) x 10~ s, and Raman parameters C = 6.55(4) x 101 s7?
K™, n=2.03(2), and a QTM time of zqrm = 2.31(1) x 1073 s (Figure 2.14c). The fitting of
data with Debye model gives the a parameters of 0.02-0.55, indicating a broad

distribution of relaxation time (Table 2.8).
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Figure 2.14 (a) Frequency dependence of the out-of-phase susceptibility (y") for
[2.10][B(CsFs)a] in zero DC field at AC frequencies of 1-1488 Hz; Solid lines are a guide
to the eye. (b) Cole-Cole plots for [2.10][B(CsFs)4] in zero DC field; Solid lines are fits of
data with Equation 4 on page 21 (adjusted R?> = 0.99766-0.99993) (c) The Plots of
natural log of the relaxation time (7) versus inverse temperature for [2.10][B(CsFs)a].
The blue points are from the AC susceptibility measurements; The solid red line is the

best fit using Equation 3 on page 16 (adjusted R? = 0.99963).
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Table 2.8 Relaxation fitting parameters for [2.10][B(CsFs)4] corresponding to Figures
2.10d and 2.14a (adjusted R? = 0.99766-0.99993).

T/K ar/cm3mol™ x5/ cm3 mol™? a /s
60 0.41817 0.0615 0.02535 9.43398E-5
58 0.43313 0.07291 0.05029 1.28887E-4
56 0.44755 0.06384 0.0666 1.67114E-4
54 0.46511 0.06115 0.08383 2.15456E-4
52 0.48126 0.06971 0.08024 2.79484E-4
50 0.50038 0.07553 0.09832 3.49799E-4
48 0.52032 0.0708 0.11221 3.9843E-4
46 0.5435 0.06923 0.12607 4.63012E-4
44 0.56682 0.07852 0.12038 5.50927E-4
42 0.59284 0.08215 0.12602 6.40314E-4
40 0.62221 0.0834 0.1258 7.30166E-4
38 0.65381 0.08515 0.13076 8.34743E-4
36 0.68994 0.08802 0.1328 9.63924E-4
34 0.73071 0.09288 0.1425 0.00111
32 0.77451 0.09708 0.14123 0.0013
30 0.82737 0.09916 0.14839 0.0015
28 0.88666 0.10871 0.1529 0.00175
26 0.95573 0.1112 0.16284 0.00204
24 1.03721 0.11724 0.17212 0.00241
22 1.1337 0.12377 0.18556 0.00287
20 1.24977 0.13349 0.19959 0.00346
18 1.39346 0.1463 0.21637 0.00426
16 1.57556 0.15706 0.23938 0.00531
14.05 1.80742 0.16857 0.26784 0.00671
12 2.13018 0.1897 0.30082 0.00889
10 2.59703 0.19585 0.34904 0.01214
8 3.33853 0.19888 0.4037 0.01824
6 4.63934 0.18721 0.4639 0.03054
5 5.66126 0.18923 0.48719 0.04024
4 7.21053 0.18399 0.51062 0.05397
3.5 8.34882 0.17699 0.52169 0.06283
3 9.87787 0.17392 0.53163 0.07345
2.5 12.06304 0.16088 0.54286 0.08787
2.2 13.91804 0.15956 0.54814 0.09708
1.9 16.20812 0.16343 0.55109 0.10851
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Comparing all the parameters obtained from the AC susceptibility measurements, it
can be seen that, from 2.6py to [2.10][B(CsFs)a], the effective energy barrier increases
from 154 cm~'to 384 cm™'. Qualitatively, this can be explained in terms of the crystal
field experienced by dysprosium in these compounds becoming stronger and more
axial and/or less equatorial, i.e., a stronger influence of the Cp ligands and/or

diminishing influence of the borohydride and THF ligands.

For complex 2.6py, the oblate Dy** ions are coordinated by equatorial THF and BHa
ligands, which has a negative impact on the axial anisotropy arising from the Cp ligand.
Complex 2.7 gives a smaller effective energy barrier even though the molecule adopts
a double sandwich structure. The phenomenon is possibly caused by a combination of
equatorial crystal-field from the borohydride ligand, but with strong bending of
Cp-Dy-Cp angles (136 and 137°) the axiality is clearly diminished. For compound 2.9py,
the double-metallocene with combined effects of the Cp* and Fv'" ligands has a less-
influential equatorial crystal field than in complex 2.6py. Compared to complex 2.7,
although the Dy3* centres are bridged by two borohydride ligands and the Cp-Dy-Cp
angles of 138-139° are similar, the Cp* ligands give a shorter Dy-Cp. distance, which
increase the strength of the axial crystal field. For complex [2.10][B(CsFs)s], after
removing one bridging BHa4 ligands, the equatorial crystal-field effect is reduced, and
also produces the benefit of less bending in the Cp—Dy-Cp angles (146°), which is likely
to produce the larger effective energy barrier. The improvement in the SMM
properties is also revealed by the larger temperature range observed for maxima in
the plots of #"(v). The exchange interactions between the Dy3* possibly also
suppresses the QTM process. Following the progressively reducing order of Dy---Dy
distance 2.6py > 2.7 > 2.10 > 2.9py, the corresponding relaxation time of QTM gets

slower.

The SMM property improvement is also reflected in the hysteresis loops M(H) in the
magnetic field range of 5 T with an average scan rate of 23 Oe s (Figure 2.15). For
compounds 2.6py and 2.7, the hysteresis measurement does not show open loops. For
compounds 2.9py and 2.10, narrow-opening in the hysteresis loops can be observed

around + 2.5 kOe and + 1.0 kOe at 1.90 K, respectively. Even though, the poor
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performance of all the hysteresis results indicates the negative influence from the

equatorial borohydride ligands, which effectively restrain the blocking temperature.
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Figure 2.15 Magnetic hysteresis loops for (a) 2.6py, (b) 2.7, (c) 2.9py and (d) 2.10.

2.4.3 Magnetic Property Measurements on Diluted Samples

In order to further study the effects of exchange coupling, a magnetically dilute sample
was synthesized by doping of 10 mol % of 2.6py into 2.6y to yield the Dy@2.6y complex.
Compared to 2.6py, the diluted sample Dy@2.6y produces similar y"(v) data in the
temperature range 1.9-20 K, and the maxima were observed at 4-17 K (Figure 2.16).
However, the fitting process gave two different relaxation paths, which share the
same Orbach process parameters of Uest = 178(38) cm™ with 7 =1.0(3) x 10 s. The
Raman process parameters are C = 1.28(0.4) x 10 s™! K™, n = 7.4(0.1) without
quantum tunnelling for process P1 (Figure 2.16¢c P1) and C=6.6(1) x 10> s1 K™, n =
6.8(0.6) with the zqrm = 5.6(0.4) x 10~* s for process P2 (Figure 2.16¢ P2). The fitting
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parameters for P1 and P2 have the range of 0.01-0.43 (a1) and 0-0.49 (o), both of

which indicate a wide distribution of relaxation time (Table 2.9).
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Figure 2.16 (a) Frequency dependence of the out-of-phase susceptibility (y") for
Dy@2.6y in zero DC field at AC frequencies of 1-1488 Hz; Solid lines are a guide to the
eye. (b) Cole-Cole plots for Dy@2.6y in zero DC field; Solid lines are fits of data with
Equation 4 on page 21 (adjusted R? = 0.99891-0.99992) (c) The Plots of natural log of
the relaxation time (7) versus inverse temperature for Dy@2.6y; The solid red line is

the best fit using Equation 3 on page 16 (adjusted R? = 0.99702).

The Cole-Cole plots also indicate more than one path involved in the diluted Dy@2.6py
at low temperature (Figure 2.16b). It is not clear that why the path separation happens
in the diluted system, however it could be due to the two qualitatively different metal
coordination sites being quantitatively different. In addition, narrowly opened
hysteresis loops were obtained between 0 and + 5 kOe but close at centre point.

(Figure 2.17).
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Figure 2.17 Magnetic hysteresis loops for Dy@2.6y.

Table 2.9 Relaxation fitting parameters for Dy@2.6y (adjusted R? = 0.99891-0.99992).

T/K xr/cm? Zs [ cm? o /s o n/s
mol~ mol~

1.9 0.49006 0.02398 0.28772 0.00451 0.38075 0.06366
2.2 0.43323 0.02059 0.28795 0.00416 0.38401 0.07029
2.5 0.38584 0.01821 0.29786 0.00426 0.40596 0.07897
3 0.34198 0.0134 0.32821 0.00447 0.45836 0.11067
3.5 0.31188 0.01148 0.34715 0.00464 0.48432 0.17675
4 0.3401 0.00776 0.40321 0.00567 0.49849 0.98806
4.5 0.34584 0.00672 0.42664 0.00629 0.32671 1.14826
5 0.32224 0.00527 0.43734 0.00628 0.23111 0.57156
6 0.26119 0.00457 0.43082 0.00535 0.14928 0.11274
7 0.21604 0.00542 0.38654 0.00409 0.06704 0.03193
8
9

0.18653 0.00549 0.32983 0.00291 0.01669 0.01253

0.16487 0.00541 0.28513 0.00199 0 0.00573
10 0.00913 0.15365 0.12014 0.00224 0.12014 0.00224
11 0.00762 0.13889 0.09908 0.00125 0.09908 0.00125
12 0.00685 0.12725 0.0726 7.05801E-4 0.0726 7.05801E-4
13 0.0052 0.11704 0.06143  3.70547E-4  0.06143  3.70547E-4
14 0.00348 0.10873 0.06011  1.89609E-4 0.06011  1.89609E-4

15 08 0.10179 0.06309  9.64219E-5 0.06309  9.64219E-5
16 08 0.09578 0.09198  4.64277E-5  0.09198  4.64277E-5
17 0’ 0.09003 0.09199  2.50438E-5  0.09199  2.50438E-5
18 0’ 0.08505 0.08522 1.40599E-5  0.08522 1.40599E-5
19 0’ 0.0807 0.11986  8.05728E-6  0.11986  8.05728E-6
20 08 0.07665 0.12024  5.00749E-6  0.12024  5.00749E-6

$ These parameter values were restricted to non-negative.
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Afterwards, through a reaction of two equivalents of KCp* with the complex Dy@2.6y,
a diluted compound Dy@2.9y (10 mol % Dy) was obtained. A quick scan of thermal
dependence of the out-of-phase susceptibility (') at 1000 Hz in zero dc field gave the
same maxima at 38 K as for 2.9py (Figure 2.18a). A tail was observed in the data for
Dy@2.9y below 10 K, as it was for 2.9py. The sharp increase in y" is probably due to
QTM.’® The hysteresis loop for Dy@2.9y are slightly open around + 10 kOe (Figure
2.18b), indicating that exchange coupling in 2.9py is probably responsible for the rapid
QTM.
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Figure 2.18 (a) Temperature dependence of the out-of-phase (") for doped Dy@2.9y
(red) and 2.9py (blue) at 1000 Hz AC frequency under zero DC field. (b) Magnetic
hysteresis loop for Dy@2.9y.

2.4.4 Theoretical Calculations

Multireference ab initio calculations were carried by Dr Akseli Mansikkamaki at the
University of Oulu as part of a collaboration with the Layfield group. The results of
calculations on compounds of 2.6py, 2.9py and 2.10 are presented (Figure 2.19-2.21).
The crystal field split levels with the ground multiplet of Dy3* are displayed, with
transitions between levels indicated with red arrows. The stronger red arrows indicate
larger absolute value of the transition magnetic moment matrix elements between

the respective states (Figure 2.19a-2.21a), i.e., a probable transition. The barriers for
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the Dy2 ions are omitted since they are similar to those of the Dyl ions (Figure

2.19b-2.21b).

For compound 2.6py, the first-excited Kramers doublets (KDs) for Dyl and Dy2 are
located at 176 cm™ and 181 cm™, whose value is approaching to the experimental
barrier of Uetf = 154 cm™'. Meanwhile, the angles between the principal magnetic axes
of ground state and first excited-state were determined as 41.3 and 43.0° for Dy1 and
Dy2, respectively. Therefore, the first QTM event should happen through the first
excited-state KD. (Table 2.10)
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Figure 2.19 (a) The principal magnetic axes of the ground KDs of the Dy3* ions in 2.6py.
(b) Calculated effective ab initio barriers for the relaxation of magnetization at the Dy1

ions 2.6py
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Table 2.10 Properties of the eight lowest KDs of the Dy1 ion in 2.6py corresponding
to the crystal-field split states in the ground ®His/; multiplet.

KD E/cm™ gx gy g: 0/°°
KD1 0 0.00479 0.00848 19.74999

KD2 176 0.25436 0.82958 17.60282 413
KD3 204 0.12011 1.08487 15.65517  44.7
KD4 250 0.87397 1.44122 13.88335  17.2
KD5 312 1.23520 3.38453 11.93809  30.1
KD6 358 4.43288 4.77529 11.34784  110.9
KD7 443 2.37298 3.11198 12.06285  83.3
KD8 475 1.12223 5.86668 14.92877  83.0

“The angle between the principal magnetic axis of the given doublet and the that of
the ground doublet.

For compound 2.9py, the theoretical barrier could involve up to the third-excited KD,
with the magnetic axes for these states being nearly collinear. The third-excited KD
has the barrier of 452 cm™ and 457 cm™! for Dyl and Dy2, which are surprisingly far

from the experimental barrier of 252 cm™. Thus, the relaxation possibly take place via

the first-excited KD, which has a closer barrier of 214 cm™ and 208 cm™. (Table 2.11)

Table 2.11 Properties of the eight lowest KDs of the Dy1 ion in 2.9py corresponding
to the crystal-field split states in the ground ®His/> multiplet.

KD E/cm™ gx gy g: 0/°°
KD1 0 0.00274 0.00399 19.73043

KD2 214 0.03671 0.04357 17.03462 4.5
KD3 364 0.30682 0.35781 14.55476  12.7
KD4 452 2.66307 3.29566 10.58803 11.7
KD5 504 2.13873 4.13363 11.50150  100.5
KD6 523 2.05568 3.44784 14.26742  91.1
KD7 606 0.41509 0.51420 16.45785  88.4
KD8 742 0.00248 0.02175 19.41816  89.4

9 The angle between the principal magnetic axis of the given doublet and the that of the
ground doublet.
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Figure 2.20 (a) The principal magnetic axes of the ground KDs of the Dy3* ions in 2.9py.
(b) Calculated effective ab initio barriers for the relaxation of magnetization at the Dy1

ion in 2.9py.

In complex 2.10, the magnetic axes are roughly collinear up to the third-excited KD for
Dyl (667 cm™) and the second-excited KD for Dy2 (555 cm™!). However, the
experimental energy barrier of 384 cm™! is much closer to the first-excited KDs for Dy1

(336 cm™) and Dy2 (339 cm™). (Table 2.12)
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Figure 2.21 (a) The principal magnetic axes of the ground KDs of the Dy3* ions in 2.10.
(b) Calculated effective ab initio barriers for the relaxation of magnetization at the Dyl

ion of 2.10.

80



Table 2.12. Properties of the eight lowest KDs of the Dy1 ion in 2.10 corresponding to

the crystal-field split states in the ground ®His/> multiplet.

KD E/cm™ gx gy g: 0/°°
KD1 0 0.00088 0.00125 19.79452

KD2 336 0.03341 0.04471 16.86470 2.4
KD3 546 0.58986 0.81103 13.87933 3.9
KD4 667 3.87667 4.83694 9.23525 45
KD5 754 3.37642 4.60129 9.14094 89.4
KD6 860 0.19052 0.51856 13.14480  90.3
KD7 996 0.10953 0.19171 16.44215  90.5
KD8 1223 0.00842 0.01449 19.55260  90.1

% The angle between the principal magnetic axis of the given doublet and the that of
the ground doublet.

Due to the lack of an appreciable temperature-dependence of ywvT in 2.6py and 2.10
(Figure 2.7), only 2.9py was studied theoretically to gain insight into the intramolecular
interactions, which were studied using the Lines model.*>! An Ising-type formula was

applied according to Equation 5:
H= —(Jex +]dipolar)'§z,15~z,2 = _]tot§2,1§2,2 (5)

In Equation 5, the pseudospin operator of S§ equals to 1/2 for a double Dy3*ions on
the ground state. Based on the calculation, the exchange parameter Jex is —1.185 cm™
and the Jdipoiar is —2.477 cm™! for compound 2.9py, Which gives the total exchange
interaction Jiot = —3.662 cm™. The total exchange interaction is therefore relatively
strong for a lanthanide-based system, with magnitude of Jiot being consistent with the

changes in the hysteresis profile for this compound.
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2.5 Conclusions and Perspectives

In this chapter, a series of double metallocene dysprosium SMMs based on bridging
fulvalenyl ligand was presented. These results include the first multimetallic
dysprosium metallocene cation SMM. The double sandwich structure is able to
provide the strong axial crystal-field from the cyclopentadienyl units. Compounds
2.6py, 2.7, 2.9py and [2.10][B(CsFs)a] were synthesized using a stepwise approach and
characterized by X-ray crystallography and IR spectroscopy. AC magnetic susceptibility
data revealed improvement in the energy barrier Uetf was observed as the equatorial
crystal-field effect becomes less influential and the axial cyclopentadienyl ligands from
Cp* and Fv'' become more dominant. The effective energy barriers were determined
as: Uesr = 154(15) cm™t in 2.6py to Uetr = 384(18) cm™ in [2.10][B(CsFs)a], which again
proves the efficient strategy of using the sandwiched structures. Compared to the
single metallocene [(Cp™™)Dy(Cp*)(BHa)] (Uetf = 7 cm™),> the larger experimental
barriers of 2.9py and 2.10 show a large improvement. The particular bridging manner
of the Fv'*™ ligand may reduce the transverse crystal-field effect. According to the
hysteresis data and the theoretical calculations, compound 2.9py shows positive effect

of the intramolecular coupling to suppress the QTM process.

For future research, the magnetic properties of the double cation compound 2.8 i.e.
[DyFvt™™],[B(CsFs)a]2 should be characterized and theoretically analysed. On the other
hand, as the fluorine atoms are coordinated to dysprosium in 2.8, other bulkier
substituted fulvalenyl ligands should be considered.'>? The bridging distance should
also be considered, however longer Cp-bridges may cause a larger bending angle and
result in the formation of a single-ion metallocene. For example, in an unfinished piece
of analysis, | found that a single-ion dysprosium sample is obtained with the bis-Cp

ligand of Me;Si(CsMea), (Figure 2.22).
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Figure 2.22 Thermal ellipsoid representation (30 % possibility) of molecular structure

of [Me3Si(CsMea)Dy(BH4)(THF)].
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Chapter 3

Fulvalene-Bridged Trimetallic Dysprosocenium SMMs
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3.1 Introduction

In addition to the trimetallic dysprosium SMMs discussed in Chapter 1 (e.g. Figure
1.20),%* several other triangular dysprosium clusters were also reported by Tang et
al..81. 82,153 For example, the complex [DysL(u3-OH)2(SCN)a(H20),2]-3MeOH-2H,0 has
an effective energy barrier of Uer =11 cm™ in an applied DC field of 500 Oe (Figure
3.1 left). Linear trimetallic SMMs are also known,”® 8 such as [Dys(HSA)s(SA)2(phen)s],
which has an effective energy barrier of Uess = 11 cm™ in an applied DC field of 188 Oe

(Figure 3.1 right, H2SA = salicylic acid and phen = 1,10-phenanthroline).

Figure 3.1 Thermal ellipsoid representation (30 % possibility) of molecular structures
of [DysL(u3-OH)2(SCN)4(H20).] (left) and [Dys(HSA)s(SA)2(phen)s] (right). Dy, green; C,
orange; O, red; N, blue; S, yellow. The structures are reproduced based on the cif files

from the Ref. 80 and 82.80.82
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A series of triangular dysprosium metallocene SMMs was reported by our group.#

154,155 These compounds include heteroatom-bridged trimers [(n°-(Cp’)2Dy){u-

E(H)Mes}]s (E = P, As, Scheme 3.1).

H
Mes | H T
E. B
3 = 3 "BuLi, toluene ooy B Mes
Py > \D‘\)E\
N Yo @
—% . -3 "BuH, -3 Cp'Li _@:Mes
=, E=P,As

|
Mes

Scheme 3.1 Synthesis of [(Cp’).Dy{E(H)Mes}]s (E = P, As).141, 154, 155

3.2 Synthesis of Fulvalenyl-Bridged Trimetallic Dysprosocenium Complexes

Inspired by the results described in Chapter 2, the di-dysprosocenium compound 2.6py
was selected as the starting material for the synthesis of a trimetallic dysprosocenium
SMM. After reacting 2.6py with two equivalents of "BuLi in hexane, the borohydride-
bridged dysprosium triangle [(u-BHa){Dy(n’-Cp*)(u-BHa4)}.Dy(1?’:n>-Fvitt),] (3.1) was
obtained, with the isolated yielded 42 % (Scheme 3.2). In compound 3.1, two of the
dysprosium centres are sandwiched by a Cp* ligand and one half of a fulvalenyl ligand.
The other dysprosium is sandwiched by two cyclopentadienyl groups of two different
Fvt™ ligands. The triangular structure of 3.1 is formed by reorganizing of a unit of 2.6py,
which formally loses a two Cp* ligands, a borohydride ligand and one dysprosium,
suggesting the formation of [(Cp*).Dy(BHa4)] as a by-product, possibly as a co-complex
of "Buli. Similarly, a reaction of 2.6py with the excess of PMes (e.g., 30 equiv.) can also

yield the same product of 3.1 (isolated yield: 32 %).

On the other hand, as described in Chapter 2, a mixture of one equivalent of
[(Et3Si)2H][B(CsFs)a] and 2.6py will yield complex 2.9py, but no reaction was observed

with further addition of the [(EtsSi)2H][B(CeFs)a]. However, reacting 2.6py with two
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equivalents of [(Et3Si)2H][B(CsFs)a] in hexane at room temperature produced the tri-
nuclear complex [Dy(n>-Cp*)(u-BHa)(n>:m>-Fvit)Dy(1®:n>-Fvitt)(u-BH4) Dy(1°-
Cp*)1[B(CsFs)a] ([3.2][B(CeFs)a], Scheme 3.2), with an isolated yield of 28 %. Complex
[3.2][B(CeFs)a] also can also be synthesized by adding one equivalent of
[(Et3Si)2H][B(CsFs)a] to complex 3.1 in hexane at room temperature (isolated yield =

42 %).

J

Q

) . \\Dy,'/

n-BulLi (2 equiv.)

or PMe; (excess) &) @ EHy @)
y

Hexane \
D

"ree CONEH)T
X
3.1
(BHy)  (BH4)
‘ D(l/'ljy [H(SiEts)z]g Hexane
; ' [B(CeFs)al RT.

=

o--"
<

.

=CBu

2.6py ~ 1®
2 [H(SiEt3)2g) (ﬁ/@ —
[B(C4Fs)a] . W,Q»VE
Hexane ! \(BH4) /!
RT. ; (H4B)—=Dy
=
o
B(CeF
3.2 [B(CeFs5)4]

Scheme 3.2 Synthesis of compound 3.1 and [3.2][B(CsFs)4].
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3.3 X-Ray Diffraction Study

3.3.1 Crystal Structure of Compound 3.1

The crystal structure of 3.1 is illustrated in Figure 3.2 and selected geometric
parameters are listed in Table 3.1. For Dyl and Dy3, each ion is n>-coordinated by a
cyclopentadienyl unit of an Fv™ ligand and a Cp* ligand, while the Dy2 is n°-
sandwiched by two cyclopentadienyl units from different Fvt** ligands. Thus, Dy1 and
Dy3 occupy similar environments with Dy-C distances of 2.638(4)-2.709(4) A and
2.615(4)-2.775(4) A to Fv, respectively, and 2.641(5)-2.688(5) A and
2.663(4)-2.686(4) A to the Cp* ligands, respectively. The distances Dy1-Cp. (centroid)
are 2.391(3) to Fv'"*and 2.382(3) to Cp*, which is similar to the range for Dy3. For Dy2,
the Dy-C distances to the Fv't! ligands are 2.618(4)-2.747(4) A and 2.620 (4)-2.733(4)
A. The Cp—Dy-Cpc angles are 135.708(12)°, 139.205(11)° and 132.835(7)° from Dy1 to

Dy3 respectively.

Figure 3.2 Thermal ellipsoid representation (30 % possibility) of molecular structure

of 3.1.
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Table 3.1 Selected bond lengths (&) and angles (°) for 3.1.

Dy—C (Fv!t) Dy1-C1: 2.709(4) Dy2-C37: 2.663(4)
Dy1-C2: 2.718(4) Dy2-C38: 2.733(4)
Dy1-C3: 2.654(4) Dy2-C39: 2.682(4)
Dy1-C4: 2.674(4) Dy2—-C40: 2.694(4)
Dy1-C5: 2.638(4) Dy2—-C41: 2.620 (4)
Dy2—C6: 2.668(4) Dy3-C42: 2.725(4)
Dy2-C7: 2.618(4) Dy3-C43: 2.615(4)
Dy2—C8: 2.689(4) Dy3-C44: 2.663(4)
Dy2—C9: 2.686(4) Dy3-C45: 2.688(4)
Dy2-C10: 2.747(4) Dy3-C46: 2.775(4)

Dy—C (Cp*) Dy1-C27: 2.688(5)

Dy1-C28: 2.669(4)
Dy1-C29: 2.650(5)
Dy1-C30: 2.641(5)
Dy1-C31: 2.666(5)
Dy3-C63: 2.686(4)
Dy3-C64: 2.665(4)
Dy3-C65: 2.663(4)
Dy3-C66: 2.683(4)
Dy3-C67: 2.679(4)

Dy—centroid (Fv'™) Dy1-centroid: 2.391(3) Dy2-centroid2: 2.391(1)
Dy2-centroidl: 2.394(1) Dy3-centroid: 2.407(2)

Dy—centroid (Cp*) Dyl-centroid: 2.382(3)
Dy3-centroid: 2.389(2)

Dy---Dy Dy1--Dy2: 4.741(4) Dy2--Dy3: 4.715(3)
Dy1--Dy3: 5.685(3)

Dy--B Dy1--B1: 2.741(4) Dy2---B2: 2.895(4)
Dy1--B3: 3.362(5) Dy3--B2: 2.783(5)
Dy2--B1: 2.943(4) Dy3---B3: 2.887(5)

Cp—Dy—Cpe Dy1: 135.708(12) Dy3: 132.835(7)

Dy2: 139.205(11)
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The Dyl--Dy2 and Dy2---Dy3 distances are 4.741(4) A and 4.715(3) A, respectively,
making them shorter than the distance of Dy1---Dy3 of 5.685(3) A. The Dy1---B distance
of 3.362(5) A is much longer than the other Dy---B distances of 2.741(4)-2.943(4) A.
The two fulvalenyl ligands have twist angles of 51.62(16)° and 51.69(18)°. The IR
stretches for the borohydride ligands were observed around ¥ = 2213-2438 cm™

(Figure 7.14, Experimental Section).
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3.3.2 Crystal Structure of the Cation 3.2

The range of Dy—C distances to the Fvi' bound to Dy2 are 2.626(5)-2.757(5) A, while
significantly shorter ranges of 2.587(5)-2.719(5) A and 2.589(5)-2.668(5) A were found
for Dyl and Dy3, respectively. The range of Dy—C distances to the Cp* is
2.590(5)-2.620(5) A for Dy1 and 2.601(5)-2.630(5) A for Dy3. The Dy-Fv' (centroid)
distance is reduced to 2.340(3) A for Dyl and 2.336(3) A for Dy3; but for Dy2, the
change in the distance is only 0.002-0.023(3) A. The Dy-Cp* (centroid) distance is also
shorter, being 2.311(3) A for Dyl and 2.314(3) A for Dy3. The Dy1--Dy2 distance is
4.880(4) A, similar to the Dy2---Dy3 of 4.867(5) A, which are slightly longer than the
analogous values in compound 3.2. The Dy1---Dy3 distance has a large increase to a
value of 7.908(1) A. The Dy---B distance of 2.980(7) A for Dy2---B1 and 2.951(7) A for
Dy2---B2 are greater than Dy1---B1 (2.688(7) A) and Dy3---B2 (2.691(6) A). Due to the
remove of BH4 the Cpc.—Dy-Cpc angles markedly increase to 147.752(14)°, 147.578(14)°
and 149.159(16)° for Dyl, Dy2 and Dy3, respectively. The IR stretch for the

borohydride ligands occurs at ¥ =2185-2470 cm™ (Figure 7.15, Experimental Section).

Figure 3.3 Thermal ellipsoid representation (30 % possibility) of molecular structure

of 3.2 cation.
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Table 3.2 Selected bond lengths (A) and angles (°) for 3.2 cation.

Dy—C (Fv!t) Dy1-C1: 2.672(5) Dy2-C37: 2.730(5)
Dy1-C2: 2.719(5) Dy2-C38: 2.757(5)
Dy1-C3: 2.629(5) Dy2-C39: 2.680(5)
Dy1-C4: 2.587(5) Dy2-C40: 2.691(5)
Dy1-C5: 2.562(5) Dy2-C41: 2.645(5)
Dy2—C6: 2.723(5) Dy3-C42: 2.639(5)
Dy2—C7: 2.626(5) Dy3-C43: 2.598(5)
Dy2—C8: 2.686(5) Dy3-C44: 2.630(5)
Dy2—C9: 2.659(5) Dy3—C45: 2.613(5)
Dy2-C10: 2.726(5) Dy3-C46: 2.668(5)

Dy—C (Cp*) Dy1-C27: 2.606(5)

Dy1-C28: 2.620(5)
Dy1-C29: 2.605(5)
Dy1-C30: 2.590(5)
Dy1-C31: 2.606(5)
Dy3-C63: 2.603(5)
Dy3-C64: 2.601(5)
Dy3-C65: 2.606(5)
Dy3-C66: 2.609(6)
Dy3-C67: 2.630(5)

Dy—centroid (Fv'™) Dy1-centroid: 2.340(3) Dy2-centroid2: 2.414(3)
Dy2-centroidl: 2.396(1) Dy3-centroid: 2.336(3)

Dy—centroid (Cp*) Dyl-centroid: 2.311(3)
Dy3-centroid: 2.314(3)

Dy:--Dy Dy1---Dy2: 4.880(4)
Dy2---Dy3: 4.867(5)
Dy1---Dy3: 7.908(1)

Dy--B Dy1--B1: 2.688(7) Dy2---B2: 2.951(7)
Dy2--B1: 2.980(7) Dy3---B2: 2.691(6)
Cp—Dy—Cp. Dy1: 147.752(14) Dy3: 149.159(16)

Dy2: 147.578(14)
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3.4 Magnetic Property Measurements

3.4.1 DC Magnetic Measurements

The plot of the ymT versus temperature was measured for 3.1 and [3.2][B(CeFs)4] in a
DC field of 1 kOe (Figure 3.4). The values of ymT at 300 K are 40.5 and 39.6 cm?® K mol™!

for 3.1 and [3.2][B(CsFs)a], respectively, both of which are close to the theoretical

value (42.5 cm3 K mol=?) for three uncoupled Dy3* ions with ®His/> ground multiplets.

With decreasing temperature, the ymT values gradually reduce to become 32.9 and
31.9 cm3 K mol™? at 2.0 K, but without a sharp drop at low temperature, hence their
behaviours very similar to observed for complexes 2.6py and [2.10][B(CsFs)4]. These

data indicate that any exchange coupling present in these two complexes is likely to

be very weak, which is normal for lanthanides.®*
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Figure 3.4 Plots of ymT versus temperature for (a) 3.1 and (b) [3.2][B(CeFs)s] in an

applied DC magnetic field of 1 kOe.
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The field dependence of the magnetization plots (M versus H) for both complexes
were measured at 2.0, 3.0 and 5.0 K and are shown in Figure 3.5. The maximum M
values are 14.6 and 14.5 Nf3 for 3.1 and [3.2][B(CsFs)s] at 1.9 K and 7 T. Again, these
values are typical of a trimetallic dysprosium complex, falling well below the maximum

theoretical value of M = 15 Nf} because of strong magnetic anisotropy.
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Figure 3.5 Plots of field dependent magnetization for (a) 3.1 and (b) [3.2][B(CsFs)4] at
2K,3Kand5K.

3.4.2 AC Magnetic Measurements

The frequency dependence of the in-phase (y’) and out-of-phase (') AC magnetic
susceptibility was measured in zero DC field and an AC field of 3 Oe, using AC

frequencies of v=1-1488 Hz for 3.1 and [3.2][B(CsFs)4] (Figure 3.6-3.8).

For compound 3.1, y'and " were measured in the temperature range 2.0-50 K, with
maxima in " being observed from 10-46 K (Figure 3.6b). At temperatures below 10
K, maxima were not observed. Furthermore, the position of the maxima in the y"(v)
shifts with each change in temperature, indicating that the magnetic relaxation does
not enter a pure QTM regime under these measurement conditions. Hence, a fit of
the relaxation time data was achieved without a QTM term using the equation of

171 = gyle Vetrt/kBT 4 CT™, which resulted in an effective energy barrier of Uest =
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138(4) cm™t with 70 = 5.44(7) x 1077 s and the Raman parameters C = 8.03(4) x 1074 s™*
K™ and n = 4.05(2). (Figure 3.6d). The « parameters yield a small distribution of
relaxation times in range of 0.04-0.25 (Table 3.3).
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Figure 3.6 Frequency dependence of in-phase (y’) (a) and the out-of-phase (y") (b)
susceptibility for 3.1 in zero DC field at AC frequencies of 1-1488 Hz; Solid lines are a
guide to the eye. (c) Cole-Cole plots for 3.1 in zero DC field; Solid lines are fits of data
with Equation 4 on page 21 (adjusted R? = 0.99548-0.99998). (d) The Plots of natural
log of the relaxation time (7) versus inverse temperature for 3.1. The blue points are
from the AC susceptibility measurements; The solid red line is the best fit using

Equation 3 on page 16 without QTM process (adjusted R? = 0.99922)
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Table 3.3 Relaxation fitting parameters for 3.1. (adjusted R? = 0.99548-0.99998)

T/K 1/ cm® mol™ s/ cm® mol™? a /s
46 0.80248 0.38336 0.04023 4.03794E-5
42 0.87604 0.31494 0.06413 5.25607E-5
38 0.96177 0.28151 0.06757 8.29553E-5
36 1.01367 0.27233 0.07804 1.12475E-4
34 1.07314 0.23862 0.09638 1.49175E-4
32 1.13962 0.19038 0.12611 2.04756E-4
30 1.21678 0.14552 0.15614 2.97303E-4
28 1.30477 0.08859 0.18361 4,55152E-4
26 1.40833 0.07191 0.18907 7.75102E-4
24 1.52557 0.06584 0.18541 0.00138
22 1.66416 0.07285 0.17289 0.00251
20 1.83046 0.08714 0.15716 0.00455
18 2.03129 0.10296 0.14492 0.00807
16 2.29451 0.11584 0.14722 0.01414
14 2.63514 0.13043 0.15823 0.02527
12 3.14624 0.14542 0.18754 0.04974
10 4.06799 0.15412 0.25149 0.12033
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The mono-cation 3.2 displays y"(v) curves over a wider temperature range of 2.0-67
K, with the maxima observed in the range of 12-60 K. Below 10 K, the data are similar
to compound 3.1 and also without maxima. Fitting the Inz vs. T data using the same

1= g le Veit/k8T + CT™ gave the effective energy barrier of Uesr =

equation 1~
411(23) cm™ and 7 = 4.16(3) x 107° s, whilst the Raman parameters are C = 2.66(3) x
10™* st K™ and n = 2.92(1) (Figure 3.7d). The « parameters show the range of

0.04-0.26, inditing a small distribution of relaxation times (Table 3.4).

2.0
- 1.54
<]
£
E
2 1.0+
=
05
0.0
v iHz viHz
C ] d
( ) 124 12K N o ( )
1.0 -4
-
g 081 &k ﬁ':/ \\
- /d/;. ™ .
E o0s V4 o
:2 b7 _E
N p4 ':’_.fl.
Ug=411(23) em™
£ 5, =4.16(3) x 10%s
C=266(3)x10%s K"
n=292(1)
T T T T T T -10 T T T T 1
0.0 05 1.0 15 20 25 30 0.02 0.04 0.06 0.08 0.10
' cm®* mol” THK!

Figure 3.7 Frequency dependence of in-phase (y’) (a) and the out-of-phase (y") (b)
susceptibility for 3.2 in zero DC field at AC frequencies of 1-1488 Hz; Solid lines are a
guide to the eye. (c) Cole-Cole plots for 3.2 in zero DC field; Solid lines are fits of data
with Equation 4 on page 21 (adjusted R? = 0.99534-0.99989). (d) The Plots of natural
log of the relaxation time (7) versus inverse temperature for 3.2. The blue points are
from the AC susceptibility measurements; The solid red line is the best fit using

Equation 3 on page 16 without QTM process (adjusted R? = 0.99899)
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Table 3.4 Relaxation fitting parameters for 3.2 cation. (adjusted R? = 0.99534-0.99989)

T/K 1/ cm® mol™ s/ cm® mol™? a /s
60 0.62435 0.22126 0.04743 6.54302E-5
58 0.64414 0.16072 0.09222 7.36857E-5
56 0.66786 0.17756 0.08292 1.11018E-4
54 0.69181 0.1348 0.09906 1.35223E-4
52 0.71945 0.11415 0.11253 1.8203E-4
50 0.74704 0.0979 0.12433 2.31602E-4
48 0.77848 0.09997 0.10456 3.16942E-4
46 0.81142 0.07592 0.11684 3.90158E-4
44 0.84688 0.08251 0.11476 5.07021E-4
42 0.88513 0.08936 0.10258 6.36583E-4
40 0.92737 0.07981 0.1082 7.59387E-4
38 0.97318 0.07782 0.11201 9.12904E-4
36 1.02584 0.08694 0.10946 0.00109
34 1.0868 0.0878 0.10754 0.00128
32 1.15418 0.0916 0.11277 0.00151
30 1.22928 0.10443 0.11142 0.00181)
28 1.31774 0.10999 0.11256 0.00218
26 1.42075 0.1189 0.11516 0.00264
24 1.54063 0.12857 0.12069 0.00331
22 1.68516 0.14265 0.12866 0.00424)
20 1.86118 0.14511 0.14386 0.00561
18 2.0763 0.16371 0.15513 0.00765)
16 2.35489 0.18021 0.17482 0.01108
14 2.72747 0.19845 0.20777 0.01715
12 3.30624 0.21436 0.2629 0.03039
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Compared with the barrier of 138 cm™ determined for compound 3.1, the 3.2 cation
shows a significant improvement in effective energy barrier to 411 cm™. A plausible
explanation for the different Ues values could involve the shorter Dyl1-Cp* and
Dy3-Cp* centroid distances (2.311(3)-2.314(3) A) and the shorter Cp-Fv'tt distances
(2.336(3)-2.340(3) A) than the corresponding distance of 2.382(3)-2.389(2) A and
2.391(3)-2.407(2) A for 3.1, which effectively strengthen the axial crystal field.
Furthermore, the Cp-Dy-Cp angles in 3.2 are 147.578°(14), 147.752°(14) and
149.159°(16) for Dy1, Dy2 and Dy3, respectively, making them more axial than the
analogous angles of 132.835(7)°, 135.708(12)° and 139.205(11)° for 3.1. Hence, in 3.2
cation, the crystal field is also more axial as well as stronger. The elimination of one
equatorial borohydride ligand from compound 3.1 upon forming 3.2 also results in a
decreasing equatorial crystal-field. Thus, all the structural changes result in improved

SMM performance for the cation 3.2.

The Cole-Cole plots in Figures 3.6c and 3.7c show that 3.1 and 3.2 only have one path
for each relaxation process. The hysteresis loops M(H) for 3.1 and 3.2 were measured
at 1.9 K with an average scan rate of 2.7 Oe s™L. For the both, narrow loops were
observed at field values of + 10 kOe, but with closure at zero field. Thus, despite the
minor role played QTM effects in these SMMs, the rapid drop in magnetization around
zero field is likely to be due to the equatorial crystal-field from the equatorial

borohydride ligands.

(b)

-40 -20 0 20 40
H/kOe H/kOe

Figure 3.8 Magnetic hysteresis loops for 3.1 (a) and 3.2 (b).
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3.4.3 Theoretical Calculations

The ab initio calculation results on 3.1 and 3.2 are presented in Figure 3.9-3.10, in

which red arrows indicate the transitions between energy levels. The crystal-field split

states in the ground multiplet of Dy3* ions are listed in the Tables 7.12-7.17

(Experimental Section).

For compound 3.1, the theorical barrier should at least be counted from second, third

and second excited KDs for Dy1, Dy2 and Dy3 respectively, which has the barrier height

of 330 cm™ to 427 cm™.

However, the local barrier is much higher than the

experimental barrier (138(4) cm™). The first excited KDs has a closer energy range of

151-190 cm™ to the experimental data, which indicates the relaxation should take

place at this level.
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Figure 3.9 (a) The principal magnetic axes of the ground KDs of the Dy3* ions in 3.1.

Calculated effective ab initio barriers for the relaxation of magnetization at the Dyl

(b), Dy2 (c) and Dy3 (d) ions of 3.1.
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In compound 3.2, the calculated local barriers should be crossed earliest at the first,

second and first excited KDs for Dy1, Dy2 and Dy3 respectively, which gives an energy

range of 324-453 cm™. This computational result shows good agreement with the

experimental value (411(23) cm™2).
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Figure 3.10 (a) The principal magnetic axes of the ground KDs of the Dy3* ions in 3.2.

Calculated effective ab initio barriers for the relaxation of magnetization at the Dyl

(b), Dy2 (c) and Dy3 (d) ions of 3.2.
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Due to the weak contribution of other magnetic interaction effects, based on
calculation, only the dipolar coupling is considered in the system of 3.1 and 3.2. An

Ising-type formula was applied according to Equation 6:

H= —]12§z,1-§z,2 —]13§z,1§z,3 —]23§z,2-§z,3 (6)

where the indices 1, 2 and 3 correspond to the same indices of the Dy3* ions used in
the crystal structure, and the parameter S equals to 1/2. As a result, compound 3.1
gives nearest-neighbour exchange parameters of J1, = 1.81 cm™, /3 =-1.71 cm™ and
J13 = 0.07 cm™. Due to the longer distance (7.908(1) A) between ions Dyl and Dy3
leading to less interaction effect, the cation 3.2 only has the nearest-neighbour

exchange parameters of J1; =-1.19 cm ' and J,3 =-1.25cm™,
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3.5 Conclusions

Two novel tri-nuclear dysprosocenium SMMs based on fulvalenyl ligands were
reported in this chapter. This work represents the first synthetic method for the
synthesis of dysprosium metallocene clusters. The SMM properties of both
compounds were measured in a zero DC field, which resulted in an increase in the
effective energy barrier from 138(4) in 3.1 to 411(23) cm™t in 3.2 cation. The ab initio
calculation indicates that both of the tri-dysprosium systems have the intramolecular
interaction within the neighbour ions, which is dominated by the dipolar coupling

effect.
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Chapter 4

A Phosphole-Ligated Dysprosocenium Single-Molecule

Magnet
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4.1 Introduction

The impressive SMM performance of the metallocenium SMMs [Dy(Cp™)],* and
[(Cp™®™)Dy(Cp*)]* provide inspiration for the exploration of other Cp-like ligands

containing heteroatoms in place of carbon.> 1!

Despite the ready availability of heteroatom-containing cyclopentadienyl ligands,
lanthanide SMMs containing such ligands are rare. Five-membered rings with
heteroatoms such as phosphorus, arsenic and antimony could enhance the axial
anisotropy as stronger electron-donors.’®® Gao et al. reported the sandwich
compound [(n>-Dsp)Er(n®-COT)], in which Dsp is the phosphorus-containing ligand 3,4-
dimethyl-2,5-bis-trimethylsilylphospholyl (Figure 4.1a).2>” The prolate erbium3* ions
interact with the two ligands with Er-COT and Er-Dsp distances of 2.321 A and 1.687
A, respectively. This molecule has a modest effective energy barrier of Uef = 249 cm™!
in zero DC field, with blocking temperature of 9 K. The properties of the phosphole-
ligated Er-SMM are better than those of [(Cp*)Er(COT)], which has the Uetr = 137
cm™1.%% However, the COT / Dsp combination of ligands is not suitable for oblate Dy3*
ions since [(n°-Dsp)Er(n3-COT)] has an effective energy barrier of only 40 cm™ under a

induced DC field of 2000 Qe.

Figure 4.1 Thermal ellipsoid representation (30 % possibility) of molecular structures
of [(Dsp)Er(COT)] (a) and [Dy(Dtp)2]* (b). The structures are reproduced based on the
cif files from the Ref. 157 and 158.1>7- 158
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Mills et al. reported the bis(monophospholyl) dysprosocenium complex
[Dy(Dtp)2]*[A{OC(CF3)3}a]~, in which Dtp is the phosphole ligand 2,5-'Bu;-3,4-Me,PC4
(Figure 4.1b).**® Compared to the cation [Dy(Cp')],*, the [Dy(Dtp)2]* is less bent with
a Dtp.—Dy-Dtp. angle of 157.9°, but a larger Dtp-Dy distance of 2.354 A (cf.
Cpc—Dy-Cpc = 152.8°, Cpc—Dy = 2.309 and 2.324 A in [(Cp'™)2Dy]*). The result of the
different structural properties in [Dy(Dtp)2]* is a lower effective energy barrier of 1223
cm™! with the magnetic hysteresis observed up to only 48 K. Notably, the authors also
state that the reaction of [Dyl(Dtp)2] with [(Et3Si)2H][B(CsFs)4], which was intended to
produce [Dy(Dtp):][B(CeFs)s], yielded an unknown mixture. Hence, the authors

replaced the electrophilic silicon reagent with [NEtsH][AI{OC(CF3)3}4].
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4.2 Synthesis of Phospholyl Ligands and Phosphole-Ligated SMMs

4.2.1 Synthesis of Mono-Phospholyl Ligands and Phospholide Compounds

At the outset, three phospholyl ligands were targeted (4.1-4.3). The synthesis
procedures for these potassium phospholide salts are similar and begins with the
reaction of zirconocene dichloride with n-butyllithium and two equivalents of alkyne,
according to a literature procedure.® Using 1-(trimethylsilyl)propyne, 3-hexyne or 4-
methyl-2-pentyne yields the zirconacyclopentadienes depicted in Scheme 4.1. Then
the corresponding phospholes are obtained following addition of one equivalent of

PCls. Finally, excess potassium metal is added to give the potassium phospholides,

which are abbreviated as 4.1 (KDsp, Dsp 2,5-bis(trimethylsilyl)-3,4-
dimethylphospholide), 4.2 (KCpt*®?, Cpf**P = tetraethylphospholide) and 4.3 (KCp™Pr2Me?,
CpPr2Me2 = diisopropyldimethylphospholide). For compound 4.3, the reaction
generates two isomers that cannot be separated. Thus, only compound 4.1 and 4.2

were used in the following syntheses.

RZ R2
1. "BulLi, -78 °C a) R' = SiMe;, R? = Me
Cp,ZrCly > ] z/_g\ ] b) R' = Et, R? = Et
2. R'—=—R? R A R ¢)R"='Pr,R? = Me
Cp Cp
Cls
DCM, 0°C

R2 RZ K R2 R2
R? R! = ’U\ R!
K* |

Cl
Me3SiSiMe3
K* K*
4.1 4.2 4.3

Scheme 4.1 Synthesis of 4.1, 4.2 and 4.3.
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4.2.2 Synthesis of a Bis(monophospholyl) Dysprosium Complex

Two equivalents of KDsp (4.1) were reacted with [Dy(BH4)3(THF)3] in toluene and the
bis(monophospholyl)dysprosium compound [(Dsp).Dy(BH4)(THF)] (4.4) was obtained
(Scheme 4.2). The molecular structure of 4.4 was determined by X-ray diffraction and
is discussed in Section 4.3.1. Evidently, the methyl and trimethylsilyl groups are not
bulky enough to avoid coordination of THF to dysprosium ion. Hence, to obtain a
bis(monophospholyl) sandwich structure, bulkier substituents are required to

increase the steric hindrance.

SiMe,
(P
Me s.ﬁi
Dy(BHy)3THF; ° \ H "BH,
2 Me;Si siMe; — L Dy—H
K* - 2K[BH,] MesSiy [ Mrup
» - 2THF S
' Me;Si 4.4

Scheme 4.2 Synthesis of 4.4.

4.2.3 Synthesis of [(Cp™P")Dy(Cptt*?)][B(CesFs)a]

In light of the result obtained when using a moderately bulky phospholyl ligand, a
bulkier phosphorus-containing dysprosium metallocene cation was targeted. The aim
was therefore to synthesize [(Cp™™®)Dy(Cpt**?)][B(CeFs)s], in light of structural
similarities between this compound and the record-breaking SMM
[(Cp™™)Dy(Cp*)][B(CsFs)a]. The synthesis is detailed in Scheme 4.3. First, NaCp™™ was
reacted with [Dy(BH4)3(THF)s] to give the known compound [(Cp™")Dy(BH4),THF].>
The half-sandwich complex was then reacted with the potassium phospholide (4.2) to
give the borohydride-ligated metallocene complex [(Cp™™)Dy(CpE**?)(BH4)] (4.6). The
borohydride ligand in 4.6 was then targeted for removal by adding [(Et3Si)2H][B(CeFs)a],
which finally yielded complex [(Cp™™)Dy(Cpt*?)][B(CeFs)a] ([4.7]1[B(CesFs)s]). If the
slightly milder electrophilic reagent [Ph3C][B(CeFs)4] is used to remove the BH4 ligand,

in addition to 4.7, the by-product of [4.8][B(CsFs)s] also forms in trace amounts.
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Compared to 4.7, the 4.8 cation contains a k%>-BHs ligand, which is held in place by a

B-P bond to the phospholyl ligand. These two compounds cannot be separated

despite repeated attempts.

s

Na*

Dy(BH,4)sTHF3

4.5

[B(CeFs)al

[4.7][B(C6F5)4]

Pr

/Pr*@) Pr
Pr '

Dy,
[HE ksl 7

[HE(x-H)al

| 'Pr

[

. i Pr
[(EtsSiH4),H[® ,.
S 'Pr P
[B(CeFs)4l ip? \ _H~<
- Dy‘H/
-2 Et,SiH Et% Et
©  05B,H, NG
Et
4.6
®
[PhsC]

[B(CoFs)a]®

[ Pr®
iPrPr
N
U,?\ Et
Et ©
| Et t) [B(CeFs)al
[4.7][B(CeF5)4]

H—

Scheme 4.3 Synthesis of 4.6 and [4.7][B(CsFs)a].
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4.3 X-Ray Diffraction Studies of Dysprosium-Phospholyl Complexes

4.3.1 Crystal Structure of Compound 4.4

For [(n°-Dsp).Dy(BH.)(THF)] (4.4, Figure 4.2), each of the Dsp ligands is coordinated in
an mn°-manner, with a Dy-C bond lengths in the range 2.767(3)-2.819(3) A and
2.783(3)-2.823(3) A for the two Dsp ligands. The Dy-P bond lengths are 2.890(1) and
2.914(1) A to P1 and P2, respectively. The Cp.~Dy distances are 2.488(1) and 2.490(2)
A to the Dsp ligands containing P1 and P2, respectively. The k3-BHs and THF ligands
produce a Dy---B distance of 2.530(4) A and a Dy-O bond length of 2.390(2) A, which
also leads to a bent Cp.—Dy-Cp. angle of 135.46(5)°. (Table 4.1)

Figure 4.2 Thermal ellipsoid representation (50 % possibility) of molecular structure

of 4.4. Dy, green; C, black; O, red; P, purple; Si, orange; B, pink; H, white.
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Table 4.1 Selected bond lengths (A) and angles (°) for 4.4.

Dy—C Dy1-C1: 2.798(3)
Dy1-C2: 2.819(3)
Dy1-C3: 2.819(4)

(
(
(
Dy1-C4: 2.767(3)
Dy1-C5: 2.823(3)
Dy1-C6: 2.789(3)
Dy1-C7: 2.789(3)

Dy1-C8: 2.783(3)

Dy-P Dy1-P1: 2.890(1)
Dy1-P2: 2.914(1)

Dy—centroid Dyl-centroidl: 2.488(1)
Dyl-centroid2: 2.490(2)

Dy---B Dy1--B1: 2.530(4)
Dy-O Dy1-01: 2.390(2)
Cp—Dy—Cp. Dy1: 135.46(5)

4.3.2 Crystal Structure of Compound 4.6

In compound 4.6, the Cp®™ and Cp®**? ligands are both coordinated in an n°>-manner.
Due to the bulky Cp®™ ligand, only the borohydride ligand is coordinated from the
equatorial plane — no THF or other solvent molecule can coordinate. Compared to
4.4, the Dy-C bond lengths to the Cp®™ ligand are much shorter, with the range of
2.628(3)-2.683(3) A. The range of Dy-C bond lengths to the Cpf*? ligand are also
shorter, being in the range of 2.693(3)-2.746(3) A. The Dy-P bond length of 2.8526(7)
A is also markedly shorter than the analogous distances in complex 4.4. Thus, the
distances between Dy and the Cp centroids are reduced to 2.355(2) A and 2.415(2) A
for Cp™ and Cpf**P, respectively. As the distance between the two Cp-planes gets
closer, the Dy--B distance to the 3-BH4 ligand increases to 2.688(4) A. The Cp-Dy-Cpc

angle increases substantially to 147.69(4)°.
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Figure 4.3 Thermal ellipsoid representation (50 % possibility) of molecular structure

of 4.6. Dy, green; C, black; P, orange; B, pink; H, white.

Table 4.2 Selected bond lengths (&) and angles (°) for 4.6.

Dy—C (CpP™) Dy1-C1: 2.653(3) | Dy—C (CpEtP) Dy1-C21: 2.693(3)
Dy1-C2: 2.628(3) Dy1-C22: 2.746(3)
Dy1-C3: 2.638(3) Dy1-C23: 2.738(3)
Dy1-C4: 2.651(3) Dy1-C24: 2.741(3)

Dy1-C5: 2.683(3)

Dy—P Dy1-P1: 2.852 (1)

Dy—centroid Dy—CpcP™: Dy—centroid Dy—Cpc™4*:
(CpP™5) 2.355(2) (Cp™*F) 2.415(2)
Dy-B Dy1--B1: 2.688(4)

Cp—Dy—Cpc Dy1: 147.69(4)
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4.3.3 Crystal Structure of [(Cp™”)Dy(Cpt**)][B(CsFs)4]

The molecular structure of [4.7][B(CsFs)a] was determined at 100 K and 30 K, with the
low-temperature structure being collected in the laboratory of Prof. Dr. K. Meyer at
Erlangen-Nirnberg University, Germany. The dysprosium atom is disordered across
two sites with approximate occupancies of 3:1 at both data collection temperatures.
This disorder is illustrated in Figure 4.4 for both structures, for which the differences
in bond lengths and angles are not statistically significantly. For the major component
of the disordered structure at 100 K, the Dy1-C distances are 2.523(10)-2.699(12) A
for the n>-Cp’™ ligand, whilst the 1°-Cpt*® ligand displays a shorter Dy1-C distance
range of 2.632(11)-2.702(10) A, compared to 4.6. However, the Dyl-P distance
slightly decreases to 2.881(3) A. The distances between Dy1 and the Cp centroids are
reduced to 2.305(1) and 2.369(1) A for Dy1-Cp™® and Dy1-Cpt*? respectively. The
Cpc—Dy-Cpc bending angle is significantly wider 164.8(2)° (Table 4.3). In order to
support the phase-purity of the product, !B and *°F NMR spectra are illustrated in
Figure 7.22-7.23 (Experimental Section) and its powder X-ray diffraction pattern at
290 K is shown in Figure 4.5.

(a)

Figure 4.4 Thermal ellipsoid representation (50 % possibility) of molecular structures
of 4.7 determined at 100 K (a) and at 30 K (b), illustrating the disorder associated with
the dysprosium atom.
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At 100 K, the bond lengths and angles to DylA are significantly different to those
involving Dy1, i.e.: Dy—-C = 2.370(13)-2.665(11) A to Cp™™S; Dy-C = 2.614(10)-2.949(12)
to CpE™P; Dy—CpP™ = 2.209(1); Dy—Cptt** = 2.458(1); Dy—P = 2.697(6); bending angle at
Dy1A =166.2(2)°. The major structural differences between the two disordered forms
of the cation 4.7 at 100 K are also found in the structure at 30 K. The relevant bond
lengths and angles are all stated in Table 4.4 along with the percentage occupancies

of the two disordered dysprosium positions.

The appreciable differences in the local coordination environment experienced by the
dysprosium atoms in 4.7 at 100 K and 30 K could have an impact on the crystal field
properties of the complex and, therefore, the SMM behaviour. This aspect is described

further in Section 4.4.

Table 4.3 Selected bond lengths (&) and angles (°) for 4.7 at 100 K.

Dyl (74.7 %) Dy1A (25.3 %)

Dy—C (Cp™™) Dy1-C1: 2.699(12) Dy1A—C1:2.370(13)

Dy1-C2: 2.636(12) Dy1A—C2: 2.370(13)
Dy1A—C3: 2.571(13)
Dy1A—C4: 2.665(11)

Dy1A-C5:2.537(12)

(

(

Dy1-C3: 2.489(11)

Dy1-C4: 2.523(10)
(

Dy1-C5: 2.648(11)

Dy—C (CpF™®)

Dy1-C21: 2.670(10)
Dy1-C22:2.632(11)
Dy1-C23: 2.687(9)

Dy1-C24: 2.702(10)

Dy1A-C21:2.819(11)
Dy1A-C22:2.949(12)
Dy1A-C23: 2.875(10)
Dy1A-C24: 2.614(10)

Dy-P

Dy1-P1:2.881(3)

Dy1A-P1: 2.697(6)

Dy—centroid (Cp™™)

Dy1-Cp®"s: 2.305(1)

Dy1A—Cp.S: 2.209(1)

Et4P)

Dy—centroid (Cp

Dy1-Cp.£4": 2.369(1)

Dy1A—Cp.F#°: 2.458(1)

Cp—Dy—Cpc

Dy1:164.8(2)

Dy1A: 166.2(2)
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Table 4.4 Selected bond lengths (&) and angles (°) for 4.7 at 30 K.

Dy1 (76.4 %)

Dy1A (23.6 %)

Dy—C (Cp*™)

Dy1-C1: 2.687(13)
Dy1-C2: 2.637(13)
Dy1-C3: 2.508(12)
Dy1-C4: 2.514(11)
Dy1-C5: 2.651(12))

Dy1A—C1: 2.347(14)
Dy1A-C2: 2.409(14)
Dy1A—C3: 2.584(13)
Dy1A—C4: 2.662(13)
Dy1A—C5: 2.546(12)

Dy—C (Cp®*?)

Dy1-C21: 2.671(11)
Dy1-C22: 2.641(11)
Dy1-C23: 2.689(11)
Dy1-C24: 2.709(11)

Dy1A-C21: 2.830(12)
Dy1A-C22: 2.971(12)
Dy1A-C23: 2.876(12)
Dy1A-C24: 2.619(11)

Dy-P

Dy1-P1: 2.881(3)

Dy1A—P1: 2.695(6)

Dy—centroid (Cp™)

Dy1—CpcP™s: 2.305(1)

Dy1A—CpcP's: 2.205(1)

Dy—centroid (CpEtP)

Dy1-Cp.f*P: 2.372(1)

Dy1A—CpFtP: 2.466(1)

Cpc—Dy—Cpc Dy1: 164.5(2) Dy1A: 165.7(2)
Experimental
—— Simulated
1I0 2|0 ' 3|O 4|0 I 5|O
260/ degree

Figure 4.5 Powder-XRD spectrum of 4.7 at 290 K.
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4.3.4 Crystal Structure of [(Cp™™)Dy(Cpttf)(BH;s)][B(CsFs)4]

The dysprosium centre in the unexpected by-product [4.8][B(CsFs)4] is also strongly
disordered (Figure 4.6). For the major part (87 % occupancy), the Dy-C distances are
longer than those in the cation 4.7, lying in the range 2.559(4)-2.691(4) A and
2.669(4)-2.874(4) A for the Cp™° ligand and the Cpt™” ligand, respectively. The Dy-P
distance of 2.8406(11) A is, however, similar to the major disordered component of
4.7. The distances between the dysprosium ion and the Cp-centroids increase to
2.3253(1) and 2.4581(1) A. The BH3 group is bound to the phosphorus atom with a B—
P distance of 2.016(6) A, and bridges to the dysprosium via two p-H atoms with a Dy--B
distance of 2.555(5) A. The bending Cpc—Dy—Cpcangle is 159.07(1)°. The bond lengths
and angles for the minor disordered component are significantly different and are
displayed in Table 4.5. The IR spectrum for this mixture products give a weak
absorption band at ¥ =2192-2511cm™ (Figure 7.24, Experimental Section). However,
full characterization of this compound, including CH element analysis was not possible
due to a combination of not being able to separate it from the other product of the

reaction and also because it forms in very small amounts.

Figure 4.6 Thermal ellipsoid representation (50 % possibility) of molecular structures

of 4.8, illustrating the disorder associated with the dysprosium atom.
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Table 4.5 Selected bond lengths (&) and angles (°) for 4.8.

Disordered part 1 (87 %) Disordered part 2 (13 %)
Dy—C (Cp*™) Dy1-C1: 2.578(4) Dy1lA—-C1: 2.718(5)
Dy1-C2: 2.665(4) Dy1A—C2: 2.761(5)
Dy1-C3:2.691(4) Dy1A—-C3:2.377(5)
Dy1-C4: 2.618(5) Dy1A—C4: 2.034(6)
Dy1-C5: 2.559(4) Dy1A—C5: 2.304(5)
Dy—C (CptP) Dy1-C21: 2.728(4) Dy1lA—-C21: 2.976(5)
Dy1-C22: 2.874(4) Dy1A—C22: 2.761(5)
Dy1-C23: 2.850(4) Dy1A—-C23:2.739(5)
Dy1-C24: 2.669(4) Dy1A—C24: 2.929(5)
Dy-P Dy1-P1: 2.8406(11) Dy1A—P1: 3.4045(1)
Dy—centroid (Cp®™) Dy1-Cp.: 2.3253(1) Dy1-Cp.: 2.1328(1)
Dy—centroid (CpE®F) Dy1-Cp.: 2.4581(1) Dy1A-Cp.: 2.6584(1)
P-B P1-B1: 2.016(6) P1-B1: 2.016(6)
Dy--B Dy1-B1: 2.555(5) DylA-B1:3.3781(1)
Cp—Dy—Cp. Dy1: 159.0710(1) Dy1A: 157.952(1)
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4.4 Magnetic Property Measurements

4.4.1 DC Magnetic Susceptibility

For compound 4.6, the temperature-dependence of the magnetic susceptibility was
determined using a 1 kOe DC field (Figure 4.7a). The ymT value of 14.03 cm? K mol™!
at 300 K matches well with the theoretical value for a single Dy3* ion with a ®His;;
ground multiplet (14.07 cm3 K mol™).24° The ywT value gradually decreases to 11.82
cm?® K mol™? at 2 K. The field-dependence of the magnetization reaches a

magnetization value of 5.34 N at 2 Kand 7 T (Figure 4.7b).
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Figure 4.7 Plots of ymT versus temperature in an applied magnetic field of 1 kOe (a)

and field dependent magnetization (b) for 4.6.
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For [4.7][B(CeFs)a], ymT is 14.25 cm? K mol™! at 300 K, close to the theoretical value of
14.07 cm?3 K mol™. With decreasing temperature, the ymT is gradually reduced until a
sharp drop occurs below 30 K. At the lower temperature, the ymT decreases to 3.25

cm3 K mol™ at 1.8 K, which indicates strong magnetic blocking (Figure 4.8).
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Figure 4.8. Plots of ymT versus temperature in an applied magnetic field of 1 kOe for

[4.7][B(CsFs)al.

In order to better understand the temperature-dependence of the magnetic
relaxation, plots of magnetization decay versus time were also measured for
[4.7][B(CsFs)4] at the temperature range of 2-75 K. For instance, the data of 2 K and
75 K is shown in Figure 4.9 (the other data are provided in the Experimental Section).
The magnetization decays close to zero over a period of 15 s at 75 K, whereas the
relaxation time increase to more than 500 min at 2 K, which again displays the

effective magnetic blocking at low temperature.

119



(a) (b)
0.0024-
0.35-
E 0.0020 E 0.30-
e 2 02s
=~ 0.0016- e 254
E T=75K E , T=2K
£ 0.0012- £ 0.20+
g g 0.15-
o 0-0008- =
b 2 010
o )
—1 0.0004 e -
0.0000 0.00- ; : y
0 30 60 90 120 0 20000 40000 60000 80000
Time /s Time /s

Figure 4.9. Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CsFs)a] at 75 K (a) and 2 K (b).
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4.4.2 AC Magnetic Measurements

The temperature-dependence of the in-phase (y') and the out-of-phase (y") AC
susceptibility were measured in zero DC field at various AC frequencies in the range v
=1-1488 Hz from 4 to 60 K for complex 4.6 (Figure 4.10a-b). No maxima in y"(T) were
observed due to fast magnetic relaxation via QTM even at low temperature. Thus, an
additional DC field of 1500 Oe was applied in the temperature range 4-31 K to

suppress the QTM, with the maxima observed from 4 to 18 K (Figure 4.10c-d).
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Figure 4.10 Temperature dependence of the in-phase (y'm) (a) and out of phase
susceptibility (''m) (b) for 4.6 in zero DC field at AC frequencies in the range 1-1488
Hz from 4 to 60 K. Frequency dependence of in-phase (y'm) (c) and out-of-phase (y''m)
(d) susceptibility in a DC field of 1500 Oe at AC frequencies of 1-1488 Hz from 4 to 31

K. Solid lines are a guide to the eye.
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L= gyle Vett/ksT an effective energy barrier for

Using the Arrhenius equation T~
the relaxation in an applied DC field was determined to be 43 cm™! with 7p=2.7 x 107®
s. According to the linear plot of Inz vs. T (Figure 4.11a), the Raman process and
guantum tunnelling are not prominent, as expected for an in-field measurement. The
Cole-Cole plots (Figure 4.11b) were fitted with & parameters in the range of 0.04-0.21

(Table 4.6), which indicates a narrow range of relaxation times and probably one

dominant process.
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Figure 4.11 (a) Plot of natural log of the relaxation time vs. inverse temperature for
4.6 (adjusted R? =0.99954). (b) Cole-Cole plots for the AC susceptibility in a DC field of
1500 Oe for 4.6 from 4-18 K (adjusted R? = 0.99933-0.99994).

Table 4.6 Relaxation fitting parameters for 4.6. (adjusted R?> = 0.99933-0.99994)

T/K yr/cm®Pmol™ % /cm3mol™? a /s
18 0.59964 0 0.04395 8.62214E-5
17 0.63332 0 0.04335 1.07507E-4
16 0.67183 0 0.04715 1.36768E-4
15 0.71527 0 0.04615 1.7948E-4
14 0.76412 0.00946 0.04268 2.44724E-4
13 0.81979 0.0164 0.03989 3.41936E-4
12 0.88363 0.02191 0.03679 4.95744E-4
11 0.9709 0.02824 0.03464 8.07515E-4
10 1.06496 0.03046 0.03579 0.00134
9 1.18447 0.03387 0.03999 0.00245
8 1.32505 0.03816 0.04225 0.00501
7 1.50573 0.0439 0.05084 0.01202
6 1.74195 0.05034 0.0665 0.0361
5 2.10152 0.06817 0.10591 0.15077
4 2.92534 0.07609 0.21202 1.00386
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For compound [4.7][B(CsFs)s], in-phase and out-of-phase AC susceptibility were
measured in a temperature range of 4-130 K, with the zero DC field and a small 5 Oe
AC field at various frequencies in the range v=0.1-1488 Hz. Two groups of maxima
peaks were observed (Figure 4.12a-b). For the y"(T) data, the first group of maxima
occur in the temperature range 25-72 K and the second group of maxima occur in the

range 73-119 K.
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Figure 4.12 Temperature dependence of in-phase (y'm) (a) and out-of-phase

susceptibility (y''m) (b) in a zero DC field at AC frequencies of 0.1-1488 Hz for
[4.7][B(CéFs)a].
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The appearance of two sets of well-defined maxima at relatively high temperatures is
unprecedented and reveals that the single-ion compound should have more than one
high-barrier thermal relaxation pathway. The Cole-Cole fitting plots (Figure 7.31-7.39,
Experimental Section) yield «a parameters of 0-0.53, which show a broad range of
relaxation times and indicate that more than one path probably exists in relaxation
processes (Table 7.18-7.19, Experimental Section). The plot of Int versus T (Figure
4.13) consists of two distinct curves, one for each group of maxima in the out-of-phase
susceptibility. Fits of the data were achieved using Equation 4 (on page 21)and 771 =

7o te Uert/kBT 4 CT™ 4 100

In(r/s)

0.0 0.1 0.2 0.3 0.4 0.5
T 1K

Figure 4.13 Plots of Intversus T~ for [4.7] [B(CsFs)4]. The red data points correspond
to the high-temperature processes, the green points correspond to the low-

temperature process.

In Figure 4.13, the red fitting line, which refers to the high-temperature process, gives
a barrier of 1410(10) cm™ and w = 4.77 x 10712 s, with the Raman parameters of C =
5.36 x 10°® s71 K™ and n = 2.23 and quantum tunnelling time of 7qrm = 381.7 s. The
green curve results in Uess = 747(7) cm™, 10=4.23 x 1075, C=8.73 x 103 s 1K™, n =

2.43 and qrm =1.33 s.
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The magnetic hysteresis was also measured first using a relatively fast scan rate of 200
Oe s tin the temperature range 2-55 K (Figure 4.14a). Subsequently, a lower scan rate
of 25 Oe s™! was applied at temperatures in the range 60-75 K (Figure 4.14b). The
loops remained open up to 70 K, which defines the blocking temperature for this SMM.
At 2 K and 200 Oe s, the M value almost saturates in a field of +70 kOe. A slight
decrease in the magnetization occurs on reducing the field to 10 kOe, and around zero
field there is sharp drop in the magnetization to 2 Nf3. Then, as the magnetic field
increases to the opposite direction, two distinct steps occur around 8 kOe and 20 kQOe,
resulting in a sharp decrease in M. To reduce the magnetization to zero, a coercive

field (Hc) of 25 kOe is required.
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Figure 4.14 Magnetic hysteresis properties of [4.7][B(CeFs)a]: (a) hysteresis loops at
various temperatures in the range 2-50 K using a sweep rate of 200 Oe s7%; (b) Section
of the hysteresis loops at low fields and temperatures in the range 60-70 K using a

sweep rate of 25 Oe s72.

The two steps in the hysteresis loops at 2 K and 200 Oe s~ also occur on the opposite
side of the loop after reversal of the field direction once again. As the temperature of
the hysteresis measurement was increased, the loops gradually begin to close, the
coercive field reduces and the two steps in the magnetization become less discernible.
When considered in light of the AC susceptibility data, the steps in the hysteresis data
for [4.7][B(CsFs)a] are consistent with magnetization reversal involving two different

relaxing species. Since no structural phase changes could be detected using X-ray
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crystallography, we believe that the phenomena observed in this SMM are most likely
to be accounted for the two disordered forms of the cation [(Cp™")Dy(Cpt™®)]* (4.7)
displaying independent SMM behaviour, with one dysprosium environment

experiencing a stronger axial crystal-field than the other.

4.4.3 Theoretical Calculations on [(Cp™™)Dy(Cptt?)]*

Based on the experimental data, the complex [4.7][B(CsFs)a] shows excellent and
unusual SMM performance with two large energy barriers and one of the highest
known blocking temperatures. The two distinct thermal relaxion processes have not
previously been observed in a metallocenium SMM. Hence, multireference ab initio
calculations were applied to further explain the magnetic behaviour. At the time of
writing, only the calculations on the major disordered component (at 100 K) had been
completed. According to the angles defined as that formed by the intersection of the
magnetic axis in the excited KDs relative to the magnetic axis in the ground KD (&)
(Table 4.7), all eight KDs are highly axial, which reflects the molecular structure. The
axiality is also reflected in the g-tensors for the system; however, non-negligible
transverse components are encountered in KD5. A barrier-like illustration of the
magnetic relaxation is depicted in Figure 4.15. Notably, the transition magnetic
moments for barrier-crossing processes (effectively the probability of a transition) are
small even in the higher KDs. The experimental energy barrier of 1410(10) cm™ lies in
between the values of 1316 cm™ for KD5 and 1523 cm™ for KD6. This result indicates
that the most probable barrier-crossing transition occurs via KD6, although a
transition involving KD5 cannot be ruled out. Consequently, the larger experimental
barrier can be assigned cautiously to the major disordered component of 4.7 as

determined by crystallography.
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Table 4.7 Properties of the eight lowest KDs of the Dy3* ion in the major component
of the disordered structure of 4.7, corresponding to the crystal-field split states in the

ground ®His/» multiplet.

E/cm™ gy gy g: a/°°

KD1 0 0.0000 0.0001 19.8868

KD2 617 0.0023 0.0023 16.9323  2.3°
KD3 926 0.0054 0.0095 14.3764  3.8°
KD4 1122 0.0509 0.0637 11.7576  1.6°
KD5 1316 0.1829 0.2905 9.0740 5.5°
KD6 1523 0.2029 0.6767 6.3613 5.8°
KD7 1698 0.7051 1.5582 3.7751 6.8°
KD8 1794 11.6572  9.3462 1.2506 0.5°

@ Angle between the principal magnetic axis of the doublet and that of the
ground doublet.

(b) 2000

~IE Y2
~ £

1500 | ~ | £5/2)
~ | £7/2)
~1£%2)
[~ 1)

1000

Energy / cm—!

~ 192
500 +

—10 -5 0 5 10
Magnetic moment / 3

Figure 4.15 (a) The principal magnetic axes of the ground KD of the Dy3* ion in the
major disordered component of 4.7. (b) Calculated effective ab initio barrier for the

relaxation of magnetization for the Dy3* ion.
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4.5 Discussion and Conclusions

A dysprosocenium SMM based on a combination of phospholyl and cyclopentadienyl
ligands was synthesized and its molecular structure determined at 100 K and 30 K,
with no phase transition occurring. Regardless of temperature, the dysprosium site in
the structure is disordered over two positions with relative occupancies of
approximately 3:1. This SMM was found to display two thermal relaxation processes,
with high energy barriers of 747 cm™ and 1410 cm™1. Based on magnetic hysteresis
measurements, a blocking temperature of 70 K was determined, which is the third
highest blocking temperature to be reported. Compared to our previous work of
[(Cp*)Dy(Cp™™)][B(CsFs)a], the phosphole-ligated SMM has a more linear Cp—Dy-Cp
angle of 169.5° and essentially the same Dy-Cp™®" distance of 2.295 A. However, a
longer Dy-CpFt# distance of 2.368 A compared to the Dy-Cp* distance of 2.284 A for
[Cp*DyCp™>]* may be responsible for the slightly poorer SMMs. The two distinct
thermal relaxation processes are consistent with the presence of two disordered
forms of the [(Cp™™)Dy(CpE*P)]* cation. A theoretical study of the major disordered
component indicated that this structure gives rise to the thermal relaxation process
with the higher barrier. It is hoped that additional computation results will be available
soon to support the experimental observation of the second thermal relaxation with

the lower barrier.
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Chapter 5

Fulvalene-Bridged Dimetallic Uranocenium Cations
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5.1 Introduction

Compared to lanthanides and transition metals, SMMs based on actinides are rare.
Organometallic uranium molecular magnets are particularly uncommon, and
dimetallic versions even more s0.1%? A notable example of a metallocene-like inverse
sandwich complex containing uranium was published by Mazzanti et al. in 2013.11!
The compound [K2{U(OSi(OBu)s)s}2(u-n°:n8-C7Hs)] consists of two uranium(IV) ions
bridged by a doubly reduced toluene ligand and coordinated by siloxide ligands on the
terminal sites (Figure 5.1a). In the paper, SMM properties were not described, but the
temperature-dependence of the magnetic susceptibility was measured in a DC field of

500 Oe.

Figure 5.1 Thermal ellipsoid representation (30 % possibility) of molecular structures
of [K2{U(OSi(0'Bu)s)s}(C7Hs)] (a) and [{U(Ts*Y)(u-NPh)}] (b). U, purple; C, grey; O, red;
N, blue; Si, orange. The structures are reproduced based on the cif files from the Ref.

110 and 111.110,111

Other examples of structurally similar di-uranium organometallic compounds tend to
feature bridging via U-N or U-0 interactions in a k-manner.110 112,161-163 Eor example,
Liddle et al. reported a U3*-U* dimetallic complex [{U(Ts¥)(u-NPh)}] (Ts® =

HC(SiMe2NAr)s), in which the uranium atoms are bridged by two imido-aryl ligands
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(Figure 5.1b). However, the magnetic properties of these compounds do not include

detailed SMM behaviour.110

On the other hand, two uranium metallocenes [(Cp®™),U"]* and [(Cp™"),U"] were
reported by our group in 2019 and 2020 (Figure 5.2).12% 121 Degpite the near-linear
geometry of the uranium(lll) metallocene cation [(Cp™®™®),U]* (Cp-U(lll)-Cp =
167.82(8)°) or the perfectly linear geometry of the divalent uranocene [(Cp™™),U"]
(Cp-U(ll)-Cp = 180°), neither compound displays significant slow relaxation of the
magnetization in zero DC field. Indeed, the relaxation in [(Cp™™),U]* is described
essentially only by a Raman process. These observations are consistent with previous
report on uranium SMMs and are thought to be a consequence of the relatively large

covalent contribution to the metal-ligand bonding, which partially quenches the

-

orbital contribution to the magnetic moment.

Figure 5.2 Thermal ellipsoid representation (30 % possibility) of molecular structures
of [(Cp™®™>),U]* (a) and [(Cp®™).U] (b). U, purple; C, black. The structures are

reproduced based on the cif files from the Ref. 120 and 121.120:121

Beyond the confines of molecular magnetism, mixed-valence polynuclear uranium
compounds are rare. Mazzanti et al. reported a series of multinuclear compounds

containing U3*, U* or U°* in one system.!12 184 For instance, the reagent Ag(BPha4) was
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used to oxidize the [{{TMS2N)sU"Vh(u-N)]~ anion to give [{(TMS2N)sU"YV}(u-N)] in
which the U*-U>* unit is bridged by nitride (Scheme 5.1). According to the
temperature-dependence of the magnetic susceptibility, the U*-U** system has a
higher Néel temperature of 90 K than the mixed-valence U**-U>* compound, with Ty
= 55 K. The antiferromagnetic coupling through the linear U=N=U bridge therefore
reveals that the uranium oxidation state has a strong influence on the exchange

interactions.

+ AgBPh,
(Me3Si),N /N(SiMe3)2 toluene (Me;3Si),N /N(SiMe3)2
[¢]
(MesSi),N-U** ——N=—U**-N(SiMe3), 23°C (Me3Si),N-U* =N=—U%*-N(SiMes),
(Me;Si),N N(SiMes), - AP (Me;Si),N N(SiMes),
- NBU4BPh4
| NBu, ]®

Scheme 5.1 Synthesis of [{(TMS;N)sU"V}(u-N)].
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5.2 Synthesis of Fulvalenyl Bridged Di-Uranocenium Complexes

Based on the findings in Chapter 2,2 the fulvalenyl ligand (Fv'') is considered as an
ideal platform to study the diuranium molecular magnets including, potentially, SMM
behaviour, if a diuranium(lll) version can be synthesized . In fact, a similar double
sandwiched U3*-U3* compound [{U"(n>-Cp*)(u-1)}2(n:n°-Fvit)] (5.1) was successfully
synthesized (Scheme 5.2). Compound 5.1 was synthesized by reacting complex 2.3
with the starting material Cp*UIl(THF)3, which yielded the double iodide-bridging
complex 5.1. The synthesis method is complementary to that in which NayFv't
(compound 2.3) was used to obtain [{Ln(Cp*)(BHa4)}2(Fv!*')] (compound 2.6). Attempts
at synthesizing the uranium(lll) analogue of 2.6, i.e. [{U(Cp*)(1)}2(Fvi'™)], did not
succeed and only produced a mixture of unidentifiable compounds. The 'H NMR
spectrum of 5.1 in Figure 7.25 (Experimental Section) helped to determine the
structure and purity, in which three singlet peaks were found around the chemical

shift (6/ppm) of -0.75 (s, 18H), -4.40 (s, 30H) and -30.84 (s, 18H).

2 CPUL(THR, Toluene I ' =C'Bu
)
Na N > \ U3+/"/,US+’
a -2 Nal <£>
€§>—<~3

>S> <£> -6 THF

23

[H(SiEts),]®

[B(CeFs)4] ©
-2 HSiEt,
;]"'u“' ”4:%.[;

52[m%&m@

Scheme 5.2 Synthesis of 5.1 and [5.2][B(CeFs)a4].
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After compound 5.1 was isolated, one equivalent of [(Et3Si);H][B(CsFs)a] was added
with the aim of extracting one iodide ligand to give [{U"(n>-Cp*)(u-1)}Hn°:n°-
FV™)][B(CeFs)a]. Unexpectedly, however, the ion-pair [{U""(n°-Cp*)(u-1)}2(n°m°-
Fvi™)][B(CeFs)a] was obtained ([5.2][B(CsFs)s]), indicating a one-electron oxidation
process rather than removal of an iodide bridge. In the cation 5.2, one of the U3* ions
has seemingly been oxidized to U*, resulting in a mixed-valence U3*-U*" system.
Further reaction of 5.2 with an excess of the electrophilic reagent [(Et3Si)2H][B(CsFs)4]
has been tried to remove the bridging iodides, but only starting material was
recovered from these reactions. Surprisingly, excess KCs (2-5 equiv.) was added to
[5.2][B(CeFs)a] in an attempt to reduce the tetravalent uranium back to the trivalent
form, however, no product was obtained. The °F and B NMR spectra in 1,2-
Dichlorobenzene-D4 are consistent with the solid-state molecular structure of the
anion part [B(CsFs)4]™ (Figure 7.29-7.30, Experimental Section). However, the H NMR
in Dichlorobenzene-Ds shows impurity peaks, which cannot give any information
about the structure. Meanwhile, the *H NMR (Figure 7.27-7.28) in Dichloromethane-
D; indicates that [5.2][B(CeFs)a] cannot totally purified by crystallization method, but
the main six singlet peaks can be observed in the chemical shifts (6/ppm) of 22.40 (-
CHs, Fv''tt), 16.32 (-CH3, Cp*) and -30.80 (-CHs, Fv'™) for one of the U ions and 19.19 (-
CHs, Fvt'tt), 17.78 (-CHs, Cp*) and -28.53 (-CHs, Fv''®t) for the other site. However, the
[5.2][B(CsFs)a] will slowly decompose in dichloromethane as the chemical shifts
(6/ppm) change and the six peaks turn to three singlet peaks overnight (Figure 7.27-
7.28 in Experimental Section): 20.80 (-CHs, Fv'™), 11.67 (-CHs, Cp*) and —-30.48 (-CHs,
Fvit). Hence, in future work, the NMR solvent should be replaced as well as

purification method.
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5.3 X-Ray Diffraction Studies of Dinuclear Uranium Compounds

5.3.1 Structure of [{U"(1P-Cp*)(u-1)}o( 1P 1°-Fvit)] (5.1)

The crystal structure of 5.1 shows that the two uranium centres are symmetry-related
and the minimum unit cell is a half of the [{U"(n>-Cp*)(u-1)}2(n>:n>-Fvi™)] (Figure 5.3a).
Thus, two uranium ions take the similar crystal environment (Figure 5.3b). Here, only

the structural parameters for U1 centre are listed in Table 5.1.

Table 5.1 Selected bond lengths (&) and angles (°) for 5.1.

U—C(Fv'tt) U1-C11: 2.794(7)

U1-C13:2.835(8

(
U1-C12: 2.777(8
(
U1-C14:2.774(8

)
)
)
)

U1-C15:2.783(7

U—C(Cp*) U1-C1: 2.769(8)
U1-C2: 2.765(8)
U1-C3: 2.772(9)
U1-C4: 2.759(7)
U1-C5: 2.765(7)

U—Cp. (Fv™™ centroid) U1l-Cp.: 2.517(4)
U—Cp. (Cp* centroid) U1-Cp.: 2.489(4)
Ur-Us U1-U2: 4.293(1)
U-l U1-11: 3.265(1)

U1-12: 3.153(1)

Cp(Fv!tt)—U—Cp(Cp*) U1:137.45(11)
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Similar to compound 2.9, in compound 5.1, U1 is n°-sandwiched by a Cp* ligand and
one half of the fulvalenyl ligand, with U-C bond lengths in the range of
2.774(8)-2.794(7) A and 2.759(7)-2.772(9) A, respectively. The Ul-centroid distances
are 2.489(4) A and 2.517(4) A to the Cp* and Fv''!t ligands, respectively. The
metallocene angle is significantly bent to 137.45(11)° due to the u-bridging iodide
ligands, with U-I1 and U-12 distances of 3.153(1) and 3.265(1) A.

Figure 5.3 Thermal ellipsoid representation (30 % possibility) of molecular structures
of the minimum unit cell of 5.1 (a) and the molecular structure of 5.1 after growing

(b).
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5.3.2 Crystal Structure of [{U""V(1°-Co*)(u-1)}2( 17°: 17°-FVtt) J[B(CsFs)4] (5.2)

After one of the U3* ions in 5.1 was oxidized to U**, the geometric parameters around
the two uranium ions change for 5.2 (Table 5.2). Overall, however, the qualitative

geometries of both uranium atoms are similar to those found in 5.1.

Table 5.2 Selected bond lengths (A) and angles (°) for 5.2 based on the data collection

with the parameters mentioned in the main text.

U-C(Fvitt) U1-C11: 2.688(40) U2-C24: 2.716(40)
U1-C12:2.735(40) U2-C25: 2.693(40)
U1-C13:2.710(40) U2-C26: 2.705(30)
U1-C14: 2.815(30) U2-C27: 2.794(40)
U1-C15: 2.757(20) U2-C28: 2.735(40)
U—C(Cp*) U1-C1: 2.734(30) U2-C37: 2.741(50)
U1-C2: 2.737(40) U2-C38: 2.705(40)
U1-C3: 2.761(40) U2-C39: 2.663(40)
U1-C4: 2.652(40) U2-C40: 2.762(40)
U1-C5: 2.705(40) U2-C41: 2.731(40)
U—-Cp. (Fv"™ centroid) Ul-Cp.: 2.441(1) U2—Cp.: 2.443(1)
U—Cp. (Cp* centroid) U1-Cp.: 2.445(1) U2-Cp.: 2.440(1)
ul---U2 U1-U2:4.082(1)
Ul U1-11: 3.021(3) U2-11: 3.223(3)
U1-12: 3.138(3) U2-12: 3.106(3)
Cp(Fvt)—U—Cp(Cp*) U1: 134.87(5) U2: 135.80(4)

The bond length range is 2.652(40)-2.761(40) A for U1-C(Cp*) and 2.688(40)-
2.815(30) A for U1-C (Fv'ttt). For U2, the differences in the corresponding bond lengths
are not statistically significant. Compared to 5.1, the distance between uranium ions
and Cp*centroids is shorter for U1 (2.441(1) A) and U2 (2.443 (1) A), as is the distance
of U-Fvit (centroid) of 2.445(1) A and 2.440 (1) A for U1 and U2, respectively. As the
length of U-I shortens for U1 to 3.021(3) and 3.138(3) A and to 3.223(3) and 3.106(3)
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A for U2, the distance between the uranium ions decreases to 4.082(1) A.
Furthermore, stronger bending takes place for the metallocene angles of 134.87(5)
and 135.80(4)° for U1 and U2. The [B(CsFs)4]~ anion does not coordinate to either
uranium centre. Overall, the reduction in the bond lengths in 5.2 as compared to 5.1

are consistent with oxidation of a uranium centre.

Figure 5.4 Thermal ellipsoid representation (30 % possibility) of molecular structures

of the cation 5.2.

Both single-crystal structures of the di-uranocenium compounds 5.1 and [5.2][B(CsFs)a4]
are well characterized with the full data collection by X-ray diffraction. However, for
5.1, the CHN element analysis is needed for further determination of the purity; for
[5.2][B(CsFs)4], the purification condition should be optimized. In light of this condition,
as the time is limited for this Ph.D. project and the unexpected lockdown because of

Covid-19 issue, the SQUID measurement cannot be undertaken in this thesis.
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5.4 Conclusions and Future Work

In summary, the fulvalenyl ligand Fv''* was used to synthesize two novel double-
uranocene complexes. Compound 5.1 consists of a di-uranium(lll) core with the
metals bridged by two iodide ligands. An unexpected one-electron oxidation reaction
of 5.1 with the electrophile [(Et3Si);H][B(CeFs)a] yielded the corresponding mixed-
valence uranium(lll)-uranium(IV) complex 5.2 as the salt of [B(CsFs)4]~. The geometric
parameters around the uranium centresin 5.2 are shorter than those in 5.1, consistent
with an overall increase in the oxidation state of one metal centre. The NMR spectra
of 5.1 and [5.2][B(CsFs)a] are consistent with the solid-state structures, while the

[5.2][B(CsFs)a] complex requires a further process for purification.

Time constraints have meant that it was not possible to perform detailed magnetic
measurements on either of the uranium compounds described in this chapter. These

experiments will form part of the future work.
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Chapter 6. General Conclusions
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The PhD project aimed to study the magnetic behaviour of bridged polynuclear
lanthanide complexes based on the platform of fulvalene and single-ion dysprosium
metallocenium complex based on phosphole ligands, in order to discover new strategy

to develop high-quality SMMs.

In Chapter 1, the basic knowledge of lanthanide and lanthanide ions are detailed. A
brief introduction about the development history of single-molecule magnet
demonstrates the revolution of theoretical models and synthetic strategies at

different times for SMMs.

In Chapter 2, the fulvalenyl ligand of Fvit ([1,1’,3,3’-(Cs'BuzH)2]%") is adopted to
synthesize distinct bridged structure. Seven novel bridged structuresi.e., 2.4, 2.5, 2.6,
2.7, 2.8, 2.9 and 2.10 are determined with X-Ray diffraction. The further magnetic
characterization of compound 2.6py, 2.7, 2.9py and 2.10 shows the step-wise
improvement of their effective energy barriers (154(15)-384(18) cm™) via reducing
the effect of the equatorial ligand-field, which creates the stronger axial crystal-field
afforded by the cyclopentadienyl units. According to the experimental data and
theoretical calculation, the bridged compound 2.9py shows a positive effect to
suppress the quantum tunnelling (QTM), which indicates a huge potential for
developing high performance SMMs based on the polynuclear lanthanide sandwich

structures.

In Chapter 3, two samples of bridged tri-dysprosocenium SMMs based on fulvalenyl
and Cp* ligands are reported i.e., 3.1 and 3.2. The reagents of "BuLi, PMes3 and
[(Et3Si)2H][B(CsFs)a] are applied to react with the bridging borohydride ligands, which
makes the unusual bridged tri-dysprosium clusters. The improvement of energy
barrier for 3.2 again proves the significant positive impact from removing the
transverse ligand-field. For both samples, the tri-dysprosium system shows an obvious
suppression function for the QTM process according to the magnetic measurement,
which illustrates the addition of lanthanide centres might enhance the blocking effect

for quantum tunnelling.

In Chapter 4, a dysprosocenium-based single-ion magnet [4.7][B(CeFs)4] is successfully

synthesized with a combination of Cp* and Cpf? ligands, which is well characterized
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by XRD and magnetic measurement. The compound [4.7][B(CesFs)a] displays an
excellent blocking temperature of 70 K and two separate effective energy barrier of
1410 cm™ and 747 cm™ due to two distinct Orbach processes appearing at high

temperature.

In Chapter 5, the fulvalenyl ligand is associated with the uranium(lll) ions, which gives
a similar di-nuclear compound 5.1 with double bridging iodide atoms between two
uranium ions. Different from the single Dy-Cl,*! Dy-1,132 Dy—(u-H)3BH,> or U-1,*>3 the
double U-I bonds cannot directly severed with the electrophile [(Et3Si);H][B(CsFs)a],
but with one of the U3* oxidized to U**, which yields the ion-pair of [5.2][B(CeFs)4]. The

crystal structures for both compounds above are well collected.

Apart from the continuous work in progress, a series of future research can be
proposed based on current result. For example, the dysprosium ions of compound
[2.8][B(CsFs)4] takes a coordination from the fluorine atoms, which indicates the less-
steric effect of the Fv'*ligand. Hence, it should be considered to apply much bulky
substituent group, increasing the steric hindrance. Furthermore, for compound 2.9, it
will be interesting to replace the Cp* with other bulky cyclopentadienyl ligands, which

possibly yields a single bridging borohydride for each Dy ion (Scheme 6.1a).

R R =CBu [ pr PO
HB(-HI "
" _
= =S

| ““‘\\\[(H'H)SBH]
R PV'R R ;_ [B(CeFsj1®
R{? R
(a) (b)

Scheme 6.1 Proposed structures for future work.

For compound [4.7][B(CsFs)a], the distance of Dy-Cpt*? is much longer than that of

Dy-Cp™ for [Cp*DyCp ?™] [B(CsFs)a], which gives a negative effect to both of energy
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barrier and blocking temperature. Thus, the less-bulky phospholide ligand such as
CpMe4P (tetramethyl-phospholide) might help reduce the distance (Scheme 6.1b). In
addition, the multiply-phospholyl ligands, as a stronger electron-donor, should be

employed, such as the mentioned structure [Dy(1>-1,2,4-'BusCsP,),]*.1°¢
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Chapter 7. Experimental Section
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7.1 Chemical Synthesis

7.1.1 General Synthetic Procedures

All reactions were carried out under rigorous anaerobic and anhydrous conditions
using argon or nitrogen atmospheres and standard Schlenk or glove-box techniques.
Solvents were refluxed over an appropriate drying agent for a minimum of three days
(molten potassium for toluene, THF, benzene-Ds, Na/K alloy for hexane) before being
distilled, de-gassed and stored in ampoules over activated 4 A molecular sieves. Glass-
coated stirrer bars were used for each reaction. Elemental analyses were carried out
at MEDAC Ltd. (Surrey, UK), Mikroanalytisches Labor Pascher Ltd. (Germany) or
London Metropolitan University, U.K. IR spectra were collected on a Bruker Alpha FTIR
spectrometer fitted with a Platinum ATR module. NMR spectra were acquired on a
Varian VNMR S400 spectrometer operating at 400 MHz. [Dy(BH4)3(THF)3]*®* and

[(EtsSi)2(u-H)][B(CsFs)4]1%® were prepared according to literature procedures.

7.1.2 Synthesis for Chapter 2

1) 1,1',3,3'-tetra-tert-butyl-Pentafulvalene: NaxFv''' (2.3)

Compound 2.3 was synthesized using a modified version of the reported methods by
Andersen and Vollhardt et al.1%” 168 : Specifically, potassium hydroxide (1.00 kg, 25.00
mol) was slowly dissolved in 750 mL water in a 3 L round bottom flask containing a
PTFE-coated stir bar. After the solution cooled to room temperature, Adogen 464 (5
g, 15.4 mmol) was added, followed by freshly cracked cyclopentadiene (100 mL, 1.2
mol). The mixed solution was then stirred vigorously at 60 °C, followed by dropwise
addition of tert-butyl bromide (Me3sCBr) (300 mL, 2.7 mol). The reaction was stirred
overnight and additional Me3CBr was added (50 mL, 0.44 mol). After 24 hours, another

50 mL of Me3CBr was added with heating, and the reaction was then stirred for 5 days
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at 60 °C. After cooling to room temperature, the organic phase was separated,
followed by further extraction of the aqueous phase with hexane (2 x 50 mL). The
combined organic phase was dried with anhydrous NaSQa. A further distillation of the
organic phase at a boiling point range of 60-70 °C finally yielded di-1,3-tert-
butylcyclopentadiene (Me3C),CsHa4 as a mixture of isomers in the form of a pale-yellow
liguid (60.0 g, 0.34 mol, yield: 28%). GC-MS confirmed that no by-products were
formed. Afterwards, the di-tert-butylcyclopentadiene isomers (10 g, 56 mmol) was
dissolved in 40 mL THF in a 200 mL Schlenk flask and cooled to —78 °C, followed by
dropwise addition of "BulLi (23 mL, 2.5 M in hexane, 0.17 mol). The cloudy mixture was
allowed to slowly warm to room temperature and stirred overnight. The suspension
was cooled to 0 °Cin ice water and slowly added to anhydrous CuCl; (9.00 g, 67 mmol).
The mixture was stirred overnight at room temperature and then the solvent was
removed under reduced pressure. After the extraction with hexane (3 x 50 mL), the
concentrated product was chromatographed through silica column with petroleum
ether as the eluent. The obtained orange oil was checked with GC-Ms as the pure Fy't
(1,1',3,3'-tetra-tert-butyl-pentafulvalene), with a yield of 27 % (5.6 g, 15.8 mmol). In
the following step, toluene (30 ml) was added to a mixture of Fv'*" (3.54 g, 10.0 mmol)
and Na{N(SiMes)2}> (3.66 g, 20.0 mmol) pre-cooled to 0 °C. Then the reaction was
stirred, warmed to room-temperature and then heated to reflux overnight. The
toluene was removed under vacuum and the residue washed with hexane (3 x 30 ml).
A light-pink powder of NaxFv'™ was obtained after filtration (1.75 g, 4.4 mmol, 43 %),

which can be isolated and used without further purification.
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2) [FV"'™YCI,Li(THF)2]2 (2.4)

= C'Bu
IO—<J
L Y Y Li
THF ™ ¢! ~CI” e

CO—CI

The of NaxFvi™ (2.3) powder (398 mg, 1 mmol) was mixed with YCIsTHFss (444 mg, 1
mmol) in a 100 mL ampule flask, followed by addition of 10 mL THF. The mixture was
then gently stirred with a glass-coated magnetic bar at room temperature for 24 hours.
After removing the solvent under reduced pressure, the residue was extracted with
hexane for three times (3 x 10 mL) and the filtrated solution was concentrated to
around 3 mL in a small vial, which was then placed in a freezer at -40 °C. Only trace
crystal was observed after several days, which is only enough for single-crystal X-ray

diffraction.

3) [LnNa(Fv!tt);Na(THF)(BHa)] (Ln = Dy, Y) (2.5)

THE-Na~/

Toluene (10 ml) was added to a mixture of NaxFvi™ (2.3) (398 mg, 1 mmol) and
[DyCl3(THF)s35] (258 mg, 0.5 mmol). The suspension was then gradually heated to
reflux at 110 °C and stirred overnight. The solvent was removed and the residue was
extracted with toluene three times (3 x 10 mL). Afterward, removing of toluene under

reduced pressure gave an orange powder-like product. The solid was re-dissolved in 5
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mL of a solvent mixture (hexane: toluene = 10:1) which gave orange crystals of 2.5py
after storing at -40 °C for 2 days. Isolated yield = 20 mg, 4 %. The yttrium version (2.5y)
was synthesized using an identical procedure, which only yielded trace amounts of

crystals.
4) Synthesis of [{Ln(BHa4)2(THF)}2(Fvt**)] (Ln = Dy, Y) (2.6)

[HB(u-H)s] [(u-H)3BH]

L = C/Bu

“LA~[(u-H)sBH] L=THF

[HB(u-H)s]—Ln ="
L/>_Q Ln =Dy, Y

a). For 2.6py: Toluene was added to a mixture of NaFvt** (2.3) (1.00 g, 2.5 mmol) and
[Dy(BHa)3(THF)s] (2.21 g, 5.3 mmol) at room temperature and the resulting suspension
was stirred at 110°C for 48 hours. The solution colour changed from dark brown to
pale orange/yellow. The solvent was removed under vacuum and the product was
extracted into hexane (3 x 15 ml) and filtered. The solvent was removed slowly under
vacuum until a crystal-like precipitate formed. Storage at -40 °C for two days produced
pale-yellow crystals of 2.6py. The crystals were washed with cold hexane, re-dissolved
in warm hexane and stored at —40 °C, which produced crystals of suitable quality for

analysis by single-crystal X-ray diffraction. Isolated yield = 600 mg, 27 %.
Elemental analysis found (calcd.) % for C3aH72B202Dy»: C 46.14 (46.34); H 8.03 (8.24).

IR spectrum (/cm™): 2956s, 2949s, 2899m, 2865w, 2467s, 2244w, 2206w, 2197m,
2127s, 1679w, 1463m, 1393w, 1359m, 1312w, 1238m, 1176s, 1097s, 1056w, 1041w,
1006s, 953m, 925m, 852s, 730w, 702m, 677m, 612w, 572w, 556w, 509w, 434m.
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Figure 7.1 Infrared spectrum of compound 2.6py.

b) For 2.6y: Compound 2.6y was synthesized following the same procedure of
compound 2.6py, using NaxFv'™™ (2.3) (1.00 g, 2.5 mmol) and [Y(BH4)3(THF)3] (1.83 g,
5.3 mmol). Isolated yield = 531 mg, 29 % of pale-yellow crystals. *H NMR (&/ppm,
benzene-Dg): 7.04 (d, J =3.1 Hz, 2H), 6.51 (d, J = 3.1 Hz, 2H), 3.83 (s, 8H), 1.39 (s, 18H),
1.28 (s, 18H), 1.11 (s, 8H), 1.73 ~ 0.73 (m, 16H). 3C{*H} NMR (6/ppm): 140.91 (d, J =
1.1 Hz), 139.42 ((d, J = 1.1 Hz), 126.22 (d, J = 1.1 Hz), 116.34 (d, J = 1.1 Hz), 110.68 (d,
J=1.1Hz), 74.56, 34.18, 33.25, 33.18,32.04, 24.92. 1B{*H} NMR (6/ppm): -22.37.

Elemental analysis found (calcd.) % for C3aH72B20.Y,: C 54.35 (55.64); H 9.24 (9.89).

IR spectra(?/cm™): 2965s, 2949s, 2899m, 2864w, 2468s, 2251w, 2197m, 2128s,
1674w, 1459m, 1393w, 1359m, 1313w, 1238m, 1177s, 1099s, 1056w, 1041w, 1005s,
954m, 925m, 853s, 728w, 702m, 679m, 613w, 571w, 554w,507w, 434m.
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Figure 7.3 3C NMR spectrum of 2.6y in Dg-benzene.
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Figure 7.5. Infrared spectrum of compound 2.6y.
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5) Synthesis of [(BH4)DyFv!'*], (2.7)

o = C'Bu

: : L= THF
[HoB(uHy Dy Dy LezEHe]

3

A mixture of NazFv™ (2.3) (1.00 g, 2.5 mmol) and [{Dy(BHa)2(THF)},(Fv**)] (2.6py) (2.20
g, 2.5 mmol) was refluxed in toluene at 110 °C for 24 hours. Then, the toluene solvent
was removed under reduced pressure and the residue was extracted with hexane (3
x 10 mL). after filtration via a glass microfiber filter, the yellow solution was slowly
concentrated until a crystal-like precipitate formed. Storage at —40 °C overnight
produced pale-yellow crystals of 2.7. The crystals were washed with cold hexane, re-
dissolved in warm hexane and stored at —40 °C, which produced crystals of suitable

quality for analysis by single-crystal X-ray diffraction. Isolated yield = 100 mg, 3.7 %.
Elemental analysis found (calcd.) % for Cs;HgsB2Dya: C 58.85 (58.93); H 8.50 (8.37).

IR spectra(d/cm™): 2957s, 2903w, 2866m, 2466w, 2412m, 2373w, 2109s, 2128s,
1641w, 1480m, 1462s, 1393m, 1360s, 1311w, 1265w, 1238s, 1196m, 1148w, 11115,
1084m, 1058w, 1023w, 961s, 927m, 842m, 829s, 791m, 695m, 673s, 612w, 567m,
545s, 511w, 433m.
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Figure 7.6. Infrared spectrum of compound 2.7.
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6) Synthesis of [DyFv!t];[B(CsFs)a]2 (2.8)

In a small vial, [(BH4)DyFv*], (2.7) (50 mg, 0.047 mmol) was dissolved in hexane (10
mL), followed by addition of [(Et3Si)2(u-H)][B(CsFs)a] (86 mg, 0.094 mmol). A pale-
yellow suspension was gradually formed and stirred for 3 days. After the hexane was
removed, the residue was washed with hexane (5 x 10 ml) and toluene (5 x 5 ml). The
resulting yellow powder was dried under vacuum and then dissolved in the
fluorobenzene with a layer of hexane on the top. The bright yellow polycrystalline of

2.8 was obtained after several days. Isolated yield = 98 mg, 89 %.

Elemental analysis found (calcd.) % for C100HgoB2Dy2F40: C 50.08 (50.29); H 3.45 (3.38).
IR spectrum (0/cm™): 2935w, 2898m, 2870w, 2260m, 1642m, 1583w, 1511s, 1459s,
1397w, 1365m, 1269m, 1237m, 1194m, 1082s, 1023w, 976s, 839m, 773m, 755s, 741m,
701w, 683s, 660s, 608w, 557m, 557w, 467m.
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Figure 7.7. Infrared spectrum of compound 2.8.
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7) Synthesis of [{Ln(Cp*)(BHa4)}2(FVv!*!)] (Ln = Dy, Y) (2.9)

=CBu
BH BH,)
4) ( 14) L=THF
"u Ln=Dy,Y
\£ CE\

a) For compound 2.9py: Solid 2.6py (500 mg, 0.6 mmol) was added in portions to a
mixture of KCp* (199 mg, 1.1 mmol) and toluene (20 ml) at room temperature. The
resulting suspension was refluxed for 48 hours, during which time the solution
changed colour from yellow to orange. The toluene was removed under vacuum, and
then the product was extracted into hexane (3 x 15 ml) and filtered. The solvent was
concentrated slowly under vacuum to the point of incipient crystallization. Storing the
resulting solution at —40 °C overnight produced colourless crystals of 2.9py, which were
re-crystallized to give bright-yellow single crystals of sufficient quality for analysis by

X-ray diffraction. Yield = 200 mg, 36 %.

Elemental analysis found (calcd.) % for CasH73B2Dy2: C 56.25 (56.51); H 7.69 (8.04).

IR spectrum (/cm™): 2956s, 2899s, 2861s, 2729w, 2473m, 2407w, 2228s, 2124m,
1608w, 1480w, 1457s, 1389m, 1361s, 1304w, 1265m, 1229s, 1198m, 1149s, 1092s,
1060m, 1022s, 959m, 918m, 850s, 826m, 806s, 697s, 669s, 613w, 594s, 552m, 514w,
432s.

b) For compound 2.9y: The procedure is similar to that described for 2.9py. After a
reaction of 2.6py (513 mg, 0.70 mmol) and KCp* (244 mg, 1.40 mmol), 2.9y was
obtained with a yield of 236 mg, 40 %. *H NMR (6/ppm, benzene-D¢): 6.81 (d, J = 2.8
Hz, 2H), 6.22 (d, J = 2.8 Hz, 2H), 2.19 (s, 30H), 1.43 (s, 18H), 1.32 (s, 18H), 0.80 ~ -0.10
(m, 8H). 13C{*H} NMR (6/ppm): 134.17 (d, J = 1.0 Hz), 134.01 (d, J = 1.0 Hz), 123.20 (d,
J=1.0 Hz), 122.10 (d, J = 1.0 Hz), 120.10 (d, J = 1.0 Hz), 108.97 (d, J = 1.0 Hz), 33.80,
33.27, 33.06, 32.22, 13.09. 1B{*H} NMR (6/ppm): -20.57.

Elemental analysis found (calcd.) % for CasH73B,Y2: C 65.94 (66.52); H 9.42 (9.47).
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IR spectra (cm™): 2956s, 2900s, 2863s, 2729w, 2478m, 2407w, 2241s,2130m, 1612w,
1480w, 1456s,1391m, 1361s, 1304w, 1265m, 1229s, 1199m, 1149s, 1091s, 1060m,
1022s, 959m, 918m, 850s, 826m, 806s, 697s, 669s, 614w, 596s, 551m, 514w, 434s.
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Figure 7.8 Infrared spectrum of compound 2.9py.
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8) Synthesis of [(DyCp*)2(BHa) Fv™*™][B(CsFs)a] ([2.10]-[B(CsFs)al)

® = C!Bu
ﬁ’ /H\B_/H\ ‘%\ L=THF
"Dy f by~

[B(C6F5)4]°

A solution of 2.9py (205 mg, 0.2 mmol) in hexane (10ml) was added to [(EtsSi)2(p-
H)][B(CsFs)a] (191 mg, 0.2 mmol) at room temperature, which immediately produced
a gel-like material. After stirring for 24 hours, a yellow powder had formed. The
hexane was removed, the residue was washed with hexane (5 x 10 ml) and the
resulting yellow powder dried under vacuum. Dissolving the powder in 1,2-
dichlorobenzene (5 ml) and layering the solution with hexane at room temperature,
produced, after several days, bright yellow crystals. The solvents were then decanted
away and the crystals were washed with cold hexane (3 x 5 ml). The crystallization
process was repeated twice in order to obtain single crystals of 2.10 suitable for X-ray

diffraction. Yield = 100 mg, 29 %.
Elemental analysis found (calcd.) % for C70H74B2F20Dy2: C 50.09 (51.21); H 4.32 (4.54).

IR spectrum (0/cm™): 2958m, 2929w, 2916w, 2870m, 2230w, 1642m, 1511s, 1462s,
1412w, 1394w, 1382w, 1367w, 1271s, 1236m, 1202w, 1080s, 1028w, 977s, 926w,
906w, 840s, 773s, 756s, 726w, 713w, 682s, 661s, 611m, 572m, 430w.
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7.1.3 Synthesis for Chapter 3

1) Synthesis of [(BH4){DyCp*(BH4)}.DyFv''*;] (3.1)

= CBu

| \D

Dy y

i' Hy)” i

[{Dy(Cp*)(u-BHa)}2(Fv'™)] (2.9py) (300 mg, 0.30 mmol) was dissolved in hexane (20mL)
and cooled to 0 °C for 5 minutes. Then n-Buli solution (243 mL, 2.5 M in hexane, 0.60
mmol) was added dropwise and the resulting suspension was warmed to room
temperature, and then stirred overnight, during which time the solution changed
colour from yellow to almost colourless. The suspension was filtered and the residue
washed with hexane (2 x 10 mL), then filtered and the washings were combined. A
light-yellow solution was obtained and the solvent was removed slowly under vacuum
until a crystal-like precipitate formed. Storage at —40 °C for two days produced pale-
yellow crystals of 3.1. The crystals were washed with cold hexane, re-dissolved in
warm hexane and stored at —40 °C, which produced crystals of suitable quality for
analysis by single-crystal X-ray diffraction. Isolated yield = 105 mg, 42 %.

We also find that complex 3.1 can be obtained by using excess of PMes (ca. 1 mL)
instead of n-Buli, Isolated yield = 80 mg, 32 %.

Elemental analysis found (calcd.) % for C72H122B3Dys-CsHi4 (hexane): C 58.70 (58.78); H
8.55 (8.60).

IR spectrum (/cm™2): 2953s, 2928w, 2901m, 2860m, 2438m, 2263s, 2213m, 1481w,
1459s, 1392m, 1359s, 1304m, 1269w, 1229s, 1199w, 1152w, 1126w, 1111w, 1087s,
1058w, 1023m, 957w, 928w, 858s, 801m, 703m, 672m, 620w, 594w, 571w, 549m,
505w, 430m.
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2) Synthesis of [Dy{Dy(Cp*)}2(u-BHa)2(Fv'*™);2][B(CeFs)a] ([3.2][B(CsFs)a])

= -1®
ﬁ/@\\ = C'Bu

, (H4,B)—=Dy
SS ‘\\
-
[B(CgF5)4l

[(EtsSi)2(u-H)][B(CeFs)a] (28 mg, 0.031 mmol) was added to a solution of 3.1 (50 mg,
0.031 mmol) in hexane (10 mL) and the resulting suspension was stirred overnight. A
yellow powder formed and then the hexane was removed under vacuum, the residue
was washed with hexane (5 x 10 ml) and the resulting yellow powder dried under
vacuum. Dissolving the powder in 1,2-dichlorobenzene (5 ml) and adding a layer of
hexane on top produced bright yellow crystals after several days. The solvents were
then decanted away and the crystals were washed with hexane (3 x 5 ml). The
crystallization process was repeated twice in order to obtain single crystals of 3.2
suitable for X-ray diffraction. Yield = 20 mg, 28 %.

We also find that complex 3.2 can be obtained by using excess of [(EtsSi)2(p-
H)1[B(CsFs)a] (ca. 184 mg, 0.20 mmol) to react with [{Dy(Cp*)(u-BHa)}2(Fvt™)] (2.9py)
(99 mg, 0.10 mmol) in hexane. Yield = 46 mg, 42 %.

Elemental analysis found (calcd.) % for CogH118B3F20Dy3: C 52.70 (53.09); H 5.28 (5.48).

IR spectrum (0/cm™): 2961m, 2905w, 2870w, 2470m, 2256m, 2185m, 1643m, 1512s,
1462s, 1393w, 1360m, 1317w, 1269m, 1234m, 1200w, 1083s, 1035m, 979s, 927w,
837s, 774s, 756s, 726w, 707w, 683s, 660s, 610m, 572m, 506w, 476w, 435m.
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7.1.4 Synthesis for Chapter 4

1) Synthesis of potassium tetraethylphospholide: [K][Cptt**] (4.2)

K+

A solution of tetraethyl-1-chlorophosphole (4.02 g, 17.3 mmol) in THF (100 ml) was
added to potassium metal (2.00 g, 51.2 mmol) and a glass coated stirrer bar. The
mixture was stirred overnight at room temperature. The resulting orange suspension
was filtered through a medium frit and the filtrate was evaporated to dryness under a
dynamic vacuum, leaving a pale-yellow powder. The solid was washed with hexane (4
x 10 ml) and dried, yielding [K][CpE®"] (4.2) as white powder (3.51 g, 86 %). 'H NMR
spectrum (303 K, pyridine-Ds, &/ppm) 1.33 (t, 6H, 2 x CH3, 3/ = 7.44 Hz), 1.60 (t, 6H, 2
x CHs, 3 = 7.42 Hz), 2.80 (q, 4H, 2 x CH,, 3/ = 7.44 Hz), 3.11 (m, 4H, 2 x CHy, 3/ = 7.44
Hz). 3C{*H} NMR spectrum (303 K, pyridine-Ds, &/ppm): 18.32 (s, CH3CH,Ca,), 20.52 (d,
CH3CH,CarP, 3/=0.122 Hz), 22.13 (s, CH,CCP), 24.99 (d, CH>CP, 2/ = 26.51 Hz),131.17 (s,
C—CP), 145.52 (d, C—P, J = 40.25 Hz). 3'P{*H} NMR spectrum (400 MHz, 303 K, pyridine-
Ds, o/ppm): 63.6.

IR spectrum (0/cm™): 2948s, 2924s, 2863s, 1456s, 1389m, 1365m, 1313s, 1255w,
1150m, 1093m, 1049m, 1016w, 935w, 895w, 841w, 812w, 769w, 738w, 634w, 616w,
571w, 545w, 507w, 455w, 416s.
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Figure 7.19 3P NMR spectrum of 4.2 in pyridine-Ds.
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2) Synthesis of [(Cp'P>)Dy(Cptt*")(BH4)] (4.6)

Pr

. ; i Pr
’Pr 'Pr Pr .
eupy i, <P
'Pr [K][Cp 1Pt " H
Pr =

-K[BH,4] Et
-THF4 $Et

Et

Toluene (15 ml) was added to a solid mixture of [(Cp™)Dy(BH4),THF] (532 mg, 1
mmol), KCpt* (234 mg, 1 mmol) and a glass coated stirrer bar, and the resulting
suspension was stirred with heating at 110 °C for two days. The toluene was removed
under vacuum, and the product was extracted into hexane (5 x 10 mL) and filtered.
Removal of the solvent gave a yellow powder, which was recrystallized from hexane

at —40 °C to yield yellow crystals of [(Cp™)Dy(CpF**P)(BH4)] (4.6). Yield = 350 mg, 54 %.
Elemental analysis found (calc.) for Cs2HsoBDyYP (%): C 59.12 (59.30); H 9.43(9.18).

IR spectrum (0i/cm™): 2968s, 2926s, 2870s, 2455m, 2398m, 2121m, 2038w, 1451s,
1366s, 1313m, 1291w, 1214w, 1194w, 1159m, 1122s, 1088s, 1056m, 1027w, 973w,
953w, 900w, 843w, 815w, 767w, 751w, 714w, 609w, 565w, 548m, 508s, 482m, 439s.
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Figure 7.20 Infrared spectrum of compound 4.6.

3) Synthesis of [(Cp™">)Dy(CpEt*?)]1[B(CsFs)a] ([4.7]1[B(CeFs)al)

et EY [BCFs)l®

Cold (—40°C) hexane (10 ml) was added into a cold (—40 °C) ampoule containing
[Et3Si(H)SiEt3][B(CsFs)a] (—40 °C) (109 mg, 0.12 mmol) and a glass coated stirrer bar. A
cold solution of [(Cp™™)Dy(Cpt*P)(BH4)] (4.6) in hexane (—40 °C, 80 mg, 0.12 mmol in
10 ml) was then slowly added. The resulting suspension was sonicated for 50 minutes
and stirred for two days to give a yellow suspension. After letting the solid settle, as

much of the solution was decanted away and hexane (10ml) was added. This was
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repeated eight times before drying the solid in vacuo to give a yellow powder. Toluene
(5 ml) was then added and the suspension was heated to 90 °C for 20 minutes to give
a yellow solution, which was slowly cooled to room temperature, producing

[4.7][B(CeFs)a] as yellow crystals over two days (42 mg, 25 %).
Elemental analysis found (calc.) for CseHssBDyF20P (%): C 51.05 (51.25); H 4.29 (4.22).

IR spectrum (0/cm™): 2983w, 2941w, 2878w, 2785w, 1641m, 1510s, 1460s, 1372m,
1312w, 1274m, 1160w, 1082s, 1054w, 979s, 907w, 775s, 756s, 726w, 683s, 660s,
609w, 572m, 512m, 478w, 431w.

1B NMR (6/ppm, Dichloromethane-d,): -36.07, *°F NMR (&/ppm): 184.09, 176.97,
150.99.
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Figure 7.21 Infrared spectrum of compound 4.7.
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Figure 7.23 1B NMR spectrum of 4.7 in Dichloromethane-D2.
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4) Synthesis of a mixture of [4.7][B(CsFs)a] and [4.8][B(CeFs)a]

- Pr_ipr @

iP/rPr

Pr

N
4H>Dy

\%41&

L Ef Et
[4.8][B(Cé6Fs5)al

H—

B °

A solution of 4.6 (100 mg, 0.15 mmol) in hexane (10mL) was added to [PhsC][B(CsFs)a4]
(142 mg, 0.2 mmol) at room temperature with a glass coated stirrer bar, which slowly
turned to yellow powder after stirring for 24 hours. The hexane was removed, the
residue was washed with hexane (5 x 10 mL) and the resulting yellow powder dried
under vacuum. Dissolving the powder in toluene (5 mL), after 2 days, bright yellow
crystals formed. The solvents were then decanted away and the crystals were washed
with cold toluene (3 x 5 mL) and hexane (3 x 5 mL), which finally a mixture of 4.7

(major) and 4.8 as single crystals.
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Figure 7.24 Infrared spectrum of a mixture of 4.7 and 4.8.
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7.1.5 Synthesis for Chapter 5

1) Synthesis of [U"(n>-Cp*)(u-1)}2(n>:m?>-Fvit)] (5.1)

= C'Bu
U||| l’lu|||/

éw—@

A mixture of Ulz (1 g, 1.6 mmol) and KCp* (279 mg, 1.6 mmol) was add into a 100 mL
ampule and THF (20 ml) was added. The reaction was stirred at room temperature
overnight with the color changed from dark blue to green. The THF was removed by
vacuum and the residue extracted with hexane (3 x 20 ml). After filtration, the hexane
was removed under vacuum, mixed with 2.6py (258 mg, 0.8 mmol) in toluene (20 ml).
The mixture was refluxed overnight, then the solvent was removed under vacuum, the
residue was extracted with hexane (3 x 20 ml) and concentrated to 5 mL. Storage at
-40 °C produced dark brown crystals of 5.1 after two days. Isolated yield = 150 mg,
14 %.

'H NMR (6/ppm, benzene-Dg): -0.75 (s, 18H), -4.40 (s, 30H), -30.84 (s, 18H).

IR spectrum (0/cm™): 2959m, 2898m, 2859w, 2256w, 1641m, 1457s, 1375m, 1365m,
1306w, 1237s, 1196m, 1082s, 1021w, 977s, 837w, 773w, 755m, 726w, 683m, 660m,
611w, 571w, 547w.
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Figure 7.25 'H NMR spectrum of 5.1 in Dg-benzene.
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Figure 7.26 Infrared spectrum of compound 5.1.
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2) Synthesis of [U"V(n5-Cp*)(u-1)}2(n®m>-Fv*)] [B(CeFs)a] ([5.2][B(CFs)a])

Il ® e=CBu
u"(/u“’
S

[B(CeFs)a]©

A solution of 5.1 (50 mg, 0.04 mmol) in hexane (10mL) was added to [(EtsSi)2(u-
H)1[B(CeFs)a] (36 mg, 0.04 mmol) at room temperature. The reaction was stirred for 24
hours and a black gel-like mixture had formed. The hexane was decanted, the residue
was washed with hexane (5 x 10 mL) and the resulting residue dried under vacuum.
Dissolving the gel product in 1,2-dichlorobenzene (5 mL) and layering the solution with
hexane at room temperature, which produced dark purple crystals after 2 days. The
solvents were then decanted away and the crystals were washed with cold hexane (3
x 5 mL) and toluene (3 x 5 mL). The crystallization process was repeated twice in order

to obtain single crystals of 5.2 suitable for X-ray diffraction. Yield = 20 mg, 27 %.

1H NMR (6/ppm, DCM-D5): 22.40 (s, -CHs, Fvtttt), 19.19 (s, -CHs, Fvittt), 17.78 (s, -CHs,
Cp*), 16.32 (-CHs, Cp*), -28.53 (s, -CHs, Fv'"t), =30.80 (-CHs, Fv''®*). 1°F NMR (6/ppm, o-
DCB): -132.15 (s), -162.87 (t, J = 20 Hz), -166.68 (s). 11B NMR (5/ppm): —16.62(s).
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Figure 7.27 *H NMR spectrum of 5.2 in dichloromethane-D..
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Figure 7.28 'H NMR spectrum of 5.2 in dichloromethane-D; overnight. The compound
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7.2 X-Ray Crystallography

X-ray diffraction data were collected on an Agilent Gemini Ultra diffractometer and a
Rigaku microfocus rotating anode diffractometer, respectively, using Cu K« radiation.
Structures were solved in Olex2 with SHELXT using intrinsic phasing and were refined
with SHELXL using least squares minimisation.'®®171 Anisotropic thermal parameters
were used for the non-hydrogen atoms and isotropic parameters for the hydrogen

atoms. Hydrogen atoms on carbons were added geometrically and refined using a

riding model.

Table 7.1. Crystal data and structure refinement for 2.6.
Compound reference 2.6p, 2y
empirical formula C34H72B40,Dy> C34H72B402Y>
formula weight 881.15 733.97
crystal system triclinic triclinic
space group pP-1 P-1
a/A 10.0067(5) 9.9883(3)
b/A 14.2962(7) 14.2576(7)
c/A 16.3689(8) 16.4102(7)
af° 99.987(4) 100.067(4)
8/° 105.704(4) 105.699(3)
v/° 107.788(4) 107.719(4)
Volume/A3 2061.03(19) 2057.07(16)
z 2 2
Temperature/K 220 220
Pealc g/cm? 1.420 1.185
F(000) 888.0 780.0
Reflections collected 13654 13126
Independent reflections 7793 7772
Rint 0.0314 0.0268
Goodness of fit on F? 1.038 1.016
R.® 0.0346 0.0335
Rw? 0.0865 0.0881

“RilI>20()] = X| |Fo|=|Fc| |/Z]Fo/; ® Rulall data] = [X{w(Fo’~F2)2 Y/ 2{w(Fo?)*}]/?
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Table 7.2. Crystal data and structure refinement for 2.7.

Compound reference 2.7
empirical formula Cs2HssB2Dy2
formula weight 1059.84
crystal system triclinic
space group P-1

a/A 10.2899(5)
b/A 11.5073(4)
c/A 23.1393(9)
af° 88.062(3)
8/° 78.909(4)
v/° 72.350(4)
Volume/A3 2561.28(19)
z 2
Temperature/K 100

Pealc 8/cm? 1.374
F(000) 1084.0
Reflections collected 16897
Independent reflections 9685

Rint 0.0314
Goodness of fit on F? 1.008

R1° 0.0394
Rw? 0.0992

“Rul1>20(I)] = Z| | Fol = | Fel |/X]Fol; ® Rulall data] = [X{w(Fo>~F2)*}/Z{w(Fo?)}1*/2
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Table 7.3. Crystal data and structure refinement for 2.9

Compound reference 2.9py 2.9y
empirical formula Cs6H78B2Dy> CasH78B2Y>
formula weight 977.70 830.52
crystal system monoclinic monoclinic
space group P21/n P21/n

a/A 13.3199(1) 13.3158(2)
b/A 18.1439(1) 18.1359(3)
c/A 19.6411(2) 19.6598(4)
af° 90 90

8/° 107.366(1) 107.454(2)
v/° 10 90
Volume/A3 4530.39(7) 4529.13(14)
Z 4 4
Temperature/K 100 100

Pealc g/cm? 1.433 1.218

F (000) 1984.0 1768.0
Reflections collected 31291 32319
Independent reflections 8690 8702

Rint 0.0402 0.0492
Goodness of fit on F? 1.024 1.031

R1? 0.0266 0.0276
% 0.0655 0.0666
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Table 7.4 Crystal data and structure refinement for [2.10][B(CsFs)a].

Compound reference 2.10
empirical formula C70H74B2Dy2F20
formula weight 1641.91
crystal system monoclinic
space group P21/n

a/A 18.1029(5)
b/A 20.9327(4)
c/A 19.4229(5)
a/° 90

8/° 111.812(3)
y/° 90
Volume/A3 6833.2(3)
Z 4
Temperature/K 100

Pealc 8/cm? 1.596
F(000) 3264.0
Reflections collected 55944
Independent reflections 12172

Rint 0.0739
Goodness of fit on F? 1.055

R1? 0.0692

Rw? 0.1762

“Rul1>20(I)] = Z| | Fol = | Fel |/X]Fol; ® Rulall data] = [X{w(Fo>~F2)*}/Z{w(Fo?)}1*/2
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Table 7.5. Crystal data and structure refinement for 3.1 and 3.2.

Compound reference 3.1 3.2
empirical formula C78H136B3Dy3 Ci102H132B2Dy3F20
formula weight 1593.79 2258.00
crystal system monoclinic triclinic
space group P21/n P-1

a/A 14.14480(10) 14.2955(5)
b/A 21.92880(10) 17.6222(7)
c/A 26.0721(2) 19.9866(6)
a/° 90 80.945(3)
8/° 98.3090(10) 88.122(3)
v/° 90 88.861(3)
Volume/A3 8002.11(9) 4969.0(3)
Z 4 2
Temperature/K 100 100

Pealc g/cm? 1.323 1.509
F(000) 3268.0 2274.0
Reflections collected 55554 34352
Independent reflections 15365 17677

Rint 0.0814 0.0429
Goodness of fit on F? 1.024 1.015

R1° 0.0407 0.0474
Rw? 0.1060 0.1225

“Ral1>20(1)] = X| |Fo| | Fe| | /X[ Fol

. b
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Table 7.6 Crystal data and structure refinement for 4.4.

Compound reference 4.4
empirical formula C28HsoBDYOP3Sis4
formula weight 760.37
crystal system triclinic
space group P-1

a/A 10.1543(5)
b/A 12.5323(6)
c/A 16.2234(6)
af° 80.797(4)
8/° 72.156(4)
v/° 70.035(5)
Volume/A3 1843.58(16)
z 2
Temperature/K 100

Pealc 8/cm? 1.370
F(000) 786.0
Reflections collected 11840
Independent reflections 6965

Rint 0.0497
Goodness of fit on F? 1.015

R1° 0.0358

Rw? 0.0891

“Rul1>20(I)] = Z| | Fol = | Fel |/X]Fol; ® Rulall data] = [X{w(Fo>~F2)*}/Z{w(Fo?)}1*/2
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Table 7.7 Crystal data and structure refinement for 4.6,

[4.7][B(CsFs)a] and

[4.8][B(CeFs)a].
Compound reference 4.6 4.7 4.8
empirical formula C32Hs9BDYP CseHs5BDyF20P CseHsgB2DyF20P
formula weight 648.07 1312.28 1326.11
crystal system Triclinic Orthorhombic monoclinic
space group P-1 Pna21 P21/c
a/A 9.8357(4) 17.8192(4) 16.7542(2)
b/A 11.2310(5) 16.9757(5) 14.7179(2)
c/A 16.6786(6) 17.5726(4) 22.3108(3)
af° 70.974(4) 90 90
8/° 87.088(3) 90 97.1450(10)
v/° 67.371(4) 90 90
Volume/A3 1601.77(13) 5315.6(2) 5458.82(12)
Z 2 4 4
Temperature/K 100 100 99.8(9)
Pealc g/cm3 1.344 1.640 1.614
F(000) 674.0 2628.0 2660.0
Reflections collected 10946 47958 18695
Independent reflections 5711 9379 10342
Rint 0.0297 0.0812 0.0300
Goodness of fit on F? 1.076 1.057 1.039
R4 0.0314 0.0834 0.0479
Rub 0.0812 0.2101 0.1289

“RilI>20()] = X| |Fo|=|Fc| |/Z]Fo/; ® Rulall data] = [X{w(Fo’~F2)2 Y/ 2Z{w(Fo?)*}]/?
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Table 7.8. Crystal data and structure refinement for 5.1 and [5.2][B(CsFs)a].

Compound reference 5.1 5.2
empirical formula Ca3HssIU C70H70BF20l2U2
formula weight 676.44 2031.93
crystal system orthorhombic monoclinic
space group Pccn P24

a/A 9.6769(2) 11.9938(3)
b/A 23.9095(4) 20.3893(3)
c/A 19.5511(3) 13.8958(3)
af° 90 90

8/° 90 95.067(2)
v/° 90 90
Volume/A3 4523.53(14) 3384.87(12)
z 8 2
Temperature/K 100 100

Pealc g/cm? 1.987 1.994
F(000) 2544.0 1930.0
Reflections collected 9527 20246
Independent reflections 4047 12656

Rint 0.0497 0.0429
Goodness of fit on F? 1.037 1.192

R.® 0.0454 0.1162

Rw® 0.1231 0.2852

“Rull>20(1)] = X| |Fol = | Fc| | /X[ Fol; ® Rulall data] = [X{w(Fo>~F2)?}/ Z{w(Fo?)*}]*2
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7.3 Magnetic property measurements

Magnetic susceptibility measurements were recorded on a Quantum Design MPMS-
XL7 SQUID magnetometer for samples in Chapter 2 and 3, and a Quantum Design
MPMS3-VSM SQUID magnetometer for samples in Chapter 5, equipped witha 7 T
magnet. The samples were restrained in eicosane and sealed in 7 mm NMR tubes.
Direct current (DC) magnetic susceptibility measurements were performed on
crystalline samples in the temperature range 1.9-300 K using an applied field of 1000
Oe. The AC susceptibility measurements were performed in zero DC field or a
mentioned induced DC field. Diamagnetic corrections were made with Pascal’s

constants for all the constituent atoms.

7.3.1 Additional Magnetic Information for Chapter 2

Table 7.9 Properties of the eight lowest KDs of the Dy2 ion in 2.6py corresponding to
the crystal-field split states in the ground ®His/> multiplet.

KD E/cm™ gx gy g: a/°°
KD1 0 0.00620 0.01058 19.75185

KD2 181 0.43292 1.36588 17.74407  43.0
KD3 210 0.16902 1.93981 14.94068  42.6
KD4 245 0.63548 1.76575 13.50643  18.6
KD5 308 1.27063 3.41690 12.06350 32.7
KD6 362 4.01888 4.92099 10.98782  109.6
KD7 447 1.67094 2.54136 12.66437  83.6
KDS 484 1.02722 4.73611 15.90613  82.9

9 The angle between the principal magnetic axis of the given doublet and the
that of the ground doublet.
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Table 7.10 Properties of the eight lowest KDs of the Dy2 ion in 2.9py corresponding to
the crystal-field split states in the ground ®His/> multiplet.

KD E/cm™ gx gy g: 0/°°
KD1 0 0.00218  0.00299 19.72401

KD2 208 0.02531  0.02897 17.08756 4.2
KD3 362 0.31294  0.40615 14.60738  12.7
KD4 457 2.29997  2.49618 10.74650 3.6
KD5 523 459049 579729  8.26972 100.2
KD6 574 1.08694  3.34816 11.85330 91.2
KD7 606 1.70246  4.35865 14.29206  81.8
KD8 717 0.01208  0.06229 19.31908  88.7

9 The angle between the principal magnetic axis of the given doublet and the
that of the ground doublet.

Table 7.11 Properties of the eight lowest KDs of the Dy2 ion in 2.10 corresponding to

the crystal-field split states in the ground ®His/> multiplet.

KD E/cm™ gx gy g: a/°°
KD1 0 0.00149 0.00216 19.76203

KD2 339 0.05755 0.07880 16.79071 2.7
KD3 551 0.95515 1.34018 13.64853 5.0
KD4 666 7.70619 6.76726 5.06887 92.8
KD5 749 1.38889 3.01956 10.24814  87.0
KD6 862 0.37624 0.48478 13.46090 88.6
KD7 1015 0.15325 0.24826 16.52331  90.1
KD8 1274 0.00829 0.01401 19.55805  90.5

9 The angle between the principal magnetic axis of the given doublet and the

that of the ground doublet.
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7.3.2 Additional Magnetic Information for Chapter 3

Table 7.12 Properties of the eight lowest KDs of the Dy1 ion in 3.1 corresponding to

the crystal-field split states in the ground ®His/> multiplet.

KD E/cm™ gx gy g: a/°°
KD1 0 0.00230 0.00346 19.59996 0.0
KD2 185 0.02124 0.02125 16.98948 3.3
KD3 359 0.08296 0.08664 14.66573 4.8
KD4 457 1.91691 2.76384 11.55813  19.3
KD5 487 0.47080 2.80944 14.58713  76.0
KD6 534 4.85026 6.00605 9.37978 73.2
KD7 606 1.06026 1.94509 15.75565  89.0
KD8 748 0.04127 0.11175 19.49623  89.7

9 The angle between the principal magnetic axis of the given doublet and the

that of the ground doublet.

Table 7.13 Properties of the eight lowest KDs of the Dy2 ion in 3.1 corresponding to

the crystal-field split states in the ground ®His/> multiplet.

KD E/cm™ gx gy g: a/°°
KD1 0 0.00033 0.00050 19.71065 0.0
KD2 190 0.00373 0.00434 17.33117  169.5
KD3 330 0.01761 0.01928 15.08573  157.6
KD4 446 0.16215 0.23800 11.64530 176.4
KD5 524 1.76608 2.17045 8.66722 167.2
KD6 561 3.02216 3.56685 13.96279  87.9
KD7 584 1.06925 2.64913 13.51276  103.8
KD8 659 0.23196 0.31895 18.65671  92.5

% The angle between the principal magnetic axis of the given doublet and the

that of the ground doublet.
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Table 7.14 Properties of the eight lowest KDs of the Dy3 ion in 3.1 corresponding to

the crystal-field split states in the ground ®His/> multiplet.

KD E/cm™ gx gy g: a/°°
KD1 0 0.00182 0.00354 19.45152 0.0
KD2 151 0.01395 0.01440 16.96267 5.7
KD3 338 0.29931 0.36689 14.61695 4.6
KD4 427 2.71999 3.15657 14.71942  77.3
KD5 456 1.09938 4.67216 9.44583 37.7
KD6 510 4.83652 6.03930 10.34643  86.9
KD7 575 0.52465 0.95643 15.87535  93.0
KD8 732 0.06950 0.13148 19.54688  89.9

% The angle between the principal magnetic axis of the given doublet and the

that of the ground doublet.

Table 7.15 Properties of the eight lowest KDs of the Dyl ion in 3.2 corresponding to

the crystal-field split states in the ground ®His/> multiplet.

KD E/ecm™ gy gy g: 0/°°
KD1 0 0.00336  0.00518  19.76347 0.0
KD2 324 0.15768  0.24916  16.61019 2.6
KD3 495 2.20844 375104  12.17989 4.6
KD4 577 6.97279  6.29181  4.92602  13.5
KD5 663 0.19509  0.65238  11.15493  93.0
KD6 765 0.20493  0.22674  13.80091  92.7
KD7 901 0.04413  0.07052  16.64384  90.6
KD8 1175 0.00149  0.00232  19.65495 89.4

9 The angle between the principal magnetic axis of the given doublet and the

that of the ground doublet.
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Table 7.16 Properties of the eight lowest KDs of the Dy2 ion in 3.2 corresponding to

the crystal-field split states in the ground ®His/> multiplet.

KD E/cm™ gx gy g: a/°°
KD1 0 0.00077 0.00082 19.83631 0.0
KD2 285 0.02541 0.02669 17.08366 3.0
KD3 453 0.18604 0.24426 14.51700 6.2
KD4 557 0.49459 0.87408 11.73187 3.1
KD5 643 3.27871 4.83529 8.39311 9.3
KD6 727 7.99094 5.19896 0.57402 95.2
KD7 776 2.11734 4.03301 14.80638  89.8
KD8 855 0.12316 0.31070 18.60654  90.5

% The angle between the principal magnetic axis of the given doublet and the

that of the ground doublet.

Table 7.17 Properties of the eight lowest KDs of the Dy3 ion in 3.2 corresponding to

the crystal-field split states in the ground ®His/> multiplet.

KD E/ecm™ gy gy g: 0/°°
KD1 0 0.00291  0.00443  19.77139 0.0
KD2 337 0.15944  0.25628  16.56737 1.6
KD3 506 2.19075  3.64597  12.17660 2.3
KD4 590 535063  5.82131  6.89882  94.8
KD5 677 0.88917  1.05879  11.12947  90.5
KD6 784 0.11243  0.12730  13.77847  89.2
KD7 929 0.01332  0.02057  16.62206  89.1
KD8 1210 0.00055  0.00093  19.64265  89.9

9 The angle between the principal magnetic axis of the given doublet and the

that of the ground doublet.
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7.3.3 Additional Magnetic Information for Chapter 4

Table 7.18 Relaxation fitting parameters for [4.7][B(CeFs)4] at the temperature range
of 78-119 K.

T/K yr/cm3mol?  ys/cm3 mol? a /s

119 0.11454 0.04239 0.0142 1.03182E-4
117 0.11677 0.04417 0.02389 1.43932E-4
115 0.11843 0.04535 0.01614 2.01127E-4
113 0.12072 0.04796 0.00643 2.90005E-4
111 0.12259 0.04818 0.01097 4.0449E-4
109 0.12479 0.04983 08 5.79921E-4
107 0.12688 0.05052 0.00263 8.36849E-4
105 0.12937 0.05141 0.00385 0.00122
103 0.1318 0.05231 0.00967 0.00183
101 0.13484 0.05307 0.00565 0.00271
99 0.13709 0.05424 0.00624 0.00418
97 0.14046 0.0552 0.01123 0.00642

95 0.14345 0.05636 0.00598 0.01005

93 0.1448 0.05755 08 0.01552

a0 0.1491 0.0595 08 0.03163

87 0.15523 0.06118 0.007 0.06791
84 0.15905 0.06309 0.02019 0.15061
81 0.16428 0.06611 08 0.34238

78 0.17215 0.06755 0.01699 0.80502

§ These parameter values were restricted to non-negative.
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Table 7.19 Relaxation fitting parameters for [4.7] [B(CesFs)a] at the temperature range
of 4-70 K.

T/K 7/ cm* mol? s/ cm*mol? a /s

70 0.07548 0.02146 0.02215 1.8161E-4
69 0.07627 0.02197 0.01665 2.2755E-4
68 0.07697 0.02252 0.01017 2.84347E-4
67 0.0785 0.02258 0.01884 3.62356E-4
66 0.07936 0.02268 0.02073 4.47172E-4
65 0.0805 0.02335 0.01776 5.74249E-4
64 0.08144 0.02341 0.02261 7.10332E-4
63 0.08256 0.02387 0.02105 9.04734E-4
62 0.08438 0.02435 0.01917 0.00113

61 0.08548 0.02429 0.02641 0.00141

60 0.08665 0.02513 0.01929 0.00174

59 0.08834 0.02533 0.02904 0.00212

58 0.08981 0.02589 0.02848 0.00263

57 0.09118 0.02624 0.02953 0.0031

56 0.09295 0.02608 0.04714 0.00369

54 0.09621 0.02699 0.04871 0.00489

52 0.09978 0.02779 0.05102 0.00629

50 0.10256 0.0292 0.03972 0.00753

48 0.10658 0.03013 0.04691 0.00895

44 0.11618 0.03242 0.06849 0.01175

40 0.12722 0.03495 0.06637 0.01478

36 0.13976 0.03866 0.07221 0.01892

32 0.15641 0.04181 0.0893 0.02441

28 0.17986 0.04556 0.12212 0.03379

24 0.20838 0.05204 0.13938 0.04776

20 0.25345 0.05772 0.19998 0.073

16 0.31724 0.06827 0.24742 0.11897

14 0.3704 0.06964 0.31382 0.1635

13 0.40014 0.0732 0.33207 0.19192

12 0.43047 0.07649 0.35323 0.22265

11 0.47763 0.08094 0.37372 0.27257

10 0.52278 0.08505 0.39349 0.31875

9 0.585 0.08967 0.41689 0.38696

8 0.6675 0.09409 0.44595 0.49188

7 0.75236 0.09939 0.46594 0.56904

6 0.87338 0.10416 0.4894 0.68014

5 1.0506 0.10728 0.51602 0.84022

4 1.30082 0.10676 0.53832 0.99147

193



0.04 -

-

0.03

3
mol

/cm

0.02 4

Zm

0.01 -

0-00 T T T T T T o
0.06 0.08 0.10 0.12
z! cm® mol”

Figure 7.31 Cole-Cole plots for the AC susceptibilities in zero DC field for [4.7][B(CeFs)a]
from 105-119 K.
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Figure 7.32 Cole-Cole plots for the AC susceptibilities in zero DC field for [4.7][B(CeFs)4]
from 93-103 K.
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Figure 7.33 Cole-Cole plots for the AC susceptibilities in zero DC field for [4.7][B(CsFs)a]
from 78-90 K.
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Figure 7.34 Cole-Cole plots for the AC susceptibilities in zero DC field for [4.7][B(CeFs)a]
from 63-70 K.
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Figure 7.35 Cole-Cole plots for the AC susceptibilities in zero DC field for [4.7][B(CsFs)a]
from 58-62 K.
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Figure 7.36 Cole-Cole plots for the AC susceptibilities in zero DC field for [4.7][B(CeFs)4]
from 50-57 K.
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Figure 7.37 Cole-Cole plots for the AC susceptibilities in zero DC field for [4.7][B(CeFs)a]
from 24-48 K.
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Figure 7.38 Cole-Cole plots for the AC susceptibilities in zero DC field for [4.7][B(CeFs)a]
from 10-20 K.
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Figure 7.39 Cole-Cole plots for the AC susceptibilities in zero DC field for [4.7][B(CsFs)4]
from 4-9 K.
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Figure 7.40 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CsFs)a] at 70 K.
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Figure 7.41 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 65 K.
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Figure 7.42 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(C6Fs)4] at 60 K.
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Figure 7.43 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 55 K.
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Figure 7.44 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CsFs)a] at 50 K.
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Figure 7.45 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 45 K.
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Figure 7.46 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 40 K.
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Figure 7.47 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 35 K.
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Figure 7.48 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 30 K.
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Figure 7.49 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 25 K.
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Figure 7.50 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 20 K.
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Figure 7.51 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 15 K.
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Figure 7.52 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CeFs)a] at 10 K.
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Figure 7.53 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CsFs)a] at 5 K.
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Figure 7.54 Plots of magnetization decay vs. time used to derive relaxation times for

[4.7][B(CsFs)a] at 3 K.
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Table 7.20 Fitting parameters (initial magnetization (Mo), final magnetization (Mj), relaxation
time (7), and generalized coefficient (f)) for [4.7][B(CsFs)4] at different temperatures from the
least-squares fitting to the exponential decay as M(t) = Ms + (Mo — Ms) exp[(-(t/7)”], as shown
in Figure 7.40-7.54 and Figure 4.9.

T/K M Mo 7/s B

75 3.55283E-5 0.0022 1.9752 0.99946
70 3.8408E-5 0.01106 6.37419 0.98226
65 4.48027E-5 0.02438 13.22759 0.95965
60 4.44546E-5 0.03785 19.06457 0.94417
55 5.49101E-5 0.04865 24.236 0.93246
50 5.98953E-5 0.06243 30.10814 0.92496
45 6.71075E-5 0.08074 37.30459 0.9136
40 8.346E-5 0.10137 46.68922 0.90044
35 5.12631E-5 0.13095 58.98712 0.88591
30 6.23018E-5 0.16378 76.39537 0.87384
25 8.52658E-5 0.20873 100.03107 0.85543
20 1.03671E-4 0.25732 136.58272 0.84349
15 1.58857E-4 0.26074 190.96602 0.83432
10 7.09997E-5 0.3233 272.28663 0.77929
5 9.97628E-4 0.38353 338.14462 0.65582
3 0.00276 0.41586 384.68607 0.52618
2 0.00505 0.45148 412.43879 0.44874
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