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Abstract of Dissertation
Lanthanoid (IIT) Diphthalocyanines and Goblet-Shaped Complexes: Old and New
Architectures for Molecular Qubit Candidates

As quantum computing becomes more popular, research groups from all over the
world are focusing on synthesizing usable quantum bits, or qubits, the essential building
blocks of a quantum computer. Specifically, significant research has focused on
single-molecule magnets, which are molecules with high magnetic blocking temperatures
and large spin-relaxation barriers, as these properties are a direct measure of information
storage.

Lanthanoid (III) diphthalocyanine double-decker complexes are one class of
molecules that have been intensely studied, especially since terbium (III)
diphthalocyanine, in particular, has been shown to be an effective single-molecule
magnet. Presented in this dissertation is an investigation of the structure-property
relationships of four distinct lanthanoid (III) diphthalocyanine polymorphs, which can be
selectively and reproducibly prepared with different metal centers. It will be shown how
controlled crystallization allows for fine-tuning the molecular geometry, intermolecular
interactions, and their impact on the resulting magnetism (specifically in the case of
neodymium (III) diphthalocyanine). Halogenated complexes, which have been largely
unexplored thus far, were synthesized and characterized to investigate how the position of
the halogen substituent affects the electronic and structural properties.

Despite their unique electronic and magnetic properties, lanthanoid (II)

diphthalocyanines are not without their shortcomings, including low yields and a lengthy

ix



purification process. In an effort to overcome these shortcomings, a new goblet-shaped
complex was investigated. This complex consists of three parts: a flat aromatic foot
which will allow for the complex to be deposited on a surface, and a carbon chain linker,
which connects the base to a triscyclopentadienyl lanthanoid (III) bowl, which will
provide the anisotropy and bistability that should ideally give the desirable magnetic
properties. Presented in this dissertation is the convergent synthesis of these complexes, a
complex task due to the coexistence of several active functional groups, with a focus on
the reaction of ethylene carbonate with the flat foot of the goblet complex.

Chapter 1 focuses on the introduction of quantum computers and their importance,
followed by an introduction to qubits and why we are choosing to focus on molecular
qubits over other systems. A discussion of lanthanoid single-molecule magnets and the
reasoning  behind  investigating  lanthanoid  (III)  diphthalocyanines  and
triscyclopentadienyl complexes will conclude this chapter.

Chapter 2 introduces the unique properties of lanthanoid (III) diphthalocyanines
and focuses on the polymorphism of neodymium diphthalocyanine, ending with a
discussion of the preliminary magnetic data obtained for two polymorphs. Chapter 3
continues the discussion of structure-property relationships with the remaining
lanthanoids, highlighting how oxidation state and solvent influence the resulting
polymorph. Density functional theory calculations were performed to examine why
certain polymorphs form over others. Trends across the lanthanoids for each polymorph
will be discussed in detail. This chapter concludes with a discussion of the crystal

structures of the anionic lanthanoid (III) diphthalocyanine and the zirconium (IV)



diphthalocyanine complexes. Chapter 4 focuses on the efforts made in fully
characterizing halogenated diphthalocyanine complexes, concluding the discussion of
these complexes.

Chapter 5 introduces the goblet-shaped complex with a detailed description of
each piece of the goblet and continues with a discussion of the structural and electronic
properties of the triscyclopentadienyl lanthanoid (III) complexes. These complexes will
be studied in-depth, not only because their magnetic data has not previously been
published, but because they can aid in understanding the magnetic behavior of the desired
goblet-shaped complexes. Chapter 6 introduces the feet chosen for the base of the goblet,
followed by a discussion of the development of a universal synthetic route to build the

goblet-shaped complexes.
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Chapter 1: Introduction
1.1 Introduction to Quantum Computers

As evidenced by the First Industrial Revolution in the mid 18" century with the
invention of the steam engine, changes in Information Technology (IT) can have
significant impacts on life. The IT industry has come a long way since the printing press.
The Second Industrial Revolution, which occurred during the late 19" — mid 20™ century,
brought the electrical age, where the world saw a huge jump in the innovation of
electrical machines. In addition, the Second Industrial Revolution also brought along the
First Quantum Revolution, which evolved from scientists trying to explain the theory
behind black-body radiation'. This revolution led to the concept of wave-particle duality,
a concept that became fundamental in understanding the periodic table and the
wavefunctions of electrons. Ultimately, this simple-sounding concept led us to understand
some of the world in terms of quantum mechanics, a branch of physics and chemistry that
describes physical properties at the microscopic level'.

With the second half of the 20™ century came the Third Industrial Revolution,
which brought huge changes in computers and the invention of the Internet. It was with
this time that the world saw a shift from focusing on industrialization to
informationization, as technologies in computers, microelectronics, communications, and
the Internet were hugely improved. With these improvements came significant upgrades
in processes and performance of integrated circuits; something all of the previously
mentioned technologies share. Integrated circuits are small chips or wafers that contain

transistors, resistors, and capacitors. Depending on the technology the integrated circuits



are a part of, they can function as an amplifier, timer, microprocessor, or computer
memory.

In 1965, before the boom in integrated circuit upgrades, Gordon Moore predicted
that in order to keep up with technological improvements, there would be an exponential
growth in the number of transistors per integrated circuit as well as the density of
integrated circuits in devices®. This trend became known as Moore’s Law, shown in
Figure 1.1, and his prediction proved to be rather accurate’. Between 1960 and 1975 the
number of transistors on an integrated circuit doubled annually and by 2004 this doubling
slowed to every eighteen months.

In order to increase the number of transistors on integrated circuits and the
number of integrated circuits in a device while still providing the same power, they need
to be made smaller. As these integrated circuits approach the nanoscale, the classical
mechanics that generally govern the behavior of the circuits no longer applies. Instead,
these circuits exhibit quantum mechanical behavior, requiring a change in how devices
are designed' and bringing about the Second Quantum Revolution'”.

Devices based on quantum mechanics can exploit quantum principles, offering
improved performance over devices based on classical mechanics'. One area that is
particularly motivated by device miniaturization and the promise of improved

performance is computing'*?. In 1980 Richard Feynman
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Figure 1.1 The number of transistors per integrated circuit as a function of year,
illustrating Moore's Law. Image credit: Max Roser, https://commons.wikimedia.org/wiki/

File: Moore%27s Law_Transistor Count 1971-2018.png, CC BY-SA 4.0.
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proposed the idea of a quantum computer, a computer that exploits the properties of
quantum mechanics to perform computations*’. It is this exploitation that allows for
quantum computers to offer an improvement in algorithm efficiency and speed, as well as
information storage, when compared to classical computers. A prominent example of this
is the well-studied Grover’s algorithm, which is an algorithm designed to search an
unsorted database with a given number of entries®. Imagine being given a random list of
N phone numbers and being told to find one specific phone number. A classical computer
would need N steps to find the number while a quantum computer would only need VN
steps, offering a quadratic increase in speed®. Significant progress has been made in
demonstrating the efficiency of quantum computers. The quantum computers developed
by IBM have been shown to successfully carry out Grover’s algorithm with an improved
performance compared to classical computers. Recently, Gebhart et al.'’ was able to show
that the trace speed, an experimental way to track the quantum speed limit (the shortest
amount of time it takes to perform a quantum operation) can be used to follow Grover’s
algorithm as each operation is carried out, allowing for the sources of this improved
performance to be determined in future experiments.
Quantum computers are not only valuable for searching databases. Researchers at
IBM have recently demonstrated that their quantum computers and associated programs
are able to aid in the COVID-19 pandemic''. With these resources, researchers were
quickly able to sort through CT scans of healthy and sick patients with a 94-100%
accuracy, an improvement over the classical counterpart. Another area where quantum

computers can be very valuable is cryptography, the science of secure information



transfer. The secure transfer of information relies on making said information
unintelligible to a third party viewer'>. The codes that accomplish this task rely on the
prime factorization of integers; the more difficult the factorization, the more secure the
information’. Understanding the algorithms behind factorization allows for developers to
find the flaws and make improvements, important tasks since the Internet, banks, and the
Secret Service rely on these algorithms®. Aside from understanding factorization,
significant research has gone into developing quantum networks that will allow for the

highest level of protection available''

. Quantum computers also offer significant
advantages in chemistry. Quantum computing will enable chemists to perform exact
calculations on molecules, have a deeper understanding of chemical reactions, search for
new materials such as high-temperature superconductors, and fully understand the
catalysts and enzymes that power many important processes, such as the metal catalysts
used in the Haber-Bosch process'>'®.

As previously mentioned, classical computers are governed by classical
mechanics while quantum computers are governed by quantum mechanics. However, this
very basic generalization is not sufficient to explain how quantum computers are able to
offer an improvement in the efficiency of algorithms and in data storage. The main
differences lie in the pieces that allow each computer to perform tasks and computations.
In a classical computer, the essential piece is the central processing unit, or CPU, an
example of which is shown in Figure 1.2. The CPU is also referred to as a chip or a

microprocessor and it is nestled in the motherboard of the computer. The CPU is

responsible for processing instructions from all software and hardware in the computer.



Figure 1.2 An example of a CPU, created by Intel, inside a classical computer. Image

reproduced from https://commons.wikimedia.org/wiki/File:1386DX-25 IV _SX543.jpg



This is accomplished by translating each input and output into binary, a system of the
macrostates 0 and 1, or bits. Switching between 0 and 1 can be accomplished by several
mechanisms, such as a transistor (Figure 1.3), switching between conducting and non-
conducting, or a small magnetic domain orienting its magnetization up or down'’.
However, in a quantum computer, the essential bits are quantum bits, or qubits.

1.2 Quantum Bits

Instead of macrostates, qubits are represented by the microstates |0> and |1>. As
previously mentioned, these microstates are governed by the laws of quantum mechanics
and can exploit the principles of quantum mechanics to perform calculations.
Superposition and entanglement are two of the most important principles when
performing calculations, and what make qubits fundamentally different from classical
bits'®.

A quantum system has well-identified discrete states; if the system under study is
in a superposition if it exists in more than one state simultaneously'. Entanglement is the
correlation between qubits, meaning that the states of individual qubits are dependent on

others""

. Consider two spins, such as those shown in Figure 1.4a, as an example. If these
two spins are entangled (11), then if one spin is up, the other must be down (1)), even if
the two spins are separated by a significant distance'®, such as several angstroms.
Superposition is an overlap; a linear combination of well-identified quantum states,
which can be represented by any point on a Bloch sphere (Figure 1.4b). While there is no

classical analogue to superposition, the constructive interference of two waves is also an

example of superposition (Figure 1.4c).



Figure 1.3 A simplified schematic of a transistor, showing a
0 state when there is no current flowing and a 1 state when

current is flowing.



Figure 1.4 An example of two entangled spins (a), where if one is spin-up the
other must be spin-down. The quantum mechanical definition of superposition
(b), where any point on the Bloch sphere represents a combination of the 6
represented quantum states and the classical "analogue" (c), which shows the

constructive interference (black) of two waves (red and blue dashed).



So how do superposition and entanglement improve the efficiency of calculations
and information storage? Every quantum calculation is performed through a set of
transformations, or operations, called gates’. If the qubits are in superposition, then the
transformation is applied to each state simultaneously which significantly increases the
power and efficiency behind the calculation"'’. Entanglement is the property responsible
for information storage. Each qubit is capable of storing information. If the qubits are
entangled, then information is also stored in the correlation between the qubits.
Therefore, the amount of information stored in the quantum system under study is
exponential to the number of qubits in the system"".

Based on the above definitions of superposition and entanglement, it would seem
that any two component system on the nanoscale can be a qubit capable of making a
working quantum computer. However, building a functional quantum computer is not that
simple. In order to create a quantum computer, there are five requirements a system of
qubits must meet, referred to as the DiVincenzo criteria®. The first criterion is having a
scalable system with well-characterized qubits. Here, scalability has multiple definitions.
In order for a system to be considered scalable, the same algorithm used in the proof of
concept experiments must be successfully executed on a larger scale. Additionally, this
same system must also be able to run algorithms that increase in their complexity. Having
a system of well-characterized qubits goes beyond having an understanding of their
physical properties. The energy eigenstates, which come from the internal Hamiltonian,
must also be known. Most important is understanding how the qubits interact not only

with each other, but with their environment™>'#2%%,
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The second aspect of the DiVincenzo criteria is the ability to initialize the qubits
to a known value. This is necessary to perform a reliable calculation or operation and it is
an important aspect of quantum error correction. The third criterion is having
decoherence times that are much longer than the gate operation time. The gate operation
time refers to the time required to carry out the computation or operation. Decoherence is
the collapse of superposition and quantum mechanical principles, leading to the
emergence of classical behavior. The decoherence in any qubit system needs to be long
enough in order for the calculation or operation to be performed. The main causes of
decoherence in electron spin qubit systems are electron-electron and electron-nuclear spin
interactions™>'#2*2,

The fourth DiVincenzo criterion is that the qubit system must have a universal set
of quantum gates. As previously mentioned, quantum computations are performed
through a series of operations called quantum gates. Every computation uses sequences
of one and two qubit gates. Therefore, in order to perform a variety of different
computations on the same system, a number of operable qubits must be accessible. On a
note unrelated to the DiVincenzo criteria, it is important for reading out the results of a
computation that the gates not lose information. The property of entanglement ensures
that information is not lost. The final DiVincenzo criteria is that there must be a qubit
specific measurement capability, meaning that in order to read the results of a
computation, the specific qubits that performed said computation must be able to be

measured>>!320-24,
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There are a multitude of different systems that satisfy the DiVincenzo criteria and
are thus potentially usable qubits. These systems can be divided into three main
categories: natural systems, molecular systems, and human made systems. Each system
has its own advantages and disadvantages, as summarized in Figure 1.5. Natural systems,
as the name implies, includes atoms and ions. Well-studied examples of natural systems
include trapped-ion qubits, silicon qubits, and the nitrogen vacancy centers in diamond.
Trapped ion qubits work by storing information in atomic ions that are maintained in
their positions in free space by electric fields*. While these systems have been able to
execute a variety of quantum algorithms®, there are still several challenges facing these
systems. In order to avoid decoherence, it is necessary to have precise control of the ion
motion, as neutral atoms have weak interactions with each other and the environment?’,
leading to an individual addressing challenge. Additionally, there is still a challenge in
scaling up trapped ion systems.

Silicon, and silicon doped qubits have a slew of advantages, including that they
are easy to scale up and integrate into high-density circuits, they have long coherence
times, and they are the best understood material for defects'®*®. Silicon qubits are also
attractive because silicon is already a major component of the electronics industry. Where
silicon qubits suffer is that they are extremely affected by magnetic noise®’. Similarly to
silicon qubits, qubits based on the nitrogen vacancy center in diamond have many
advantages. These advantages include, but are not limited to, long coherence times and
the ability to operate at room temperature. However, nitrogen vacancy centers are limited

in that it is currently not possible to electrically excite and
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Human-Made Systems

Natural Systems Molecular Systems
Examples: atoms and ions Example: molecules Example: quantum dots
Works by: switching between states Works by: electronic or nuclear Works by: electron SPiDS
Pros: well understood, no dispersion spins Pro: properties can be tailored
of properties Pros: no dispersion of properties, C‘ons: not as well un@erstood,
Con: properties cannot be tuned properties can be tailored dispersion of properties

much

Figure 1.5 A summary of natural (left), molecular (center) and human-made (right) qubit

systems.
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initialize them. This drawback limits the design of quantum computers using nitrogen
vacancy centers®,

On the opposite end of the qubit spectra lies human-made systems, the most
prominent example being quantum dot qubits. These systems work by flipping between
the up and down spins of electrons confined in the quantum dots. There are several
different types of quantum dots that can act as qubits, including self-assembly and gated
lateral quantum dots, each with their own materials and unique characteristics. Generally,
there are several advantages to quantum dots as qubits. The manipulation and read out
can be easily accomplished by electrical and optical methods. In a direct contrast to
natural qubit systems, human-made quantum dots can be tuned to have any desired
characteristics. Additionally, they can be easily assembled into large arrays. However,
there are some types of quantum dots where the size and shape are not always easy to
control. Like with natural systems, scaling up to a usable quantum system is a problem
with quantum dots***"*%?",

In between natural and human-made systems lie molecular systems. As shown in
Figure 1.5, there are many advantages to molecular systems, including their flexibility in
design and synthesis. The category of molecular systems is quite broad, with complexes
ranging from easily reducible organic materials such as tetracyanoquinodimethane
(TCNQ) to transition metal complexes such as copper phthalocyanine to various
polyoxometalates. With such a variety of possible choices for potential qubits, how do
chemists know what molecules would be worth pursuing in the search for usable

35439

qubits
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With the race towards miniaturization in the electronics industry came the field of
molecular spintronics, which combines the field of molecular electronics and molecular
magnetism**. A major goal with molecular spintronics is to fabricate new, cheaper
devices using molecular materials, with the devices containing only one or a few
molecules to achieve miniaturization®. Spintronics is a field that studies the control and
manipulation of spin degrees of freedom in solid state systems*™**, The spin can be either
an electronic spin or a nuclear spin. Devices based on nuclear spins are more isolated
from their environment, reducing chances of decoherence®. However, nuclear spins can
be hard to detect and manipulate'*. There are more advantages to using electron spins
instead of nuclear spins; for example, electron spins can be more easily detected and
manipulated™, with methods such as electron paramagnetic resonance.

Electron spins have been referred to as the ultimate logic bit™'. Electronic devices
work by detecting variations in an electrical current using an external stimulus, where the
current is composed of electrons that are either spin up or spin down**'. These electrons
are carriers that can encode information in their spins*. Additionally, electron spins are
an intrinsic property of any electronic structure and they are inherently quantum by
nature, making them ideal candidates for qubits***.

The magnetism aspect of molecular spintronics focuses on single molecule
magnets (SMMs), specifically a magnetic core surrounded by organic ligands*. Single
molecule magnets are on the molecular scale, yet they have the properties of bulk

148

magnetic material®. Every SMM has an energy barrier, due to anisotropy (Figure 1.6),

that a spin must overcome to flip*. This is referred to as magnetic bistability**. When a
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Figure 1.6 An example of an anisotropy
barrier, the height of which is directly
proportional to energy required for a spin flip.
This barrier can be experimentally measured

and is represented as U,y (cm™).
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SMM is placed in a magnetic field that is sufficiently large enough to overcome the
barrier, it can remain magnetized after the magnetic field is removed, allowing for
information to be stored*****,

There are many benefits to using SMMs as qubits. One benefit is that SMMs tend
to crystallize readily, depending on the structure, allowing for structure determination,
and thus a study of structure-property relationships*. Single molecule magnets can also
be studied using a variety of experimental methods, such as SQUID (superconducting
quantum interference device) magnetrometry and electron paramagnetic resonance (EPR)
spectroscopy. These two techniques can provide valuable information about the qubit
quality of a SMM****. SQUID magnetrometry allows for a sample’s magnetic relaxation
to be studied by performing alternating (AC) and direct (DC) current susceptibility
measurements®’. This allows for three important parameters that describe the quality of
the SMM to be determined. The first is the magnetic blocking temperature (7%), which is
the highest temperature at which a SMM will display hysteresis, or a magnetization loop
(Figure 1.7). The second parameter is the coercive magnetic field (Hc), the strength of the
field needed to push the magnetization to zero after it has been fully saturated”®. The last
parameter concerns the height of the anisotropy barrier, U, which describes the energy
needed to get over the barrier’®. Generally, the higher these parameters are, the better the
SMM. By fully characterizing SMMs, the relaxation pathway governing a particular
SMM can be completely understood.

Electron paramagnetic resonance is a technique that aligns unpaired spins in

different directions and then measures the time it takes for the spins to go back to their
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Figure 1.7 An example of a magnetic hysteresis loop, where B,
represents the degree of magnetization (tesla) and H. represents

the strength of the magnetic field (A/m).
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original orientation’’. From these measurements, it is possible to obtain values for the
spin relaxation time and the spin dephasing time**’. The spin lattice relaxation time, 77,
describes the interaction of the spin with the vibrations of the surrounding lattice®’. This
is an important measurement, as spin interactions with lattice vibrations has shown to be
a source of decoherence in qubits*. The spin dephasing time, 7>, describes the lifetime of
a qubit. The 7, measures how long it takes for a quantum superposition to collapse,
returning to classical behavior®. The larger the value of 75, the better the qubit.

The molecular aspect of molecular spintronics offers significant advantages in
working towards creating functional, usable qubits. One advantage is that molecules can
be tailored®. There are several causes of decoherence in qubits, including thermal
vibrations of the molecule and/or the lattice, interactions with nuclear spins on the ligands
or solvents, and interactions with neighboring electron spins. These last two causes are
referred to as magnetic noise®. By using rigid ligands with atoms that do not have
nuclear spins, such as carbon, oxygen, and sulfur, or by using magnetic ions with half
integer spins, the chances of decoherence can be reduced**, as the possibility for nuclear
spin interactions are reduced. Controlling the crystal field surrounding the magnetic ion is
also a way to control decoherence from magnetic noise*>**. Additionally, controlling the
crystal field around the metal ion, especially for lanthanide ions, can enhance a molecules
SMM properties™, such as increasing the anisotropy energy barrier®.

The ligands can also be tailored in such a way that it is possible to anchor them to
surfaces or junctions, a necessary step in device making®®. Integration into devices is

another advantage of using molecular magnetic systems. With molecular magnets, and
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with molecular systems in general, every molecule inside a single crystal is the same,
meaning there is no dispersion of properties across the system™. These identical units
provide amplification of the magnetic moment already present, making one single crystal
usable as a dense and efficient unit™.

Aside from being able to tailor SMMs to enhance their properties and their ability
to crystallize, there are additional benefits when it comes to the synthesis aspect of
molecular systems. These systems can be prepared with a high degree of purity and in
endless types®', giving rise to a large range of different functionalities. Because there are
endless possibilities, it is also possible to be able to produce scalable systems at a lower
cost™*,

1.3 Lanthanide Single Molecule Magnets as Potential Qubits

There has been huge progress in the field of molecular spintronics towards
synthesizing usable qubits (Figure 1.8)**. From 2007 to 2017 all of the benchmark
molecules for potential qubits contained transition metals, as that was the initial focus of
the molecular spintronics field. It was not until the second wave of new molecular
magnets hit that chemists began to base SMMs around lanthanide ions®.

Lanthanide complexes have been shown to have anisotropy barriers nearly two
orders of magnitude larger than transition metal complexes™. As trivalent lanthanides, the
more common oxidation state and the only oxidation state that will be discussed in this
work, have a more complex electronic structure than transition metals, the general
electron configuration ([Xe]6s*4/"5d") is not enough to explain the origin of these large

anisotropy barriers. Instead, the term symbol, or a shortened description of the total
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Figure 1.8 A timeline of how the field of molecular spintronics has progressed towards

synthesizing usable qubits. Image significantly modified from reference 42.
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angular momentum quantum numbers, is a much more useful tool in explaining the
origin of these large anisotropy barriers.

The term symbol, represented as **"'L;, consists of three parts: 2S+1 is the spin
multiplicity (with S as the total spin), L is the orbital angular momentum, and J is the
total angular momentum, which results from spin-orbit coupling the orbital angular
momentum and the intrinsic angular momentum (the spin), an important factor when
designing lanthanide SMMs, as spin-orbit coupling in Ln’* ions is larger than the effect of
the crystal field*. Determining the term symbol begins with examining the electron
configuration; for the purposes of this discussion, Tb** will be used as an example. The
electron configuration for Tb*" is [Xe]6s*4/*, yielding a pair of electrons in m; = -3, and an
unpaired electron in m; = -2, -1, 0, 1, 2, 3. The six unpaired electrons, each represented as
ms =, gives a § = 3 and a spin multiplicity of 7. The total orbital angular momentum, L,
is obtained by adding all the m; states that contain an unpaired electron; for Tb** this
results in L = 3, which can be represented by the spectroscopic notation F. Finally, the
orbital angular momentum (L = 3) and the total spin (S = 3) yield J = 6, for a term symbol
of 'F¢ for Tb*" (Figure 1.9). These term symbols can be broken down into 2J+1
corresponding microstates, or all possible arrangements of the given electronic state, with
my = [-J, J’***. When the trivalent ion is placed in a crystal field, the degeneracy is
removed, splitting the **"'L; states are further. In Kramers ions, ions with an odd number
of unpaired electrons, microstates with opposite m, remain degenerate (in non-Kramers

ions, this only occurs with high symmetry crystal fields), affording the
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bistability that is a requirement for a molecule to exhibit SMM properties. The
anisotropy barrier directly corresponds to the energy gap between the ground and excited
my states.

In their seminal paper, Rinehart and Long™ discuss how to increase the anisotropy
barrier by maximizing the crystal field surrounding the lanthanide. In contrast to
transition metal ions, which generally have spherical electron clouds, the lanthanide ions
have electron clouds that are either prolate, oblate, or isotropic (Figure 1.10). These
prolate, oblate or isotropic shapes arise from the high m,; values representing the
f-orbitals, which can be mathematically described by a quadrapole™, or an asymmetric
charge distribution. A quadrupole arises when an atom has a nuclear spin (/), the total
angular momentum of the nucleus, has a value other than /= '%, which is true many of the
lanthanides. The high m, values representing the f-orbitals, combined with the various /
values of the lanthanide, leads to these prolate, oblate, or isotropic shapes.

The anisotropy of prolate, or axially elongated ions, which include Pm, Sm, Er,
Tm, and Yb, is maximized by ligands that are equatorially coordinating, as this reduces
contact with the f-orbital electron density in the axial position. The oblate, or equatorially
expanded ions, which include Ce, Pr, Nd, Tb, Dy and Ho, can have their electron clouds
anisotropy maximized by ligands where the electron density is concentrated above and
below the xy plane, such as ligands that can make sandwich complexes (Figure 1.11).
This aims to minimize repulsive contacts between the ligand and the electron clouds from
the f-orbitals. The remaining lanthanide ions are spherical and their electron clouds

cannot be maximized with specific ligands.
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Figure 1.10 The shape variance of the 4f orbitals for the trivalent lanthanides. Image

reproduced and modified with permission from reference 54.
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Figure 1.11 A cyclooctatetrene (left) and a
phhalocyanine (right), two examples of ligands that

can be used to create sandwich complexes.
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Aside from an unrivaled anisotropy barrier, why are lanthanide SMMs better
candidates than other molecular systems for usable qubits? To answer this question, it is
necessary to re-examine the DiVincenzo criteria. Since lanthanide SMMs are molecular
systems, they can be tailored and fully and well-characterized by a variety of techniques,
including luminescence to fully elucidate the electronic structure of the molecule, EPR
measurements to examine any electronic influences of the ligands to to determine 7>, and

661 Because

SQUID magnetrometry to understand the magnetic relaxation behavior
lanthanide SMMs are molecular systems, they can be prepared with a high degree of
purity at a lower cost®, where every molecule is individual yet identical®*. Additionally, it
is possible to scale these systems, checking off another DiVincenzo criteria.

Although lanthanide SMMs can easily check all the boxes for well-defined and
scalable, the remaining DiVincenzo criterion can be challenging, though not impossible,
to fulfill. Lanthanide SMMSs, compared to transition metal complexes, when deposited on
a surface or integrated into devices tend to retain their properties, allowing surface
deposited complexes can be studied by scanning tunneling microscopy (STM), which can
individually address each molecule while simultaneously providing information about the
molecule’s electronic structure. Isolation and gate implementation are two closely related
criteria, as they both relate to the coherence and lifetime of a qubit. Initial state
preparation means that the system must somehow be reset. It has been shown that
individual molecules can also be integrated into devices, where they can be initialized

and reset with a variety of methods, including by redox, electrical pulses, microwave

pulses, and a magnetic field".
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1.4 A Brief History of Lanthanide Single Molecule Magnets

Despite the field of lanthanide SMMs not being as old as transition metal based
SMMs, there is still a plethora of molecules to choose from for designing qubits,
including polyoxometalates, bridged radical complexes, mixed metal complexes, and
cyclooctatetrene (COT) sandwich complexes***. While each of these complexes have
their own unique properties and benefits as potential qubits, the work in this thesis will
only focus on bis(phthalocyaninato) lanthanide (III) and cyclopentadiene based
complexes.

Bis(phthalocyaninato) lanthanide (III) complexes (LnPc,, Figure 1.13a) have been
intensely studied for the past several decades due to their unique electronic properties,
often resulting in these deeply colored complexes being integrated into solar cells™.
Phthalocyanine (Pc*) ligands, shown in Figure 1.11 are aromatic, conjugated
macrocycles with four isoindole nitrogen atoms available for coordination to a lanthanide
ion. These complexes can by synthesized through a one-pot reaction and the starting
phthalonitrile can be somewhat easily modified to include different functional groups.
Overall, these complexes have a high chemical stability. The conjugated system in the
Pc” ligands is capable of conducting electrons, a benefit when the complexes are
integrated into a device, while the lanthanide metal center prevents the complex from
breaking apart into a lone phthalocyanine and a metal-phthalocyanine complex®’. The flat
Pc” ligands also aid in grafting the complexes to a surface while remaining coupled to the
4f electrons. In these sandwich complexes, the electron density is located above and

below the xy plane, maximizing the anisotropy of the oblate lanthanide ions.
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The boom in lanthanide SMM research did not begin until 2003 when
Ishikawa®** demonstrated that the anionic TbPc, complex behaves as a SMM. This was
the first complex containing a single paramagnetic center to exhibit bistability”.
Additionally, this was not only the first lanthanide SMM, but also the first example to
show that SMM behavior can be observed without having intramolecular exchange
interactions to build up a collective spin. To understand where the anisotropy comes
from, it is necessary to examine the spin-orbit coupled term. The condensed electron
configuration for Tb*" is [Xe]4/f, giving a spin-orbit coupled ground term of "Fs (S = 3
and L = 3). When the Tb** ion is placed in the crystal field created by the two Pc* ligands,
the degeneracy in the m;, states is removed with m,= +6 for the most stable energy levels.
This results in a large separation between the ground state and the first excited state, and
a large anisotropy barrier perpendicular to the Pc plane®.

These same conditions that create the large anisotropy barrier for TbPc, are also

t*. However, TbPc; is also an electron-

what make this complex a good electron spin qubi
nuclear hybrid, making it a particularly promising candidate. The nuclear spin qubit
aspect arises from the Tb’* core, which has a nuclear spin of 7 = 3/2, resulting in four
different qubit states that are coupled to the electron spin qubit through hyperfine
coupling®. The Pc” ligands are also capable of acting like quantum dot when the TbPcy
complex is placed in a device (Figure 1.12). In these devices, the molecule is attached to
a source and drain terminals. The aromatic 7 electrons in the Pc* ligands couple to the

source and drain, creating a quantum dot qubit, which further couples with the Tb**

center.
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Figure 1.12 A rendering of a TbPc, molecule as implemented in a device. Image

reproduced with permission from reference 53.
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Since the discovery of the TbPc,” SMM properties, significant research has gone
into synthesizing various substituted and unsubstituted LnPc, complexes. In their seminal
work with TbPcy, Isikawa®*® ef al. also demonstrated the SMM properties of the Dy**
analogue. The trivalent Dy’" has a term symbol of °H;sp, indicating very strong spin-orbit
coupling that can affect the magnetic moment. Although Dy*" is an oblate ion that can be
enhanced by ligands that generate a strong axial crystal field, it is not necessary to have a
perfect environment to observe SMM behavior**®’. This is because Dy*" is a Kramers ion,
meaning that it has an odd number of electrons and remains doubly degenerate in an
electric field, retaining the bistability necessary to observe SMM behavior®”. As such,
many of the LnPc, SMMs (Table 1.1°*) contain either Dy’* or Tb*".

Aside from their chemical stability and ease of tailoring, LnPc, complexes also
have the advantage of having a huge background of work behind them. This gives a solid
foundation in terms of understanding the electronic properties and the magnetic
relaxation process, which is necessary in order to continue making improvements.
However, there are some disadvantages in using Pc* ligands to synthesize lanthanide
SMMs. The synthesis involves a careful and lengthy purification that often results in a
low yield. Additionally, the Pc ligands tend to hybridize very strongly with surfaces upon
surface deposition, which can change some of the molecular properties.

Lanthanide cyclopentadienyl (LnCps, Figurel.13b) complexes are another well-
recognized class of compounds that are based on the cyclopentadienide (Cp’) ligand that
can overcome some of the shortcomings presented by the Pc* ligands. The first LnCp;

complexes were initially reported by Birmingham and Wilkinson in 1956%. Since their

30



Table 1.1 Examples of lanthanoid single-molecule magnets containing either Dy’* or
Tb*, as determined by their anisotropy barriers (Uer). Table reconstructed from

references 54 and 58.

Molecule® Uerr (cm™)
[Dy(Pc(OEt)s).]" 43°
Dy4(OH)(bmh),(msh),Cl, 118°
[Dys(L){(MeOH)s] 1200
[{[(Me:Si):N]:(THF)Dy},N] 1230
[Dye(OH)4(L1)4(L2)x(H:0),CI]** 139
[{[(Me:sSi);NL(THF)Tb 1N 227"
[TbPe,] 230"
TbPc, 410°¢
Tb((RO)sPc), 4220
[BusN][Tb {Pc(phth?)},] 428¢
[Bu:N][Tb{Pc(phth')},] 445¢
[BW,N[Tb {Pc(phth®)}.] 463
[BusN][Tb{Pc(OEt)s}-] 509¢
Tb(Pc,) 566"
[BusN][TbPc,] 584¢

*Hy(Pc(OEt)s) = 2,3,9,10,16,17,23,24-octaethoxyphthalocyanine;

H,bmh = 1,2-bis(2-hydroxy-3-methoxybenzylidene) hydrazine;

H,msh = 3-methoxysalicyclaldehyde hydrazine;

H;L = [(2-hydroxy-3-methoxyphenyl)methylene] hydrazine’ H(L1) = o-vanillin;

H,(L2) = 2-hydroxymethyl-6-methoxyphenol; H,Pc = phthalocyanine;

Pc(phth') = N,N,N, N-tetrapentadecyl-29H,31H-2,3,9,10,16,17-23,24-phthalocyaninatotetr
adicarboximide;

Pc(phth?) = N,N,N, N-tetrapropyl-29H,31H-2,3,9,10,16,17,23,24-phthalocyaninatotetradic
arboximide ;

Pc(phth®) = N,N, N, N-tetra((S)-methyl(phenyl)methyl)-29H,31H-2,3,9,10,16,17,23,24-pht
halocyaninatotetradicarboximide;

H,'Pc = 2,3,9,10,16,17,23,24-octa(isopropylidenedioxy)phthalocyanine

® Values taken from reference 54

¢ Values taken from reference 58
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Figure 1.13 An example of an NdPc, complex (a), hydrogen atoms omitted for clarity)
and of an NdCps(thf) complex (b), the two main complexes presented in this work. Color

code: Nd, light green; N, blue; C, grey; O, red; H, white.
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seminal paper, LnCp; complexes and their derivatives have had a huge impact in
catalysis, such as the half-sandwich lanthanide complexes used in polyethylene
polymerization®.

In comparison to the LnPc, complexes, the synthesis of LnCps; complexes
(Figure 1.13) and their derivatives often involves a much shorter purification and results
in a much larger yield. Additionally, the electronic structure of these complexes can be
studied with luminescence measurements. The magnetic properties of the LnCps
complexes are not well known, although photoelectron studies performed on the YbCps

7 indicating that

analogue showed a high degree of covalency in the metal-ligand bonds
the magnetic properties can be affected by substituents on the Cp™®’'. Indeed, there are
several examples of Dy-based SMMs with a variety of Cp derivatives, as shown in
Figure 1.14.

In the race towards synthesizing lanthanide SMMs that display hysteresis at room
temperature, Dy metallocenes have really taken center stage. In the Dy metallocenes, the
high anisotropy barrier is a result of the cyclindrical symmetry and concentration of
electron density from the Cp™ ligands in the axial position. Ideally, this should increase
the temperature at which hysteresis is observed. Goodwin et al. were able to successfully
synthesize a Dy metallocene with tert-butyl functionalized Cp ligands that showed
magnetic hysteresis up to 60 K, a record at the time of publication”. Guo ef al. were able
to take Dy metallocenes a step further by synthesizing an asymmetric

penta-iso-propylcyclopentadienyl pentamethylcyclopentadienyl complex which showed

hysteresis at 80 K, a new record and threshold for lanthanide SMMs.™
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1.5 Outlook and Dissertation Aims
The work presented in the following chapters will show efforts made towards

synthesizing and characterizing lanthanide SMMs as potential qubits. Specifically,
chapters 2 and 3 will focus on the un-substituted LnPc, complexes, beginning with a
discussion of NdPc; and its polymorphs, which will be expanded to other lanthanoids in
Chapter 3. Although there is a significant background of work surrounding
phthalocyanine complexes, there is still more work to be done, especially in
understanding the magnetic coupling between the lanthanide metal center and the radical
electron on the phthalocyanine ligand. Chapter 4 will showcase work done towards
synthesizing and characterizing halogenated phthalocyanine derivatives, which can be
used as complexes with good leaving groups that can undergo coupling reactions to
create new lanthanide diphthalocyanine complexes. The discussion of LnCps; complexes
and their derivatives begins with Chapter 5, which focuses on fully characterizing the
LnCps complexes, as they will be used as a reference in understanding the magnetic
properties of the desired goblet-shaped complexes. Chapter 6 will focus on the synthesis
and characterization of the desired goblet-shaped complexes.
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Chapter 2: Bis(phthalocyaninato)neodymium (III) Polymorphs and Associated
Complexes

Portions of this chapter were previously published as: Dailey, M.; Besson, C. Selective
Crystallization of Four Bis(phthalocyaninato)lanthanoid(IIl) polymorphs. Cryst. Eng.
Comm., 2021, 23, 7151-7161. DOI: 10.1039/D1CE00936B.

2.1 Brief Overview of LnPc, Complexes

Phthalocyanines (Pc) and their derivatives are one of the most studied class of
molecules and compounds'. Differing from a porphyrin by four additional benzene rings
and four “bridging” meso nitrogens (Figure 2.1), these 18-m electron aromatic molecules
offer high chemical and thermal stabilities'. Their stability, along with their deep blue and
green colors, allow for phthalocyanines and their derivatives to have a huge variety of
applications'”, including as pigments and as semiconductors'”. Additionally, they are
often implemented into devices for optical data storage', photovoltaic cells®, and organic
field-effect transistors’.

The four isoindole nitrogen atoms are available for coordination to transition
metals and lanthanides (LnPc,). Copper phthalocyanine is perhaps one of the more well-
known transition metal complexes; it is the pigment referred to as phthalocyanine blue
and has also been studied as a potential quantum bit (qubit)’. Lanthanide
diphthalocyanines began to receive a significant amount of attention when Ishikawa’”
showed that TbPc, and DyPc, exhibited slow magnetic relaxation at temperature ranges
higher than previously studied transition metal complexes, including the copper

hthalocyanine®. The magnetic relaxation in LnPc, systems arises from a strong spin-orbit
p y g y gsp
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Figure 2.1 The phthalocyanine ligand; *
represents the bridging nitrogen atoms.
The remaining nitrogen atoms are the

isoindole nitrogens.
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coupling on the lanthanide center, which is further split by the crystal field generated by
the Pc ligands, resulting in a large anisotropy barrier and a large separation between the
ground state and the first excited state”''. From their studies, Ishikawa et al. determined
that at higher temperatures, a thermally activated Orbach process is the dominant
relaxation process”'’. They were also able to observe evidence of quantum tunneling of
magnetization, which they determined was the result of quantum tunneling between
entangled electron and nuclear spins™'®. The electron spin component is due to the spin-
orbit coupling of the lanthanide center and the radical electron delocalized over the Pc

rings, while the nuclear spin component is solely from the lanthanide center”"

. However,
not every LnPc, complex and their derivatives are good SMMs.

The SMM quality of LnPc, complexes depends not only on the substituents on the
Pc rings, but the choice of lanthanide center. The prolate ions (Pm, Sm, Er, Tm, Yb) are
less likely to produce decent LnPc, SMMs as their anisotropy is better maximized by
equatorially coordinating ligands''. On the other hand, the oblate ions (Ce, Pr, Nd, Tb,
Dy, Ho) can have their anisotropy maximized by Pc ligands, as the ligand electron
density is above and below the xy plane'’. The Gd and Eu ions are spherical and are very
unlikey to show any SMM properties in single-center complexes.

The potential SMM properties are not the only reason to study LnPc, complexes.
The generally flat nature of the Pc ligands, along with the high thermal and chemical'”
stability of the overall complex, make LnPc, complexes ideal candidates for surface

deposition. This allows for LnPc, complexes to be deposited on a variety of surfaces for

scanning tunneling microscopy (STM) studies, which not only provides information
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about the electronic structure of the complex, but will act as a read and write mechanism.
This gives STM studies the additional benefit of also acting as a feedback mechanism,
providing information on how to tailor LnPc, complexes to make them better SMMs and
qubits. Additionally, the radical electron on the Pc rings allows for these complexes to be
easily oxidized and reduced by weak agents such as iodine (I,) and triethylamine (NEt;),
respectively. The ease of which electrons can be transported through LnPc, complexes is
an additional benefit of being able to implement these molecules into devices, as electric
pulses can act as an on-off switch'?,

Although LnPc, complexes generally require overnight reaction times and a long
purification process often resulting in low yields, they can be fully characterized and
studied by a variety of techniques. The aromatic nature and deep colors of these
complexes make them perfect candidates for UV-Vis spectroscopy'®. This
characterization method has the benefit of being able to distinguish between species,
including the single-decker (PcLn(OAc),), neutral double-decker, and triple-decker
(Ln,Pcs) complexes, the former and latter of which are side-products of the reaction
shown in Scheme 2.1. Neutral LnPc, complexs can be identified by three main peaks in
their UV-Vis spectra (Figure 2.2). The Q-band around 670 nm arises from transitions
between orbitals corresponding to the HOMO and LUMO of an individual Pc ligand, and
is characteristic of having a metal complexed to a phthalocyanine ligand. The broad band
near 450 nm is the intervalence band and it is indicative of the neutral species'. Formally,
neutral LnPc, complexes can be represented as Ln”(Pc”)(Pc*), where the (Pc”) represents

a negatively charged phthalocyanine ligand with a radical electron. It is the presence of
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Scheme 2.1 The synthesis of a lanthanoid (III) bisphthalocyanine complex, as modified

from reference 33.
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Figure 2.2 An example of a UV-Vis spectra for a neutral YbPc, complex where a) is the

B-band b) is the intervalence band and c) is the Q-band.
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this radical electron moving back and forth between Pc™ and Pc* that gives rise to the

intervalence band. The last peak to look for when identifying a neutral LnPc, complex is
the B-band, or Soret band, which is the transition between the orbitals corresponding to
HOMO and LUMO+1 on the isolated Pc ligand'®. Lanthanide (III) diphthalocyanine
complexes can be easily oxidized and reduced to produce the anionic LnPc, and cationic
LnPc," species, which can also be identified by UV-Vis spectroscopy. The anionic species
can be identified by the lack of an intervalence band, resulting from two Pc* ligands
instead of (Pc¢*)(Pc”), and the presence of a split Q-band. These complexes can also
undergo acid-base reactions, resulting in the protonated, neutral HLnPc, and the
protonated, cationic HLnPc," species, each with their own unique UV-Vis profiles. Given
the ease at which LnPc, complexes can be oxidized and reduced, and the ease at which
they undergo acid-base reactions, chemical titrations can be performed and tracked via
UV-Vis spectroscopy. This allows for more certainty in determining the difference
between species with closely related spectra.

All previously mentioned species also have their own unique infrared (IR)
spectroscopy signatures”. Nuclear magnetic resonance (NMR) is another method of
characterization that can be used with LnPc, complexes. Although paramagnetic
lanthanide centers can significantly affect the resulting spectra, the diamagnetic YPc, can
be synthesized and used as a standard”. This is true with other techniques, including
electron paramagnetic resonance (EPR) spectroscopy and SQUID magnetrometry.

Because LnPc, complexes are a well-studied class of compounds with a rich literature
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behind them, they are the perfect complexes for a systematic study on the relationship
between the structure and the magnetic relaxation.
2.2 Focusing on NdPc, Complexes

While SMMs based on Dy and Tb are particularly effective, there are some
downsides to continually using these two particular lanthanides to continue to synthesize
SMMs. In particular, Dy is limited in abundance, making SMM synthesis expensive and
not practical for long-term future applications'’. In contrast, the lighter lanthanide ions
are more abundant, yet less is known about their magnetic relaxation.

Like Tb and Dy, Nd is an oblate lanthanide and like Dy, Nd is a Kramer’s ion'*.
Theoretically, Nd should be able to produce SMMs that are on the same quality as those
containing Dy and Tb. Indeed, there are multiple examples of Nd magnetism in the
literature, including the permanent magnet Nd,FesB'"?'. Despite these examples of
permanent magnets, Nd SMMs are rare as a DC magnetic field is often needed to observe
slow magnetic relaxation'. Currently, the polyoxometallate [Nd(WsOs),]” has the
highest anisotropy barrier for Nd SMMs*. However, significant effort has gone into
synthesizing even better Nd SMMs, as demonstrated by the efforts of Rhinehart, who
showed the SMM properties of neodymium (III) trispyrazoleborate* (Figure 2.3a) and
Demir", who successfully synthesized the first Nd metallocene (Figure 2.3b). This Nd
metallocene currently has the second highest barrier for Nd SMMs.

The lack of available magnetic data for Nd complexes also applies to NdPc,,
despite how much is known for the DyPc, and TbPc, species. A possible explanation for

this is that the early lanthanides have weaker intramolecular bonding in LnPc, complexes
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Figure 2.3 The neodymium (III) trispyrazoleborate complex (a) synthesized by Rhinehart
and Long and the first Nd metallocene complex (b) synthesized by Demir. Color code:
Nd, orange; N, blue; C, grey; B, purple. Images reproduced with permission from

references 11 and 14.
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compared to later lanthanides, resulting in lower yields***. Another possible explanation
for the lack of magnetic data on NdPc, could be the difficulty in obtaining good-quality
single crystals. When the crystal structure of NdPc, was first reported in the 1980s, the
crystals were grown by electrochemical methods, a technique that often results in
powders and single crystals of poor quality. As a result, several of the NdPc, structures
reported in the Cambridge Structural Database (CSD) are missing coordinates or contain
some kind of disorder. What is also of note from the CSD is that NdPc, crystallizes as

03 as shown in Table 2.1.

five different polymorphs
With the significant background of information available on LnPc, systems
combined with it’s five polymorphs, NdPc, serves as an ideal system to study not only
how structure affects magnetic relaxation, but provides the opportunity to systematically
study the magnetic relaxation of one of the lighter lanthanides.
2.3 Synthesis and Experimental Methods
2.3.1 Synthesis
All NdPc, complexes were synthesized according to previously published
procedures with some modifications®. Phthalonitrile (200 mg, 1.6 mmol),
neodymium (III) acetate hydrate (50 mg, 0.15 mmol) and lithium methoxide (200 mg,
5.3 mmol) were added to a round bottom flask and placed under a protective nitrogen
atmosphere. Dry hexanol (10 mL) was then added to the flask, and the temperature was
increased to 160°C. The mixture was left to reflux for 18.5 hours, after which it was

allowed to cool to room temperature. The hexanol was removed under reduced pressure

at 65°C, leaving a blue-green solid. The solid was dissolved in a minimum amount of
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Table 2.1 Reported NdPc, Polymorphs

CH,Cl, Solvate

Phase a-Phase B-phase v-phase d-phase
phase
Space Group P4/nnc C2/c P2,2,2, C2/c Pnma
a=28.1A
a=b=199 | a=190A | a=88A
b=142A| a=281A
A b=19.1A | b=10.6A
Unit Cell c=132A| bh=229A
c=64A c=155A | ¢c=508A
Parameters a=7y=90° c=79A
a=B=y= | a=y=90° | a=p=y=
B=115.6° | a=P=y=90°
90° B=116.1° 90°
References 28,30, 31 29 30¢ 31 277

* Missing coordinates
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acetone via sonication, adsorbed onto silica gel, and purified by column chromatography
using a CH,CL/EtOH gradient as eluent. Pure CH.Cl, eluted one dark blue band
containing the NdPc,” complex. The volume of EtOH was slowly increased to a
maximum of 70:30 v:v CH,CL:EtOH to remove the remaining blue-green and green
bands. The green band eluted as one long band containing several different shades of
green, due to different levels of purity. UV-Vis analysis of the fractions indicated that the
blue-green fractions were a mixture of anionic and neutral phases, while green-yellow
fractions were the co-elution of neutral NdPc, and oligomeric phthalonitrile formed
during the reaction. Dark and light green fractions were determined to be neutral NdPc,
with no impurities. Fractions were characterized by UV-Vis spectroscopy after
purification was completed. Single crystals for all phases were grown by slow
evaporation from a concentrated solution, in air, at room temperature. A solution of
neutral NdPc, in 98:2 v:v CHCI5:EtOH resulted in dark green rectangular plates,
determined to be the a-phase, while pure CHCI; produced dark green blocks shown to be
v-phase. The 6-phase was produced from a solution of anionic NdPc;™ in either 98:2 v:v
CHCI;:EtOH or pure CHCIl; as larger, dark green rectangular plates. Slow evaporation of
a CHCI, solution containing neutral NdPc, or anionic NdPc, resulted in the CH,CL,
solvate phase as green needles of various sizes.
2.3.2 Spectroscopic Characterization

Solution UV-Vis spectra were recorded on an Analytik Jena Specord 1500 UV-Vis
spectrophotometer. A few drops of concentrated chromatography fractions were placed in

a quartz cuvette and diluted with CH,Cl, to a concentration of approximately 2.5x107 M.
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For chemical redox titrations, several milligrams of single crystals were isolated from the
bulk sample, placed in a quartz cuvette, and dissolved in CH,Cl,. Solutions of iodine
(0.5 M) and triethylamine (0.5 M) in CH,Cl, were added in microliter increments and
UV-Vis spectra were recorded after each addition. This process was repeated, under
nitrogen, for acid-base titrations, using concentrated acetic acid, concentrated
1,8-diazabicyclo(5.4.0)undec-7-ene (DBU), and a solution of re-dissolved y-phase
crystals.
2.3.3 X-Ray Structure Determination

Single crystals were isolated from the bulk samples and mounted on MiTeGen
micromounts. Reflection data was collected at 100(2) K with 0.5° ® and/or ¢ scans on a
Bruker D8 Quest diffractometer with a Photon II detector using Mo Ko (A =0.71073 A)
radiation. The data was integrated using the SAINT>* program within the APEX III*’
software suite. An absorption correction was applied using SADABS*. All structures
were solved with direct methods using SIR 92°" and refined with SHELXL 2018/3°%. The
WinGX* software suite was used to refine the y-, 8- and CH,Cl, solvate phases while
ShelXle* was used to refine the a-phase. For every structure, all non-hydrogen atoms
were located in difference Fourier maps and refined anisotropically. Aromatic hydrogen
atoms, while located in the difference Fourier maps, were placed in position with the
HFIX43 command. The hydrogen atoms in the dichloromethane molecule were placed in
position with the HFIX23 command. Platon* was used to check all structures for

additional symmetry while Mercury* was used to visualize structures and create figures.
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2.3.4 Magnetic Measurements
Magnetic measurements were performed by the Shatruk group at the Florida State
University. Measurements were performed on crystalline samples in a sample holder
obtained from Quantum Design. The measurements were carried out with a
superconducting quantum user interference device (SQUID) magnetometer (Quantum
Design MPMS-XL). Direct-current susceptibility was measured in an applied field of 800
or 1000 Oe in the 1.8-300 K temperature range.
2.4 Discussion of Polymorphs

The bis(phthalocyaninato)neodymium (III) complexes (NdPc,) are synthesized
from phthalonitrile and neodymium (III) acetate in refluxing hexanol using an
approximately 10:1 ratio of phthalonitrile to Nd** cation. This ratio limits the amount of
metal-free phthalocyanine, single- and triple-decker complexes produced in the reaction.
Purification by chromatography gives neutral NdPc, and anionic NdPc,, the latter of
which slowly re-oxidizes to give the former when solutions are exposed to air
(Figure 2.4). Crystallization by slow evaporation gives analytically pure NdPc,, though
the conditions of crystallization results in four different polymorphs.
2.4.1 The Alpha Phase

The o-phase is consistently obtained by the slow evaporation of a 98:2 v:v
CHCI;:EtOH solution. The asymmetric unit contains %™ of the NdPc, molecule, while a
4-fold axis and perpendicular 2-fold axes through the Nd** center generate the remainder
of the D,-symmetry molecule. The Nd-N distance is 2.476(5) A, a value that remains

constant cross all polymorphs. The Nd** ion has an approximately square antiprism
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Figure 2.4 The normalized UV-Vis spectra of the mother liquor that produced
d-phase NdPc, crystals (blue) after the sample has been exposed to air for some

time and of those crystals freshly dissolved in CH,Cl, (red dashes).
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coordination geometry with a skew angle of 40.9° between the two slightly curved Pc
rings. Definitions of the skew angle, slip angle, and twist angle can be found in
Figure 2.5.

This phase presents as continuous columns of NdPc, molecules arranged in a
square lattice (Figure 2.6), which is reminiscent of the typical arrangement observed for
LnPc, mono- and bilayers on metallic surfaces***. However, unlike the mono- and
bilayers, each second stack is displaced vertically by a Pc-Pc distance. Molecules within
the columns interact via cofacial 7-n stacking™, with a slip angle of ¢ =90° and a twist
angle of y=0° In each column, molecules are separated by a Nd-Nd distance of
6.4204(16) A, while stacks are separated by weak H--H contacts at a distance of
2.3077(5) A. Additionally, a 87:13 disorder is observed between two neodymium
positions related by a vertical shift of the NdPc, column by the length of one Pc-Pc
spacing.

This disorder, combined with the high symmetry of the packing, have contributed
in the past to a number of errors in both space group and structure determination**>'*?,
Mossoyan-Deneux et al.** assigned the minor neodymium contribution as a fractional
oxide or chloride anion, a hypothesis which can easily be dismissed based on the UV-Vis
spectra of the freshly dissolved crystals showing no NdPc," signals. Darovsky et al.*®
observed a 72:28 disorder between the two neodymium positions, which they modeled by
a 3x3x1 supercell of columns alternatively shifted by c/2. This accounts for a 75:25

disorder ratio, with the additional disorder due to the presence of small amounts of the

triple-decker complex Nd,Pc;. However, no evidence of a super-cell or super-structure
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Figure 2.5 The definitions of skew angle (left), slip angle (center) and twist angle

(right).

Figure 2.6 The space-flling model for the NdPc, a-phase, viewed along the [100] (a) and

the [001] (b) directions. Color code: Nd, light green; N, blue; C, grey; H, white.
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was found in our diffraction data, which is in agreement with our significantly lower
disorder ratio (Figure 2.7). Additionally, Nd.Pc; was not detected in any spectroscopic
investigations, nor was it present in samples of the a-phase obtained by recrystallization
of another polymorph. Given the weakness of the inter-column interactions, as
determined by weak H---H contacts and no interlocking molecules, and the resulting low
enthalpy cost of the shift of a NdPc, column across the whole crystal, we hypothesize that
the observed disorder is exclusively due to random surface alignment defects propagated
throughout the growth of the crystal (Figure 2.8).
2.4.2 The Beta Phase

The B-phase was previously grown by electrochemical methods* and could not be
obtained by either slow evaporation or solvent-solvent diffusion in this NdPc, study.
However, for completion, a description of the structure as reported by Darovskikh et al.”
will be given. The asymmetric unit contains one Pc ring and half the Nd** center, while a
2-fold axis that runs parallel to the Pc ring and through the center generates the
C,symmetry NdPc, molecule. The resulting molecule has a square antiprism geometry
with Nd-N distances of 2.46 — 2.48 A and a skew angle of 39.0°.

Compared to the a-phase, the Pc ligands in the B-phase have a much more
pronounced saucer-shape. The double-decker complexes are assembled by n-rt parallel-
displaced slipped stacking™ in stacks progressing in a zig-zag along the [100] direction
(Figure 2.9). The slip angle within the stack is ¢ =49.5°, which corresponds to a Nd-Nd
distance of 8.458 A. The molecule-to-molecule twist angle of y = -39° is opposite to the

skew angle, giving a parallel alignment of facing Pc rings. The stacks are arranged by
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Figure 2.7 An X-ray crystallography experiment,
showing the lack of a supercell in the 4 (top), k&

(center) and / (bottom) directions.
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Figure 2.8 An example of a regular, ordered crystal surface (left) and our hypothesized

disordered surface (right) that produces the continuous columns in the a-phase.

CASL IR T XD
“,-d'“,-p‘. ob cterae

Figure 2.9 The space-filling model of the NdPc, B-phase, viewed along the [100]
direction (a) and the monolayer complexes formed in the (110) place (b). Color code: Nd,

light green; N, blue; C, grey; H, white. Hydrogens were added to the published structure.
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H--H contacts are 2.111 and 2.265 A in a square lattice almost identical to that of the
a-phase, though without any vertical displacement.
2.4.3 The Gamma Phase

The y-phase of NdPc, was first identified in 1984 by comparing its powder pattern
to that of the previously investigated SnPc, y-phase™. The asymmetric unit for this phase
is the full NdPc, molecule, where the Pc rings are barely curved and the Nd** center has
the expected square antiprismatic coordination mode. Like the a- and B-phases, the Nd-N
bond lengths are 2.455(3) — 2.475(3) A and the skew angle is 40.8°.

Parallel-displaced m-m interactions organize the NdPc, complexes in sheets along
the (110) place, with a bricklayer-type stacking resulting in slip angles of ¢,;=47.3° and
¢,=40.8° and twist angles of y;=y,=0° (Figure 2.10). The nearest Nd-Nd distances
within the sheets are 8.852(2) and 10.604(2) A. Successive sheets in the structure are
rotated by 90° along the c axis, producing alternating angles of 81.78° and 85.33°
between the Pc-Pc axes of neighboring sheets. Contact between the sheets corresponds to
edge-on H-H contacts at distances of 2.30 —2.32 A.

2.4.4 The Delta Phase

The d-phase was first identified in 1986 and was initially referred to as the f3,
polymorph, as it shares the C2/c space group with the B-phase®’. The reported structure
lacks H atoms and shows abnormal puckering in some of the benzene rings in the Pc
ligands. X-ray diffraction studies conducted on crystals grown from solutions of air-

oxidized NdPc; allow for new, pucker-less structures to be collected.
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Figure 2.10 The space-filling model of the NdPc, y-phase, viewed along the [-1-12]
direction (a) and the [010] direction (b). Color code: Nd, light green:, N, blue; C, grey; H,

white.
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In the d-phase, as in the B-phase, the asymmetric unit is one-half the molecule,
with a 2-fold axis running through the Nd** center parallel to the Pc ring, generating the
full molecule. The resulting NdPc, complex, of C, symmetry, has Nd-N distances of
2.468 —2.473 A and a skew angle of 42.7°. This skew angle is higher than the o-, - and
v, however it is still lower than the ideal square antiprism angle of 45°.

The NdPc, molecules are assembled by slipped-stacking n-m interactions™ in
vertical zig-zag columns with a slip angle of ¢ = 67° and the shortest Nd-Nd distance of
7.0782 A (Figure 2.11). This particular columnar arrangement is correlated with the
atypical curvature of the Pc rings, which here are more elliptical than the more commonly
observed saucer shape. As in the B-phase, the twist angle y =-42.7°, which exactly
compensates for the skew angle, and corresponds to aligned Pc rings that face each other.
In contrast to the a- and B-phases, the stacks in the 6-phase are arranged in a hexagonal
lattice, similar to what has been observed for self-assembled monolayers of some
substituted phthalocyanine complexes*’. The shortest distances between the interwoven
neighboring stacks correspond to C-+H and H--H distances of 2.782 and 2.319 A,
respectively.

2.4.5 The Solvate Phase

The CH,CI; solvate phase has also been previously identified, though the space
group was mis-assigned as P2,2,2; instead of Pnma®’. The asymmetric unit in this phase
is one-half the molecule, though here the full molecule is generated by a mirror plane
perpendicular to the Pc rings, forcing a skew angle of exactly 45°. The Nd-N distances

(2.463 —2.477 A) are identical to those of other phases.
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Figure 2.11 The space-filling model of the NdPc, d-phase, viewed along the [010]
direction (a) and the [001] direction (b). Color code: Nd, light green; N, blue; C, grey; H,

white.
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Packing in the solvate phase can be described by the formation of slipped columns
of molecules by parallel n-n interactions, with a slip angle of ¢ =55.°, a twist angle of
y =0, and a Nd-Nd distance of 7.890 A (Figure 2.12). Columns are arranged in zig-zag
chains, with a H---H distance of 2.384 A, oriented perpendicular to the slip direction to
form corrugated sheets, with dichlormethane molecules filling the corrugations. The
planes of the Pc rings are in alternate sheets tilted by 70° to give a herringbone-type
structure. Contact between the sheets are limited to relatively short N---H distances of
2.644 A, and that no edge-to-face n- interactions take place in the structure.

2.5 Discussion of Magnetic Data

Magnetic measurements were conducted on crystalline samples for all obtained
NdPc, polymorphs. However, due to the small sample size of the alpha and solvate
phases, significant background noise was observed. Thus, the discussion will be limited
to the gamma and delta phases. It should be noted that these results are very preliminary.

Coupling between the 47 electrons and the radical electron on the phthalocyanine
can lead to both ferromagnetic and antiferromagnetic coupling, as shown in Figure 2.13.
If all four spins are pointing in the same direction, S = 2, which leads to L = 6 and J = 4,
giving a term symbol of °I. If one of the four spins is pointing in the opposite direction,
S=1,L=6,and J= 5, giving a term symbol of *Is. Determining these term symbols is
the first step in analyzing the magnetic data, as it ultimately allows for the determination
of the high temperature limit of the magnetic susceptibility (), which describes the extent

to which a material can be magnetized in relation to a given applied magnetic field. The
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Figure 2.12 The space-filling model of the NdPc,-CH-Cl, solvate phase, viewed along
the [010] direction (a) and the [001] direction (b). Color code: Nd, light green; N, blue;

Cl, bright green; C, grey; H, white.
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Figure 2.13 Determination of the term symbols for the ferromagnetic (top)

and antiferromagnetic (bottom) coupling betwen the Nd*" 4f electrons and

the Pc radical electron.
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magnetic susceptibility can provide information on if a system is diamagnetic
ferromagnetic, antiferromagnetic, or superparamagnetic.
The first step in determining the high 7 limit for the y7 product is to find the
Landé g-factor for NdPc,, which expresses the energy levels of electrons with both spin
and angular momentum in a magnetic field. The g-factor can then be used to calculate
(¢T)r—=. A summary of the equations and resulting values for both NdPc, term symbols
can be found in Table 2.2.
The magnetic susceptibility as a function of temperature for y-NdPc, and 6-NdPc;
can be found in Figure 2.14a and Figure 2.14b, respectively. For y-NdPc,, the 7 as a
function of temperature levels off at 0.90, suggesting a strong ferromagnetic coupling
between Nd** and Pc”. This result fits with the results obtained by Trojan et al., who
performed magnetic measurements on powders for LnPc, complexes, where Ln = Pr, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu”, where they observed both ferromagnetic and
antiferromagnetic coupling depending on the metal center. To explain their observations,
Trojan et al. proposed that two mechanisms are possible for coupling between the 4f
electrons and the radical Pc electron. Both mechanisms are based on orbital overlap,
specifically the B, orbital in the phthalocyanine that contains the radical electron and the
fu=» Which is highest in energy and has B, symmetry. Because the two orbitals have the
same symmetry, they can overlap, leading to the both ferromagnetic and
antiferromagnetic coupling. In ferromagnetic coupling, observed in the early lanthanides,
the f orbitals are less than half-filled, which leaves the f,,. orbital empty and results in an

orthogonal overlap between the phthalocyanine orbitals and the f orbitals, which forces
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Table 2.2 Equations and values used in determining the magnetic susceptibility for

NdP Co.
Value for Value for
Parameter Equation Ferromagnetic Antiferromagnetic
Coupling (1) Coupling (’I5)
J(J+1)+S(S+1)—L(L+1)
1+ . .
g 27(J+1) 0.60 0.83
gixJ(J+1)
U1 5 0.90 2.58
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the spins to be aligned parallel to each other. In antiferromagnetic coupling, observed in

the late lanthanides with f orbitals that are half-filled or more than half-filled, when the
two orbitals overlap the spins must be aligned antiparallel according to the Pauli
exclusion principle. As neodymium has a less than half-full 4f subshell, an
antiferromagnetic coupling would be expected.

In the 8-NdPc,, two very different results were obtained on two different samples
of crystals. One sample displays a behavior consistent with an antiferromagnetic coupling
while another a nearly linear increase in y7 as temperature increases. This temperature
independent paramagnetism, is consistent with Pauli paramagnetism, which is
paramagnetism resulting from itinerant electrons in a semi-conductor or conductor. As the
O-phase is grown from a mother solution containing [LnPc.], it is possible that the LnPc,
crystals are doped with a small amount of reduced [LnPc,] (most likely with H as a
counterion), resulting in conductivity due to the delocalization of the additional electrons
between molecules, and thus to Pauli paramagnetism. Different levels of doping between
samples could explain the large differences in magnetic susceptibility. More
measurements will be necessary to make more concrete conclusions and to develop
trends. However, it is interesting to note that this basic problem of the type of coupling
observed in LnPc, complexes remains very much an open problem in the recent
literature. While Trojan ef al. in their study of y-LnPc, powders showed that the late
lanthanides (including TbPc,) display antiferromagnetic coupling, Komijani et al.*
showed that the solvate TbPc, CH,Cl, displays ferromagnetic coupling, suggesting that

the coupling might be significantly affected by the small structureal differences between
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polymorphs. The coupling in LnPc, complexes is such a hotly debated topic that even in
recently published literature, such as the work done on partially doped a-DyPc, by Sato
et al.”’, the authors avoid specifying exactly what type of coupling is observed.

2.6 UV-Vis Titrations

The presence of the radical electron in LnPc, complexes allows for these
complexes to be easily oxidized and reduced by weak agents such as I, and NEt;,
respectively. Due to their deep colors, redox titrations can be performed on these
complexes and UV-Vis can be used to track the results of the titration. For these
particular titrations, y-phase crystals were used to ensure purity: no side reactions will
take place that could possibly result in changes to the spectra. As shown in Figure 2.15a,
the addition of I,, a kinetically fast process, causes a red-shift of the Q-band,
characteristic of creating a [LnPc,]" complex. The addition of NEt; (Figure 2.15b), a
kinetically slow process, first reacts with any excess I, removing the broad band around
430 nm, characteristic of I, in DCM. The triethylamine (NEt;) then reduces the cation
back to the neutral complex, which is further reduced to [LnPc,], as evidenced by the
presence of the split Q-band.

In previously published literature, the NdPc,CH,Cl, phase was mistakenly
described with the chemical composition NdPc,H-CH,Cl,, with the additional proton
delocalized over the eight chemically equivalent isoindole nitrogen atoms?®’. Despite an
X-ray photoelectron spectroscopy study, the authors were unable to prove the existence
of the acidic H in the structure. In order to provide definitive references for the easy

identification of NdPc,, reduced protonated NdPc,H and HNdPc,", the UV-Vis spectra
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Figure 2.15 Spectrophotometric titrations of NdPc, complexes. a) The addition of I, (0.05 M in
DCM) to a solution of freshly dissolved y-phase crystals in DCM oxidizes to NdPc; (solid black
line) to [NdPc,]" (dashed red line). b) The subsequent addition of NEt; (0.05 M in DCM), which
reduces [NdPc,]" to [NdPc,] (dotted blue line). ¢) The addition of acetic acid to a solution of
freshly dissolved y-phase crystals in DCM protonates NdPc, (solid black line) to HNdPc,"
(dashed blue line). d) The subsequent addition of DBU simultaneously deprotonates and reduces
HNdPc," to [NdPc,] (dashed purple line). €) The subsequent addition of more acetic acid to the

previous solution gives HNdPc, (dashed green line).
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were recorded for each of these species, as obtained by acid-base titrations on high purity
v-phase crystals. The addition of a large excess of concentrated glacial acetic acid to a
solution of NdPc, gives HNdPc,", which displays a very slightly red-shifted Q-band and
an additional peak at 605 nm. Deprotonation and simultaneous reduction of HNdPc," by a
large excess of concentrated DBU gives NdPc,", which is protonated by a large excess of
concentrated glacial acetic acid to produce HNdPc,. The resulting HNdPc, has a very
similar spectrum to that of neutral NdPc,, explaining in part the confusion in the previous
literature. It is recommended that any future speciation studies done on the basis of UV-
Vis spectroscopy include careful titrations of the material.

Attempts were made to crystallize [NdPc,]", [NdPc,], HNdPc,, and HNdPc,".
These species were obtained by an excess of the appropriate agent and tracked with UV-
Vis spectroscopy to ensure complete conversion. The resulting solutions were allowed to
slowly evaporate, in air, at room temperature. Attempts to crystallize [NdPc,]” were
unsuccessful and resulted in powders that did not diffract. Equally unsuccessful were
attempts to crystallize HNdPc, and HNdPc,"; while the HNdPc, solution did produce
single crystals suitable for X-ray crystallography, the resulting unit cell and structure
matched that of NdPc,-CH,Cl,, suggesting that the species obtained during the titration
was re-oxidized to NdPc, by O,, and that the latter crystallized preferentially.
2.7 Conclusions

The investigation of NdPc, showed that it is possible to selectively grow crystals
of four of the five polymorphs by slow evaporation of concentrated solutions, which is a

more convenient method that yields larger amounts of material and better quality single
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crystals than those obtained by electrochemical techniques. These quality single crystals

allowed for a detailed structural analysis through single-crystal X-ray diffraction studies,

additionally allowing for the correction of some mis-identifications in previously

published literature.
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