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Abstract

In order to satisfy the growing demand for information technology, it is necessary to develop
processors and storage that surpass Moore’s Law. The former would be achieved by the
development of quantum computers, while the latter would be realized by magnets working on
the molecular scale. Bis(phthalocyaninato)-rare-earth(I11) molecules have been intensively
studied for their novelty of being both quantum bits and single molecule magnets.

In this thesis, aiming at the improvement of those properties, bis(phthalocyaninato)-rare-
earth(l11)-mononuclear and bis(porphyrinato)(phthalocyaninato)-dinuclear rare-earth(l11)
molecules with an additional radical were designed. Three projects were dedicated to this end,
summarized in Chapter 2, 3, and 4, respectively.

Chapter 2 features the study of a bis(phthalocyaninato) yttrium (111) molecule functionalized by
an isoindoline-based nitroxide radical. A diradical with g-asymmetry was designed and
synthesized by introducing a nitroxide radical onto the [YPc2]? platform. Various spectroscopic
techniques and computational studies revealed that the electronic structures of the two spin
systems within the diradical system were only minimally affected. Electron paramagnetic
resonance (EPR) experiments in liquid solution clarified a weak exchange coupling with |J| ~
0.014 cm™*, which was subsequently rationalized by CAS-SCF calculations. EPR experiments
in frozen solution with continuous wave (CW) exhibited a complicated and power-dependent
spectrum that eluded analysis using the point-dipole model. Pulsed EPR manipulations with
varying microwave powers or under varying magnetic fields showed that different resonances
can be selectively enhanced or suppressed, based on their different tipping angles. In particular,
Field-Swept Echo-Detected (FSED) spectra showed absorptions of MW power-dependent
intensities, while Field-Swept Spin Nutation (FSSN) experiments revealed two distinct Rabi
frequencies. In this study, a method for the synthesis and characterization of g-asymmetric two-
spin systems of interest for the implementation of spin-based CNOT gates is presented.

Chapter 3 explains the study of a bis(phthalocyaninato)terbium (111) molecule functionalized
by an isoindoline-based nitroxide radical. TbPc; is one of the most widely studied platforms as
a single molecule magnet (SMM). Introduction of a radical is a widely adopted strategy to
improve SMM performance. Here, the effect of the additional radical in TbPc2 on its SMM
property was investigated. Various spectroscopic techniques unambiguously revealed that both
radicals are intact. Static and dynamic magnetic measurements demonstrated the unchanged
magnetic character of the target molecule from ThPc2. The magnetic property, as well as the
presence of two radicals, make this molecule an interesting target for STM-EPR studies, which
is discussed in detail in the outlook part.




Chapter 4 introduces the study of bis(porphyrinato)(phthalocyaninato)-dinuclear rare-earth(l11)
molecules with a radical. Spin transport measurements on tris(phthalocyaninato)-dinuclear
rare-earth(l11) molecules are a promising platform for nuclear spin qudits with increased
multiplicity. However, the absence of the radical in this molecule has prevented studies on the
coupling  between the lanthanide and the conduction electron.  Here,
bis(porphyrinato)(phthalocyaninato)-dinuclear rare-earth(I111) molecules with thiomethyl
groups were prepared. The designed molecules were oxidized to obtain radicals, which was
achieved by adjusting the HOMO-LUMO gap of the neutral complexes. UV-vis-NIR
absorption spectroscopy showed their stability in air at room temperature for one week. The
combination of CASSCF calculations and static magnetic measurements revealed the nature of
their coupling. Dynamic magnetic measurements revealed that the magnetic properties change
upon oxidation, namely from field-induced SMM to zero field SMM. The results of this study,
together with the strong bond between the thiomethyl group and the gold electrode, could
provide a new material for quantum information processing.

Throughout the studies described in the three chapters, the impact of additional radicals was
demonstrated in the field of quantum information processing and single-molecule magnets.
Furthermore, these results indicated the potential of this strategy in quantum information
processing. The outlook for future single-molecule studies is described at the end.




Zusammenfassung

Um die wachsende Nachfrage nach Informationstechnologie zu befriedigen, ist es notwendig,
Prozessoren und Speicher zu entwickeln, die das Mooresche Gesetz (bertreffen. Ersteres
konnte durch die Entwicklung von Quantencomputern erreicht werden, letzteres durch Magnete,
die auf dem molekularen MaRstab arbeiten. Bis(phthalocyaninato)-Seltene Erd(111)-Molekdle
wurden aufgrund ihrer neuartigen Eigenschaft, sowohl als Quantenbit als auch als
Einzelmolekulmagnet zu agieren, intensiv untersucht.

In dieser Arbeit wurden Bis(phthalocyaninato)-Seltene  Erd(ll1)-Molekile  und
Bis(porphyrinato)(phthalocyaninato)-Seltene Erd(l11)-Molekiile mit zusétzlichen Radikalen
entwickelt, um diese Eigenschaften zu verbessern. Zu diesem Zweck wurden drei Studien
durchgefunhrt, die in den Kapiteln 2, 3 und 4 zusammengefasst sind.

Kapitel 2 befasst sich mit der Untersuchung eines Bis(phthalocyaninato)- Yttrium(I11)-Molekiils,
das durch ein Nitroxidradikal auf Isoindolinbasis funktionalisiert wurde. Ein Diradikal mit
kiinstlicher g-Asymmetrie wurde durch Einfuhren eines Nitroxidradikals zur bestehenden
[YPc2]° Radikalplattform synthetisiert. Verschiedene spektroskopische Techniken und
Berechnungen zeigten, dass die elektronischen Strukturen der beiden Spinsysteme innerhalb
des Diradikalsystems nur minimal beeinflusst wurden. Experimente zur Elektronen-
Paramagnetischen-Resonanz  (EPR) in flussiger LOsung ergaben eine schwache
Austauschkopplung mit |J| ~ 0,014 cm™, die anschlieRend durch CAS-SCF-Berechnungen
rationalisiert wurde. ,,Continous wave® (CW) EPR-Experimente in gefrorener L6sung zeigten
ein kompliziertes und leistungsabhangiges Spektrum, das nicht dem dblichen Punkt-Dipol-
Modell entsprach. Gepulste EPR-Manipulationen mit variierenden Mikrowellenleistungen oder
unter variierenden Magnetfeldern zeigten, dass verschiedene Resonanzen selektiv verstarkt
oder unterdriickt werden konnen, basierend auf ihren unterschiedlichen Kippwinkeln.
Insbesondere zeigten Field-Swept Echo-Detected (FSED)-Spektren Absorptionen von MW-
leistungsabhangigen Intensitaten, wéhrend Field-Swept Spin Nutation (FSSN)-Experimente
zwei unterschiedliche Rabi-Frequenzen aufzeigten. In dieser Studie wird eine Methode zur
Synthese und Charakterisierung von g-asymmetrischen Zwei-Spin-Systemen vorgestellt, die
fiir die Implementierung von spinbasierten CNOT-Gattern von Interesse sind.

Kapitel 3 beschreibt die Studie eines Bis(phthalocyaninato)-Terbium(l11)-Molekiils, das durch
ein Nitroxidradikal auf Isoindolinbasis funktionalisiert wurde. TbPc> ist eine der am meisten
untersuchten Plattformen flr Einzelmolekiilmagnete (SMM). Die Einflihrung eines Radikals ist
eine weit verbreitete Strategie zur Verbesserung des SMM-Charakters. Hier wurde die Wirkung
des zusétzlichen Radikals in TbPc. auf die SMM-Eigenschaften untersucht. Verschiedene
spektroskopische Techniken zeigten eindeutig, dass beide Radikale intakt sind. Statische und
dynamische magnetische Messungen zeigten den unverdnderten magnetischen Charakter des
Zielmolekiils im Vergleich zu TbPc.. Die magnetischen Eigenschaften sowie das
Vorhandensein von zwei Radikalen machen dieses Molekdl zu einem interessanten Ziel fir
STM-EPR-Studien, das im Ausblicksteil ausfuhrlicher diskutiert wird.




In Kapitel 4 wird die Untersuchung von zweikernigen Bis(porphyrinato)(phthalocyaninato)-
Molekilen der dreiwertigen seltenen Erdionen mit Radikalen vorgestellt. Spin-Transport-
Messungen an tris(phthalocyaninato)-dinuklearen seltenen Erd(l111)-Molekilen sind eine
vielversprechende Plattform fr Kernspin-Qudits mit erhéhter Multiplizitat. Da dieses Molekil
kein Radikal besitzt, sind jedoch Studien Uber die Kopplung zwischen Lanthanid und
Leitungselektron nicht maoglich. Hierfur wurden zweikernige
Bis(porphyrinato)(phthalocyaninato)-Molekile der seltenen Erden mit Thiomethylgruppen
hergestellt. Die entworfenen Molekile wurden oxidiert, um Radikale zu erhalten, was durch
die Anpassung der HOMO-LUMO-L.icke der neutralen Komplexe erreicht wurde. Die UV-vis-
NIR-Absorptionsspektroskopie zeigte ihre Stabilitat an Luft bei Raumtemperatur fiir eine
Woche. Die Kombination aus CASSCF-Berechnungen und statischen magnetischen
Messungen erlaubt Aussagen Uber die Art ihrer Kopplung. Dynamische magnetische
Messungen ergaben, dass sich die magnetischen Eigenschaften bei der Oxidation andern,
namlich von einem feldinduzierten SMM zum feldfreien SMM. Die Ergebnisse dieser Studie,
zusammen mit der starken Bindung zwischen der Thiomethylgruppe und der Goldelektrode,
konnten ein neues Material fur die Quanteninformationsverarbeitung darstellen.

In den in den drei Kapiteln beschriebenen Studien wurde der Einfluss zusatzlicher Radikale auf
dem Gebiet der Quanteninformationsverarbeitung und der Einzelmolekilmagnete
nachgewiesen. Darliber hinaus wiesen diese Ergebnisse auf das Potenzial dieser Strategie fur
die Quanteninformationsverarbeitung hin. Ein Ausblick auf zukiinftige Einzelmolekulstudien
wird abschlieRend prasentiert.
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Abbreviations

Commonly used abbreviations

AC Alternating current
CASSCF  Complete active space self-consistent field
CHCIs Chloroform

COF Covalent organic framework
Cp Cyclopentadienyl

CShM Continuous shape measurement
CT Charge transfer

Cw Continuous wave

DC Direct current

DCM Dichloromethane

DFT Density functional theory

EISC Enhanced intersystem crossing
EPR Electron paramagnetic resonance
ESI Electrosprary ionization

FSED Field sweep echo decay

GNR Graphene nanoribbon

HF Hyperfine coupling

HOMO Highest occupied molecular orbital
IR Infrared

ISC Intersystem crossing

LF Ligand field

Ln Lanthanide

LUMO Lowest unoccupied molecular orbital
MeOH Methanol

mnt Maleonitrile

MOF Metal-organic framework
MS Mass spectra

MW Microwave

NIR Near IR

NMR Nuclear magnetic resonance
Pc Phthalocyanine

PDI Perrylene diimide

Ph Phenyl

Por Porphyrin

PPhy Tetraphenylphosphoryum
PTM Pentachlorotriphenylmethyl
RASSCF  Restricted active space self-consistent field
SAM Self-assembled monolayer
SAP Square antiprism

SMM Single molecule magnet
SOC Spin orbit coupling

SOMO Singly occupied molecular orbital
SQUID Superconducting quantum interference device




SWCNT  Single-wall carbon nanotube
TA-QTM  Thermally assisted quantum tunneling of magnetization
TEMPO 2,2,6,6,-Tetramethylpiperydine 1-oxyl
tof Time of flight

TPP Tetraphenylporphyrin

TT™M Tris-2,4,6-trichlorophenylmethyl

Uest Energy barrier

uv Ultraviolet

Vis visible

WFT Wave function theory

XRD X-ray diffraction

ZFS Zero field splitting

Abbreviations specifically used in this thesis

LnPc;

Y

Th

Dy

Er

Ho

Gd

Ce
[LnPC2]0/+/-
[NO]
SMe
LnPcPor

Ln2(TPP)2(Pc)
Lnz(Por)2(Pc)
multiple-decker
T2, Tm

Ts

Bis(phthalocyaninato)lanthanide(lll), in any redox state
Yttrium

Terbium

Dysprosium

Erbium

Holumium

Gadorimium

Cerium

LnPc; in neutral/cationic/anionic state
Isoindoline moiety

Thiomethyl group

Phthalocyaninato porpyrinato lanthanide (111)

(Phthalocyaninato)bis(tetraphenylporphyrinato)-dinuclear lanthanide(l11)

Bis(porphyrinato)(phthalocyaninato)-dinuclear lanthanide(l11)
It refers to multi-nuclear complex sandwiched by plain ligands.

The abbreviation of spin decoherence time is described in Section 1.3.2.2.
The definition of blocking temperature is described in Section 1.4.2.
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1.1. Toward the Next Generation: Beyond Moore’s Law

The historical period from the mid-20" century to the present is defined as the Digital Age.
Since 1948, when Claude Shannon, known as the father of the information age, proposed the
encoding of information by the combination of zero and one,> human history has been
accompanied by the evolution of information technologies (IT) and characterized by a rapid
shift to an IT-centered economy. As IT has increasingly become integral to our lives, several
issues have emerged. One significant problem is the limitation of processor capabilities.
Goordon E. Moore, the co-founder of Intel, proposed in 1965 that the complexity of the
components (= the number of transistors) would double approximately every year. Today this
estimation is known as Moore’s law, which is revised to indicate a doubling every two years.®
Currently this trend is driven by advancements in die shrinkage enabled by precise lithography,*
however, many researchers predict that Moore’s law will come to an end in the near future.>®

Another issue arises in data storage. Human history has always been accompanied by the
progress of recording media. One milestone is the hard disk drive (HDD), driven by the giant
magnetoresistance effect, which was for the first time discovered by Fert and Glinberg, the
winners of the Nobel Prize in physics in 2007.” As of 2024, semiconductor-based solid-state
drive (SSD), together with HDD, serves as the main-stream, and the use of data servers
represented by Amazon Web Service (AWS) is becoming more common. Since data servers
rely on SSDs or HDDs for data storage, improving data capacity requires a breakthrough in
either of them. However, both of them face obstacles; SSDs, made of semiconductors, are
approaching the end of Moore’s Law, while HDDs cannot be further miniaturized due to the
limitations imposed by many-body effects from spin-spin interactions at microscopic scales. In
summary, breakthroughs are needed in both processing and storage technologies.

1.2. Quantum Information Processing
One possible solution to break through the current issue of semiconductor-based processors is

to build a processor that can work based on a different mechanism. In 1982, Richard Feynman,
the Nobel laureate in physics in 1965, proposed a computer based on quantum mechanics.® The
fundamental unit in this system is the “bit”; while classical computers treat information as the
combination of 1 or 0 (so-called bits), quantum computers use the combination of two-level
quantum states, |1) or |0) — qubit (named after quantum bit). Qubits feature two characteristics,
coherence and entanglement. Coherence refers to the state where a quantum state exists as the
mixture of [1) and |0) (|y) = a|0) + B|1), (a? + % = 1)), which is often explained by
Schrodinger’s cat. Since a and £ can take any value under a normalization condition, qubits

1
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can treat more diverse information than conventional bits. On the other hand, entanglement
represents the state where two qubits are correlated in a way that their states cannot be explained
as a simple product of them. For instance, two coupled qubits result in the following four states:

1

1S) = ﬁ(lw) —101)) (1.1)
1

|To) = ﬁ(llm +101)) (1.2)

|T,) = [11) (1.3)

|T_;) =100) (1.4)

The first two states (equations 1.1 and 1.2) are known as Bell states, which cannot be expressed
as (a]|1) + B10)(y|1) + §]0)). This means that altering the state of one spin will inevitably
affect the other, leading to an entanglement of the two states. Together with algorithms that can
efficiently utilize those features, quantum computers will exceed the power limitation of
conventional computers.

Consequently, a question arises: what kind of systems or materials may serve as qubits? In 2000,
DiVincenzo proposed some requirements, today known as DiVincenzo’s criteria.’

1. A scalable physical system with well-characterized qubits (i.e., qubits with a defined
Hamiltonian)

2. The ability to initialize the state of the qubit to a simple fiducial state, such as [000 ...)
3. Long relevant decoherence times, much longer than the gate operation time

4. A “universal” set of quantum gates (“universal” stands for any coherent states, which
can be achieved by the combination of simple quantum gates such as the CNOT gate
(vide infra))

5. A qubit-specific measurement capability

Many qubit candidate systems satisfy the criteria above,° such as superconductors,***2 trapped
ions, >4 neutral atoms,*>® photons,*” and so on. Spin, a fundamental physical property with
two states (up and down), is thus ideal for use as a qubit. Hence, many qubit systems are based
on spin levels. Amongst candidates, molecular spin qubits are extensively studied.*®?* Since
their monodispersity and structural tunability satisfy Divincezo’s criteria, various molecular
systems have been explored. In the next section, starting from the explanation of the nature of
spin from a quantum mechanical perspective, molecular spin qubits are explained regarding
electronic spin qubit specific measurements, EPR, and qubit candidate molecules including
metal complexes and organic radicals.
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1.3.  Molecular electron-spin qubits

1.3.1. Spin
The equations used in this section were created using the following references.??3

The nature of spin and Bloch sphere
Even before the dawn of quantum mechanics, it was already known that electrons reside in

doubly degenerated states, as demonstrated experimentally by Stern and Gerlach in 1922,
known as Stern-Gerlach’s experiment.?* They used an Ag atom beam passing through
collimating slits, which is after passing through a magnetic field from a permanent magnet
projected on a screen. The projected pattern showed field-dependent splitting (Zeeman
splitting), which evidenced the electron’s two states. Today, this property of an electron is
explained by its spin angular momentum (S;). To grasp the image of spin, let’s consider an
electron under a magnetic field. XYZ cartesian can be drawn to represent real space, taking the
z axis to be along a magnetic field (Bo) (Figure 1.1.1a). Like in the case of classical mechanics
where the energy of a magnet (with magnetic momentum of M) under a magnetic field (B) can

be represented as E = — #iB - M, the spin Hamiltonian can be written as follows:
0

Hspin = <%> B,S, (1.5)

g: g-Factor, which is in the case of free electron ge = 2.0023.%
£ Bohr magneton

h: Dirac constant

Sz is spin angular momentum expressed as follows:

26 )

It has two eigenvectors |T) = (3) and ||) = (‘1)) having two eigenvalues;+h/2 and —h/2,
respectively. The Hamiltonian gives two states in the energy Eg,;, = ?% 9B By, which are

parallel/antiparallel to the external magnetic field (and z axis), respectively. For simplicity, two
spin states will be represented as up (|T)) and down (|{)), represented in Figure 1.1.1 a. Under
a magnetic field with a certain strength, the spin resides in a coherent state of the two Zeeman-
split states, namely the spin-up and spin-down levels:

W) = alT) + B
= (ay +ia)|T) + (B1 + iB2) 1) (1.7)

where |a|? + |B|? = 1, a, § are complex numbers, a? + a3 + fZ + 2 =1,
a4, @, B4, B> are real numbers.
The parameters (a4, a5, £1, B2) can be converted into polar coordinates as follows:

3
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0 A
lY) = cosEIT)+smEel¢|l) (1.8)
where the angles are restricted as 0 < 6 <z and 0 < ¢ < 2x. This is represented in a spherical
coordinate system (Figure 1.1.1 b.). The coherent state can take whatever value on the surface
of the sphere. The sphere is called Bloch sphere.

a z 1l By b )

— cos2 1) + sinoeid|1)
_COSZ Slnze

| el

1)

Figure 1.1.1. Schematic representation of (a) spin in XYZ coordinate and (b) spin in Bloch
sphere.

Larmor precession
Then, let’s consider the behavior of an electron under a static magnetic field more carefully.

Schrodinger equation can be written as follows:

ih%zp(x, t) = HY(x,t) (1.9)

Suppose that variational methods are applicable (Y(x,t) = (a(t)|T) + B(t)|{) ))Y'(x)), and
suppose that y’(x) remains in a stationary state, it can be rewritten by using the spin

Hamiltonian (eq. 1.5):
inge() =7 ()

%gﬁBo 0 a
(s)

)

(1.10)

This differential equation can be solved to give the solution as follows:




Chapter 1. Introduction and Theory

a(t) = a(O)e_i(gg%)t (1.11)
8O = p)e ) (1.12)

9BBy
h

spin, where it aligns parallel/antiparallel to the external magnetic field, while it rotates in the
XY-plane perpendicular to the magnetic field (represented as the rings in Figure 1.1.2). In the

The value w;, = is called Larmor angular frequency. This represents the behavior of

case when a(0) = B(0) = 1/v2, (Zgg) =%(e;iiiit) is obtained. This can be further
rewritten as follows:
iwpt /2 /2 .
lY) = e 2 (cos% IT) + sin%e‘“’“ll)) (1.13)

Compared with the points on Bloch’s sphere, the combination of (6,¢) = (n/2, w.t)
represents the point rotating along the equator with an angular momentum of w;, (see the dot
and the arrow in Figure 1.1.2, cyan). It is noteworthy that the product of Larmor angular
frequency and Dirac constant is equal to the energy gap of two states, which is clear from the
equation 1.10.

By
_7/<
T 9B By

h

Figure 1.1.2. Schematic illustration of Larmor precession. Under static magnetic field (grey

arrow), the spin in a(0) = B(0) = 1/+/2 (cyan straight arrow) rotates alongside the equator
(cyan ellipse arrow).

Rabi oscillation

Finally, let’s consider the behavior of an electron in the stationary magnetic field (Bo) alongside
the z axis and a rotating magnetic field in a XY-plane (Br with angular frequency @wmw). The
total magnetic field can be represented as follows:
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B=B,+B,

= (B, cos(wywt) , By sin(wyw t) , Bo)
(1.14)
By taking into consideration that
hoo 1 hoo —i
52_5(1 0)’ Sy_E(i 0) (1.15)
the spin Hamiltonian (eq. 1.5) can be written as follows.

9B
Hspin = (7) B,S,

(B me)

2 BreinWt _BO

(1.16)
By combining eq. 1.9 and eq. 1.16, Schrédinger equation can be written as follows:

0 (a B B.e 'MW\ /g
ih—( ):% >0 rér ( ) (1.17)

dt\B/ 2 \B.eMwt —B, B
This derivation equation can be solved, and the solutions for ((0), £(0)) = (1, 0) are as follows:
a(t) = oY (cos Qt 42w 9L G Qt) (1.18)

2Q '
. w.

B(t) = —iel—lgwtﬁrsin ot (1.19)

Q: Defined by Q = \/w,? + M

ar: Defined by w, = %gﬁBr

The probability of the wup and down states are given as follows:
2

w
la|?2 =1 —Q—;sinz Ot (1.20)

2
r .

w
1812 =§sm2 Ot (1.21)

The above discussion matches with the following situation: At the initial state (t = 0), where an
external magnetic field Bo is applied alongside the z-axis, the spin will reside up. Now, the
rotating magnetic field Br starts to be applied, which is enabled by the application of an
electromagnetic wave, specifically microwave irradiation. When the microwave angular
frequency coincides with the Larmor angular frequency (=energy gap of up and down divided
by Dirac constant), oscillation between up and down takes place with the frequency of Q
(Figure 1.1.3). This phenomenon is called Rabi oscillation, while Q is called Rabi angular
6
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frequency. On the other hand, when the microwave frequency does not precisely match
wyw * Wy, incomplete oscillation occur, which is governed by the ratio of @r and Q. Notably,
Rabi oscillation is a fundamental mechanism of magnetic resonance, as it correlates
electromagnetic wave to spin behavior. In addition, it plays a key role in quantum information
processing (QIP). As explained in Section 1.2, QIP requires the control of coherent two-level
guantum states; in other words, the accessibility of the arbitrary point on the Bloch sphere is
needed. Rabi oscillation presents a transition between these states throughout Bloch sphere,
thus it works as a criterion of manipulability.

W — w; )?
_ w3+( MW4 L)

k)

Figure 1.1.3. Schematic illustration of Rabi oscillation. Under a static and rotating magnetic
field (grey arrow and grey ellipse, respectively), when the microwave angular frequency
coincides with the Larmor angular frequency, the spin oscillates between up and down states
(cyan arrows). Note that the ellipse is a simplified representation of the Rabi oscillation and is
not precise.
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1.3.2. Electron Paramagnetic Resonance (EPR)
Electron Paramagnetic Resonance (EPR) was explained in detail in the references.?®?" Here, it

was described in a simplified way, to highlight qubit-oriented measurements.

1.3.2.1. Continuous Wave EPR

Zeeman diagram and EPR spectrum of an electronic spin S = 1/2
In Section 1.3.1, the behavior of spin under static and rotating magnetic field was explained.

Here, the experimental technique to characterize/manipulate spins is explained. The spin
Hamiltonian Hyy;,, = gfBo/hS, (Zeeman term) gives two states in i%gﬁBo. The energy

diagram of the two states is shown in Figure 1.2a, which is called Zeeman diagram. As
explained in the last section, the resonance between up and down states can be driven by
microwave when the frequency satisfies v = g B/h. The spectroscopic technique to scan an
external field in order to observe resonance of paramagnetic specimen is called continuous
wave electron paramagnetic resonance (cw-EPR), a widely used technique for paramagnetic
molecules. In the case of a free electron, g-factor is isotropic and thus can be treated as constant
along all three axes. On the other hand, for many paramagnetic molecules, the internal field
mediated by spin-orbit coupling not only deviates the g value from ge but also introduces
anisotropy, typically expressed by a 3x3 matrix. Therefore, EPR is a powerful tool to identify
different species. Commercially available EPR spectrometers are equipped with microwave
sources of certain frequencies such as v = 9.5 GHz (X Band), 34 GHz (Q band) and so on.
Instead of v, the external magnetic field Bo is scanned, while the signal is detected by the
induced current on the neighboring coil. The x-axis of the spectrum typically represents either
Bo or g (calculated by g = hv/BB,), as depicted in Figure 1.2 a.

EPR spectrum of S = 1/2 with hyperfine coupling (when nuclear spin | = 1)
Many molecules bear nuclear spins which are hyperfine-coupled to electron spins. In such cases,

. . . . B
the spin Hamiltonian can be written as Hejgnuc spin = ‘gi 2

is the nuclear spin term, and A is the hyperfine tensor. Figure 1.2b. represents the case of S =
1/2, 1 = 1. It results in six states, which allow three transitions governed by selection rules
AMg = +1,AM; = 0. Therefore, the EPR spectrum shows three peaks, each of which is
energetically separated in £A.

S, + AS,1,, where the second term

EPR spectrum of two coupled S = 1/2 system.
Finally, in the case of multi-electronic spins, we have to consider interactions between spins;

exchange interaction (J) or dipolar interaction (D). Let’s take an example of a two-spin system
with different g values (g: and g2) with isotropic exchange interaction. Its spin Hamiltonian can

be written as Hyyo spin = gl?" S+ nglB" S, +J81S; + S:DS,, where D is dipole-dipole

coupling tensor. In the case where the exchange coupling is strong enough, it results in four
states;
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1S) = = (1) — |41))

7 (1.22)
1
ITo) = E(IN) + 1) (1.23)
ITy) = [TT) (1.24)
IT_1) = 1) (1.25)

where the first one has spin total angular momentum S = 0, while the others have S = 1.
Following the selection rule AS = 0, it allows three transitions. On the other hand, the weak
coupling regime splits it into four states; |TT), |{L), |TL), and |{T). It allows four transitions
under the selection rule of AMg = 1. The four transitions are attributed to the flip of one spin
in each spin state, which is useful when considering the CNOT gate (see Section 1.3.3).

i . IMg)|M) &
[Ms) . [1)1+1) T, —— WY
—— L) i —11I0)
I
AE AEAE + S — J)ITL
= gfBy < '[‘cl — |T}|
S e Y
1) e
e n+1) |T IT)
By

hv

£Bo

e JW\fJWV\r

AMg = +1
AM; =0

Figure 1.2. Zeeman diagrams of (a) S =1/2, (b) S = 1/2 hyperfine coupled to | = 1, and (c) two
S = 1/2 with different g values, which are weakly (left) / strongly (right) exchange coupled each
other. The corresponding EPR spectra were shown at the bottom of each diagram.
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1.3.2.2. Fourier Transform (FT) Pulsed EPR

Spin-lattice relaxation time (T1), decoherence time (T2), and free induction decay (FID)
In a similar manner as FT-NMR,?® EPR can be also performed with Fourier transform

spectroscopy using a pulsed microwave. Unlike FT-NMR, where one pulse can cover the whole
spectra during a short measurement period, FT-pulsed EPR often requires multiple pulses to
achieve full spectral coverage. Nevertheless, FT-pulsed EPR is indispensable since it can
determine some critical parameters for molecule-based QIP, as well proving the ability to
arbitrarily control of the spin state.

As explained in Section 1.3.1, the initial state is prepared by applying the stationary external
magnetic field, where most of the spins are aligned up. Manipulation of the spin on the Bloch
sphere is achieved by applying pulse sequences. Here, let’s consider the case to excite to the

state a(0) = B(0) = 1/+/2 (Figure 1.3.1 a). This is achievable when Q =+/2,t = gﬂ (see eq.

1.18 and 1.19 in Section 1.2), and the pulse that satisfies this is called n/2 pulse. Over time, the
excited state loses energy and relaxes to the ground state (Figure 1.3.1 a), described by the

function [1 — exp (— Til)] where T1 is the spin-lattice relaxation time. This process is

governed by the exchange of phonon with surroundings, namely Raman, Orbach, and Direct
processes (see Section 1.4.2).

On the other hand, within a much shorter period before spin-lattice relaxation, Larmor
precession of electron spin takes place (Figure 1.3.1 b), as explained in Section 1.3.1. The
Larmor angular frequency (w;) is derived as half of the Zeeman splitting divided by the Dirac
constant, w; = gBBy/h . In practice, w; owns some fluctuation (w; + Aw) due to
inhomogeneity of the external magnetic field, difference of ligand fields, or coupling to spins

in the environment, causing inhomogeneous broadening of g8 B,. Over time, this leads to

coherent state variation, known as decoherence, expressed by the function exp (— Ti) where

2
T2 is the spin-spin relaxation time, or spin decoherence time. In many cases, stronger

B
modulation is needed using the function: exp [(— Ti) ] (1 + ksin(wyt + ¢) ), where gZis the

stretch factor, k is the modulation depth, ww is the Larmor frequency of the nuclear spin, ¢ is
the phase correction and T is called phase-memory time. Though T2 and Tn, are distinguished
as explained above, they are often used interchangeably in the literature.?> From the next
section, the abbreviation will be unified as follows: Tm will be used for the one from a Hahn-
echo-decay in pulsed EPR, while T> will be used for the one obtained in single-molecule
measurement. The coherent state will be maintained only with decoherence time; thus, all the
quantum computations must be operated during that time. Therefore, the decoherence time must
be sufficiently long compared to quantum operations, as described in DiVincenzo’s criteria.
Typically, quantum gate operations take tens of nanoseconds.?>3 Although T1 is not directly
connected to decoherence, from the definition, it is always true that T:>Tm. Therefore, T1 can
serve as the upper limit of Tm.

10
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Larmor precession can be detected by the coil placed in XY-plane as an oscillating signal. The
oscillation is driven by both the Larmor and microwave frequencies, represented by the product:
cos 2wyt cos wyyt = 1/2[cosRw;, + wyw )t + cos(wpyy — 2w, )t], whose first term is
deleted with the use of a low-pass filters.?® In the meantime, the amplitude of the oscillation
decreases due to decoherence. In total, the signal is proportional to exp [i(2w; —

B
w)t] exp [(— é) ] (1 + ksin(wyt + ¢) ), (the shape of the spectra is shown in Figure 1.3.1

b). This is called free induction decay (FID), which is one of the read-out techniques of spin
state in pulsed EPR. Fourier transformation of FID gives the Larmor angular frequency 2w,
while the linewidth represents Tm.

T

t
M(t) « M, [1 exp (77,—
1

Excitation ] Spin Lattice Relaxatlon/‘

b Y

— Spin Decoherenc%/-

V(t)  sin[(wy — w)t] exp [(-—T—t-> ] (1 = ksin(wyt + ¢))

Fourier Transform

Figurel.3.1. Schematic illustration of two relaxation processes (spin-lattice relaxation (a) and
spin decoherence (b)), and pulse sequences of free induction decay (FID).

Hahn-echo
Although T can be obtained from FID, it is often measured with another technique called

Hahn-echo. In 1950, Erwin Hahn discovered that the applying of a = pulse enables to refocus
of the spin in decoherence, giving a strong signal so-called echo. Figure 1.3.2 illustrates the
procedure of a Hahn-echo measurement. It consists of the following sequence:

(1) Initially, spins are aligned up.
(2) A /2 pulse rotates the spinsto 6 = /2.

(3) Decoherence happens during some period (7), resulting in not aligned spin direction.
11
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(4) Spins are flipped by the application of r pulse.
(5) Spin refocuses since the slower spins come first, and the faster ones come later.

(6) After the same time interval z, all spins gather to give a strong signal, which is called
an echo.

t

— —), thus T2 is obtained
T;

The signal strength of the echo is expressed as a function of t exp(

from Hahn-echo by varying .

(4)

(3) - (5) K
T T TA

Decoherence Refocus Echo

D ES M
WA%Y,

Slow

(1)

SEC

Figurel.3.2. Schematic illustration of pulse sequences of Hahn-echo. The numbers in brackets
correspond to the sequence described in the text. The bottom represents the cross section
(alongside the equator) of the Bloch sphere at the corresponding moment in the sequence.

Saturation recovery
Hahn-echo is a powerful tool for reading out the spin states, thus it is utilized to detect other

parameters. For instance, T1 is measured using the Saturation recovery technique. The
sequence is depicted in Figure 1.3.3, explained as follows:

(1) The initial spin state is up.
(2) A w/2 pulse is applied.
(3) Spin-lattice relaxation takes place during some period.

(4) Another rt/2 pulse will be applied after a waiting time Tr before the spin has fully
relaxed to up. This process is repeated several times to enhance the echo intensity.

(5) After a waiting time T after the n™ pulse, a normal Hahn-echo sequence is applied.

12
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Importantly, with short T, spins cannot recover to the initial state, therefore the echo is weak.
Echo intensity versus T is governed by the function 1 — exp(—t/T;), hence saturation recovery
gives information about T1.

M2 (3) 4 (5) Hahn-echo

T 1 s T T T
= — — T T
2 " B 2 T

Figurel.3.3. Schematic illustration of pulse sequences of saturation recovery. The numbers in
brackets correspond to the sequence described in the manuscript. The bottom represents the
Bloch sphere at the corresponding moment in the sequence.

Spin nutation
As explained in Section 1.3.2, Rabi oscillation serves as a criterion of whether the system is

capable of being manipulated coherently. It can be detected as echoes using the technique of
so-called spin nutation (Figure 1.3.4). The sequence is as follows:

(1) The initial state is up.

(2) The nutation pulse is applied. While the pulse is applied, Rabi oscillation takes place,
as explained in Section 1.2.

(3) After Tp, the irradiation of the pulse is stopped, and then left for T.
(4) A Hahn-echo sequence is performed.

Note that the tipping angle of spin depends on Ty, resulting in different echo strengths. T, versus
echo intensity reflects Rabi oscillation. Practically, this spectrum is used as a proof that the
system can work as a qubit.

13
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(1) (2) (3) (4) Hahnrecho

Nutation Pulse o - T T
T T 2 T
p

Figure 1.3.4. Schematic illustration of pulse sequences of spin nutation. The numbers in the
brackets correspond to the sequence described in the manuscript. The bottom represents the
Bloch sphere at the corresponding moment in the sequence.

Summary
The pulsed EPR, including initialization, manipulation, and read-out of spin-state was

introduced. Two techniques for readout were explained: FID and Hahn-echo. As explained at
the beginning of this section, the sequences presented above are basic ones: more complicated
sequences using more pulses have been and are being reported.?®?” Nevertheless, T1, Tm, and
Rabi oscillation are fundamental requirements for qubits. In the next chapter, some examples
of molecular qubits will be described. Notably, those parameters play roles.

14
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1.3.3. Metal Complex-Based Electron Spin Qubit
As discussed above, an electron spin has two coherent spin states under a non-zero magnetic

field, which can be operated and/or measured using the EPR technique. Therefore, electron spin
qualifies as a qubit. Among candidates, molecular spin qubits have been gaining a huge interest
owing to their monodispersity and structural tunability.'®2! The simplest yet essential example
are molecules with a spin of S = 1/2, such as specific kinds of metal complexes and organic
radicals.

Single qubits with long decoherence time
As described in Section 1.2, the performance of qubits is assessed based on DiVincenzo’s five

criteria. Among these criteria, decoherence time is paramount, as it can pose a significant
obstacle to the development of multi-qubit arrays. As explained in Section 1.3.2.2, the spin-
lattice relaxation time determines the upper limit of decoherence time, therefore both T and Tm
need to be considered. Again, as explained above, T is caused by the absorption/emission of
phonons from the environment, while Tr, is derived from the perturbation of either g, £, or B.
Consequently, numerous studies have focused on extending both the spin-lattice relaxation time
and the decoherence time. Some examples are shown in Figure 1.4.1, which clearly shows the
dependence on chemical families.

b c Nt\\N\C s .
S N ;N =
S-S @N%
S\QS CuPc
Aeppli (2013)

SS\V/SS T, =26 ps > <
VS s
7N

S 0
S 5§ Q:\N:I |/N§ [Cu(mnt),]

5/ S
s S é SN 2N b van Slageren (2014)
N
[V(CgSe)al* T, =68 us
Freedman (2015) VOPG
_ byyfFREOC e Sessoli (2016)
Winpenny (2005) T,=3upus

Tn=3ups

Figure 1.4.1. The structure of molecules with long decoherent times. (a) CrsNi,3% (b)
[V(CsSs)3]*,*® (c) CuPc,** (d) VOPc, * (e) [Cu(mnt)2] .3

An early example was demonstrated by Winpenny and coworkers in a CrzNi cluster (Figure
1.4.1 a).3%*2 The cluster has seven Cr3* (S = 3/2) and one Ni?* (S = 1) antiferromagnetically
coupled, resulting in S = 1/2.The influence of the ligand is also studied in CrzNi, where the
change of the central cation and peripheral functional group induces improvement of T from
the original (Tm = 3 us)® to the improved one (Tm = 15 us)®’. This improvement was particularly
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notable when the peripherals were deuterated, and the central cation was free from the rotary
methyl group, both of which might cause an inhomogeneous magnetic field.

As of 2024, [V(CsSs)s]?, reported by Freedman and coworkers in 2015, exhibited the longest
Tm (700 ps) (Figure 1.4.1 b).3®* The study reported the impact of both structural
modifications and environmental factors, namely the solvent. VVarious nuclear-spin-free ligands
were investigated, showing slightly varied Tm values (1-4 ps at 80 K). In addition, the
importance of deuteration was revealed when removing hyperfine interaction to have the
highest Tm. Furthermore, they investigated the influence of the solvent as well, resulting in T
of [V(CsSs)s]* varied from 1.5 ps in butyronitrile (PrCN) to 675 ps in carbon disulfide (CSy).
These results indicate that not only the nuclear spin inside of the molecule but also that of
solvents plays a significant role in improving Tnm.

Another aspect is the temperature dependence of Tm. In 2013, Aeppli and coworkers reported
an EPR study on a thin layer of CuPc (Figure 1.4.1 c).3* Although the longest spin decoherence
time they observed (Tm = 2.6 pus) is not very long, it remains unchanged even at 80 K. Later in
2016, Sessoli and coworkers reported an EPR study on VOPc diluted in a crystal matrix of
TiOPc (Figure 1.4.1 d).* They expanded the temperature range up to room temperature (Tm ~
1 us at 300 K). In both cases, the structural rigidity of phthalocyanine ligands may help with
long coherence lifetime. Apart from phthalocyanine, in 2014, van Slageren and coworkers
reported room-temperature coherence in the dithiolene complex (PPhs)2[Cu(mnt)z] in DMF
(Figure 1.4.1 €).%® The absence of nuclear spin, as well as rigid structure, enabled room
temperature coherence (Tm ~ 1 ps at 300 K).

The correlation between phonon modes and spin-lattice/spin decoherence time has been
intensively studied. For example, in 2023, Carretta and coworkers demonstrated inelastic X-ray
scattering (1XS) together with DFT calculations. Earlier studies from Lunghi clarified that spin-
phonon relaxation at temperatures above 10-20 K is due to a spin-phonon Raman mechanism
(see Section 1.4.2, relaxation mechanism of SMM).38% Therefore, they achieved simulated T,
assuming this mechanism, which matched well with the experimental data. Notably, they
achieved better T results from simulation by excluding low-energy phonons (1-2 meV). Their
IXS results revealed that the phonon mode at 1.5 meV is attributed to the distortion of the phenyl
rings and the bending of the porphyrin ring. They simulated Tm as well, which also matched
well with experimental results.

Overall, various molecules have been studied in pursuit of elongated T: and Tm. Several
strategies have been pointed out to improve T1 / Tm, such as removing nuclear spin, avoiding
the use of rotary groups (e.g. methyl group), choosing an appropriate solvent such as CS,,
employing rigid structure and removing low-energy phonon modes.
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Qubits with scalability
According to DiVincenzo’s criteria, qubit scalability is essential because the implementation of

a quantum computer requires not just one, but many qubits. Most of the single qubit studies
mentioned above are conducted on solution samples, thus a more densely packed systems are
needed. Metal-organic frameworks (MOFs) are suitable for this purpose. Derived from the
single qubits mentioned above and their structural derivatives, porphyrin-based MOFs (Por-
MOFs) are a good choice due to their accessibility.*® There are some porphyrin MOF-based
qubits, three of which are listed in Figure 1.4.2. In 2017, Freedman and coworkers reported a

Por-MOF based on 7% of low-spin Co(ll) (S=1/2) in Zn (I1) (S=0) (Figure 1.4.2 a).** The

strong hyperfine coupling of Ms and M, causes non-degeneracy (so-called avoided level
crossing), which gives longer Tm = 14 ps. In 2018, Yamashita and coworkers reported a Por-
MOF based on 2% of VO in TiO porphyrins (Figure 1.4.2 b).*? They highlighted the extended
T1 compared to single molecules, attributing it to the suppression of distortion vibrations by the
rigid structure of the MOF. Those two above mentioned studies are diluted ones, therefore there
is still some space for scalability. In 2020, Freedman and coworkers reported a CuPor-MOF
with Zr linker (Figure 1.4.2 c).*® Rather good separation (one qubit per every 13.6 A) enabled
coherent manipulation even without dilution. This MOF features high qubits density, leading
to scalability.

C0g.47Zng g5 TPP-Zr VO ;TiOg gs TPP-Zn CuTPP-Zr
Freedman (2017) Yamashita (2018) Freedman (2020)

Figure 1.4.2. MOF qubits with larger scalability. Figure are reproduced from ref*, ref*2, and
ref*® for a-c, respectively.

Multi-qubit gates
Classical computers rely on a combination of logic gates. Similarly, the implementation of a

quantum computer requires a universal qubit gate. The “Controlled NOT” (CNOT) gate is the
fundamental qubit gates, which is a quantum counterpart of the classic NOT gate. In classical
computing, a NOT gate outputs the opposite of the input, as shown in Table 1.1.

Table 1. 1. Truth table of a classical NOT gate.

input  output
1 0
0 1
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A CNOT gate consists of two qubits, where one qubit (target) is inverted similar to the NOT
gate, only when the imput 1 (control qubit) is is in the state |1), as represented in Table 1.2.

Table 1. 2. Truth table of quantum CNOT gate.

inputl input2 outputl output 2

0> 0> 0> 0>
0> 1> 0> 1>
|1> |0> |1> |1>
1> 1> 1> 0>

In electron spin qubits, weakly coupled two-spin systems with g asymmetry satisfy the above
conditions. As described in Section 1.3.2.1, the EPR spectra of two weakly coupled S = 1/2
systems show four transitions that are attributed to the flip of two spins, which are split into two
depending on the state of the other spin. In other words, by selectively controlling these
transitions, a CNOT gate can be implemented. This was evidenced by Aromi and coworkers in
2017 using a Cerium - Erbium complex (CeEr, Figure 1.4.3 a).** They first prepared the La-Er
and Ce-Y complexes, each of them having quasi S = 1/2 with g, = 10.00, 2.67 owing to the Er
and Ce centers, respectively. They also prepared the Ce-Er complex having two S = 1/2, which
are exchange-coupled with Jce-er = -0.015 K. The weak exchange coupling enables four states
with four transitions. They performed spin-echo measurements for the transition |00) — |01),
presenting Tm = 410 ns. Overall, the use of two different metals is an effective approach to
obtain a g-asymmetric two-spin system.

Another strategy is to employ dinuclear complexes with distortion angles. In 2023, Sessoli and
coworkers demonstrated VVOPor dimer, which consists of two oxovanadyl porphyrins linked at
their meso positions (Figure 1.4.3 b).* The distortion between two porphyrin planes causes
weak coupling J ~102 cm™ and strong anisotropy of the hyperfine tensor, as determined by
frozen solution EPR. The relationship between the distortion angle and the observed EPR
transition was further examined using angle-dependent CW EPR on two single-crystals of the
VO-Por, one with a distortion angle of 64°, and the other with 72°. T1 and Tm were measured
for the VOPor dimer, showing its similar behavior to the monomer. They also reported the
simulation of four states, revealing its potential for four independent transitions. Later, the same
group reported a VOPor-CuPor dimer (Figure 1.4.3 ¢).* In this case, the transition of two spins
is distinguished not only by hyperfine anisotropy but also by g asymmetry, making the energy
separation of spin states angle-independent. Weak exchange coupling and unchanged relaxation
behavior (T1, Tm) from the monomers were also observed in VOPor-CuPor. Combining these
results, they demonstrated that VOPor is a candidate for the construction of a CNOT gate.
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Another approach involves linking two qubits with a switchable (paramagnetic/diamagnetic)
linker. In 2016, Winpenny and coworkers reported metal clusters containing two CrzNi (Cr7Ni-
Co(SCN)2- Cr7Ni, Figure 1.4.3 c), one with terpyridine and the other with pyridine, both of
them coordinated to the Co ion, which is redox-switchable from Co(ll) (diamagnetic) to Co(lll)
(LS paramagnetic, S = 1/2).#" Utilizing different linkers, such as terpyridine and pyridine,
allows for orthogonal alignments of two Cr7Ni units. Two semi-isotropic Cr7Ni were weakly
exchange-coupled to anisotropic Co, resulting in eight addressable spin states.

To summarize, for CNOT gates, individual addressing of two weakly coupled spins is necessary.
Some strategies have been utilized, such as the use of different metals with g-asymmetry, the
introduction of a distortion angle for g-anisotropy, and the introduction of the third spin coupled
to two spins with different strengths.

VOTPP-dimer “ TPP SCN)2-Cr,Ni
) VOTPP-Cu CryNi-Co( )2-Cr,Ni
Aromi (2017 i % {
( ) Sessoli (2023) Sessoli (2023) Winpenny (2016)

Figure 1.4.3. Di- or Multi-nuclear metal complexes studied as CNOT gate. Figures are
reproduced with modification from ref.**, ref.%®, ref.%6, and ref.*’ for a-d, respectively.

Summary
In this chapter, molecular qubits were introduced, to highlight the congruity of complexes as

molecular qubit, as well as the accessibility of scalability and quantum gates. QTM-based qubits
were excluded to an independent Section 1.4.4, since it is closely related to single-molecule
magnets, therefore, better to explain after its introduction. In the next section, apart from metal
complexes, organic radicals will now be explained.
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1.3.4. Organic Radicals as Electron Spin Qubits
Organic radicals are organic molecules that have an unpaired electron (or multiple unpaired

electrons). Odd-numbered valence electrons typically do not satisfy the octet rule, making the
vast majority of organic radicals unstable. However, after the first discovery of a stable radical,
the triphenylmethyl (trityl) radical by Gomberg in 1900,%8 various types of stable radicals have
been found, as summarized in the book “Stable Radicals: Fundamentals and Applied Aspects
of Odd-Electron Compounds (2010).4° As the variety of structures has extended, so has the
field of application, including optics,® electronics,® and so on. This expansion led to the
publication of a special issue of Chemical Reviews named “Persistent and Stable Organic
Radicals” which was published recently in 2024.%2 Like metal complexes, organic radicals can
be utilized for QIP. In fact, there are quite a few studies on radical-based quantum bits,
summarized in a recent review from Sun and coworkers.>® This chapter will summarize not
only the studies discussed in this review but also those involving radical-chromophore qubits
and excited state multiplet-based qudits.

Monoradicals for single qubits
In the realm of radical-based QIP, monoradicals correspond to the role of a single qubit. A key

distinction between radicals and metal complexes lies in the absence of spin-orbital coupling in
radicals, which is expected to elongate Ti. Although their spin relaxation times are not as
extensively studied for qubits as those of metal complexes, there are quite a few reports of Ty
and T on radicals.>® Some examples of organic radicals exhibiting long decoherence time are
represented in Figure 1.5.1.

%N\,\‘N‘\N
SN, NS
¢ e@:@f%
g ’(//.:}
‘ L ——
| I\I\]— N——N
Defect in SWCNT GNR Edge [YPc,]®
Ma (2023) Bogani (2018/2019) Ruben (2023)
T,=82us T,=3/100ps T.,=8us

Figure 1.5.1. Monoradicals with long decoherence time. Note that TEMPO and TTM have not
been studied for their single-qubit performance, though they are frequently used as qubit motif.
SWCNT, GNR, and [YPc]° are reported in ref. 54, 5 and °¢, and %7, respectively.

In 2023, Ma and coworkers reported the decoherence time of the defects in single-wall carbon
nanotube (SWCNT) (Figure 1.5.1 ¢).>* It is known that SWCNT reacts with diazonium salts to
give a defect, having S = 1/2.5%8%° In the study, they performed Hahn-echo and saturation
recovery on the defect of SWCNT to obtain T: = 13 ms and T, = 8.2 us at 5 K. They claimed
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that T;>> Trm means Tm can be elongated; this was supported by simulation results for the effects
of different environmental spins such as *H, 2H, and *3C in the solvent/molecule.

Other carbon allotropes have been studied as qubit candidates as well. In 2018, Bogani and
coworkers reported coherent spin manipulation of graphene nanoribbons (GNR) (Figure 1.5.1
d).% They have prepared GNR edge-functionalized with a nitronyl nitroxide (NIT) radical in a
bottom-up synthetic approach. EPR studies revealed that its decoherence is Tm = 3 us at room
temperature even without optimization (such as deuteration, isotope enrichment with *°N, etc.).

Later in 2019, Bogani and coworkers reported 11,11° - dibromo-5,5" -bichrysene

functionalized GNR.*® By changing the solvent from toluene to CSz, and by using the nuclear
decoupling techniques, the decoherence time could be elongated up to Tm = 240 us at 120 K.

On the other hand, the use of neutral bis(phthalocyaninato)yttrium(l11) [YPc;]° was reported in
2021 by Boudalis et al., conducting EPR studies on crystalline powder of [YPc,]° (Figure 1.5.1
e).%% The study highlighted strong anti-ferromagnetic intermolecular interaction due to close
intermolecular n-r distances (3.2 A). This result matched with the prior study of solid state *H-
NMR on [YPc2]%.% Later in 2023, Suryadevara et al. reported a solution-based EPR study on
[YPc2]° and a porphrinato-phthalocyaninato yttrium(ll)complex ([YPcPor]%).>” [YPc]°
showed high T1 (1 s at 10 K), and comparable Tm (8 us at 40 K). [YPcPor]° also exhibited a
long T1 (0.9 s at 10 K), which proves that long spin-lattice relaxation time is the nature of
bis(phthalocyanine)yttrium(l11) complexes. Note that no optimization (deutration, use of CS,
etc.) was adopted, suggesting potential for further improvement. Overall, organic radicals
exhibit long T1 due to their negligible spin-orbit coupling. On the other hand, the longest Tm is
still not as long as those observed in [V(CsSs)s]*, likely due to the limited optimization and
fewer studies on radicals.

Radical-bearing assembly / polymers for scalability
As in the case of metal complexes, Por-MOF helps to construct densely packed qubit arrays,

leading to scalability. In the case of radicals, not only MOFs, but also covalent organic
frameworks (COFs), block chain copolymers, and self-assembled monolayers (SAM) have
been reported (Figure 1.5.2).

21



Chapter 1. Introduction and Theory

¥

AN s HO o — O
2+ > AN §
Zn *[\JNJ«LJ + Or‘z%‘_)—m

g i \ ey
Nﬁ L‘ \\ nng . c" Y
~N L I
5 B R " AP
p— by W %;1
~, ‘ S Ve LY
Paramagnetic
TEMPO-SAM TTM-block copolymer NDI COF DAT-MOF (CT based)
van Slageren (2023) Wang (2024) Dichtel (2024) Yanai (2024)

Figure 1.5.2. Radicals aiming at larger scalability with different approaches. Figures are
reproduced with modification from ref 62, 63, 64, and 65 for a-d, respectively.

In 2023, van Slageren and coworkers reported a TEMPO-based SAM on a gold substrate
(Figure 1.5.2 a).%% Acetylene-tethered TEMPO was reacted with a pre-formed SAM having
azide at the terminal position to form TEMPO monolayer. The TEMPO SAM presented
improved T, compared with the monomer in solution, even without dilution (Tm = 13.5 ps for
SAM, while Trm = 3.2 us for monomer, both were measured at 10 K).

In 2024, Wang and coworkers reported block copolymer incorporating trichloro triphenyl
methyl (TTM) radicals (Figure 1.5.2 b).®® Since TTM is known for its doublet-based
luminescence,® they performed a combined study of polymer morphology/coherence
time/luminescence. Note that even in the best case, the performance is not as good as other
radicals shown in Figure 1.5.1 (Tm = 0.3 us at 30 K).

COFs are also unique in radical chemistry. In 2024, Dichtel et al. reported a COF constructed
from redox-active naphthalene diimide (NDI) (Figure 1.5.2 c).%* The radical was introduced via
the reduction of NDI by adding a controlled amount of cobaltocene. The use of COFs is
advantageous since ions and neutral molecules typically cannot be co-crystalized. The
relaxation times (T1 = 164 ms, Tm = 2.36 us) were obtained at 10 K. They noted that higher
concentrations lead to shorter Tm, which they attributed to either dipolar interaction between
radicals, or nuclear spins of countercations.

The use of a radical generated through charge separation was demonstrated by Yanai and
coworkers in 2023 (Figure 1.5.2 d).%® They prepared a MOF constructed with Zn?*, 4,4°-
biphenyl-dicarboxylic acid, and 5,12-diazatetracene (DAT). Despite the absence of a radical in
the original MOF, it undergoes conversion into a radical through the following process: under
photo-irradiation at a wavelength of A = 532 nm, DAT is excited and undergoes intersystem
crossing (ISC). The triplet is then converted into a radical via charge separation, which has a
lifetime of a few hours. Both the triplet states and the radical were characterized using transient

22



Chapter 1. Introduction and Theory

EPR (tr-EPR) and EPR respectively. The authors emphasized that the generated radical is spin-
polarized: the radical in the thermal equilibrium of |T) and |!) is polarized into [l) via

polarization from triplet (To— 1 to T1— |, the representation is shown in eq.1.23—1.25), which
is originally polarized. The polarization of the radical spin state enables room temperature
coherent manipulation, with T1 = 214 ps and Tm = 0.98 ps.

Diradicals for quantum gates
There are some reports utilizing diradicals as multiqubit gates. In 2012, Takui and coworkers.

reported a prototypical diradical CNOT gate using a TEMPO dimer (Figure 1.5.3 a).%° It has
two TEMPO motifs isolated in ~2 nm, resulting in a weak exchange coupling. They used
deuterated and °N enriched TEMPO to obtain spectra with narrow linewidths, which enable
independent addressing of spin states of two spins. Furthermore, the non-linear alignment of
the two TEMPO moieties enabled a non-co-linear g-tensor. Owing to these factors, the
compound showed well-characterized signals in EPR measurements on a diluted single crystal.
They demonstrated spin nutation on one of the transitions, clearly showing Rabi oscillation with
a duration time of 200 ns.

Later in 2023, Winpenny and coworkers further investigated TEMPO dimers employing the
same strategy to what has been done for NMR-based qubit studies (Figure 1.5.3 b).%” They

designed TEMPO-linkers so that the exchange coupling would be % <J< S (Trmanip. 18

manip.
the single-qubit operation time, determined to be 22 — 32 ns). By using different pulesd EPR
protocols, entanglement and read-out of the spin states could be achieved. Most importantly,
using multi-frequency pulse sequences such as double electron-electron resonance (DEER),
they demonstrated quantum tomography, which describes quantum states. With the obtained
tomography, they determined a pseudo fidelity of 0.78, which measures how closely a quantum
operation approximates an ideal operation. Although these two studies have little similarity (the
former is an EPR study on a diluted crystal aiming at individual spin addressing, while the latter
being an EPR study on a solution sample to demonstrate multi-frequency pulse sequence), they
clearly evidenced the utility of TEMPO.

Another system is pentachloro(triphenyl)methyl (PTM) dimer. In 2023, van Slageren and
coworkers reported EPR studies on a PTM radical and a PTM dimer (Figure 1.5.3 ¢).%
Although it has nuclear spin-rich chlorine substituents (**Cl, | = 3/2), the absence of protons, as
well as its solubility in CS, enables long decoherence times (Tm = 148 us up to 100 K). DEER,
as well as the single-frequency technique for refocusing (SIFTER) and double quantum
coherence (DQC), prevent exchange coupling, thus enabling independent addressing of two
spins. They also emphasized that chemical functionalization would lead to photo-
emissive PTM dimers.
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The diradicals mentioned above, except for Takui’s system, are not applicable as CNOT gates,
since two identical spins cannot be identified as control/read-out bits. In 2020, Wasielewski and
coworkers reported a CNOT gate candidate using an excited state diradical (Figure 1.5.3 d).®°
They used the molecule functionalized with tetrathiafulvalene (TTF), 8-aminonaphthalene-1,8-
dicarboximide (ANI), and pyromellitimide (PI), aiming at photoexcitation of TTF (TTF*-ANI-
PI) followed by charge transfer (TTF--ANI-PI-). The resulting diradical (TTF--ANI-PI-) has
two spins with different g-tensors, owing to the different environments of TTF and PI. Both
TTF and Pl have Tm ~ 1 ms. They emphasized that their system has initial pure states (singlet)
due to the spin selection rule. By comparing to ground-state diradicals the initial state was
defined as pseudo-pure, depending on the Boltzmann distribution.
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Figure 1.5.3. Chemical structures of diradicals for quantum gates. Figures are reproduced with
modification from ref. 66, 67, 68, and 69 for a-d, respectively.

Multiplet-based qudits
A variety of studies using excited multiplets for QIP have been carried out. Multiplets (triplet,

quartet, quintet, etc.) offer a higher multiplicity than two, therefore it is typically referred to as
qudit (d represents multiplicity). As two-level states can be represented by the surface of the
Bloch sphere, which is a two-dimensional Euclidean plane, d-level states are represented in d
dimensional Hilbert space. The challenge in using closed-shell chromophores as triplet qubits
lies in their low triplet yield, since singlet (S = 0) to triplet (S = 1) transitions are spin-forbidden.
One solution is to attach a radical to a chromophore. Radical-chromophore molecules allow
enhanced intersystem crossing (EISC) due to either spin-allowed electron exchange or large
spin-orbit coupling with the radical, meaning that ISC of the chromophore is no longer spin-
forbidden.”® Varieties of chromophore-radical systems have been studied.”* Among those
molecules, the TEMPO-PDI system is the most widely studied as of 2024 (Figure 1.5.4 a).”>
The intermediate interaction between TEMPO and PDI enabled high triplet yields. Because of
the relaxation to the ground state that is spin-forbidden, the excited trip-quartet state has a long
lifetime. Coherent manipulation of trip-quartet state with long decoherence time has been
achieved through chemical modification, resulting in Tm = 4.2 us at 85 K.’ In this case, the
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excited states lose energy through non-radiative paths, making optical readout of spin states
impossible.

On the other hand, there is an example of the optical readout of an excited multiplet. In 2023,
Evans and coworkers reported a TTM-anthracene (An) monoradical and a TTM-An-TTM
diradical (Figure 1.5.4 b).”” They designed molecules so that the energy levels between the
excited triplet of An and the excited doublet level of TTM would match. TTM was attached to
carbazole due to its high quantum yield.”® Transient spectroscopy measurements (absorption,
emission, EPR) revealed that the excitation of the doublet (?[D1-So]) immediately yields (in
picosecond order) a triplet state in An (’[Do-T1]), which is converted to a quartet (*[Do-T1])
through ISC in tens of nanoseconds. Transient spin nutation was also performed, demonstrating
coherent manipulation of quartet states. The low energy gap between 2[D1-So] and ?[Do-T1]
enables back transfer, resulting in doublet-based emission with high quantum yield. Owing to
these properties, they demonstrated optical readout of spin states using the technique of
optically detected magnetic resonance (ODMR), commonly adopted in NV centers in diamond.
Furthermore, they investigated a TTM-An-TTM diradical. The diradical, which is in its ground
state weakly or negligibly exchange coupled, results in a strongly correlated quintet state °[Do-
T1-Do]. The quintet state can be coherently manipulated at room temperature, with a lifetime of
20 ps.

As explained above, typically, closed-shell organic compounds do not undergo I1SC; however,
there are some exceptions. One of them is fullerene C7o, which undergoes ISC with a 90%
yield.” In 2021, Gao and coworkers reported the coherent manipulation of the excited triplet
state of C7o, which they call qutrit (Figure 1.5.4 c).2° They performed tr-EPR to reveal T1 = 3-5
ms and Tm = 13-20 us, respectively. Their coherent state was presented in tomography, while
the operation was demonstrated by quantum interference.

Another candidate molecule is pentacene, known for its singlet fission properties. Singlet
fission is a phenomenon where a photogenerated singlet exciton is coupled to a neighboring
chromophore, resulting in a pair of triplet excitons.®8 In 2024, Yanai and coworkers
demonstrated the use of a triplet pair of pentacene as a qudit (Figure 1.5.4 d).8% They first

prepared the MOF from 4,4 -(pentacene- 6,13- diyl)dibenzoic acid (PDBA) and ZrCly,

ensuring a regulated distance of 0.35 nm between the nearest pentacene pairs. Transient
absorption spectra and tr-EPR clarified that the MOF can successfully produce triplet-pairs,
which can further be converted into a quintet state. They performed tr-pulsed EPR on the quintet
state, revealing T1 = 3.8 us, Tm = 150 ns at room temperature, and demonstrated spin nutation
to show Rabi oscillation. This comprehensive understanding of multiplet excitons facilitates
the realization of qudits.
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Figure 1.5.4. Molecules studied as qudits using their multiplet. Figure a-d are reproduced with
modification from ref.71, 77, 80, and 83, respectively.

Summary
In Section 1.3.4, the studies on radicals for QIP were summarized. One notable feature of

organic radicals is their lack of SOC, which contributes to their long Ti. Although efforts to
enhance decoherence time are limited, some studies suggest that strategies effective for
transition metals, such as deuteration and the use of CS, may also be applicable to radicals. For
scalability, different strategies have been adopted, which might be also applied in transition
metal complexes.

The simplest strategy to construct a CNOT gate is using different metals such as Ce-Er, though
this approach does not apply to radicals. Nevertheless, various strategies have been reported,
such as designing a diradical with different tipping angles and nuclear spin anisotropy or
generating g-asymmetric diradicals through photo-irradiation. In addition, various useful pulse
techniques such as DEER have been demonstrated.

Importantly, many of the studies on radical-based QIP derive from different fields of science.
For example, defects in SWCNT have been studied for their photoluminescence,® while
peripheric spins on GNRs are strongly correlated with edge effects in graphene electronics.*
TTM radicals have been studied for their unique doublet emission,>*# which was utilized for
optical readout of the spin state. | believe that as more radical species from other fields are
explored, the domain of radical-based QIP will continue to expand. QTM-based qubits were
omitted despite radicals taking an important role, which will be explained in Section 1.4.4.

Spin is one of the most fundamental physical properties, having two levels that can be
coherently manipulated via the EPR technique. Molecules, including metal complexes and
organic radicals, are suitable for electron spin qubits due to their monodispersity and structural
tunability. Although a wide variety of molecules have been investigated, further studies are
needed for practical implementation. In the next section, single molecule magnets (SMMs) will
be explained. While most research efforts have focused on memory applications at the nano
scale, some studies are exploring the use of SMMs for QIP.
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1.4.  Single Molecule Magnet (SMM)

1.4.1. What is SMM?
According to “A Dictionary of Physical Science (1976)”, the word “magnetism” is defined as:%

“The phenomenon produced by magnetic fields, involving interaction at a distance caused by
the motion or spin of charged particles. ...” Depending on the interactions, magnetism can be
categorized into several groups, including ferromagnetism, antiferromagnetism, and
paramagnetism. In particular, ferromagnetism, characterized by strong interaction with a non-
zero total magnetic moment, allows materials to function as permanent magnets. However,
these materials lose their permanent magnet properties as the domain size becomes smaller than
a few nanometers, as many-body effects due to spin-spin interactions do not hold at the
nanoscopic scale. As explained in Section 1.1, this hampers the development of
Magnetoresistive Random-Access Memory (MRAM) with smaller sizes and larger capacities.
To achieve further improvements, a permanent magnet driven by alternative mechanisms
becomes necessary.

Single-molecule magnets (SMM) are molecules that can retain their magnetization for long
period, independent of intermolecular interactions. The magnetism of SMMs is due to a doubly
degenerate ground state with either an up or down spin, separated by an energy barrier known
as Uer.887 The first example, discovered by Sessoli et al. in 1993, was a Mns. cluster (Figure
1.6 a).88 To illustrate the origin and criteria of SMMs, let’s consider the Mni2 molecule. It
consists of four Mn** having S = 3/2 and eight Mn®* having S = 2, which are anti-
ferromagnetically coupled resulting in the total spin of S = 10. As shown in Figure 1.6 a, the
energy associated with the SMM property is attributed to ligand field (LF), exchange, and zero
field splitting (ZFS). Consequently, the effective spin Hamiltonian can be described as follows:

Hepy = DSZ + E(SZ — S2) (1.26)

where D is the axial anisotropy parameter, and E is the rhombic anisotropy parameter, which is
zero in axial symmetry. In the case of Mniz, eq. 1.27 gives the energy:

E(Mg) = DM¢ (1.27)

This is known as zero-field splitting. Therefore, when D < 0, the ground states are at the largest
Ms (= S), and the energy barrier (shown in a grey arrow in Figure 1.6 a) is expressed as A =
E(Mgmax) — E(Mgpmin) = DS?. Inthe case of Mni2, a negative D and a large total spin S leads
to SMM behaviour.

In 2003, Ishikawa reported SMM behavior in TbPc2, marking the first instance of a lanthanide-
based single-ion magnet (Figure 1.6 b). Since the orbital angular momentum L is retained for
f electrons, the ground-state multiplets are characterized by a total angular momentum J arising
from the spin—orbit coupling (SOC). As shown in Figure 1.6 b, in the case of lanthanide SMMs,
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the energy is attributed to SOC and LF. In this case, the effective spin Hamiltonian can be
written as follows.

Hesf =Z Z Bl0O] (1.28)

where B, are the ligand field parameters, while O, are the Steven’s operators. In the case of
TbPc2, which has a Tb(ll1) ion surrounded by eight nitrogen atoms in a square-antiprism (SAP)
configuration, it has a double-well energy potential with a high-spin ground state (J = +6) and
a large energy barrier Uerr = 400 cm™. Since the spin Hamiltonian is highly dependent on the
coordination environment, the choice of an appropriate chemical system is essential to achieve
a high Ues. In Section 1.4.3, the comparison of chemical species will be summarized.

SQUID magnetometry is a powerful tool to experimentally ascertain whether a molecule
qualifies as a Single-Molecule Magnet (SMM), and determine the parameters such as Uesf, Hc
and Tg. This will be described in the next section.

ZFS o
§img =10 U, ~ 40 cm"!
—r ——

HF = =

U4~ 400 cm-"

Figure 1.6. Molecular structure of Mny. cluster (a) and TbPc2> molecule (b), , along with their
respective energy splitting diagrams (middle), and the diagrams determining their SMM
property (right). The molecular structures are recreated using the reported structures (CCDC
1103442 and ref %, respectively). The diagrams are inspired by ref ® and ref %,
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1.4.2. Bulk magnetometry using a superconducting quantum interference device
(SQUID)
Magnetometry is a technique employed to measure the magnetization M or the magnetic
moment x of a sample.”® The Superconducting QUantum Interference Device (SQUID) is an
electronic element composed of a superconductor circuit with either one or two Josephson
junctions.®® These Josephson junctions, which occur between two superconductors, allow
tunneling (known as the Josephson effect). SQUIDs are exceptionally sensitive to changes in
magnetization, making them valuable for magnetometry applications. One of the most common
uses of a SQUID magnetometer is DC susceptibility measurement. In this method, the sample’s
magnetic susceptibility (y) is measured under a DC magnetic field. The observed
magnetization is converted into y under the following approximation.

oM M
H : External magnetic field

Temperature-dependence of y provides important informations. For example, at the high-
temperature region, Curie-Weiss law is known to be true for 3.9

y=— (1.30)

C : Curie constant

6 : Curie-Weiss temperature

T :temperature

At high temperatures where T > 6, the product of y,, = x/mol and T is approximated as
follows.

NAgzﬂzza’
3kg

xul =C = -S(S+1) (1.31)
where

Na : Avogadro’s number;

g :Lande’s g value;

s : Bohr’s magneton;

ke : Boltzmann constant;

S :spin quantum number.

As explained in the previous section, in the case of lanthanides, due to non-negligible SOC,
total angular momenta should be taken into account:

N 2,2
yuT = A9TEE 54y (1.32)
3k,
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Since this value is consistent for each lanthanide ion, the high temperature (or room
temperature) value of y,,T serves as a powerful magnetic characterization tool. For example,
in the case of a complex with Tb(lll) ion (g; = 3/2), the room temperature value should be
T =11.82.%

On the other hand, at low temperatures, y,Tvalues give information about the interaction
between spins (Figure 7a). In the case of antiferromagnetic (AFM) coupling, where spins
mutually cancel each other’s magnetization, the y,,Tvalues decrease upon cooling. Conversely,
in the case of ferromagnetic coupling, the y,,T values increase as the system cools.

Although DC magnetometry provides valuable data, it doesn’t give any information about
SMM properties. Instead, two techniques are commonly used to characterize SMMs; AC in-
phase/out-of-phase susceptibility measurements and hysteresis measurements. The AC
susceptibility measurement involves the determination of the sample’s magnetization under
oscillating external magnetic fields. The magnetization obtained here can be expressed as
follows.

M(t)=My+ (x' —ix"Hh (1.33)

When the AC frequency (w) is fast enough, there is no time to relax, resulting in adiabatic
susceptibility ys. On the other hand, when w is slow enough, the susceptibility will match with
the isothermal one, y,. The intermediate state is fitted by the generalized Debye model:

XT — Xs

1+ (lwr)t~@ (1.34)

x(w) = xs +

where alpha represents the distribution of the relaxation time. The real and imaginary parts of
this expression can be written as:

2
1+ 2(wt)1~%sin (nz_a) + (wT)?72a

1+ (wt)%sin (ﬂ)

X' (W) =xs+ Qr — xs) (1.35)

(wt1)!™% cos (712_a)

1+ 2(wt)1~%sin (712_a) + (wT)?72a

X"(w) = (xr — xs) (1.36)

From AC susceptibility measurements, the frequency dependence of »' and »" is obtained
(Figure 1.7b). The peak in 4" is a characteristic feature arising from the slow relaxation of
magnetization in single-molecule magnets (SMMs). This relaxation occurs only when specific
mechanisms are triggered, which will be mentioned later. The parameters a and t can be
extracted from a Cole-Cole plot of the experimental data, as shown in Figure 1.7c. The obtained
lifetime can be fitted with the following equation.
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ﬁ) (1.37)

T‘l=T§%M+AT+BT”+Tglexp(—k T
B

where the first term represents quantum tunneling of magnetization (QTM), the second is the
Direct term, the third is the Raman term, and the last is the Orbach term. Each term represents
different processes of the relaxation of magnetization as shown in Figure 1.7d,e.%

1. QTM: This process involves tunneling between degenerate magnetic states.
It occurs between sublevel states such as ms or my, and is explained in more detail in
Section 1.4.4. QTM is dominant at low temperatures, as it is temperature-independent
while other mechanisms are activated with rising temperatures.

2. Direct process: In this one-phonon process, energy exchange occurs between spin and
the lattice. This process is typically pronounced under external field: Zeeman splitting
lifts the degeneracy of |T) and |!), and the relaxation emits a phonon corresponding to
hv.

3. Raman process: This two-phonon relaxation process involves a virtual excited state.
The virtual state originates from the inelastic dispersion of a phonon or simply of a
molecular vibration.

4. Orbach process: The Orbach process also involves two-phonon relaxation but via a real
excited state. In the case of an SMM, this requires it to overcome the energy barrier
(Uetr) dominated by Boltzmann distribution. As a result, this process becomes dominant
at high temperatures.

QTM can be suppressed by applying an external field, as two magnetic states are no longer
degenerated. On the other hand, the direct process is particularly observed under a magnetic
field (Figure 1.7e). The energy barrier Uess is a crucial parameter when discussing SMM
properties, whose definition is described in the last section. Researchers have explored
strategies to enhance Uesr, which will be explained in the upcoming section.

The other technique to evaluate SMMs is the field dependence of the magnetization at various
temperatures (Figure 1.7f). Hysteresis loops are observed in many SMMs, although not all of
them exhibit this behavior.

One crucial parameter is the blocking temperature (Tg). It can be determined by three
definitions: (i) the temperature at which the field-cooled and zero-field-cooled magnetic
susceptibilities diverge,®’ (ii) the temperature at which the relaxation time r is equal to 100
5,989 and (iii) the maximum temperature at which hysteresis is observed.%° While the second
one is considered as the “golden standard” for quantitatively comparing different molecules,®
a large portion of articles only discussed the last one despite its dependence on arbitrarily
chosen parameters, such as the scanning rate.®® Since the next section deals with the literature
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survey, the abbreviation Tg refers to the last one, which is commonly used in articles.
Additionally, in Chapter 3, blocking temperatures with different definitions are distinguished
using terms like "blocking temperature (z = 100 s)" or abbreviations like “Tg(r = 1005)”. In
practical applications, the blocking temperature aligns with the device's operating temperature,
making it significantly important. As of 2024, the highest reported Tg is 80 K (vide infra),
surpassing liquid nitrogen temperature (77 K) but still falling short of room temperature. The
correlation between Uesr and Ts has been investigated previously,%1% however, the recent
report from Gaita-Arifilo and coworkers concluded that the correlation is not universally
applicable: the strategy suitable for one is not suitable for another.%

Another important parameter is the coercive field (Hc), which is defined as the hysteresis
opening at which M is equal zero (see Figure 1.7f). Similar to permanent magnets, where a large
Hc is desired, achieving a larger Hc is also a goal for single-molecule magnets (SMMs). In many
cases of SMM, the hysteresis loop is butterfly-shaped, with magnetization relaxation occurring
near-zero field due to quantum tunneling of magnetization (QTM). As mentioned above,
suppression of QTM is achieved by the application of an external field. Thereby, the coupling
to radicals is a good strategy, as it introduces an inner field. In the next section some examples
of adopting this strategy will be explained.

o
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Figure 1.7. (a) Schematic illustration of y,, T versus T plot. The ones for FM (J > 0) and AFM
(J < 0) are represented as dotted lines. (b) Schematic illustration of frequency dependence of
AC in-phase (solid line) / out-of-phase (dotted line) susceptibility. (c) Schematic illustration of
Cole-Cole plot. Figures b and ¢ are created with inspiration from ref®, (d and e) Energy diagram
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and representation of several relaxation mechanisms. (f) Hysteresis loops under various
temperatures. Coercive field at 2 K is represented in the yellow arrow and the dots.

1.4.3. Lanthanide SMMs — from single-ion magnets to radical-bridged dinuclear Ln-SMM
In the last section, the technique for evaluating SMM properties was explained. In this section,

the strategies for obtaining SMMs with high performance will be discussed. First of all, the
choice of metal ion plays a crucial role. Most SMMs are based on Kramers ions such as
dysprosium(111) or erbium(111), where half-integer spins yield bi-stable ground states regardless
of the ligand field symmetry. However, there are some examples of SMMs with non-Kramers
ions such as holmium (111) or terbium(lll). In these cases, the ligand field with an axial
symmetry is required.%?

As explained in Section 1.4.1, in the case of Ln-SMM, the ligand field dominantly affects the
relaxation barrier Uesr. In 2022, Duan et al. analyzed over 1400 reported single-ion magnets and
summarized their trends.®® They claimed the complexes with oblate lanthanide ions sandwiched
between planar ligands are one promising strategy to obtain a large energy barrier. This holds

true for TbPc.. For those complexes with certain symmetries (Dad, Dsh, C), the transverse

crystal field arising from B,f*o in the crystal field Hamiltonian has a negligible effect, which is
favorable to retain magnetic anisotropy. This was most clearly evidenced by Layfield and
coworkers in 2018.1% They prepared (Cp™®)Dy(Cp*), where a dysprosium ion is sandwiched
between two cyclopentadienyls; one is tethered with five isopropyl group while the other has
with five methyl groups (Figure 1.8 top left). Remarkably, they reported an ultra-high energy
barrier Uerr = 1541 cm™, as well as record-high Tg = 80 K for this compound.

As an alternative approach, the addition of organic radicals in Ln-SMMSs has been employed in
various studies.’%41% An early example is a neutral bis(phthalocyaninato)terbium(lil)
([TbPc2]°%), which contains an organic radical delocalized over the ligand (r radical).1% This
species showed improved SMM property compared to its anionic counterpart [TbPc:]
regarding both Uesr and Hc.  In 2004, Ishikawa et al. reported that [TbPc,]° exhibited an
increased energy barrier (Uesr = 590 K) compared to [TbPc,]” (Uerr = 331 K)®° (Figure 1.8 top
middle).1% Later, in 2008, Ishikawa and coworkers reported the comparison of the magnetic
properties of [Th(PcOEts).]" and [Tb(PcOEts)2]"." The cation showed larger Ues than the
anion (790 K vs 734 K), which they attributed to the change in the LF. The same group
previously reported that the HOMO of [TbPc:] has antibonding nature. %1% Therefore, it can
be concluded that oxidation of [TbPc2]" leads to the contraction between Pc-Pc distance,
resulting in the improvement of Uesr. On the other hand, as explained in the previous section,
the presence of radicals in Ln-SMM is expected to lead to exchange-bias. It was demonstrated
by Veciana and coworkers in 2011. They performed magnetic dichroism (MCD) measurements
on the solution samples of [TbPc2]", [TbPc,]° and [TbPc.]. With MCD, hysteresis loop
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analogue to a SQUID measurement can be measured, but only in a diluted sample. While the
two non-radical species ([TbPc2]*, [TbPc2]) show butterfly-shaped hysteresis, the radical
species ([TbPc;]°) showed box-shaped hysteresis. The larger coercive field of the neutral
species clearly evidences the suppression of QTM, owing to the exchange coupling between
the Th(I1l) ion and the & radical (exchange-bias). Later, the interaction between the Tb(lll) ion
and the = radical was experimentally determined. In 2018, Hill and coworkers reported the EPR
study on [ThPc2]°. Angular-dependent high-frequency EPR on a single-crystalline sample
revealed a weak anti-ferromagnetic coupling nature (Jrag-to = -0.15 cm™®). Overall, the presence
of a rt radical in [TbPc]°, weakly interacting with Th, improves the SMM property of [TbPc:]°,
due to the improvement in LF and the exchange-bias.

On the other hand, there are further radical-containing Ln-SMMs, such as nitronyl-nitroxide,
TEMPO, bipyridine, etc.2%* They typically exhibit stronger Jrad-Ln than TbPc,. However, as
Duan et al. summarized,® such complexes are less valuable for further studies, since the
maximum energy barrier Ues is limited to 58.75 K.11°

Another strategy is to bridge dinuclear Ln complexes by an organic radical. The key is strong
exchange coupling between Ln and radical (JLn-rad), Which is achieved by the radical’s diffused
spin density penetrating the deeply buried 4f orbitals of Ln centers. The strong Jin-rad leads to
either/both “giant spin” effect!*1* or/and exchange-bias'®. An early but prominent example
was showcased by Long and coworkers in 2011, with dinuclear Ln (= Tb, Ho, Er, Gd, Dy)
complexes having a N2>~ radical as a bridging ligand ({[(MesSi)2N]2(THF)Ln}2(u-5?:12-N2),
Figure 1.8 top right). It revealed a large Jed-raa = -27 cm™, and a relatively high blocking
temperature (8 K for Dy and 14 K for Tb) and large Hc (1.2 T for Dy and 4.7 T for Tb, both at
11 K). Although the obtained energy barrier was moderate (Uesr = 123 cm™ for Dy and 227 cm
! for Th), this strategy serves as a milestone of improvement of SMM performance using a
radical-bearing bridging ligand. Later in 2017, Demir et al. reported dinuclear Ln complexes
with a N> bridge and axial Cp ligands.!®® It was expected that the combination of two
successful strategies; (i) Cp sandwich and (ii) a N2> bridge, would bring an improved SMM
performance. This is true, particularly for Tb resulting in an improved energy barrier, blocking
temperature, and coercive field (Uert = 276 cm™, Tg = 20 K, and Hc = 7.9 T at 10 K, respectively).
Different kinds of radical-bearing bridging ligands have also been employed, for example, in
2012, Demir et al. reported dinuclear Ln complexes with bipyrimidyl-bridging ligand
((Cp*2Ln)2(u-bpym"), Figure 1.8 bottom left).}1® This system shows the opposite trend, where
the complex with Dy ions showed better performance (Uet = 87.3 cm™, Tg = 6.5 K, and H¢ =
0.6 T at 3 K for Dy, while Uer = 44 cm™, Tg and Hc was hard to discuss due to narrow opening
of hysteresis even at 1.8 K for Th). One notable advantage of organic radicals is their tunability,
unlike for the N2%" radical. In 2020, Long and coworkers demonstrated structure-dependence
of SMM properties by comparing electron-withdrawing/donating substituents on a bipyrimidyl
radical of [(Cp*.Ln)2(u-bpym’)]* 1" They revealed the tendency of stronger coupling with
electron-withdrawing groups (Jed-rad = —11.1 cm™ for —F while Jg-raa = —2.7 cm™ for —
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NMey). Interestingly, there is a linear relationship between
|JGd-rad| and Uesr, where Uesr can be tuned up to 93 cm™ with F.

Although bipyrimidyl radicals allow tuning of Jed-rad, their SMM performance is inferior to
that of N2>~ radicals, probably due to the longer Ln-Ln distance. Therefore, the ideal situation
is predicted to be when two lanthanides are placed in the closest distance bridged with a single-
electron bond. This was showcased in 2022 by Long and coworkers.''® They presented
dinuclear Ln complex with three iodide anionic bridge ((Cp'™™®).Dy2ls, Figure 1.8 bottom
middle). Instead of bridging ligand, an electron resides in 5d,2 orbital of two lanthanbides,
resulting in o bond formation. It resulted in a significant improvement of exchange coupling
(Jars6 = +387 cm obtained from the fitting of Gd), which led the record-breaking coercive
field of Hc = 14 T even at 60 K, as well as extraordinarily high blocking temperature and energy
barrier (Te = 77 K, Uerr = 1631 cm™).

Contrary to the prediction, there is one example showing enhanced SMM property even with a
long Ln-Ln distance. In 2018, Yamashita and coworkers reported [TbPc2]° dimer, which has
two [TbPc]° units linked by one benzene ring (Figure 1.8 bottom right).!® From DFT
calculation, they anticipated that the two radicals originating from each [TbPc]° cores are
strongly coupled (J = 200 cm™), which resulted in better SMM performance than the original
[TbPc2]® (Uett = 588 cm™, Tg = 16 K, and He = —0.06 T at 0.5 K).

In conclusion, single molecule magnets, showing slow relaxation of magnetization, can be
characterized by SQUID magnetometry as the most powerful technique, in particular, AC
susceptibility and hysteresis loop measurements, which gives the important criteria Uesr, Tg, and
Hc. To achieve improved values, many attempts have been made. One strategy is to engineer
the ligand field, which is represented in (Cp™")Dy(Cp*). Another strategy is to add a radical at
a close proximity to the lanthanide in dinuclear Ln complexes, which has been experimentally
demonstrated by (Cp'™™®).Dyx.ls. It is notable that even though researchers have achieved Tg =
80 K, which is higher than liquid nitrogen temperature, but still much lower than room
temperature, implementation of a device based on SMMs remains difficult. Nevertheless,
considering the fact that Tg increased significantly from liquid helium temperature to liquid
nitrogen temperature in 30 years, the future of SMM is still promising. Another fact to be
considered is stability. Unfortunately, both (Cp®)Dy(Cp*) and (Cp™*"®).Dy:ls are highly air-
sensitive. For memory device implementation, an air-stable molecule would be advantageous.
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Figure 1.8. Crystallographic structures of Ln-SMMs. Crystal structures are from ref.%%% for
[TbPc2] and (Cp*2Ln)2(u-bpym"), and for the others from CCDC (1854468, 802816, 2097928,
and 1450136), respectively.

1.4.4. QTM for quantum information processing

u-SQUID —addressing nuclear spin states via QTM

Three years after the first report of an SMM Mn2,%8 Sessoli and coworkers discovered staircase-
like steps in the hysteresis loop of a single-crystal of Mn12.12° The steps were observed at the
magnetic field where the energies of different substates matched, revealing quantum tunneling
of magnetization (QTM). Inspired by this phenomenon, QIP based on SMM’s spin state was
proposed.*?! In 2003, Hill et al. demonstrated EPR on SMMs, using two Mny clusters dimerized
by supramolecular interaction.'?? They asserted that their findings evidence the utility of their
system as a qubit.
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Like Mni2, ThPc, also exhibits a staircase in the hysteresis loop. In 2005, Ishikawa and
Wernsdorfer reported low-temperature (0.04 K) u-SQUID measurements on 2% of [ThPcz]
TBA* diluted in a single-crystal of [YPc2] TBA*.12 The respective hysteresis loops exhibited
a staircase-like structure (Figure 1.9.1). In this case, the field matches with the crossing point
of the Zeeman diagram considering the hyperfine coupling of the total angular momentum of
Th (J = 6) and its nuclear spin (I = 3/2). The crossing points are avoided level crossing, thus
preferable for QIP (vide infra). They also tried diluted [DyPc2] TBA®, though no clear step
appeared unlike for [TbPc2] TBA®. One significant difference is their isotopic abundance.
Terbium resides as **°Tb (I = 3/2) in a natural abundance of 100%, while dysprosium has seven
naturally abundant isotopes; ***Dy (I = 0, 0.06%), 8Dy (I = 0, 0.01%), *°Dy (I = 0, 2.34%),
11Dy (1 =5/2, 18.91%), *2Dy (I = 0, 25.51 %), 13Dy (I = 5/2, 24.90%), %Dy (1 = 0, 28.18%).
Later in 2017, Moreno-Pineda et al. reported isotope-enriched DyPc, (**3DyPc; and **DyPc,)
and their p-SQUID measurements.'?* A clear difference was illustrated where **DyPc, showed
hysteresis with no staircase feature, while *DyPc, showed some steps attributed to the avoided
level crossing of the transition between | + J,)|I,) and | + J,)|I,). In short, the hyperfine
coupling enables to readout nuclear spin states of a lanthanide center via p-SQUID
measurement.
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Figure 1.9.1. Magnetic hysteresis loop of ThPc, measured via p-SQUID measurement.
Reproduced from ref!2,
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Spin transport on TbPc2 — the implementation of a quantum algorithm with a nuclear
spin qudit

Nuclear spin is an ideal candidate as a qubit due to its inherent shielding, which reduces
environmental interference.1?® Nevertheless, its shielded nature also makes it challenging to
read out the nuclear-spin state. As discussed above, TbPc, functions as an SMM, because of its
high-spin ground state and strong uniaxial magnetic anisotropy. In addition, hyperfine
interaction facilitates the relaxation of magnetization via QTM, allowing the readout of nuclear
spin states. These features encouraged researchers to utilize ThPc> for QIP, similar to Mnz2. In
2013, 2014, and 2017, Ruben, Wernsdorfer and coworkers reported a series of studies on the
read-out and operation of the nuclear-spin state of TbPc», as well as the implementation of the

quantum algorithm, using the single-molecule junction technique shown in Figure 1.9.2 a.1%-
128

In 2014, by using two of the four spin states, they demonstrated a nuclear spin qubit.*?” They
performed the following steps:

(1) Readout: Unlike the other steps, readout was reported earlier in 2012.12¢ The nuclear spin
readout was conducted electronically through a spin cascade (Figure 1.9.2 b). This involves
three spins (the = radical (S = 1/2, in this context also called read-out dot), the total angular
momentum of Tb (J = 6), and the nuclear spin of Th (I = 3/2)) and two types of interactions
(hyperfine and exchange).

e Hyperfine coupling: As explained in the last section, at low temperatures, the magnetic
relaxation is mostly due to the avoided level crossing of | + J)|I) and | + J)|I). |I) can
be selectively readout using the magnetic field where QTM is observed.

e Exchange coupling: The previously discussed weak yet significant exchange coupling
between the m radical and the magnetic moment of Tb3* is essential for spin transport
measurements.2°

Overall, nuclear spin read-outs are performed as follows. First, the ThPc> molecule, connected
to the gate, source, and drain electrodes, functions as a single-molecule transistor due to its rich
redox properties. The presence of a SOMO makes it possible to observe the Kondo peak (vide
infra) in the differential conductance versus field plot. Second, the exchange coupling generates
a local effective magnetic field. This results in a change in the chemical potential when the
magnetization of the terbium reverses, causing a jump in conductance (Figure 1.9.2 b right).1%
Finally, this jump is triggered by a change in the magnetic moment of Th**, due to QTM at
specific magnetic fields.

(2) Initialization: At low temperatures, the energy ground state is populated following the
Boltzmann distribution. To initialize any desired state, the magnetic field is swept and the

38



Chapter 1. Introduction and Theory

nuclear spin state detected by the external field position by the transition is monitored through
process (1). Once the transition is detected, the magnetic field is held constant.

(3) Manipulation: The hyperfine splitting between the four nuclear-spin states can be
electrically controlled due to the hyperfine Stark effect. In addition, these four states are
unevenly split because of quadrupolar coupling. As a result, it is possible to manipulate any
desired state by applying an appropriate radiofrequency pulse. Indeed, Rabi oscillations were
demonstrated, which proves the potential as a qubit (Figure 1.9.2 c).

(4) Storage: Likewise, electronic spin qubits mentioned in Section 1.3, T1 and T» are crucial
criteria for nuclear spin qubits. T1 is determined by statistically analyzing the duration the
nuclear spin state persists: T1 ~ 17 s for |m;) = |£1/2) while T1 ~ 34 s for [m;) = [£3/2). On
the other hand, T is derived using the Ramsey fringe technique, which involves two n/2
pulses. The maximum T observed is about 0.32 milliseconds, with potential for extension.

Later in 2017, a qudit was realized by following similar steps and introducing multi-frequency
pulses.!? One potential application of qudits is in Grover’s algorithm, which offers a
polynomial speedup for database searches compared to classical algorithms.? This algorithm
has been demonstrated experimentally through the following steps (Figure 1.9.2 d):

(1) Readout and initialization: Same as above.

(2) Hadamard gate: After initialization, a coherent superposition of all the states is created via
a multi-frequency pulse.

(3) Grover gate: The population of the researched state was amplified using a second pulse. The
researched state can be tagged by either phase or energy.

(4) Readout of the resulting state: Same as above.

As a result, by using quantum amplitudes to evaluate event probabilities, the likelihood of
finding the desired research state significantly increases.

To the best of my knowledge, these results are the first and only studies demonstrating
a molecule-based quantum algorithm. Nevertheless, they have led many other researches, such
as the study on the superiority of ThPc> qudits fidelity, the invention of qudit-based processors,
and the discovery of fault-tolerant qudit operation. 30132
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Figure 1.9.2. (a) Schematic illustration of the setup for spin transport measurements of TbPc:.
(b) Spin cascade enabling nuclear-spin readout (left), alongside conductance jumps and
histograms correlating to each spin state (right). (c) Nuclear spin manipulation: sequence
scheme (top) and Rabi oscillations (bottom). Reproduced from ref.*?’ (d) Schematic illustration
of the sequence for Grover algorithm. Reproduced from ref.128

STM Kondo measurement — alternative approach toward qudit operation
An alternative method to access nuclear spin involves scanning tunneling microscopy (STM).

This technique has been widely used to study the [TbPc2]° molecule owing to its high thermal
stability and sublimation capability. STM measurements on these molecules were performed
on different substrates such as Cu(111), graphene, and Au(111).%1%3-1% |n 2011, Komeda et al.
reported the first observation of the Kondo effect in the [TbPc2]° molecule on Au(111).1% The
Kondo effect, in which the resistance increased due to the formation of a Kondo—Yoshida
singlet between conductive electrons and magnetic impurities, is observed as a sharp peak at
the Fermi level in scanning tunneling spectroscopy (STS). Notably, this peak was only seen
when the STM tip was positioned over the phthalocyanine ligand, suggesting that the Kondo
peak originates from an interaction between the current electron and the x radical. Due to the
low reduction/oxidation potential of [TbPc:]° the = radical is easily quenched, resulting in a
limited number of materials where the Kondo peak is visible.
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As described above, the Kondo effect was used for nuclear-spin readout in spin-transport
measurements. Therefore, researchers are now trying to replicate these spin transport results
with STM/STS. For instance, in 2021, Wulfhekel and coworkers reported the detection of the
total angular momenta of the dysprosium ion in bis(phthalocyaninato)dysprosium(lll) in spin-
polarized STS at milli-Kelvin.**" Initially, non-spin-polarized STS under an external magnetic
field was measured, observing a splitting of the Kondo peak, which was attributed to the
exchange interaction between the = radical and the magnetic moment of Dy. Subsequently, the
spectra were measured under varied external magnetic fields, showing a gradual increase in the
splitting with increasing field strength. The split Kondo peaks were well-fitted by considering
the SOMO as a spin % system and the exchange interaction as an effective exchange field,
defined as Bex. Furthermore, using a spin-polarized tip, they observed enhancement or
suppression of either one of the split peaks, which was also fitted well using the same model
but with a spin polarization of the Cr tip. The obtained Bex versus normalized peak asymmetry
was simulated better when considering that the Dy magnetic moment is not stable near zero
magnetic fields. Overall, the Dy magnetic moment was read out as a function of the applied
magnetic field.

Although the current read-out extends up to total angular momenta as of 2024, ongoing efforts
aim to utilize this method for nuclear spin readout. It is notable that the use of 153Dy leads to an
increased Hilbert space compared to **°Th, since %Dy has a larger nuclear spin (I = 5/2) than
199Th (1 = 3/2).
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Figure 1.9.3 (a) STM image of DyPc: (top) and spin-polarized STS curve under magnetic field
(bottom), and related spin cascade (bottom). (b) Magnetic field dependence of the splitting of
the Kondo peaks. (c) Spin-polarized scanning tunneling spectra of DyPc, as a function of
applied magnetic field. Reproduced from ref’.
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Studies on Th2Pcs — toward increased Hilbert spaces
An alternative approach is the use of multinuclear lanthanide complexes. In 2018, Wernsdorfer

and Ruben proposed that multi-nuclear phthalocyanine complexes (LnnPcn+1) are potentially
applicable as nuclear spin qudits (Figure 1.9.4 a), as they satisfy the following criteria: (i) SMM
character, (ii) the hyperfine coupling between electron spin and nuclear spin, and (iii) the
exchange coupling between electron spins of lanthanides (Jun-Ln). Importantly, they predicted
that the multiplicity (d) would increase exponentially: d = (21+1)".

The concept proposed here was later demonstrated experimentally. Before the spin-transport
study, in 2018, Moreno-Pineda et al. reported a u-SQUID study on a tris(phthalocyaninato)
dinuclear terbium(I11) complex (ThzPcs).1*® Using Th,Pcs diluted in a single crystal of Y2Pcs,
hysteresis loops were observed at 30 mK, accompanied with staircase-like steps. The simulation
of the Zeeman diagram predicted that only 10 out of 100 level crossings have large tunneling
splitting, and 3 of them occur at the same field. Indeed, only seven steps were observed in the
hysteresis loops, whereas the resonance field matched well with the simulation.

Later in 2021, the same group demonstrated the spin transport measurements on ThzPc3
molecule.’®® The detail of the experiment was discussed at “(1) Readout” in the two previous
subsections. Unlike TbPc2, ThoPc3 doesn’t have a = radical (vide infra). Instead, a read-out dot
is injected from electrodes by controlling a gate voltage, which participates in the spin-cascade.
In the differential conductance trace measurement, conductance jumps were observed at seven
different fields, which was confirmed by the histogram constructed by the repetition of the
measurement. The fields where the conductance jumps were observed didn’t match with the
simulation, which they attributed to the miss-alignment of the easy axis of the Th.Pc3 molecule
with the magnetic field.

TbPc, Tb,Pc,
n= n=2
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10404
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Exponential scaling
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Figure 1.9.4. (a) Schematic illustration of the expansion of Hilbert space by multi-nuclear
complexes (TbnPcn+1). Reproduced from ref.2*® (b) AFM image of the setup of spin transport
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measurements of Th2Pcs. (c) Conductance jumps and their histograms with corresponding level
crossings (bottom and top, respectively). Reproduced from ref.13

In conclusion, this section reviewed the historical studies on nuclear spin addressment. In this
context, TbPc. is the most extensively studied molecule. To increase Hilbert space, two
approaches have been explored: the use of 3Dy and the expansion to multiple-decker LnaPcns1.
The latter enables more drastic change; however, to date, the reported maximum value of n is
two. To my best knowledge, quadruple and quintuple decker have only been reported in
lanthanide/cadmium mixed-metal system.4°

1.5. Bis(phthalocyaninato)lanthanide(l11) /
Tris(phthalocyaninato)dilanthanide(l11) Complexes

In the previous sections, bis(phthalocyaninato)yttrium(l1l)/terbium(l1l) complexes (LnPcy)

were discussed for their potential as molecular qubits and/or single-molecule magnets (SMMs).

This section will summarize those studies, and also introduce tris(phthalocyaninato)

bis(yttrium(l11)/terbium(l11)) complexes. A key focus of this section is to highlight the role of

n radicals, which will become evident through a comparison between LnPc, and Ln2Pca.

As previously noted, LnPc2 complexes consist of a lanthanide (I11) ion sandwiched between
two phthalocyanine ligands (Figure 1.10a left). The charge imbalance (Ln*" and Pc? x 2 = -4,
resulting in a total charge of -1) leads to the formation of a « radical (S = 1/2) in their neutral
species. Meanwhile, the terbium ion possesses both a total angular momentum (J = 6) and a
nuclear spin (I = 3/2), as described below. Studies on molecular qubits and SMMs have
leveraged these characteristics, as shown in Figure 1.10b-d left.

One notable property of LnPcz is its SMM property (Figure 1.10b left). As elaborated in section
1.4, [TbPcz] is the first lanthanide SMM reported in 2003 with Uesr = 331 K. Later, it was
found that radical-bearing [TbPc;]° showed improved SMM behavior (Uetr = 590 K), due to
improved LF and exchange-bias.1?%*! At low temperatures, [TbPc,]" exhibits relaxation of
magnetization driven by QTM between hyperfine states, which appears as a staircase-like
structure in the hysteresis loop (Figure 1.10c left).!?® As discussed in Section 1.4.4, this effect
has been applied to implement Grover’s algorithm using nuclear spin qudits.!?-*2 The key lies
in readout, which is enabled by a spin cascade involving S, J, and 1. In contrast, [YPc2]° serves
as an electron spin qubit (Figure 1.10d).5”%° As explained in Section 1.3.4, similar to other
radicals, the absence of SOC contributes to long T1. [YPcPor]° and its dimers were studied as
well, which showed the same tendencies as [YPcz]°.

On the other hand, Ln2Pc3 are complexes having two lanthanide (111) ions sandwiched by three
phthalocyanine ligands (Figure 1.10a right). Unlike [LnPc2]°, [Ln:Pcs]° has no = radical,
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because of the charge balance (Ln*" x 2 = +6 and Pc* x 3 = -6, leading to a net charge of 0)).
To date, a stable radical of Ln2Pcs (such as [Ln2Pcs]*) has not been isolated, probably due to
their instability. This lack of = radicals limits the scope of investigation, as shown below.

Similar to ThPc, ThoPcs also exhibits SMM properties (Figure 1.10b right). In 2005, Ishikawa
etal. observed slow relaxation of magnetization in Th2Pcs,**? noting two peaks in " vs T, which
indicated that two terbium ions are in different ligand fields (LF) and weakly coupled. Later, in
2016, Yamashita and coworkers reported the magnetic study on three types of complexes:
ThzPcs, ThoPcoPor, and ThoPcPor..24 They found that Th2Pcs behaves as zero-field SMM,
while Th2PcoPor and ThoPcPor; exhibit field-induced SMM properties. They also found that
only Th2PcoPor showed two peaks in »" vs T, while the others showed a single peak. These
differences were attributed to their unique LF symmetries around the terbium ions: square
antiprism between Pcs and square prism between Pc and Por. Although the Tb dinuclear
complex has prompted researchers to introduce a radical-bridging ligand (as explained in
Section 1.4.3), the absence of a radical in this molecule has hindered such an approach. On the
other hand, similarly to TbPc, the relaxation of magnetization of Th2Pcs via QTM also reflects
its nuclear spin state (Figure 1.10c right). As explained in Section 1.4.4, in 2018, Moreno-
Pineda et al. reported a u-SQUID study on a Th2Pcz molecule, observing seven steps in
the hysteresis loop. 3 Later, in 2021, spin transport measurements on ThzPcs revealed nuclear
spin readout at the single-molecule level, where an injected electron participates in the spin
cascade as a read-out dot. Nevertheless, the nature of the exchange coupling remains uncertain
(e.g., the strength of coupling and whether the radical couples to both terbium ions
symmetrically). On the other hand, the lack of the = radical consequently prevents Ln2Pc3 from
being used as an electron spin qubit.

In summary, in this section, LnPc, and Ln2Pcs were reviewed in terms of three research
objectives: SMM, electron-spin qubit, and nuclear spin qudit. By contrasting LnPc2 owning a
7 radical and LnzPcs without =t radical, the role of the = radical was highlighted.
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Figure 1.10. Overview of previous studies of TbPc2 and Th2Pcs. (a). The molecular structure of
TbPc, (left) and Th2Pcs (right), with a schematic illustration of the spin cascade (middle).
Arrows represent the spins, with colors matching the spin cascade scheme. Each molecule is
painted in the corresponding color to clearly show where the spins are located, while the
absence of the = radical in the Th2Pc3z molecule is shown in grey. Cross sections of ions are also
shown to display the nuclear spins. (b-d) Research on TbPc, and Th,Pc3 molecules. Studies are
arranged on the left and right sides clearly indicate their respective molecules, with related
section numbers provided in brackets. Note that the right bottom is kept blank due to the lack
of a m radical in Y2Pcs.

1.6.  Aim of the thesis

Throughout this chapter, the growing demands for quantum information processors and atomic-
scale memory devices have been overviewed, which are essential for advancing the digital age
as it continues to adhere to Moore’s law. Section 1.5 highlighted that these requirements can be
effectively addressed by bis(phthalocyaninato)lanthanide(l1l) complexes. The & radical plays
an important role in these systems by: (i) functioning as an electron spin qubits, (ii) improving
SMM properties, and (iii) contributing to spin cascade, which enables the readout of nuclear
spin  states.  This was  further  elucidated through  comparisons  with
tris(phthalocyaninato)dilanthanide(l1l) complexes, which lack a = radical. Therefore, the
incorporation of an additional radical represents an effective strategy to enhance or compensate
the function of the existing = radical.

The aim of this thesis is to expand the properties of bis(phthalocyaninato)lanthanide(l1l) and
bis(porphyrinato)(phthalocyaninato)dilanthanide(l11) complexes by introducing an additional
radical. To this end, bis(phthalocyaninato)lanthanide(lll) complexes having an additional
radical on the periphery of phthalocyanine, and bis(porphyrinato)(phthalocyaninato)-
dilanthanide(111) complexes containing a = radical have been designed. Specifically, three
systems were investigated, as listed below.

[YPc2]° with isoindoline-based nitroxide radical
Aiming at CNOT gate implementation using [YPc;]° platforms, a newly designed diradical was

synthesized and studied with various EPR techniques.

[TbPc2]° with isoindoline-based nitroxide radical
Magnetic measurements were carried out on its terbium analogue to reveal the effect of

additional radicals on the SMM properties of [TbPc,]°.

Bis(porphyritnato)(phthalocyaninato)diterbium(l11) complex with & radical
A radical-bearing bis(porphyritnato)(phthalocyaninato)diterbium(111) complex was studied for

the first time in bulk state, whose magnetic study was conducted thoroughly.
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These studies are described in Chapter 2, 3, and 4, respectively. The conclusions and outlook
are described in conclusive remark.
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Figure 1.11. Schematic illustration of the aim of the thesis: the incorporation of an additional
radical in  bis(phthalocyaninato)-mononuclear and tris(phthalocyaninato)-dinuclear
terbium(111) complex. At the bottom, three projects are shown with illustrations, while the
corresponding chapter numbers are shown on the top.
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Chapter 2. Selective Transition Enhancement in a g-
Engineered Diradical

This chapter is based on the published paper!**: “J. Komeda, A. K. Boudalis, N. Montenegro-
Pohlhammer, C. Antheaume, A. Mizuno, P. Turek, M. Ruben. Selective Transition
Enhancement in a g-Engineered Diradical. Chem. Eur. J. 2024, 202400420.
https://doi.org/10.1002/chem.202400420.” The figures and tables represented in this chapter
are reproduced from the original paper under the terms of the CC BY-NC-ND 4.0 license
(https://creativecommons.org/licenses/by-nc-nd/4.0/). | sincerely appreciate the other authors'
contribution: A. K. B. co-initiallized the project and carried out the EPR studies, N. M-P.
performed DFT and CASSCEF calculation, C. A. performed ESI-MS on the EPR specimen, A.
M. supervised synthesis and characterization, P. T. gave guidance on EPR measurement, and
M. R. directed the entire research. In this research, | conceived the idea together with A. K. B.
and performed synthesis, characterization, and electrochemical study. The original manuscript
was mainly written by myself and A. K. B., and edited by all the authors. | also acknowledge
Sandra and Gareth Eaton, University of Denver, for performing the analysis of the fluid solution
spectrum, as well as for several insightful discussions. | also acknowledge Dr. Sylvain Bertaina,
Institut Matériaux Microélectronique et Nanoscience de Provence, for helpful discussions on
the Rabi frequencies of weakly coupled systems.
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Chapter 2. Selective Transition Enhancement in a g-Engineered Diradical

2.1. Introduction

As explained in Chapter 1 Section 1.3.3, molecular spin qubits have garnered increasing interest
due to their structural flexibility and uniformity. These qubits exhibit decoherence times that
are long enough to allow quantum gate operations, typically in the range of tens of nanoseconds,
as seen in [V(CsSs)s]>.*® Among the candidate molecules, organic radicals are drawing
particular attention due to their extended spin-lattice relaxation times, attributed to their small
spin-orbit coupling (SOC) (see Chapter 1 Section 1.3.4). | have also addressed the application
of diradicals for multi-qubit gates. In particular, two spin systems that can be individually
manipulated via pulsed electron paramagnetic resonance (pEPR) are suitable for implementing
CNOT gates, as they enable selective flipping of one spin while leaving the other unchanged.
This was proposed by Volkov and Salikohv in 2011, and demonstrated experimentally by
Takui and coworkers in 2012.%° Additionally, Winpenny and coworkers recently reported a
protocol for evaluating entanglement between two spins.®’

The utility of bis(phthalocyaninato)lanthanide(l1l) complexes are described exclusively in
Chapter 1 Section 1.5. These complexes have received attention as nuclear spin qudits for over
a decade. However, recently, our group has explored the use of & radicals as an electron spin
qubit.>”° So far, two types of compounds have been investigated; [YPc2]° and [YPcPor]°, both
of which gave long T1 and Tm. Though the relaxation nature remained unchanged in YPcPor
dimers, however, their symmetric and isotropic g value prevents them from being used to
implement CNOT gates. As explained in Chapter 1 Section 1.3.3 and 1.3.4, a CNOT gate is
determined as follows: two spins coupled weakly, both of them are either g asymmetric (e.g.
CeEn* or with non-colinear and anisotropic g (e.g. VOTPP-dimer)*. Therefore, diradicals
with engineered g-asymmetry based on YPc; platform is desirable.

In this chapter, | present the design, synthesis, characterization, and EPR studies on a [YPc;]°
derivative functionalized with isoindoline-based nitroxide radical, compound 1 (see Figure 2.1).
One challenge encountered was the limited understanding of the delocalized radical. As shown
in the end of the chapter, the distance between spins and the strength of exchange coupling are
the critical parameters in QIP. The weak coupling regime is suitable for CNOT gate, while
the strong coupling regime may serve as triplet-based qubits (e.g. qutrit based on Czo) 8. With
the series of EPR studies, the nature of the coupling in 1 was clearly determined.
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Figure 2.1. Overview of the studies on  bis(phthalocyaninato)-  or
(porphyirinato)(phthalocyaninato)- yttrium(l1l) complexes. Sec, which is delocalized over
phthalocyanine rings, is depicted in magenta; Sno, which is localized at [NO]-, is represented
as a cyan circle.

2.2. Results

2.2.1. Synthesis and Characterization

Synthesis

Isoindoline-based nitroxide radical was selected as the peripheral radical group due to its
stability against the high-temperature conditions of the phthalocyanine formation
reaction.'#® Moreover, its rigid structure is advantageous for preserving a fixed orientation and
distance between the two radicals (Spc and Sno), which will prevent any unwanted rotation of
the radical moiety in the solution.

Previously, it was reported that mono-, di-, tri- substituted LnPc; analogues could be obtained
in higher yields when synthesizing from reactions between phthalonitrile derivatives and
lanthanide mono-phthalocyanine complexes compared to other traditional methods for LnPc;
analogs.**" ' Employing this method, compound 1 was synthesized using yttrium(l1l)
phthalocyaninato acetate complex (YPcOAc) as a template. 5,6-Dicyano-1,1,3,3-
tetramethylisoindolin-2-yloxyl ([NO]'-PN) and YPcOAc were prepared following the literature
methods,14¢150-152 \which are further described in Chapter 5. The reaction of [NO]-PN with a
slight excess of phthalonitrile and YPcOAC in the presence of 1,8-diazabicyclo- [5.4.0]undec-
7-ene (DBU) yielded a mixture containing [YPc2]°, 1, di-substituted [YPc2]°, along with other
unidentified by-products (Figure 2.2).

The obtained crude material was purified by silica gel column chromatography (eluent; CHCIs
with 1% of EtsN). This process was repeated several times until only one green spot appeared
in thin-layer chromatography (TLC). After reprecipitation from a CHCIl:/MeOH mixture
yielded a diradical 1 as a green powder. Unfortunately, the material didn't crystalize in any
combination of conventionally used solvents such as CH2Cly, hexane, etc. This is attributed to
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the low symmetry of this molecule. Indeed, to my best knowledge, no single-crystal structure
has been reported for monosubstituted LnPc; derivatives.
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Figure 2.2. Reaction scheme of the synthesis of 1. Reproduced from ref.144

UV-vis-NIR absorption spectroscopy
First, the obtained material 1 was characterized with UV-vis-NIR abs. spectroscopy. Figure 2.2.

represents the UV-vis-NIR absorption spectra of [YPc2]°, 1, and [NO]-PN. The spectrum of 1 is
almost identical to that of [YPc2]°, represented by a Soret band around 350 nm and a Q band at
around 750 nm, both of which are known as characteristic of neutral bis-(phthalocyaninato)
complexes.*® Absorption bands that represent Spc were detected for both of them as well; a
blue valence (BV) band (ca. 450 nm), a red valence (RV) band (ca. 900 nm), and an intervalence
(IV) band at the NIR.

The absence of the characteristic peak of the [NO] moiety in the spectrum of 1 was explained
by the comparison of [YPc2]° 1, and [NO]-PN and TD-DFT calculation. First, in the UV-vis
spectrum, no peak with absorption coefficients (¢) of higher than 0.5 Mtcm™ was observed in
the region 2>300 nm (Figure 2.2.d grey line). In comparison with [YPc,]° and 1 (Figure 2.2b),
it is clear that the peak top is apart from the region of interest.

Furthermore, TD-DFT calculation predicted that the [NO]- moiety exhibited absorption peaks
at L = 484.72 nm and 401.81 nm, with significantly weaker oscillation strengths compared to
the UV region peaks. Therefore, the UV-vis absorption spectrum and TD-DFT calculation
for [NO]'PN suggest that the absorption bands associated with the [NO]  moiety are
significantly weaker (¢<0.5 M cm™) than the Q band of [LnPc2]° (e ~2x10° M tecm™)%%?). As
a result, the absorption features associated with LnPc. dominate the spectrum of compound 1.
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Figure 2.3. (a-c) UV-vis-NIR absorption spectra of 1 (green), [YPc:]° (black), and [NO]-PN
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M) and calculated peaks (A = 401.81nm and 484.87 nm). The molecular orbitals shown in the
middle are the ones related to each absorption peak. Reproduced from ref.144
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IR spectroscopy
Figure 2.4 represents the IR spectra of [YPc]% 1, and [NO]-PN. In the fingerprint region (500

1000 cm™), similar peaks were observed for 1 and [NO]-PN. Additionally, around 1500 cm™,
similar peaks were seen for 1 and [YPc2]°. The distinctive peak for isoindoline nitroxide at 1700
cm! was present in both 1 and [NO]-PN.1*6 Importantly, no peak was observed around 3500
cm™* for 1, which certifies the absence of NO—H bonds made from the reduction of nitroxide
radical.

Intensity / a.u.

_wu J\,\‘MJM

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm-!

Figure 2.4. IR spectra for 1 (green), [YPc;]° (black), and [NO]-PN (grey). Reproduced from
ref.144
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ESI-mass spectrometry
High-resolution Electrospray lonization Mass Spectrometry (ESI-HRMS) was performed for

compound 1 (Figure 2.5a). The spectrum displayed a signal from one ion, whose isotopic
pattern matched well with the simulation. The purity of the material was confirmed by the
absence of the signals corresponding to [YPc2]° and di-substituted one (Figure 2.5b,c). The
findings were in complete agreement with ESI-HRMS investigations conducted on the EPR
sample (Figure 2.6a).

To further investigate the stability of compound 1 against protonation, an ESI-HRMS spectrum
was measured with the addition of 0.1% (v/v) acetic acid in MeOH. Notably, this analysis
revealed a +1 m/z peak shift for a portion of the sample (Figure 2.6b), consistent with the
nitroxide moieties undergoing disproportionation into hydroxide and oxoammonium species
under acidic conditions. Remarkably, a significant portion of the sample remained resistant to
protonation even under these conditions, further confirming the stability of the [NO]- radical in
compound 1.
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Figure 2.5. ESI-MS spectrum of 1. The inset compares the experimental (green) and simulated
(black) isotopic patterns. Reproduced from ref.144
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Figure 2.6. (a) HRMS (ESI+-Orbitrap) spectra of 2 after EPR measurement (top) and simulated
spectra calculated for C70H&20ON17Y m/z: [M]*" = 1225.28167 (bottom); Found 1225.28198
(0.25ppm). (b) HRMS (ESI+-Orbitrap) spectra of 2 with an addition of 0.1%v/v acetic acid
(top), and simulated spectra calculated for C70H430N17Y m/z: [M+H]*: 1226.28895; Found
1226.28818 (-0.62 ppm) (middle) and calculated for C7oHs2ONi7Y m/z: [M]™"; Found
1225.28167 (0.49 ppm) (bottom). Reproduced from ref.144
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Characterization of the Adduct in EPR Sample — Investigation of the Stability of the

Sample
As will be mentioned later, a minor (~10 %) nitroxyl-radical component was detected in EPR

measurement. To identify the possible nitroxide-radical, the UV-Vis-NIR absorption spectrum
was measured on the CHCIz solution of the sample used for fluid EPR measurement. It
exhibited a shoulder peak at 700 nm on the longer wavelength side of the Q band (at 665 nm).
Given that a redshift of a Q band is typically observed in cationic [LnPc2]* derivatives, the
observed shoulder peak likely corresponds to an adduct formed by the oxidation of 1,
comprising [YPc2]" and [NO]" moieties ([Y(Pc)(PcNO)] " (1%)), possibly due to air oxidation
of 1 during the sample storage and/or preparation. The intensity ratio of the shoulder peak to
the Q band peak is 0.028. Considering the molar absorption coefficients (g) for Q bands of
[LnPc]° (e = 1.9 x10° Mt cm™) and [LnPcz]* (e = 0.5 x105 M cm™1),249 the composition of 1°
in the EPR sample is estimated to be 9.7%. To the best of my knowledge, molar absorption
coefficients have only been reported for [LuPc2]" derivatives in the series of cationic LnPc;,
probably due to their poor solubility in any organic solvent. To sum up, the adduct was
determined to be the oxidation product of 1, designated as 1°.
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Figure 2.7. UV-Vis-NIR absorption spectrum of the CHCIs solution of 1 used for EPR
measurement (a), and the expansion of Q band (b). The bottom line represents molecular
structures of 2 and 2’. Sec and Sno are represented in magenta and cyan, respectively.
Reproduced from ref.144
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2.2.2. Computational and Electrochemical Study

Energy Calculation
To explore the molecular and electronic structure of compound 1, Density Functional Theory

(DFT) and Wave Function Theory (WFT) based calculations were performed. In addition, the
magnetic coupling between the unpaired electron localized at [NO]- group and the one on the
Pc rings was investigated. First of all, the initial molecular structure of 1 was optimized through
the DFT methodology, using the Perdew-Burke-Ernzerhof (PBE) exchange correlation.
Dispersion interactions were treated with the DFT-D3 atom-pairwise correction.

Energy calculations revealed that the molecular orbitals (MOs) of compound 1 closely resemble
those of compound [YPc;]°, with one notable exception: SOMO-1 in compound 1 is localized
at the [NO]- moiety (Figure 2.8). This result aligns with data of UV-Vis-NIR absorption
spectroscopy and cyclic voltammetry studies (see Section 2.2.1 and the latter part of this section,
respectively).
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Figure 2.8. Molecular orbitals of 1 (a) and [YPc,]° (b) calculated with UB3LYP/TZVP. Note
that B MOs of 1 between § SOMO —1 and B LUMOs are omitted for clarity. The energy level

of § SOMO—1 and g LUMO is 3058 and 302/301p, respectively. The isosurface value for 1
and [YPc]® is both 0.03. Reproduced from ref.144
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Figure 2.9. Spin densities of 1 (a) and [YPc2]° (b). The isosurface value for 1 and [YPc2]° is
both 0.003. Reproduced from ref.144

Calculation of the coupling constant J
The coupling constant J was calculated to be 4.24 cm™ (127 GHz) using a broken symmetry

(BS) methodology, indicating weak ferromagnetic coupling between both centers. The
magnetic orbitals (Single Occupied Molecular Orbitals, SOMOs) and spin density of the high-
spin (HS) and BS states are depicted in Figure 2.10. Analysis of this figure suggests that the
weak ferromagnetic behavior of the coupling mainly results from insufficient overlap between
the orbitals. This reduced ‘kinetic exchange’ contribution favors antiparallel alignment
(antiferromagnetic) and reflects the ability of magnetic electrons to transition between sites in
the singlet state.

To further refine the energy calculations of both the singlet and triplet states for compound 1,
the multireference CASSCF/NEVPT2 methodology was employed. An active space of two
electrons in two orbitals was used, with an average of the singlet and triplet ground states
(Figure 2.9 and 2.11). The results of this study are shown in Table 2.1. As expected, the J value
obtained through the CASSF/NEVPT2 methodology (-0.04 cm™) is considerably lower than
the one calculated using the DFT, as it is known that BS methodology tends to overestimate the
magnitude of the J values, and also, strongly depending on the employed exchange-correlation
(XC) functional.®™>31%¢ |n addition, in this case, the CASSCF/NEVPT2 calculations also predict
a different coupling nature, i,e, antiferromagnetic. However, given the small magnitude of J,
determining the exact nature of the coupling (ferro- or antiferromagnetic) is challenging,
especially since the experimental molecular structure is unavailable, and even slight structural
variations could alter spin state energies within this computed J range. Nevertheless, the
magnitude of the J from CASSCF aligns well with the experimental value obtained from fits of
fluid solution CW EPR spectra (see Section 2.2.3).

Table 2.1. Calculated coupling constant J by the DFT and WFT methods performed on 1.

BS(B3LYP)  CASSCF(2,2)/NEVPT2

J(cm™?) 4.24 -0.04
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Figure 2.10. a, b: Singly-occupied orbitals obtained from the high (HS) state (S = 1) for the 1,
employing the B3LYP functional. The spin density of the HS state (c) and broken symmetry
(BS) state (d). In (c) and (d), red represents spin up, and blue spin down densities. Reproduced

from ref.144
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Figure 2.11. Active orbitals and their corresponding electronic occupations (occ), employed in
the CASSCF/NEVPT2 calculations for the 1. Reproduced from ref.}44

Electrochemical Study
To investigate the redox properties of compound 1, cyclic voltammetry was performed on both

[YPc2]° and 1. The cyclic voltammogram of 1 closely resembled that of [YPc,]°, except for

additional peaks attributed to the nitroxide moiety. Specifically, 1 exhibited seven redox

couples similar to those observed for [YPc;]°. These redox events correspond to the oxidation

(Eo’ =1.04 and -0.07 V vs. ferrocenium/ferrocene (Fc*/Fc)) and reduction (Eo’ =-0.53, -1.69, -

2.01, -2.29, and -2.44 V) of the Pc ligands (Table 2.2). However, in contrast to [YPc:]° an

irreversible oxidation wave at 1.25 V and a redox couple at Eo’ = 0.43 V were observed in 1.
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To identify these features, cyclic voltammetry was also performed on [NO]- dibromobenzene
(SM3, Figure 2.12b and Table 2.3). The results showed an irreversible wave at 1.53 V and a
redox couple at Eo” = 0.53 V, consistent with previously reported values. Given that redox
potentials vary with different functional groups (0.37-0.53 V) **', these waves were assigned
to oxidations centered at the [NO]- moiety. Overall, the redox characteristics of compound 1
reflect the combined redox properties of [Y(Pc):]- and [NO]- moieties. This conclusion aligns
with DFT calculations, which reveal separate molecular orbitals (MOs) for 1—one localized on

the [Y(Pc)2] moiety (similar to MOs of 1) and the other localized on the [NO]- moiety (Figure
2.8).
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Figure 2.12. (a) Cyclic voltammogram of 1 (green) and [YPc]° (black) at a scan rate of 100
mVs. (b) Cyclic voltammogram of SM3 at a scan rate of 100 mVs™. The directions were
shown by arrows. Reproduced from ref.144

Table 2.2. Redox potentials of seven redox couples observed in both 1 and [YPc2]° (V vs.
Fc*/Fc).

[YPC?* [YPc2]™® [YPc2]” [YPco]l > [YPc > [YPc P [YPc]**-
1 1.04 -0.07 -0.53 -1.69 -2.01 -2.29 -2.44
[YPc2]® 1.117 -0.10 -0.54 -1.70 -2.00 -2.23 -2.40

aThe value is used from the literature.®8

Table 2.3. Potentials of a redox couple and an irreversible oxidation wave observed in 1, SM3,
and general value for molecules with [NO] * (V vs. Fc*/Fc).

[NOJ'/[NOT" 2nd Oxd
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1 0.43 1.25

SM3 0.53 1.53

General [NO]"  0.37-0.53? -
aThe value is used from the literature.*®’

2.2.3. CW EPR - Determination of the J-Coupling (in coll. with Dr. A. Boudalis)

CW EPR in fluid solution
Continuous-wave (CW) spectra in a fluid solution were measured at room temperature to reveal

the isotropic component of hyperfine interactions. The spectra exhibit two distinct components,
each featuring triplet signals—a common characteristic of hyperfine coupling to *N(l = 1). The
results are illustrated in Figure 2.13.
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Figure 2. 13. X-band fluid solution spectrum (black) in 4:1 CD>Cl:CHCI3z at ambient
temperature and simulation (red) as the mixture of non-interacting nitroxide adduct 1° (see
Section 2.2.1) (~10%) and spin-coupled complex 1 with J=15 mT (~90 %). Experimental
conditions: fepr=9.8620 GHz, ABmog=0.0098 mTpp, Pmw=0.51 mW. Reproduced from ref.144

During preliminary fitting, each of spectral components were analyzed separately and modeled
using Easyspin’s garlic function. One component, later attributed to the diradical system 1 (as
explained below), showed broad line widths. In contrast, the other component (assigned to a 1’
monoradical, as described later) displayed narrow lines with additional features arising from *H
and C hyperfine couplings.

The best-fit parameters included gdirad = 2.0041, 66 = 0.201 mT, oL = 0.203 mT, Andirad = 20.47
MHz, with a relative weight of 92% and gno = 2.0060, oc = 0.013 mT, oL = 0.020 mT, Ano)
= 40.96 MHz, Anno) = 0.69 MHz, Ac(noy = 17.88 MHz, (with a relative weight of 8 %), where
g represents isotropic g values, o represents half width at half maximum of Gaussian (oc) or
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Lorentzian (o.), and A represents hyperfine coupling constant. Remarkably, the spin
Hamiltonian parameters for the nitroxide radical closely resemble those previously determined
for the parent 1,1,3,3-tetramethylisoindolin-2-yloxy radical in a 218 K fluid toluene solution
(specifically, gno = 2.0054, Annoy = 39.52 MHz, Annoy = 0.68 MHz, Acioy = 17.9 MHz).1%
The fitting results are depicted in Figure 2.14.
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Figure 2.14. (a) Fluid solution spectrum of 1 in a CD.CIl,/CDClz 4:1 solvent mixture (black)
and fits to two spin systems (red) assigned to phthalocyaninato (blue) and nitroxo (green)
radicals. (b,c) Expansions of the low-field (b) and central resonances (c) of the NO-radical
triplet demonstrating the hyperfine couplings to *H nuclei. Corresponding peak locations are
indicated by asterisks in pink and yellow, respectively. Reproduced from ref.144

An interesting feature of these spectra lies in the hyperfine splittings, which were absent in both
the powder and frozen solution spectra of the parent compound [YPc2]°.57° These splittings
were also not predicted by DFT calculations. To confirm whether this absence of hyperfine
splitting holds true in fluid solution spectra of the parent molecule, additional studies were
conducted on compound [YPc,]°. These investigations revealed a straightforward singlet signal
without any hyperfine splitting. The best-fit parameters for this signal were gpc = 2.0022, o¢ =
0.462 mT, oL = 0.027 mT (as shown in Figure 2.15).
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Figure 2.15. X-band fluid solution spectrum of [YPc2]° in 4:1 CD,Cl,:CHCIlz at ambient
temperature (black) and simulation (red). Reproduced from ref.144

While one of these peak sets closely resembled that of the free nitroxide radical, the other
exhibited distinct differences compared to the spectra of [YPc,]°. This led to a hypothesis that
the broad triplet corresponds to the diradical 1, whereas the narrow triplet belongs to a minority
monoradical species 1°, with the radical localized solely on the nitroxide moiety. Although this
species would appear indistinguishable from the ESI-MS spectra of the diradical, the UV-vis-
NIR absorption spectrum of 1 used for EPR indicated the presence of a small amount (9.7%)
of the oxidized species of 1 (see Section 2.2.2).

Analysis of the fluid CW EPR spectrum

The fluid-solution EPR spectra of the phthalocyanine-nitroxide diradical 1 (Figure 2.13) were
analyzed by summing AB splitting patterns, similar to previous studies on copper-nitroxide
complexest®®16!  dinitroxides'®? and trityl-nitroxides'®®. The Hamiltonian can be expressed®
as:

ﬁ = ‘glﬁeBgl + gzﬁeBgz + hAlsljl + h]glgz (2 1)

Here, g1 and g2 represent the g-values for nitroxide and phthalocyanine radicals, A: is the
nitroxide nitrogen hyperfine coupling in Hz, J is the electron-electron exchange interaction in
Hz, [ is the electron Bohr magneton, and h is Planck’s constant. The first three terms describe
the spectra for non-interacting nitroxide and phthalocyanine. The Kivelson model accounts for
incomplete motional averaging of the g and A anisotropy of the nitroxide. 164

AB,, = A+ Bm; + Cm/* (2.2)
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where ABpp is the peak-to-peak linewidth, m; is the nitrogen nuclear spin state, and A, B, and C
are adjustable parameters. While this model fits nitroxide linewidths well in the absence of spin-
spin interaction, it does not fully describe the impact of incomplete motional averaging in spin-
coupled complexes.

The interaction between the unpaired electrons of phthalocyanine and nitroxide (h/S$;$,) causes
each line in the spectrum for each paramagnetic center to split into a doublet. Using the AB
splitting formalism familiar from NMR spectroscopy of J-coupled nuclei®®, the impact of this
spin-spin interaction was analyzed on the fluid solution spectrum of 1. The positions and
relative intensities of the four lines in an AB pattern are summarized in Table 2.4. Here, Bayg
represents the average resonance fields for the two spins in the absence of interaction, and A is
the separation of the resonance fields without spin-spin interaction. Additionally, C = 0.5(J +
A2 and sin20 = J/2C.*64

As J increases, two lines move toward Bayg increasing in intensity, while two lines move away
from Bavg, decreasing in intensity. In the discussion below for the spectrum of 1, the focus is on
the lines moving toward Bayg, as these dominate the spectrum.

Table 2.4. Positions and relative intensities of the four lines in an AB splitting pattern®.

Line Offset from Bavg” Relative Intensity
. J2-C 1~ sin(20as)
a J2-C 1 + sin(2as)
b -JI2+C 1 + sin(20as)
b’ J2+C 1 —sin(26ag)

& Equations taken from Ref. 6. Bavg, J, C, A are in magnetic field units, which are mT in this
chapter. The designations a', b' refer to the lower intensity lines and a, b refer to higher intensity
lines. When applied to phthalocyanine-nitroxides the designations a and b are replaced by N
and P that refer to nitroxide and phthalocyanine, respectively. A is the separation between
resonance fields for the phthalocyanine and nitrogen m; lines in the absence of spin-spin
interaction. C = 0.5*%(J% + A?)*2 and sin(26as) = J/2C 1%

bB,yq is the average of the resonance fields for the two spins in the absence of interaction and is
different for each of the three nitrogen m lines of the nitroxide-phthalocyanines.
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Figure 2. 16. Simulations of the AB splitting patterns for a phthalocyanine-nitroxide diradical
using the parameters given in the text for a series of J values, in mT. Phthalocyanine and
nitroxide lines are labeled as P, and N; with the subscript designating the nitrogen hyperfine
line. Reproduced from ref.144

The spectra shown in Figure 2.16 were calculated using the program CUNO, designed to
simulate fluid solution EPR spectra of spin-coupled copper-nitroxide complexes.’®* The
mathematical framework applies to any pair of interacting S = % centers. These simulations,
based on a microwave frequency of 9.862 GHz (matching the data acquisition frequency for 1
in Fig. 2.12), utilized the following nitroxide parameters: gno = 2.0060, An = 40.74 MHz, An
(12 equivalent protons) = 0.67 MHz, phthalocyanine grc = 2.0023, and a series of J values.
Lorentzian linewidths were 0.1 mT for lines moving toward the center of the AB pattern and
0.5 mT for lines moving away from the center.

In the stick spectrum for J = 0 (Figure 2.16), three nitroxide lines are present (N1, N2, and N3)
due to nitrogen hyperfine coupling and one phthalocyanine line in the absence of electron spin-
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spin interaction are observed. When J ranges from 1.0 to 25 mT, the spectra include both
nitroxide proton hyperfine coupling and nitrogen hyperfine coupling. The phthalocyanine lines
in the AB patterns are labeled with subscripts corresponding to the nitrogen hyperfine lines (P4,
P2 and P3). Without interaction, resonances N1, N2, and N3 occur at 349.81, 351.26, and 352.72
mT, while the phthalocyanine resonance is at 351.91 mT, resulting in A values of 2.1, 0.65, and
0.81 mT for the three AB patterns.

As J increases, N1 and P1 move closer together, as do N2 and P2, and N3 and P3. A J value of
7.5 mT is sufficient to make N2 and P> positions coincide, and similarly for N3z and P3. However,
even at J = 15 mT, the positions for N1 and Py are not fully averaged. The larger J required for
N: and P1 averaging, compared to other AB patterns, aligns with the larger A value. When
positions are fully averaged for all three AB patterns, the nitrogen hyperfine coupling and
proton hyperfine couplings are half of the values for isolated nitroxide.

Although the same linewidths were used for all six lines, overall linewidths for N1, N2, and N3
decrease with increasing J due to the effective proton hyperfine decreasing from Ax to An/2.
Conversely, the overall linewidths for P1, P2, and Pz increase with increasing J because the
effective Ay increases from 0 to half of the nitroxide value. In experimental data, variations in
J values may cause linewidths for all lines to increase with increasing J.

In short, using the CUNO program, the fluid solution spectrum of compound 1 was simulated,
accounting for electron spin-spin coupling between two inequivalent S = 1/2 centers. The
Kivelson model, originally developed for nitroxide radicals, approximated incomplete motional
averaging. Sharp lines at 349.81, 351.26, and 352.72 mT, with partially resolved proton
hyperfine coupling, were assigned to 1°, where the Pc ring system is diamagnetic. Parameters
for the non-interacting nitroxide (gno = 2.0060, An = 40.74 MHz, Ay (12 protons) = 0.67 MHz,
Kivelson linewidth parameters A = 0.028 mT, B = 0.006 mT) aligned well with fits for the
structurally related free radical. The broad lines corresponded to the spin-coupled diradical 1,
simulated with gno = 2.0060, An = 40.74 MHz, An (12 protons) = 0.67 MHz, gpc = 2.0023, J =
0.014 cm™ (420 MHz), and Kivelson linewidth parameters A = 0.33 mT, C = 0.001 mT. These
parameters matched expectations for two paramagnetic centers without spin-spin interaction.
The computed J value closely resembled the one from WFT calculations (JJ] = 0.04 cm™, see
Section 2.2.2). The simulation did not include natural abundance *3C hyperfine lines.

CW EPR in frozen solution
These results were utilized in the analysis of continuous wave (CW) electron paramagnetic

resonance (EPR) spectra in frozen solutions of the diradical. To investigate the magnetic
anisotropies within the diradical system, CW EPR spectra were measured in frozen solution at
X and Q-bands. These spectra exhibited a complex pattern, reflecting the contribution of
multiple spin Hamiltonian terms (as shown in Figure 2.17).
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Figure 2.17. X- and Q-band (a and b, respectively) CW EPR spectra on a frozen solution of 1.
Experimental conditions: X-band. T=90 K, fepr=9.67629 GHz, ABmot=0.1 mTpp., PMw=0.52
uW. Q-band. T=85 K, fepr=34.0002 GHz, ABmog=0.1 mTpp, Pmw=1.12 uW. Reproduced from
ref.144

At 90 K, variable-power studies revealed distinct changes in the intensities of various
resonances. Specifically, the high-field resonances (with g<2.002) exhibited greater intensity
enhancement compared to those at lower fields as microwave power increased. This significant
alteration in the spectrum shape introduced uncertainties during fitting attempts. Additionally,
the entire spectrum displayed saturation effects even at very low microwave powers, as evident
from plots scaled to VPMW (see Figure 2.18).
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Figure 2.18. X-band EPR spectra of a frozen solution of 1 (90 K) scaled to YPww (left), and
normalized to the intensity of the resonance at g ~ 2.016 (right). Experimental parameters: T =
90 K, fepr =9.67629 GHz, ABmod = 0.1 MTpp.

Efforts were made to fit these spectra using a model involving two S=1/2 spins interacting
through the previously derived exchange interaction and a dipolar interaction based on a point-
dipole approximation. Unfortunately, these attempts were unsuccessful due to the inadequacy
of the point-dipole model in capturing the behavior of closely spaced spins, especially when
one of them is strongly delocalized.

2.2.4. Pulse-EPR - Selective Resonance Enhancement (in coll. with Dr. A. Boudalis)

Field-sweep echo-detected (FSED) EPR
Initially, the behavior of CW spectra was attributed to distinct relaxation characteristics of the

two spin centers. To address the potential effects of slow spin-lattice relaxation, field-sweep
echo-detected (FSED) pulsed EPR experiments were conducted. These experiments enabled to
select appropriate Shot Repetition Times (SRT) based on prior measurements of Ty (where
SRT>5Ty).

Significant differences were observed in the FSED and CW spectra (Figure 2.19). To
investigate their origins, field-dependent saturation-recovery and echo-decay experiments were
conducted, to analyze the spin dynamics of each resonance (Figures 2.20 and 2.21). Specifically,
it was focused on whether T1 and Tm displayed anisotropies and whether the spins Spc and Sno
exhibited distinct relaxation profiles or functioned as a single magnetic system.
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Figure 2.19. Comparisons of CW and FSED spectra of 1 at 90 K (a). Comparison of the FSED
spectrum to the integral of the CW spectrum (b). Comparison of the CW spectrum to the
derivative of the FSED spectrum. Experimental parameters. CW spectrum: fepr = 9.68389
GHz, Pmw = 0.207 pW, ABmod = 0.1 mTpp. FSED spectrum: fepr = 9.73089 GHz, #/2 pulse = 16
ns, r = 454 ns. Reproduced from ref.144
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Figure 2.20. (a) Variable-field saturation-recovery experiments at 90 K on 1. (b) Best-fit Ty
times to a monoexponential law. The blue patch indicates the limits of the 95% confidence
intervals. (c) Contour plot of the intensities of the relaxation rates.
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Figure 2.21. (a) Variable-field echo decay experiments on 1 at 90 K. (b) Best-fit Tm times to a

monoexponential law. The blue patch indicates the limits of the 95% confidence intervals. (c)

Contour plot of the intensities of the relaxation rates.

Determination of T1 and Tm, and their anisotropy
Two approaches were adopted to analyze these experiments. First, the saturation-recovery (or

echo decay) trace was fitted with a monoexponential recovery (or decay) to assess T1 (or Tm)
field dependencies. Second, inverse Laplace transforms (LT 1) were performed at each field to
determine whether unique relaxation times adequately describe the experimental time traces.
This mathematical treatment has been previously applied in REFINE spectroscopies. 166167
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Figure 2.22. Saturation recovery (a) and echo decay (b) traces at 20 and 90 K, and fits to
monoexponential processes. Reproduced from ref.14

The inverse Laplace transform provides a spectrum of exponential decay or recovery rates. This
process is analogous to how the Fourier transform yields a spectrum of periodic oscillation
frequencies. Both transforms operate on time-dependent functions (I(t)) and convert them into
spectra with an independent variable in units of t™. The Fourier transform (FT) focuses on the
periodic part of the dataset, resulting in a spectrum of frequencies. In contrast, the inverse
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Laplace transform (LT™) emphasizes the exponential decay or recovery part, leading to a
spectrum of relaxation rates.

To apply the LT to saturation recovery (SR) or echo decay (ED) data, the first step involves
calculating a spectrum of SR/ED traces while varying Ty (or Tm) within a broad range to
construct the decay rate spectrum. For the SR trace, a simple monoexponential decay law is
used:

M(t) = Moe"T_tl (2.3)

The ED trace requires additional consideration due to the presence of two peaks in their Fourier
transform spectra, corresponding to *H and ?H modulations. The relaxation law for the ED trace
involves two modulations at frequencies (f1,2), each decaying with characteristic times (by,2),
represented as follows:
2t 2 2t
MQ21) = Mye Tm (1 + ) kje b cos(47tfl.1' + <pi)> (2.4)
i=1

At each field, the SR/ED traces were fitted to the relaxation laws mentioned earlier.
Subsequently, the decay rate spectra were computed by varying T1 or Tm While maintaining all
other variables at their best-fit values. In particular, for SR traces, the saturation value (Mo)
remained fixed, whereas for ED traces, the magnetization at 2z = 0 and the modulation
parameters (Mo, fi, ¢i) were held constant.

This procedure gave a family of traces, samples of which are given in Figure 2.23.
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Figure 2.23. (a) SR trace at the spectrum maximum (blue line) and a family of curves calculated
for varying Ti times (black lines). (b) ED trace at the spectrum maximum (green line) and a
family of curves calculated for varying Tm times (black lines). Reproduced from ref.244
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After obtaining the calculated families of curves, the next step was computing the weight vector
for each curve using a Nonnegative Linear Least Squares (NNLS) procedure. Specifically, this
was accomplished using MATLAB’s Isgnonneg function. The resulting weight vector
represents a spectrum of rates that optimally fits the experimental SR/ED data. A typical
spectrum is given in Figure 2.24.

Intensity / a.u.

1 2 3 4 5 6
rate / kHz

Figure 2.24. Spectrum of SR rates fitted to the family of curves shown in Figure 2.21.

Both methods confirmed distinct T1 and Tm times for the spin dynamics of all resonances, along
with subtle anisotropies. Notably, the T field dependence resembles that observed in nitroxide
radicals,'®® suggesting that the faster-relaxing component (the nitroxide radical in this case)
influences the relaxation of the slower-relaxing component ([YPc2]° radical) in the coupled
diradical system. This phenomenon has been previously observed in nitroxide-trityl exchange-
coupled diradicals,%® where the faster-relaxing nitroxide becomes the rate-determining factor,
accelerating the relaxation of the trityl component.

In summary, variable-field experiments revealed distinct relaxation rates, indicating the
existence of a singular exchange-coupled system in compound 1. The magnetic relaxation in
this system is governed by its faster-relaxing nitroxide subcomponent, which also exhibits
characteristic magnetic anisotropy. Note that the minority species 1’ remains undetectable in
these experiments due to its small quantity and likely similar relaxation behavior to that of
compound 1.

FSED with varying pulse amplitude

These conclusions did not address the discrepancy between the CW and FSED spectra. To
address this, it was hypothesized that different resonances corresponded to transitions within
multiplets of varying total spin (St), resulting in distinct tipping angles. A previous study
explicitly investigated this phenomenon in a copper(ll)-nitroxyl radical complex, where FSED
spectra collected with varying B pulses exhibited different spectral profiles.'®® Indeed, within
the spin system, singlet-triplet and triplet-triplet transitions displayed different tipping angles—
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the former approaching an effective spin state of S=0, while the latter tended toward an S=1
state.

In FSED experiments using pulses of the same duration (t.2=16 ns) but varying powers, this
effect was evident (see Figure 2.15). Notably, while the g=2.014 resonance remains dominant,
a resonance at g=2.023 disappears as microwave (MW) powers increase, and a new resonance
at g=2.028 emerges. Likewise, on the high-field side of the spectrum, a resonance at g=2.004
vanishes, replaced by one at g=2.000.

7w/2 T echo
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Figure 2.25. FSED spectra of 1at 90 K and at different pulse intensities. The vertical
continuous line shows the g=2.014 (345.1 mT) main absorption and the dashed ones the power-
dependent absorptions at g=2.023 (343.7 mT) and g=2.028 (342.7 mT). Detailed nutation
experiments were conducted on the g=2.014 and 2.028 absorptions (Figures 2.28 a and d,
respectively). Experimental parameters: fepr=9.72721 GHz, /2 pulse=16 ns, 7=454 ns. The 0
dB spectrum corresponds to a MW field B; of 1.1 mT. Reproduced from ref.144

To establish that the resonances at g=2.0023 and 2.0028 corresponded to transitions of distinct
spin multiplicities, and thus different Rabi frequencies, nutation experiments were performed
on compound 1 at 6 dB using the corresponding magnetic fields. The Fourier-transformed (FT)
spectra revealed two peaks at 18.0 and 23.4 MHz, along with a low-frequency peak at 14.65
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MHz attributed to *H ESEEM modulations (see below for details). The relative increase in the

high-frequency component at lower magnetic fields indicated varying dominance of these
resonances as a function of field.

To validate the peak assignments, variable-power studies were conducted at both the main peak
(9=2.014) and one of the minor peaks (g=2.0023). These experiments (see Figure 2.26)
unveiled two Rabi oscillations with frequencies dependent on the field strength (B1), along with
a third oscillation near 15 MHz that remained unaffected by power variations, whereas the third
oscillation was attributed to *H ESEEM (see Figures 2.28)
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Figure 2.26. FT spectra of the nutation traces of 1 at the g = 2.0028 and 2.0023 resonances.
Experimental conditions: T = 90 K, fepr = 9.72707 GHz, HPATT = 6 dB, tx2 = 16 ns, z = 480
ns. Reproduced from ref 144
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Figure 2.27. (a) Nutation traces of 1 at 20 K at indicated magnetic fields and their fits to three
exponentially decaying oscillations. (b) FT spectra of these traces. Reproduced from ref.144
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Figure 2.28. (a) Nutation traces of 1 at 345.0 mT (g = 2.014) and fits two three exponentially
decaying oscillations. (b) Linear Deming fits of the derived oscillation frequencies as a function
of the By strength. These reveal one Bi-independent oscillation to be *H ESEEM (bluge) and the
other two, with frequencies varying linearly with B, to be Rabi oscillations. (c) FT spectra of
the nutation traces at various power levels. (d) Nutation traces of 1 at 343.7 mT (g = 2.028) and
fits two three exponentially decaying oscillations. () Linear Deming fits of the derived
oscillation frequencies as a function of the B: strength. These reveal one Bi-independent
oscillation to be *H ESEEM (blue) and the other two, with frequencies varying linearly with By,
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to be Rabi oscillations. (f) FT spectra of the nutation traces at various power levels. Reproduced
from ref.144

To investigate the spin states associated with various resonances, Field-Swept Spin Nutation
(FSSN) experiments were conducted across the entire magnetic field range. Leveraging insights
from prior variable-power experiments, a microwave (MW) power level was chosen that
effectively separated Rabi oscillation frequencies from the *H ESEEM frequency—achieving
satisfactory results with a 4 dB attenuation. Additionally, the pulse duration was set for the
Hahn-echo detection block to tz»=12 ns.

Figure 2.29 (a) displays the nutation traces and their Fourier-transformed (FT) spectra. These
data were fitted to a model involving three exponentially damped oscillations; a power-
independent component around 15 MHz attributed to *H ESEEM, along with two power-
dependent oscillations corresponding to Rabi oscillations. The fitting was done according to

t
M, (t) = M, > kie ticos(2mfi(21) + ¢;) , where Mo is the initial magnetization, fr; are the
oscillation frequencies, ki their relative amplitudes, zri their characteristic damping times
and ¢i their phases. The field dependence of best-fit parameters is represented in Figure 2.29
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Figure 2.29. (a) Variable-field FT spectra of the nutation traces of 1 at 20 K. (b) Top and
middle panels: Magnetic field dependence of the frequencies (relative to the “S=1/2" frequency)
and relative amplitudes of the three oscillations. The horizontal dashed line in the top panel
indicates the theoretical V2 frequency ratio between pure S=1 and S=1/2 spins. Bottom panel:
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Difference between the 3and 0.7 dB FSED spectra. Maxima show resonances whose flip angles
are such that they become suppressed at higher MW powers. Reproduced from ref.244

It is noteworthy that there is a clear correlation between the oscillation amplitudes (ki) and the
FSED spectra. While the low-frequency oscillation dominates across all magnetic fields,
exhibiting amplitude maxima at g-values of 2.028, 2.014, and 1.995, and minima at g-values of
2.023 and 2.003, the high-frequency oscillation behaves inversely with respect to the magnetic
field, which aligns with the correlation of ki amplitudes.

The MW power enhancements/suppressions in the FSED spectra align precisely and the
subtraction of the 0.7 dB spectrum from the 3 dB spectrum yields the corresponding maxima at
the resonances that are suppressed at higher powers and minima at the resonances suppressed
at lower powers (Figure 2.22 b bottom). This direct correlation indicates a connection between
the FSED spectra shape and the relative amplitudes of Rabi oscillations in FSSN experiments.

2.2.5. Distance Determinations from Nutation Spectroscopy (in coll. with Dr. A.
Boudalis)
Based on the fitted data, the Rabi oscillation frequencies remained constant at 29.35(35) MHz

and 21.35(19) MHz, indicating distinct spin characteristics. Particularly, their ratio was equal
to 1.37, which is very close to, but not precisely equal to V2. The latter value theoretically
corresponds to transitions within the “S=1"" and “S=1/2" multiplets, respectively, as described
by the relation:?"17°

_ :uBngl

fnut - h \/S(S + 1) - MS(MS + 1) (2 5)

where g1 is the g-tensor element along the laboratory x-axis and B; is the strength of the
excitation magnetic field. This relationship specifically applies to intramultiplet transitions
within single-spin systems or multispin systems characterized by strong J couplings, where
S and Ms are assumed to be good quantum numbers. However, in scenarios involving hyperfine
interactions, admixtures of nuclear states, or diradicals with J ~ AgugsBo,, these conditions no
longer remain valid,?’ requiring additional refinements.*’

In the intermediate case where J~ Anr and J>>AgugBo, the expected relation does not hold,
which aligns with the observations. The analysis of Rabi frequencies in such systems serves as
a valuable tool for investigating weak terms, including dipolar, hyperfine, exchange interactions,
and g-asymmetries.
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In the simplest case, where a symmetric (g: = g2) diradical with J ~ 0, no hyperfine interactions
and moderate dipolar interactions (r12 ~ 16 A) is considered,!”? two Rabi frequencies are
predicted above certain By intensities. These frequencies correspond to on- and off-resonance
excitations. However, field-swept nutation studies in this work revealed only one such
frequency due to the weak interactions and symmetric g tensors. Additionally, the theory
predicted that these frequencies would deviate from the expected values under the influence of
dipolar-induced anisotropy. Furthermore, Ag effects were expected to amplify this deviation,
especially in cases of g-asymmetry, where J-coupling also plays a role. This led to analyze the
ratio of two Rabi frequencies within the context of a system experiencing dipole-induced zero-
field splitting (zfs),1’2 allowing to propose a rationalization for the observations.

In a dipole-dipole interaction in a spin system with isotropic S=1/2 spins, the dipolar interaction
tensor D12 induces zfs in the ST=1 state, given by D12ts) = 3D12(z2)/2. This zfs leads to an energy
splitting of AEs=1=D12(f5)/2. Importantly, this energy splitting is related to the interspin distance
through the empirical relation AEs=1 = $2g2/r12s, where P2 is approximately 12980 MHz/A3 (or
0.43297 cm™'/A3).

Considering the power attenuation in the experiment (4 dB corresponding to B: ~ 0.66 mT),
curve of calculated Rabi frequency ratios as a function of D12(-fs) was constructed (Figure 2.30a).
The observed ratio of 1.37 corresponds to a D12fs) value of approximately 53.7 MHz. Assuming
the simplified point-dipole approximation relation Dio(fs) = f2g%/2r123, this energy corresponds
to an interspin distance of ri. ~ 7.85 A (Figure 8, right). Although the proposed model
simplifications allow only qualitative analysis, it is noteworthy that the predicted distance falls
within the middle of the range of interspin distances based on the calculated structure of the
system (approximately 6.5-12.5 A).

20 40 60 80 100 120 140
Dlz/MHZ

Figure 2.30. Ratio of the Rabi frequencies calculated for different dipolar interaction strengths
(top) and the corresponding distances based on the point-dipole model (bottom). The dashed
lines indicate the dipolar zfs and corresponding distance for the experimentally determined ratio
of 1.37 (53.7 MHz, 7.85 A). Reproduced from ref.24
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2.3. Discussion and Conclusions

This work initially aimed to synthesize a weakly coupled diradical with an engineered g-
asymmetry. This was achieved, resulting in a system containing two distinct spins characterized
by weak superexchange coupling (|J| ~ 420 MHz/0.014 cm™"). However, interpreting the frozen-
solution CW EPR spectra posed challenges due to two factors. First, the coexistence of
exchange and hyperfine couplings led to a closely-packed spin ladder with numerous closely
spaced transitions. Second, strong spin delocalization over the phthalocyanine rings invalidated
the point-dipole approximation.

Subsequent investigations revealed several key findings. First, the uniqueness of T: and Tm
times was confirmed, indicating that 1 behaves as a collective spin system. Second, variable-
power FSED spectra and FSSN studies showed resonances between states of different spin
multiplicities, reflecting different tipping angles. While this phenomenon is known in g-
asymmetric spin-coupled systems, variable-power FSED experiments have primarily been used
for analytical purposes, such as deconvoluting multicomponent spectra. Similarly, FSSN
experiments complement PELDOR in assessing dipolar interactions but remain rare, relying on
visual inspection of the respective FT spectra.

With analytical goals in mind, the behavior of system 1 was further investigated. Careful
analysis of nutation traces provided information on frequencies, amplitudes, and decay times,
revealing that the “S=1" Rabi frequency is influenced by a dipolar-induced zfs of 53.7 MHz,
corresponding to a distance of 7.85 A.

Table 2.5. Overview of the spin Hamiltonian parameters of 1 determined by the experiments in
this work.

Parameter Value Experiment
ONO(iso) 2.0060 Fluid solution EPR
AN-NO(iso) 40.74 MHz

AH-NO(iso) 0.67 MHz

Opc(iso) 2.0023

J 420 MHz

Da12(zfs) 53.7 MHz FSSN

Beyond their analytical purpose, these fits revealed two distinct Rabi frequencies (along with a
'H ESEEM frequency). The relative amplitudes of these frequencies at a given microwave
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(MW) power depended on the magnetic field. These findings directly correlated with variable-
power FSED experiments, where resonances at specific fields could be selectively enhanced or
suppressed by adjusting MW power.

Overall, the results showcased a system with two distinct transitions that could be controlled at
desired amplitudes through proper magnetic field and MW power selection. In this context,
diradical 1 resembles a spin qutrit (see Chapter 1. Section 1.3.4), although it might more
accurately be described as a moderately coupled two-qubit system. Notably, the MW pulses
used in the experiments had the same frequency. However, using two different frequencies—
such as mixing the primary MW frequency with an Arbitrary Waveform Generator—could
yield even more precise excitations and fine-tuned control of qutrit of 1.

From the perspective of molecular spin qubits, this work demonstrated the versatility of
molecular-engineered diradicals. In the weak-exchange limit, diradicals could be useful for
individually addressable two-qubit gates, whether stable®” or photogenerated transient ones®®.
In the strong-exchange limit, diradicals formed triplet states suitable for qutrit implementations.
Transient triplet states generated through photoexcitation have already been proposed for qutrit
implementation.°

While this work was not aiming at the optimization of the decoherence properties of diradical
1 (e.g., through ligand deuteration, very low temperatures, or dynamic decoupling sequences),
it is notable that these properties compare favorably with those of other stable diradicals or
photoexcited triplet systems, as indicated in Table 2.6.

Table 2. 6. T1 and Trm times of indicative diradical or spin triplet systems (stable or photoexcited),
compared with those of 1.

System T1 (Ms) Tm (ps) Reference
bis-TEMPO 6.89 (50 K) Ref.5
PTEMPO 2 57 (10K)  3.2(10K) Ref.?
(TTF*) -(pyromellitimide?)" ® 26 (5K)  Ref®
[Y(Pc)a] ~103(10K) 8(40K)  Ref®
Cro(S=1)° 3-5 (5 K) 13-20 (5 Ref.®®
K)
2 13(20K) 14 (20K)  Thiswork

04 (90K) 6.8 (90K)
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a4-propargyl-2,2,6,6,-tetramthylpiperidine-1-oxyl.5? °Photoexcited.

Based on the research, it was found that diradical 1 lies between certain limits, complicated by
hyperfine interactions that create a closely-packed spin ladder. In light of this, specific design
elements need to be revised to enhance system utility. Two directions in molecular design are
being pursued. First, replacing the nitroxide with a spin carrier lacking hyperfine interactions
would simplify addressing the two-spin system. Second, introducing a linker (such as an
acetylene® or phenyl linker) between the radicals is crucial for experiments demonstrating the
CNOT gate operation. Additionally, experimental protocols are under development for
multifrequency control of the spin quitrits.

The future synthetic efforts will be based on the LnPc, motif, which facilitates single-molecule
experiments like spin transport,}6-12 STM Kondo measurements, and STM EPR. These
techniques will help to study individual molecules derived from this research.
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Chapter 3. Radical-Functionalized Bis(phthalocyaninato)-
Terbium(111) Exhibiting Slow Relaxation of Magnetization

3.1. Introduction
As explained in Chapter 1 molecule-based quantum devices offer the potential to overcome

limitations imposed by Moore’s law. Specifically, Chapter 1 Section 1.5 highlighted that the
molecule bis(phthalocyaninato)terbium (111) ([TbPc2]*) shows promise as both a single-
molecule magnet (SMM) and a molecular qubit.

As outlined in Chapter 1 Section 1.4, TbPc: exhibits SMM performance despite its non-Kramers
nature, owing to its high-spin ground state and strong magnetic anisotropy. Since the first report
on its anionic form ([TbPc2]") by Ishikawa and colleagues in 2003, researchers have attempted
to improve its properties. One approach is to incorporate a « radical: the neutral form ([TbPc]°)
displays superior SMM properties than [TbPc:]", owing to the improved ligand field and the
exchange-bias.1%141173 Efforts have been made to further improve these properties. One
approach involves [TbPc.]° dimer, which demonstrates enhanced exchange-bias by the
interaction between 7 radicals, linking two terbium centers.'*® Another approach involves
substituents: various derivatives have been reported, as summarized in the literature %%
Among these [TbPc:]° derivatives, the one with an amino group currently demonstrates the best
SMM performance as of 2024.1"* In particular, those with substituents on only one Pc (hetero-
substituted) showed the best performance, indicating that the hetero-substitution with an
electron-donating group is preferable.

On the other hand, in the field of quantum computational science, [TbPc.] has been explored
as a nuclear spin qubit (see Chapter 1 Section 1.4.4). Alternatively, the radical delocalized over
phthalocyanine rings of [TbPc2]° (Sec) is a promising electron spin qubit candidate, as the
radical is delocalized over the carbon atoms of the Pc rings, resulting in low spin-orbit coupling.
As explained in Chapter 1 Section 1.3.4, its yttrium analogue ([YPc2]°) is reported for the long
spin-lattice relaxation time (T1 ~ 1 s at 10 K).%’ Attempts to incorporate [YPc2]° into multi-qubit
array have been made as well. For example, our group reported yttrium(l1l) phthalocyanine-
porphyrin dimer tethered with ethynyl/phenyl bridge.>” In addition, as described in Chapter 2,
[YPc2]® with peripheral isoindoline nitroxide group has been reported (1).** However,
challenges remain for these complexes to function as qubit gates. In addition to those described
in Chapter 1 Section 1.3, an example of a CNOT gate is found in the use of the STM-EPR
technique for adatomsystems.'’® Here, the key is to create two weakly interacting Ti atoms with
g-asymmetry by the local magnetic field produced by the neighboring Fe. STM-EPR can be
also applied to molecules. The early example of the STM-EPR study on a molecule was on iron
phthalocyanine (FePc) molecule. This technique was utilized to investigate the interaction
between FePc and other spins (either another FePc of titanium adatom),'’® or to demonstrate
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the coherent manipulation.!’” Another example is [TbPc2]° molecule. In 2022, Komeda and
coworkers reported STM-EPR on [TbPc2]° molecule on NaCl layer on the Cu(100) surface.!’
They conducted CW-EPR, where the clear peak was observed only when the tip was above
ligands.

As described above, both incorporating an additional radical interacting with = radical and
hetero-substitution of electron-donating groups are good strategies to improve SMM properties
of [TbPc2]°. Meanwhile, systems with two electron spins and an Ising-like spin are interesting
target for STM-EPR. Herein, bis(phthalocyaninato)terbium (111) incorporated with isoindoline
nitroxide group (2) was synthesized, employing the same skeleton as 1, aiming at
bifunctionality; tuning of slow relaxation of magnetization and creating a two-qubit gate. This
study will focus on the former objective, examining the effects of substituents containing
weakly coupled radicals and nitroxide radicals through magnetic measurements. Based on the
magnetic properties of 2 determined here, it was discussed how the magnetic properties of this
molecule may function in future STM studies.
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3.2. Results
3.2.1. Synthesis and characterization

Synthesis
Compound 2 was synthesized in the same manner as the method used for 1, as represented in

Figure 3.1. Detailed synthesis steps are provided in Chapter 5. Here, the mixed solvent (CHCI3
/ toluene mixture in the ratio of 9 to 1 with the addition of 0.5% acetone) was used as an eluent
in silica gel column chromatography. This mixed solvent improved the separation (e.g. the
repetition of the column reduced to 3 times from 5 times). However, challenges with
recrystallization remained for compound 2.

Z-0O

Tb
NC CN / \ [TbPCz]O
. + 1.3 N —_— . .
[NO] PN :/, 1/, '@ DBU + di-substituted
N N etc. ...

N .
2 N N 4 iAmOH
N =N % reflux, 12 h
NC CN 2

Figure 3.1. Reaction scheme for the preparation of 2.

Characterization

In Chapter 2, | presented the full characterization of compound 1 using UV-vis-NIR
spectroscopy, IR spectroscopy, high-resolution ESI mass spectrometry, cyclic voltammetry,
and CW and pulsed EPR. Notably, 2 cannot be measured by our EPR equipment. As
demonstrated previously,”® [TbPc,]° requires high-field EPR equipment, which is typically
home-built, since the strong anisotropy of Jm is transferred to the radical. Nevertheless, as
demonstrated in the case of 1, the combination of spectroscopic techniques can detect the
monoradical impurity. These results were quantitatively consistent with fluid solution EPR data.
Therefore, in this section, | will discuss the purity of the sample with a series of spectroscopic
techniques other than EPR.

UV-vis-NIR absorption spectroscopy
The UV-vis-absorption spectrum of 2 has similar characteristics to that of [TbPc]°,

characterized by a Soret band around 350 nm, a BV band around 450 nm, a Q band around 750
nm, an RV band around 900 nm, and a broadened IV band at the NIR region (cf. 1500 nm)
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(Figure 3.2). These peaks are unique to [LnPc;]° molecules, thus confirming the structure of the
molecule.®® The absence of nitroxide moiety features was attributed to the lower molar
absorption coefficient of nitroxide absorption peaks compared to those of LnPc, moieties, as
demonstrated in Chapter 2. Importantly, at a higher wavelength than Q band (Figure 3.2 b), no
shoulder peak was observed. As discussed in Chapter 2, this peak is attributed to the cationic
species [LnPc.]*. Therefore, the absence of this peak confirms the lack of cationic impurities.

a. b.

| a _ Q
> S
= Soret LN
2 2
g | g
< =

\ o~ WP i W % N
250 500 750 10001250150017502000 550 600 650 700 750
Wavelength / nm Wavelength / nm

Figure 3.2. Normalized UV-vis-NIR spectra of 2 (a) and that with expansion to Q band (b). The
absence of the shoulder peak is shown as a red arrow.

IR spectroscopy
The IR spectrum of compound 2 shows similar peaks as that of 1, particularly in the fingerprint

region assigned to nitroxide moiety and around 1500 cm™ attributed to LnPc; structure (Figure
3.3). Here, the point to be focused in the peak at 1700 cm™ and the broad peak around 3500 cm"

1. As discussed in Chapter 2, the former evidence NO*, while the latter presents NO-H, which

is the common bi-product from a reduction of nitroxide radical. In Figure 3.3, the NO" peak is

clearly visible, while the NO-H peak is not seen. Overall, both of those factors evidenced that
the peripheral radical was intact.
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Figure 3.3. IR spectra of 2 (a) and its expansion in 500 — 2000 cm (b).

ESI-mass spectrometry
The high-resolution electrospray ionization mass spectrum (ESI-MS) of 1 displayed a single

peak corresponding to the targeting molecule. As discussed in Chapter 2, from this spectrum,
two information can be derived: the accuracy of the purification and the extent of the
decomposition. The former mentions the impurities such as [TbPc2]°, or di-substituted one.
Figure 3.4 illustrates that such peaks were not observed, suggesting that the purification was
accomplished. On the other hand, the decomposition of radicals can happen for both nitroxide
and r radicals. In the case of 1, the decomposition of nitroxide radical is typically observed as
a shift of +1 in the m/z value, whereas the n-radical decomposition is not detectable by ESI-
MS. In Figure 3.4 inset, such a signal was not observed. Overall, it was proved that the sample
was free from oxidated species.

] 1229.2538

| “A
: '

i 1290 1295 1300

Absorption / a.u.

0 500 1000 1500 2000 2500 3000
m/z

Figure 3.4. ESI mass spectrum of 2. Inset represents the expansion of the signal (orange) and
simulated spectrum of C70H42N170Th.
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Electrochemical study

Cyclic voltammogram was performed on 2, showing 7 redox couples and 1 irreversible
oxidation peak (Figure 3.5). A comparison of the redox behavior of 1 and 2 showed peak
positions of 2 matches quite well with that of 1 (Table 3.1). Judging from the fact that the redox
properties of [YPc,]° and [TbPc2]° are quite similar,'®® this result indicates that the electronic
structure of 2 is quite similar to that of 1. Overall, the electronic structure of 2 is similar to 1,
which can be explained as the sum of [TbPc;]° and [NO] .

Current / A
N N
($)] o O,
\\

n
\
i)?

R

LN
o

Potential / V vs. Fc*/Fc

Figure 3.5. Cyclic voltammogram of 2 at a scan rate of 100 mVs™. The arrow represents the
direction of the scan.

Table 3.1. The comparison of the redox peak positions of 1 and 2.

2nd  [LnPc2]? [NO 1/[NO] [LnPco]” [LnPcz]” [LnPcz] [LnPc2]? [LnPc2]®
+ + 0 _ —/2— —/4—

Oxd -
1 1.25 1.04 0.43 -0.07 -0.53 -1.69 -2.01 -2.29
2 145 1.13 0.54 -0.02 -0.43 -1.63 -1.94 -2.25

Conclusive remark of characterization

Compound 2 was thoroughly characterized using UV-vis-NIR spectroscopy, IR spectroscopy,
ESI-mass spectrometry, and cyclic voltammetry. In addition, the purity of the compound was
confirmed by UV-vis-NIR spectroscopy revealing the absence of oxidated form.
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3.2.2. Magnetometry

Static magnetic properties
Magnetometry measurement were performed on a bulk powder sample of 2. DC magnetic

susceptibility of 2 is shown in Figure 3.6. ywT value at 300 K was 11.7 cm®Kmol™, which is in
good agreement with the expected for a terbium (II1) ion along with two radicals (12.5
cm®Kmol™) shown as the black line. As the temperature decreases, ymT value decreases, while
at 30 K, it starts increasing. Similar behavior was found in unsubstituted TbPc2, which was
explained by inter-molecular ferromagnetic dipolar interaction.'® Therefore, the behavior of 2
is attributed to intermolecular dipolar coupling or intramolecular exchange coupling.
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Figure 3. 6. ymT versus T plot for 2. The black solid line represents the calculated value for
Th(I1) and two radicals (12.5 cm® K mol ™).
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In addition, magnetic hysteresis measurement was performed for 2 with a sweep rate of 25 Oe/s.
Compound 2 exhibited a butterfly-shaped hysteresis loop up to 17 K, while after 18 K the
hysteresis opening was hardly observable (Figure 3.7, 3.8). As discussed in Chapter 1, the
introduction of an exchange-bias is crucial for suppressing quantum tunneling of magnetization
(QTM), which in turn can increase the coercive field (Hc). Such an effect was not observed in
2 even at 2 K, probably due to the weakness of the exchange coupling indicated by Chapter 2.

10K
14 K
17K

-25-2-15-1-050 05115 2 25
H/T

Figure 3.7. Magnetic hysteresis loop of 2. Circle and triangle markers represent M - H plots
while decreasing/increasing field, respectively.
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Figure 3.8. Magnetic hysteresis loop of 2 at presented temperatures. Red and yellow markers
represent M - H plots while decreasing/increasing field, respectively.
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Dynamic magnetic properties

To determine the magnetization relaxation behavior of 2, measurements were conducted at zero
field. ym’ versus temperature and ym'’ versus temperature are shown in Figure 3.9, while the
Cole-Cole plot is presented in Figure 3.10. Within the frequency range of 1 — 1000 Hz, the
peak was observed in ym" versus temperature plot from 2.5 K up to 50 K.

1 10 100 1000 1 10 100 1000
Wave frequency / Hz Wave frequency / Hz

Figure 3.9. Frequency dependence of yv'and yw" of 2 at each temperature under zero magnetic
field. The solid line is the fitting.

157 25« I »SOK . o0y,
,.”

0.0+

"/ cmd mol
Figure 3.10. Cole-cole plot of 2. The solid line represents fitting.
The obtained out-of-phase AC susceptibility was fitted with the generalized Debye model

(Figure 3.9, 3.10 solid lines, and Table 5.1 in Chapter 5).8182 Figure 3.12 depicts the obtained
lifetime (7) versus temperature plot. The plot was well fitted with the following equation.

U
™l =15texp (— %) +CT™ (3.1)
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At higher temperature regions above 41 K, Orbach process is dominant (see Chapter 1 Section

1.4.2). It was fitted by using Arrhenius equation (7! = 751 exp (— %)) which provided the

parameters Uer = 670 + 15 K, o = (2.07 + 0.66) x 101° s. On the other hand, the lower
temperature region below 36 K was best fitted with Raman process which was fitted by this
equation: =1 = CT™, yielding the parameters: C =1.08 +0.05s™,n=1.18 +0.02. The overall
spectrum appears as a curve, unlike that of [TbPc,]°.28 Such behavior can also be found in
functionalized [TbPc2]® derivatives,!1%18318 probably because of additional phonon mode
introduced by functional groups.

In(t)

] * Plot
11 — Orbach

-

T T T T T T

0 0.1 0.2 0.3 04
Temperature™ / K-

Figure 3.11. Plot of In(7) (natural logarithm of the relaxation time, in seconds) versus

temperature inverse. Fittings are done with the equation: 771 = 51 exp (— @) +CT™,
where Uert = 670 + 15 K, 0 = (2.07 + 0.66) x 10%%s., C = 1.08 + 0.05 s, n = 1.18 + 0.02.
Orbach (black solid line) represents the first term while Orbach + Raman (grey solid line)

represents the first and second term.
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3.3. Discussion

As discussed in Chapter 1, SMM property is typically argued according to parameters such as
Uerr, Ta, He, etc. Here, in order to evaluate the magnetic property of 2, these values were
compared to the literature values.

Hysteresis loop was observed for 2 up to 17 K in sweep rate of 25 Oe/s. It is higher than that of
alkoxy-substituted [TbPc™]° (15 K in the sweep rate of 50 Oe/s),'8 whereas not as high as the
highest one reported for amino-substituted [TbPc™2]° (30 K in the sweep rate of 200 Oe/s).}" It
is notable that the scan speed significantly affects the hysteresis loop; the faster the scan is, the
higher the maximum temperature will be. Therefore, although it can be concluded that the SMM
property of 2 is not significantly diminished, it cannot be discussed quantitatively. As described
in Chapter 1 Section 1.4.2, blocking temperature can be also defined as the temperature at which
7=100 s is observed. By extrapolating the Orbach term shown above, Tg(:=1005s) = 24.90 K was
obtained. In the same manner, Tg(-= 100s) = 24.94 — 29.83 K were obtained for the [ThPc;]°
derivatives, which is summarized in Table 3.2. Overall, in terms of the blocking temperature,
the SMM property of 2 is unchanged from other [TbPc,]° derivatives.

Table 3.2. Comparison of Tg in two definitions to the literature values.

Blocking temperature

System Hysteresis® 7= 100 s” Reference
2 17 24.90 This work
amino, hetero 30 27.27 Jiang 2017174
alkoxy, homo 15 26.56 Sessoli 20148
pristine (1) 24.94  Yamashita 2017
pristine (2) 29.83  Yamashita 2017

a. The maximum temperature at which the hysteresis loop is open. The conditions of these
measurements are described in the main manuscript. b. The temperature at which =100 s is
observed, which was obtained by extrapolating the Orbach term. Uess and zo are from literature
noted in the column “Reference”.

The coercive field of 2 was observed to be zero, even at 2 K. The large Hc of [TbPc2]® was
reported by Veciana and coworkers in solution phase MCD measurement. However, as
demonstrated by Yamashita and coworkers in 2017, He was not observed in a crystalline sample
of [TbPc2]° measured by SQUID.*® Additionally, ThPc, dimer (Figure 1.8) showed a non-zero
coercive field up to 16 K.**° due to strong radical-radical exchange (Jrag-rad = 300 cm™). Overall,
the behavior of 2 is more similar to [TbPc2]° than the TbPc. dimer, probably because of the
weak radical-radical exchange (|Jrad-rad| = 0.014 cm™t)

The energy barrier Uest was determined to be Uer= 670 K. The Uest values reported for [ThPc;]°
vary depending on the crystallinity. In 2004, Ishikawa and coworkers reported Uess = 590 K for
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bulk powder sample of [ThPc2]%% while in 2017, Yamashita and coworkers reported Ues =
753 K and 801 K for crystalline samples of [TbPc2]° without and with lattice solvent,
respectively.'® Electron-donating substituents on one of the two Pcs improve Uesr, as seen in
hetero-substituted [TbPc:]® with both alkoxide and amino substituents, which achieved high
Uerr values of 938 K and 939 K, respectively (Figure 3.12).17418 |n contrast, Ues of 2 is in the
range of those of [TbPc,]° (Figure 3.12), implying the relaxation behavior of pristine [TbPc2]°
is preserved in 2.

[TbPc,]° Hetero
o = e o O
2 e
500 600 700 800 900 1000
Ug! K

Figure 3.12. Schematic representation of Uer values of [TbPc2]° derivatives. Each example is
mentioned in the manuscript.

DC magnetic susceptibility supported that the sample is magnetically pure. The hysteresis loop
measurement revealed Tg =17 K (from hysteresis loop measurement) / 24.9 K (from AC data)
while Hc = 0 Oe even at 2 K. In addition, AC susceptibility and its fitting revealed various
parameters represented by Uest = 670 K. These findings collectively suggest that the magnetic
properties of 2 are similar to that of [TbPc_]°.

The discussion above concludes that the SMM property of [TbPc] is preserved in 2. In
addition, spectroscopic characterization revealed that the diradicals remain intact, suggesting
that compound 2 possesses the three-spin configuration comprising two radicals and one single-
molecule magnet (SMM) center. As mentioned in the introduction section, CNOT gate was
implemented by adatom systems containing three spins: two Ti (S = 1/2) adatoms and one Fe
adatom, employing STM-EPR technique. Given the similarity of these two systems, STM-EPR
studies on 2 are highly promising, in the perspective that the incorporation of SMM may
effectively create g asymmetry. In this context, the applicability of electrospray on 2 is
preferable, which is confirmed by ESI-MS on both 1 and 2. As explained in Chapter 1. Section
1.4.4, [LnPc2]® compounds can be sublimated, facilitating scanning tunneling microscopy
(STM) studies. However, one challenge is that the thermal stability remains uncertain after the
addition of functional groups: the sublimation temperature of TbPcz is 600 K87, where most of
the organic compounds decompose. Other than sublimation, electrospray ionization has been
studied as a deposition method.*®® It is desired that STM-EPR will be performed against 2, by
applying this technique.
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3.4.  Conclusion

This chapter explored bis(phthalocyaninato) terbium (I11) functionalized with an isoindoline
nitroxide group, with the aim of tuning SMM property and QIP application. Compound 2 was
synthesized, and characterization confirmed the preservation of both radicals, consistent with
findings from Chapter 2. The blocking temperatures were obtained from both hysteresis loop
measurement and AC susceptibility measurement, both of which are comparable with those of
other [TbPc,]° derivatives. Hysteresis loop measurement also clarified that the coercive field
was zero even at 2 K, suggesting that exchange-bias was not sufficient enough to suppress QTM,
unlike [TbPc,]° dimer. AC susceptibility measurement and its fitting clarified that the relaxation
of 2 can be expressed as a combination of the Orbach and Raman processes. Particularly, Ues
= 670 K is in the range of original [TbPc,]°, and not as high as those that possess electron
donating groups on only one of Pc ligands. Overall, the magnetic behavior of 2 aligns closely
with that of [TbPc;]°. The preserved SMM property and the presence of two radicals may cause
g-asymmetry due to deviation of the local magnetic field, which makes this molecule an
intriguing target for STM-EPR. In this context, the suitability of this molecule with the electron
spray ionization technique might be preferable.
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Chapter 4. Switchable Magnetic Properties in a Redox-
Active Bis(porphyritnato)(phthalocyaninato)-
diterbium(l11) Single-Molecule Magnet

4.1. Introduction

In the field of information storage and quantum information processing (QIP), achieving
molecule-based quantum devices has been a highly ambitious objective. As explained in section
1.5, amongst candidate molecules, bis(phthalocyaninato) terbium (I11) (TbPc2) has been
intensively studied for its novelty of being both a single molecule magnet (SMM) and a
molecular qubit.%*8 In 2003, Ishikawa et al. reported that terbium(I11) in the TbPc, complex
owns a doubly degenerate ground state with high magnetic anisotropy, leading to its slow
relaxation of magnetization.®® Later, it was found that the nuclear spin states can be accessed
via the magnetic relaxation of TbPc, via quantum tunneling of magnetization (QTM) in low
temperature u-SQUID measurements.’?® Nuclear spins are ideal for QIP due to their shielded
nature, which allows long decoherence time.'?® Here, terbium is feasible, since its only natural
abundant isotope '*°Tb bearing a nuclear spin | = 3/2 gives rise to a four-level system as
multiplicity is defined as d = 21 + 1 = 4 (where d is the system’s dimension). The series of
studies demonstrated the implementation of Grover’s quantum algorithm using three of the four
nuclear spin states of TbPc; via single-molecule spin transport measurements. 126128190 Myt;-
level qubits with d > 2 are called qudits, which allow more information per unit for storage and
manipulation.*®* Qudit-oriented quantum algorithms?318 as well as an evaluation method of
fidelity'*® have been developed, leading to more robust quantum error correction and increased
computational power of qudits. One major challenge in improving qudits is scaling up the
dimension of d. As described in section 1.5, previously, Wernsdorfer and Ruben have proposed
that exponential up-scaling of the multiplicity d = (21 +1)" (where n is the number of nuclear
spin bearing centers) can be achieved by using multiple-decker lanthanide complexes, in which
multiple metal centers and ligands (phthalocyanine or porphyrin) are stacked like a sandwich.%
Later in 2021, this concept was demonstrated experimentally in spin transport measurements
on a tris(phthalocyaninato) dinuclear terbium(I11) complex Thz(Pc)s (Figure 4.1. left).!3°

Whether multiple-decker complexes are qualified as qudits is determined by several factors,
such as SMM character, the hyperfine coupling between electron spin and nuclear spin, and the
exchange coupling between electron spins of lanthanides (Jin-Ln).8%%%" In the case of Thz(Pc)s,
the last one is particularly important, as several studies reported their weak Jin.n.1*31921%
Particularly in spin transport, the exchange coupling between radical and lanthanide spin (Jrad-
Ln) IS crucial since nuclear-spin readout in spin transport is enabled by “spin cascade” between
the nuclear spin of ***Tb, the total angular momenta of '°Tb, and the radical.*? It is notable
that, unlike the case of [TbPc2]°, where Jrad-1o Was investigated in bulk sample using high-field
EPR,"® Jrag-to remains unknown in Thz(Pc)s. As described in Section 1.4.3, Jrag-Ln and Jin-Ln
have been widely investigated in varieties of radical-bridged di-lanthanide complexes. Over the
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last decade, these complexes have been explored aiming at high-performance SMMs.1%41% The
radical coupled to a lanthanide or bridging two lanthanides induces either exchange-bias®+1%9
or giant spin effect!'?114  thereby enhancing SMM performance. Indeed, the linear correlation
between Jrag-Ln and the energy barrier Uesr has been demonstrated.!’ However, a significant
problem arises because, unlike [TbPc2]°, neutral Thz(Pc)s does not have a radical (see Section
1.5). The presence of radical-bearing Th2(Pc)s has been reported in previous studies, for
instance through in situ UV-vis spectroscopy, %1% in situ Kondo measurements using scanning
tunneling spectroscopy, %1% and by mixing with corrole ligands. "% However, none of these
approaches fully satisfy our demand, as the first two are not applicable to bulk magnetometry,
and the latter, due to broken symmetry, does not qualify as an SMM,*® which falls outside our
area of interest. In short, for a more reliable qubit, a Th2(Pc)z molecule is required possessing
SMM properties and the capability of being converted into a radical suitable for magnetic
measurements.

Here, bis(porphyrinato)phthalocyaninato dinuclear rare-earth(l11) complexes functionalized
with thiomethyl groups were designed (3-Ln, Figure 4.1 right). The thiomethyl group is
preferable in two ways: (1) It forms a strong bond with the gold electrode, and (2) it functions
as an electron donor. This work focused on the latter. Using its electron-donating property, two
objectives were settled: (1) Tuning the redox level of the bis(porphyrinato)phthalocyaninato
dinuclear rare-earth(l11) complexes to enable conversion into a radical species, and (2) studying
the magnetic properties of the radical, particularly the difference of SMM properties.
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This Work :
[Tby(Pc(SMe)g)Por,]*™

SbhCly
= Thiomethyl Group

v'Better Bond to Au

v'Electron Donor

A 4

* Redox Engineering to Stabilize Radical

*Investigate J, , g.q & Effect on SMM Property

Figure 4.1 Schematic illustration of ThoPc3 (left) and
bis(porphyrinato)((octathyomethyl)phthalocyaninato)diterbium(l1l) complex (4-Tb) (right).
Research objectives are summarized below the scheme.

4.2. Results
4.2.1. Synthesis and characterization

Synthesis of starting material; [LnPc2(SMe)16]°
Prior to the preparation of 3-Ln, [LnPc2]° (Ln = Th, Y) with thiomethyl groups was prepared

([LnPc2(SMe)16]°, as shown in Figure 4.4). The synthetic details are described in Chapter 5. In
a similar manner as Chapter 2 and 3, [LnPc2(SMe)i]° was characterized with various
spectroscopic techniques (see Figure 4.2, 4.3).

The UV-vis-NIR spectra of [LnPc2(SMe)16]° are similar to those of [LnPc;]° with some minor
differences: a Soret band (ca. 320 and 390 nm, with a clear split), a Q band (ca. 710 nm), a blue
valence (BV) band (ca. 550 nm, redshifted in 100 nm), a red valence (RV) band (ca. 950 nm,
redshifted in 50 nm), and an intervalence band at the NIR. These features are consistent with
those of previously reported [LnPc,]° derivatives with thioalkyl groups.?®® Those differences
are probably because of the induction effect of the thiomethyl group. On the other hand, IR
spectra of [LnPc2(SMe)1s]° showed similar features with those of [LnPc2]°. It also showed
additional features assigned to the thiomethyl group, such as the one at 1280 cm™ (Ph-S
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stretching) and 1400 cm™ (-CHs umbrella motion).2%! It matched with the previously reported
IR spectra on alkoxy-substituted [LnPc;]°, where the characteristic vibrational bands of the Pc
rings and those of the substituents can be separately identified. The ESI-mass spectra of
[LnPc2(SMe)16]° showed one signal, whose isotropic pattern matched with those of the target
materials. Overall, [LnPc2(SMe)16]° were well characterized, and were used for further reaction.
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Figure 4.2. (a) UV-vis-NIR spectrum of [TbPc2(SMe)ws]. (b) IR spectrum of
[TbPc2(SMe)16]°. (c) ESI-mass spectrum of [TbPc2(SMe)16]° (left: the entire spectrum, right
bottom: the expansion of the strongest peak, right top represents a simulated spectrum of
CssH72NgS16Th).
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Figure 4.3. (a) UV-vis—NIR spectrum of [YPc2(SMe)16]°. (b) IR spectrum of [YPc2(SMe)16]°.
(c) ESI-mass spectrum of [YPc2(SMe)16]° (left: the entire spectrum, right bottom: the expansion
of the strongest peak, right top represents a simulated spectrum of CggH72NgS16Y).

Synthesis of neutral Lanthanide(l11) bis(porphyrinato)((octathiomethyl)-
phthalocyaninato) complexes (3-Ln)
Lanthanide(l11) bis(porphyrinato)((octathiomethyl)phthalocyaninato) complexes (3-Ln, Ln =

Th, Y) were synthesized in a two-step tandem one-pot reaction following a previously invented
synthetic path (Figure 4.4).2°2 The reaction proceeds in three steps: (1) In situ generation of
monoporphyrinic species Ln(Por)(acac) for 4 h, which further acts as a template for the second
step. This approach offers a solution for the instability of the intermediate lanthanide
monoporphyrinates. (2) Addition of the pre-synthesized [LnPc2(SMe)is]° complex. It
undergoes in situ thermal splitting, followed by the reaction with Ln(Por)(acac). (3) Formation
of 3-Ln in 16 h reflux. Previously, the selectivity of such processes was explained in the way
of quantum-chemical calculations, which is explained as follows:?% First, the distribution of
electronic density in the intermediate heteroleptic LnPcPor complex was asymmetric and
shifted to the phthalocyanine ligand, along with the charge density. Moreover, in the presence
of electron-donating alkoxy-groups, the distribution of HOMO achieve ca. 40% and 60% at
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porphyrin and phthalocyanine ligands, respectively. Consequently, the polarization of the
molecule results in the selective interaction of the monoporphyrinate at the phthalocyanine site
of the LnPcPor complex. Similarly, the electron-donating thiomethyl groups of the LnPc;
complex triggered the process regioselectively. Overall, owing to the advantages of the method
mentioned above, the crude material could be easily purified with silica gel column
chromatography (eluent: CHCls/hexane = 2/1 at first, then 100% CHCIs) to give green powder.
It was further purified by recrystallization in CHCls/hexane to give crystalline particles suitable
for single-crystal XRD (vide infra).

Meyes N\N@—%Me
Me —é/‘ N” SMe

meso- Tetraphenylporphyrln W SMe
Ln(acac)3 I;r:
(i) Me -Q\ p—%Me
Me%ﬂ—@\ J\Lb‘

[LnPc,(SMe)4¢]°

(it)

3-Ln
Tb (3-Tb)
Y (3-Y)

Ln(Por)(acac) Ln

Figure 4.4. Synthetic pathway for the preparation of the bis(porphyrinato)(phthalocyaninato)
lanthanide complexes (3-Ln). (i) in 1,2,4-trichlorobenzene/n-octanol, reflux, for 4h. (ii) same
solvent, reflux, for 16 h.

UV-vis-NIR absorption spectroscopy of 3-Ln
Figure 4.5 depicts the UV-vis-NIR absorption spectrum of 3-Ln. Since both of them exhibit

similar character, the latter discussion will be based on 3-Th. Electronic absorption spectra are
the most commonly used technique to characterize macrocyclic tetrapyrrolic compounds and
their metal complexes.**® As demonstrated previously,2°22042% the sets of bands in the spectrum
are generally similar and are determined by the electronic transitions of each particular ligand.
The Pc? and Por? Soret bands of 3-Th appear at 350 and 400 nm, respectively. The Q bands
of Pc?, which also contain some contributions from the Por ligands, appear at 1000 nm. The
absorption at 500 nm and 635 nm are assigned to the Q band mainly of Por?". Moreover, sulfur-
containing chromophores tend to absorb light at lower energies than oxygen-containing analogs,
thereby tuning the energy of transitions in the UV and visible regions. This allows for
independent tuning in the spectral region between 250 and 300 nm. Thus, the presence of an
electron-donating thiomethyl group in the phthalocyanine macrocycle of 3-Tb is evidenced by
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the appearance of additional peaks at 380 nm and 712 nm, similar to what is observed for
[LnPc2(SMe)16]°.
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Figure 4.5. UV-vis-NIR spectrum of 3-Tb (a) and 3-Y (b) in CHCla.

IR spectroscopy of 3-Ln
The IR spectra for 3-Ln are identical, therefore later only that of 3-Tb is discussed. It is similar

to those of ThoPcPor,**, confirming structural similarities. Additional peaks were observed as
well, such as the one at 1200 cm™ (Ph-S stretching) and 1400 cm™ (-CHs umbrella motion).2%
As is the case of 16SMe-LnPcz, these peaks are characteristics of -SMe groups, which is
distinguished from the peaks of isoindole stretching.2%
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Figure 4.6. IR spectra of 3-Tb (a) and 3-Y (b).
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ESI-mass spectrometry
High-resolution ESI-ToF-mass spectrometry was performed on both 3-Tb and 3-Y, showing

signals from a single ion, whose isotope pattern matched the simulated one (Figure 4.7).
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Figure 4.7. ESI-mass spectrum of 3-Tb and 3-Y (a and b, respectively. Insert bottom: the
expansion of the strongest peak, insert top: simulated spectrum of Ci2sHssN16SgTh2 and

C128HssN16SgY 2, respectively).

NMR spectroscopy
The molecular structure of the diamagnetic 3-Y complex was demonstrated to be of the form

(Por)Y(Pc)Y (Por) by its *H - and *3C-NMR spectra recorded in CD,Cl, (Figure 4.8 and 4.9).
Peak assignment of *H-NMR was done based on the integral of H (SCH3 and B position of
porphyrin) or multiplet splitting (Pc and o / m / p of Por). Endo / exo protons were determined
from NOESY, where the ones showing stronger peaks at the crossing points with Pc (red circle)
were assigned to endo, while those showing weaker signals (light blue) were assigned to exo.
The presence of peaks for exo-protons is likely due to possible rotation around the Ph-Por bond.
On the other hand, the peaks in 3C-NMR were assigned via HSQC- and HMBC-2D NMR. The
only peak of aliphatic carbon at 6 = 17.25 ppm was assigned to carbon 10. The peak assignments
for carbons 1, 2, 3, 4, 5, 9, and 12 were understood by HSQC-, while the rest were assigned by
HMBC-NMR experiments. The correlation between *H-NMR and 3C-NMR peaks is shown

with yellow dashed lines.
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Figure 4.8. 'H-NMR (b) and NOESY spectrum (a) of 3-Y. The inset represents the bottom half
of 3-Y, where all protons are represented.
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Figure 4.9. 3C-NMR (a), HSQC (b), and HMBC (c) spectra of 3-Y. The inset represents the
bottom half of 3-Y, where all carbons are represented.
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Cyclic voltammetry

In order to study the redox properties of 3-Th and 3-Y, cyclic voltammetry (CV) was performed
in  CHxCl, solution. 3-Tb and 3-Y showed redox properties typical of
bis(porphyrinato)phthalocyaninato dinuclear rare-earth(111) molecules?®*?%" (Figure 4.10 and
Table 4.1). Six quasi-reversible redox waves were observed at E1» at 0.94, 0.78, 0.40, 0.04, -
1.33, -1.68 V vs. ferrocene/ferrocenium (Fc/Fc™) for 3-Th, and at E12 0.95, 0.79, 0.39, 0.01 ,-
1.31, -1.67 V for 3-Y, respectively. As previously reported?®, such redox profiles are
independent from the central metals, but related to the ligand-centered redox reactions
([Ln2(TPP)2(Pc))/[Ln2(TPP)2(PC)]*, [Ln2(TPP)2(Pc)]*/[Ln2(TPP)2(PC)]]?, and
[Ln2(TPP)2(PC))/[Ln2(TPP)2(Pc)]],  [Ln2(TPP)2(Pc)]/[Lnz(TPP)2(Pc)]]?), along  with
oxidations associated with thiomethyl groups. On the other hand, a previous study?®’ reported
that electron donating/withdrawing substituents on the porphyrin cause the shift of those peak
positions accordingly. The first oxidation potential of 3-Tb and 3-Y is lower than that of
Ln2(Pc)(TCIPP)2 or Euz(Pc)(TPP)2 (the abbreviations are explained below), suggesting that
electron donating substituents on the phthalocyanine macrocycle are also lowering the redox
potentials of the complexes. The potential difference between the first oxidation and the first
reduction process, AE®1> (oxd.1-red.l), is an important value for sandwich porphyrinato-
phthalocyaninato complexes since they involve the HOMO and the LUMO of the molecule,
respectively. The energy difference between these two redox processes corresponds to the
electrochemical molecular band gap. When band gaps were compared (Table 4.1) based on
literature values of different bis(porphyrinato)phthalocyaninato dinuclear rare-earth(l11)
molecules, the difference appeared according to the electron-donating ability of -SMe
substituents such as it can be significantly reduced. Thus, the ligand design strategy utilized in
this work has effectively stabilized the desired redox pair and is controlled by tailoring redox
states.
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Figure 4.10. Cyclic voltammogram of 3-Tb (a) and 3-Y (b) at a scan rate of 100 mVs?. The
arrow represents the direction of the scan.
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Table 4.1. Comparison of the redox peak positions of 3-Tb and 3-Y with literature values. The
values are shown in the unit of V vs. Fc*/Fc.

4th Ox. 3rd Ox. 2nd Ox. 1stOx. 1stRed. 2nd Red. AE°y;°
3-Th 0.94 0.78 0.40 0.04 -1.33 -1.68 1.36
3-Y 0.95 0.79 0.39 0.01 -1.31 -1.67 1.32

Y2(Pc)(TCIPP)2? 1.23 1.01 0.63 0.25 -1.14 -1.61 1.39
Eup(Pc)(TCIPP)2  1.22 1.00 0.67 032  -1.13 -1.64 1.45
Eup(Pc)(TCIPP),  1.12  0.86 0.54 017  -1.28 -1.77 1.45
Euz(Pc)(TPP)2? 1.09 0.80 0.45 0.07  -1.35 -1.80 1.42
Euz(Pc)(T'BUPP),®  1.00 0.72 0.39 0.00  -1.43 -1.87 1.43
Eup(Pc)(TOMePP),®  0.84 0.63 0.31 001 -1.38 -1.76 1.39
a. From ref. 11.2%4 TCIPP represents 5,1015,20-tetrakis(4-chlorophenyl)porphyrin. b. From ref.
12.297 TPP represents 5,1015,20-tetraphenylporphyrin, T'BuPP represents 5,1015,20-tetrakis(4-
tButhyl)porphyrin, TOMePP represents 5,1015,20-tetrakis(4-methoxyphenyl)porphyrin,
respectively. Both of the literature values were given in V vs. SCE, which was converted into
V vs. Fc*/Fc by using the conversion equation E°(Fc*/Fc) = +0.400 V vs. SCE.?%® ¢,
Calculated by AEY,, = 1st Ox. —1st Red..

Conversion to cationic radical (4-Ln)
Encouraged by the result of cyclic voltammetry of 3-Tb and 3-Y, oxidation of them was

attempted to obtain cationic radicals (4-Th and 4-Y, respectively). 3-Tb or 3-Y was mixed with
an equimolar amount of phenoxathiine hexachloroantimonate(V) - (Phen)*ShClg - in
chloroform (Figure 4.11). The reaction mixture immediately turned from green to brown. The
resulting solution was transferred into test tubes placed in a hexane bath, allowing for the slow
diffusion of hexane and yielding needle-like crystals of 4-Tb or 4-Y, suitable for single-crystal
XRD analysis (vide infra).
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Figure 4.11. Reaction scheme for the preparation of 4-Ln. (i) at room temperature, under an
inert atmosphere, 30 minutes.

UV-vis-NIR absorption spectroscopy of 4-Ln, and stability test
The electronic absorption spectra for all compounds, taken in CHCI3 solution are illustrated in

Figure 4.12. The UV-vis/NIR absorption spectra of the neutral (3-Tb and 3-Y) and one-electron
oxidized forms (4-Tb and 4-Y) differ significantly. Notable differences include a stronger peak
at A = 330 nm, the disappearance of peaks at A = 380 and 1025 nm; a blue shift of the peak at
A =420 nm; the broadening and red-shift of the peak at A = 500 nm; and the appearance of the
peaks at A = 700 nm and the broad one in A = 1250-2250 nm. Previous reports have shown
similar phenomena via spectroelectrochemical techniques, where one-electron oxidation of
ThzPcs complex causes a significant change in its electronic absorption,140:149.194.197.209 Njgre
importantly, the broad peak in the NIR range was typically observed in tetrapyrrolic sandwich
compounds with 7 radicals: monocationic ThzPcs, [TbPc2]® and corrole-bearing dinuclear
complex (LnzPc,Cor).140.149.194.197.209 | the case of LnPc,, two bands are observed in the NIR
range: the high-energy band is related to the radical part and attributed to the SOMO-LUMO
transition, while the lower-energy band is assigned to an intramolecular charge transfer (CTI),
both of which are the fingerprints of the presence of a delocalized organic radical.*42* Overall,
the change of the spectrum indicates the formation of the monocationic radical, which was
further proven by crystal structure and EPR study (vide infra).
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Figure 4.12. Comparison of normalized UV-vis-absorption spectra of (a) 3-Tb (green) and 4-
Tb (maroon) / (b) 3-Y (olive) and 4-Y (orange). The near-infrared region is shown as an insert
and Soret band at 350 and 400 nm is shown below.

Furthermore, the sample used for UV spectroscopy was kept under ambient condition at room
temperature and the UV-vis abs. spectra were measured after 3 days and 7 days (Figure 4.13).
Importantly, spectra observed after 3 days and 7 days remained unchanged, which proves the
air stability of the compound under ambient conditions.
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Figure 4.13. Time dependence of UV-vis-NIR spectra of 4-Tb (a) and 4-Y (b).
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IR spectroscopy and ESI spectrometry of 4-Tb and 4-Y

IR spectra of 4-Tb and 4-Y are similar to those of 3-Th and 3-Y, except for broadened peak in
3000 — 3500 cm™ attributed to O-H vibration, probably due to the condensation of water in air
caused by the cold sample. The presence of the SbCls™ anion is proven by single-crystal XRD
(vide infra). ESI-MS of 4-Tb and 4-Y show two sets of peaks, whose isotopic pattern matches
with z =1 and z = 2, respectively.
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Figure 4.14. IR-spectrum of 4-Tb (a) and 4-Y (b).
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Figure 4.15. ESI-ToF MS spectrum of 4-Tb (a) and 4-Y (b). At the bottom of each spectrum,
the expanded spectra and corresponding simulated spectra were illustrated.
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4.2.2. Crystallographic analyses of 3-Tb, 3-Y, 4-Th, and 4-Y

The crystals of 3-Thb, 3-Y, 4-Tb, and 4-Y were obtained as mentioned above, and their solid-
state structures were determined by single-crystal XRD analysis (Figure 4.16, 4.17). For all of
them, the structure with a symmetrical [Por]Ln[Pc]Ln[Por] configuration was confirmed. The
structures of 4-Tb, and 4-Y included hexachloroantimonate(V) in a one-to-one ratio with the
complex. Considering charge balance, 4-L.n complexes were revealed to be organic radicals,
which was further proven by EPR technique (vide infra). Since molecular symmetry has a great
impact on magnetic property**, crystal parameters of 3-Tb, 3-Y, 4-Tb, and 4-Y, and
TbPc(TPP)2 were compared in detail. First, the isostructural character of terbium and yttrium
analogues (3-Tb and 3-Y, 4-Tb and 4-Y, respectively) was confirmed by similar values for
various crystal parameters and crystal packing indexes (Table 4.2, 5.4). Second,
the coordination geometry of the lanthanide centers are compared, where all of those local
symmetries are described best as cuboid /square prism (Table 5.3).143 In addition, some crystal
parameters were selected to quantitatively compare the differences in geometry. (Table 4.2).
Comparing 4-Ln to 3-Ln, some differences can be observed, such as the elongation of the Ln-
Ln distance, the contraction of the Por-Pc distance, and a smaller twisting angle for both Th and
Y. Finally, the intermolecular distances in the crystal packing structure were closely
investigated. The intermolecular Tb --- Th distances were estimated to be 13.113 / 14.173 /
15.967 / 15.951 A and 12.709 / 18.855 /15.761 / 15.929 A for for 3-Tb, 4-Tb respectively
(Figure S10). Overall, the similar structure of 3-Ln and 4-Ln and their isolated character were
utilized to understand their magnetic property (see discussion section).
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Cationic Radical 4-Tb

Figure 4.16. Crystal structure of 3-Tb (top) and 4-Tb (bottom) represented in stick model. For
both of them, top view is shown on the left, while side view is shown on the right. Hydrogen,
carbon, nitrogen, sulfur, terbium, chlorine, antimony are shown in white, grey, violet, yellow,

turquoise, green, and purple, respectively.
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Cationic Radical 4-Y

Figure 4.17. Crystal structure of 3-Y (top) and 4-Y (bottom) represented in stick model. For
both of them, top view is shown on the left, while side view is shown on the right. Hydrogen,
carbon, nitrogen, sulfur, yttrium, chlorine, antimony are shown in white, grey, violet, yellow,
turquoise, green, and purple, respectively.

Table 4. 2. Selected crystal parameters for 3-Th, 4-Th, 3-Y, 4-Y, and Th2Pc(TPP)..

Compound Ln-Ln/A Por-Pc/A Por-Ln/A Ln-Pc/A Twisting Angle /°

3-Th 3.74 3.11 1.24 1.87 7.61
4-Th 3.75 3.09 121 1.88 4.16
3-Y 3.72 3.07 121 1.86 7.55
4-Y 3.73 3.05 1.19 1.86 4.17
ThPc(TPP)?  3.72 3.10 1.24 1.86 3.90
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Figure 4.18. The views of the crystal packing in 3-Tb along the b (a) and c (b) crystallographic
axes. The views of the crystal packing in 4-Tb along the b (c) and ¢ (d) crystallographic axes.
An arbitrary view that allows for the reflectance of relevant distances and interactions (see text).
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Figure 4.19. The views of the crystal packing in 3-Y along the b (a) and ¢ (b) crystallographic
axes. The views of the crystal packing in 4-Y along the b (c) and ¢ (d) crystallographic axes.
An arbitrary view that allows for the reflectance of relevant distances and interactions (see text).

4.2.3. EPR study
Before the EPR study, DFT calculation was conducted on the obtained structure of 4-Y, without

structural optimization. The spin density is fully delocalized over the Pc and Por ligands (Figure
4.20), which is similar to that of previously reported YPc; and YPcPor.%’
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Figure 4.20. Spin distribution of 4-Y from side (a) and top (b) calculated from DFT. The
calculation was performed using the crystal structure without optimization.

To prove the presence of the radical, a CW-EPR measurement was performed on the frozen-
solution of 4-Y at 92 K (Figure 4.21 a). It exhibited a simple resonance centered around g =
2.0023. Fits to a simple isotropic absorption yielded best-fit parameters: g = 2.00237(7), oc =
0.25(1) mTpp, oL = 0.14(1) mTpp. The lack of hyperfine splitting is attributed to the low spin
density on nitrogen atoms, likewise YPc, and YPcPor. The MW power dependence of the
integrated intensity of EPR signal was investigated (Figure 4.21 b). In agreement with related
systems [Y(Pc)2]" and [Y(Pc)(Por)]’, the detected radical exhibited easy saturation, typical of
long Ty times.

i 40 :
a ] b o ©
—Exp
; 35t
—Fit °
7 =]
. 301
5
<
S 2510
~§ - o
=
§*20 i
~
S
109
(=]
i 5 : . ;
343 344 345 346 347 0 05 1 L5 2 25 3
B/mT VP /w2

Figure 4.21. (a) CW-EPR spectrum (black) and its fitting (red). Experimental parameters: fuw
= 9.67742 GHz, ABypp) = 0.1 mT, Pmw = 0.207 uW. (b) Integrated intensity as a function of
MW power.
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4.2.4. Magnetic property

CASSCEF calculation
Before the magnetic study, CAS-SCF calculations were performed to predict the magnetic

properties of 3-Th and 4-Th. For the calculation of both of them, modified crystal structures
were used where phenyl groups on porphyrins were converted to methyl groups, and one of two
terbium centers was converted to yttrium. First, a CASSCF (8, 7) calculation on 3-Th was
performed considering all possible spin configurations S = 3, 2, 1, 0 with the maximum number
of CI roots (3-Tb (full)). SOC was included with RASSI, and the magnetic properties were
obtained using the SINGLE_ANISO routine. The thirteen m; states in J = 6 are shown in Figure
A1, which were characterized by a doubly-degenerated ground state which is well isolated from
a doubly degenerated first excited state (~200 cm™). Two ground states are in a one-to-one
mixture of |£6>, which hampers 3-Tb to be a zero-field SMM (vide infra) (Table Al). This is
due to the ligand field Hamiltonian, A, = B0 (0,! are the Steven’s operators) having non-

negligible values of B,‘jio, which affects transverse anisotropy (Table A2).1*® The direction of
the magnetic z axis was obtained for terbium, which is almost parallel to the axis of the molecule
but slightly tilted (Figure A2). Next, the calculation on 4-Tb was carried out. The approach of
ref.211212 was taken, where a 9 in 8 CASSCF calculation was performed using only S = 7/2 and
5/2 and only the seven lowest CI roots for each state. This describes the situation where a Th(l11)
ion is coupled (anti-)ferromagnetically to a radical, preventing electron transfer between the Tb
ion and the ligand. The calculated states were shown in Figures 4.22 and A5, featuring 13
doubly-degenerate states, similar to the 13 states of 3-Tb, with the ground states energetically
separated from the first excited states. Note that with this method, the exchange coupling Jin-
rRad IS inherently included. To estimate this value quantitatively, CASSCF calculation was
performed on the same structure as 4-Th, but with one fewer electron (4-Tb dication). It gave
an energy diagram similar to 3-Tb or 4-Tb, characterized by a pseudo-degenerated ground state
(Figure 4.22, 5.4). Subsequently, by using the PHI program?!2, the effect of exchange coupling
on the energy diagram was estimated (Figure 4.22). The energy diagram from CASSCF was
best reproduced when considering Jin-rad = -2.67 cm™ or 2.73 cm™ (Figure 4.22). Furthermore,
the satisfactory fit confirms that 4-Tb can be treated as the sum of the radical and the 4-Tb
dication.

To prove the validity of the method used for 4-Tb and 4-Tb dication, a similar calculation on
3-Tb was performed, using only 7 CI roots and only the highest spin state (3-Tb simplified).
The comparison between the full and simplified calculation is shown in Figure 5.4, showing
very similar results. Therefore, for consistency, the result from simplified calculation was used
for further discussion.
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Figure 4.22. Calculated energy diagrams for 4-Tb (left) and dication of 4-Tb (right). The
middle represent Jin-rad dependence of the energy diagram of 4-Tb simulated using the PHI
program?3,

Static magnetic property
In order to study the static magnetic behavior of 3-Tb and 4-Th, DC magnetic susceptibility

was measured on both of them in the temperature range from 300 K to 2 K under a DC field of
0.1 T (Figure 4.23 a,b). The value of ymT of 3-Th at 300 K was 24.9 cm®-K-mol~, which is in
good agreement with the value expected for two Tb3* ions (23.6 cm3-K-mol)*®. Upon cooling,
xmT showed a slow decrease followed by an abrupt increase around 23 K, suggesting
ferromagnetic coupling between two Tb'" ions. On the other hand, the ymT value of 4-Tb at
300 K was 24.9 cm3-K-mol?, which is also close to the expected value for two Th®* ions and
one radical (24.0 cm®-K-mol™). Likewise, the ymT of 3-Th, that of 4-Tb also showed slow
decrease upon cooling and abrupt increase at 28 K. Comparing the two plots, the one of 4-Tb
showed a slightly larger drop in the value of ymT with cooling, as well as larger rise in the low
temperature regime, indicating enhanced Jin-Ln. In addition, magnetization versus field (M(H))
was measured on 3-Tb and 4-Tb in the field range of 0 — 7 T at 2, 3, 4,5, 6, 7, 8, and 9 K
(Figure 4.23 ¢,d). The ymT(T) and M(H) data were fitted simultaneously employing the crystal
filed parameters obtained from CASSCF. For 3-Tb, a variable single isotropic exchange gave
satisfactory fitting, resulting in Jin-tn = 0.039 cm™. It is notable that Jin.Ln is of the same
magnitude as that of previously reported Th2Pcs, Dy2Pcs or Th,PcTPP; (0.097 cm™, 0.2 cm™
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and 0.012 cm™, respectively).138184214 On the other hand, for 4-Tb, two variable single isotropic
exchanges, Jun-Ln and Jin-rad (Figure 4.23 b inset), were considered to give a satisfactory fitting
with the parameters: Jin-Ln = 0.025 cm™ and Jin-rad = —0.45 cm™. While Jin.Ln of 4-Tb is similar
to that of 3-Tb, Jin-rad OF 4-Tb is in the same order of that of TbPc2 and GdPc; (Jun-rad =—0.15
cmtand 0.2 cm™, respectively) 17925,
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Figure 4.23. (a,b) Temperature dependence of ymT of 3-Tb (a) and 4-Tb (b). Circles in green
and maroon represent the experimental data, while the black solid lines represent their fitting.
(c,d) Magnetization versus field plots of 3-Tb (c) and 4-Tb (d). The solid lines represent their
fitting. The color represents the measured temperature, as shown in the inset.

Dynamic magnetic property

AC magnetometry was performed on both 3-Tb and 4-Tb to investigate their dynamic magnetic
properties. Initially, the field-dependence of ym” versus frequency plots at 2 K were investigated
to decide the optimal field (Figure 4.24). The maximum was observed out of the measurement
range (1-1000 Hz) in 3-Tb (Figure 4.24 a). This was further verified through ym” versus
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Bis(porphyritnato)-

frequency measurements of 3-Tb at zero field, where the maximum was not observed in the
scan window within the temperature range (Figure 4.25 a). Increasing the field, the peak was
shifted to lower frequencies, which suggests that 3-Tb is a field-induced SMM. The optimal
field of 1500 Oe was decided based on the signal strength and frequency. Overall, the dynamic
magnetic behavior of 3-Th is comparable to that of Tho,PcTPP,.1*3 On the other hand, in the
case of 4-Th, ym"(v) shows a peak even at zero field, revealing its zero-field SMM character
(Figure 4.24d). As the field increases, the peak shifts to a higher frequency, suggesting the
optimal field is zero. The substantial difference in the behaviors of 3-Tb and 4-Tb evidenced
that the radical significantly affects the magnetic properties.
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Figure 4. 24. Field-dependence of yw" versus frequency (a), ym’ versus frequency (b), and ym"”
versus ym’ (c) plots of 3-Th. Field-dependence of ym" versus frequency (d), ym' versus
frequency (e), and ym" versus ym' (f) plots of 4-Th.
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Figure 4. 25. Temperature-dependence of ym’ versus frequency (a), ym" versus frequency (b),
am'versus yv" (c) of 3-Th measured at zero-field.

Afterward, the temperature-dependence of ym’and ym" versus frequency was measured at 1500
Oe for 3-Tb and zero-field for 4-Tb (Figure 4.26). For 3-Tb, the maximum in ym” vs. T
appeared around 10 Hz at 2 K, which showed a gradual shift to higher frequency upon heating
and was observed up to 11 K. On the other hand, for 4-Tb, the maximum was already around
100 Hz at 2 K, and was observable up to 3.95 K.
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Figure 4. 26. Temperature-dependence of ym’ versus frequency (a), ym" versus frequency (b),
am'versus yvm” (c) of 3-Th measured at Hpc = 1500 Oe. Temperature-dependence of ym’ versus
frequency (d), ym’ versus frequency (e), ym'versus ym" (f) of 4-Th measured at zero DC field.

The obtained results were fitted with a generalized Debye model using CC-FIT28:182_ Figure
4.27 represents the relaxation time (t in log scale) versus temperature (inverse) plot. The plot
of 3-Th was fitted by using a combination of Orbach process and Raman process using the
following equation:
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U
™l =15texp (— %) + CT" (4.1)

where the first term stands for the Orbach process, while the second represents the Raman
process. It yielded the following parameters: o = (7.56 +£0.26) x 10° s, Ut = 43.65 + 0.64 K,
C =40.75 £ 2.01 s, n = 1.71 + 0.03. On the other hand, the plot of 4-Tb was fitted with
the Orbach process using the following equation:

U
tl=15texp (— %) (4.2)

It yielded the following parameters: Uer = 7.33 £ 0.12 K, 7 = (2.32+0.09) x 10°. Note that the
plots show a slightly convex downward trend, which is attributed to the error (Figure 5.13).
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Figure 4.27. Relaxation time (In(t)) versus temperature (T) plot of 3-Tb and 4-Tb (circles in
green and maroon, respectively). The solid lines represent each process: Orbach 771 =

7o lexp (#) (black), Raman =" = CT™ (grey), Orbach + Raman t™* = 75 exp (__U;ﬁ) +

CT™ (green). The best-fit parameters are described in the manuscript.

To understand the magnetic property of 3-Tb, a Zeeman diagram was simulated utilizing the
crystal field parameters from CASSCF and the exchange coupling obtained in the fitting of
static magnetic measurements (Figure 4.28). Under zero field, the doubly-degenerate ground
states are an equal mixture of |+6,+6), a configuration commonly found in non-Kramers
systems (Table 4.3). When a magnetic field is applied, the degenerate state undergoes Zeeman
splitting, leading to the emergence of SMM behavior as fast tunnelling between the degenerate
states is quenched. It is notable that although this Zeeman diagram explains the magnetic
behavior well qualitatively, it doesn’t match quantitatively, which was also true for the
previously studied ThoPcTPP2.1%
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In contrast, the doubly-degenerate ground states of 4-Tb consist solely of |+6,+6,—1/2) or
|—6,—6,+1/2), which is reasonably explained by the fact that 4-Tb is a Kramers system (Table
4.3). The first excited states include |+6,—6,+1/2) and so on, characterized by
antiferromagnetic coupling between the Tb centers. Remarkably, the energy gap between the
ground states and the excited states (= 3.6 cm™) is in good agreement to the energy barrier Uess
of 4-Tb (= 7.33 K =5.09 cm™).
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Figure 4.28. Zeeman diagram of 3-Th.

Table 4.3. Energy states and wavefunction composition of 3-Tb and 4-Tb.

3-Th 4-Th
state  AE(cm™) Wavefunction composition AE(cm™) Wavefunction composition

1 0 50%]+6, +6), 50%]-6, -6) 0 99.1%|+6, +6,-1/2), 0.9%|-6, -6,+1/2)

2 0 50%]+6, +6), 50%]-6, -6) 0 99.1%|-6, -6,+1/2), 0.9%|+6, +6,-1/2)

3 1.42 50%]+6, -6), 50%|-6, +6) 3.60 50%]+6, -6,-1/2), 50%|-6,+6,-1/2)

4 1.42 50%]|+6, -6), 50%|-6, +6) 3.60 50%]-6, +6,+1/2), 50%|+6,-6,+1/2)

5 3.60 2.3%]|+6, -6,-1/2), 47.6%|+6, -6,+1/2),
2.3%|-6,+6,-1/2), 47.6%|-6,+6,+1/2)

5 3.60 2.3%|+6, -6,+1/2), 47,6%|+6, -6,-1/2),
2.3%|-6,+6,+1/2), 47.6%]-6,+6,-1/2)

7 5.41 100%|-6, -6,-1/2)

8 541 100%|+6, +6,+1/2)
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4.3. Discussion and conclusion

Bis(porphyrinato)phthalocyaninato dinuclear rare-earth(l11) molecules with thiomethyl
functional groups were designed. One of the primary design objectives is to enhance bonding
with gold electrodes. Due to the robust Au-S bond, thiol derivatives are widely used in
molecular spintronics.?6-2° The designed molecules incorporate thiomethyl groups solely on
the middle phthalocyanine ligands, allowing for selective junction configuration. In this regard,
the molecules studied here are more suitable for spin transport than previously used Tb2oPcs.
Future transport measurement will reveal its potential as a nuclear spin qudit with enhanced
Hilbert space.

The neutral forms of the designed molecules, 3-Tb and 3-Y, were synthesized first. The
synthesis route employed here is an optimized method for preparing lanthanide heteroleptic
symmetrical [Por]Ln[Pc]Ln[Por] complexes (3-Tb and 3-Y) by utilizing in situ-generated
unstable intermediates to ensure regiospecific formation of the target complexes through
selective interactions driven by electronic and charge density distributions. Both 3-Tb and 3-Y
were characterized using UV-vis-NIR, IR spectroscopies, HR ESI-MS, and *H- and *C-NMR
(only with 3-Y). Cyclic voltammetry measurements on 3-Tb and 3-Y revealed their lowered
oxidation potential compared to those of bis(porphyrinato)phthalocyaninato dinuclear rare-
earth(111) derivatives, which proved the other design aim; redox state tuning by the introduction
of electron donating groups.

3-Tb and 3-Y were then converted into the corresponding cationic radicals (4-Tb and 4-Y,
respectively) by the addition of an equimolar amount of oxidation reagent (phenoxathiine
hexachloroantimonate (V)). 4-Tb and 4-Y were characterized using UV-vis-NIR, IR
spectroscopies, and HR ESI-MS. The UV-vis-NIR spectra of 4-Tb and 4-Y remained
unchanged for over a week at room temperature in air, revealing their air stability. The presence
of a radical was confirmed by EPR on 4-Y. The amplitude got saturated quickly against
increased MW power, indicating its long spin-lattice relaxation time(T1). In the field of
molecular electron-spin QIP, organic radicals have attracted increased attention because their
small spin-orbital coupling tends to give long T1.>® Attempts have been made to use [YPc2]° as
an electron-spin qubit.>1* The result presented here may offer 4-Y as a new platform of
electron-spin qubit. Further pulsed EPR studies on 4-Y are needed.

Single crystal XRD analysis of 3-Th, 3-Y, 4-Tb, and 4-Y confirmed their symmetrical
[Por]Ln[Pc]Ln[Por] configuration. Their mono-cationic character was confirmed by the 1:1
ratio of the complex to SbCle™ in the lattice of 4-Ln. To understand the magnetic property, some
parameters were highlighted. First, 4-Tb exhibited the elongation of the Th-Tb distance in 0.01
A, the contraction of the Por-Pc distance in 0.02 A, and a smaller twisting angle in 3.45°.
Previously, Horii et al.**° revealed that upon two-electron oxidation ([ThzPcs]”?*), crystal
parameters in ThoPcs changed significantly, including the contraction of the Th-Thb distance in
0.08 A, the contraction of the Por-Pc distance in 0.07 A, and a smaller twisting angle in 12.4°.
They performed a CASSCF study and concluded that the contraction of Th-Th induced the
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decrease in the energy barrier Uerr (from 279 cm™ to 217 cm™). Considering the subtle
difference in the crystal parameters, the effect of the crystal field on the difference in the energy
barriers between 3-Tbh and 4-Tb is expected to be limited. On the other hand, the nearest
intermolecular Tb --- Th distance was 13.1 A for 3-Tb while 12.7 A for 4-Tb. Similar to the
previously reported ThoPc(TPP)2,2# it can be inferred that they are sufficiently distant from
each other, allowing to disregard the intermolecular Tb --- Th magnetic interaction. Furthermore,
the phenyl groups perpendicular to the porphyrin plane and the lattice solvents make
intermolecular distanbce isolated (Figure 4.18 d, 4.19 d), suggesting that the intermolecular
radical --- radical magnetic interaction is also negligible.

The magnetic properties of 3-Tb and 4-Tb were investigated using CASSCF calculations and
bulk magnetometry. The ymT(T) and M(H) plots showed different behavior between 3-Tb and
4-Th. The fitting of 3-Tb was performed using Steven’s coefficients obtained in CASSCF,
giving isotropic exchange coupling of J_n-.n = 0.039 cm® for 3-Th. On the other hand, the fitting
was performed for 4-Tb using the result of CASSCF of the dication of 4-Tb, yielding Jin.tn =
0.025 cm™ and Jin-rad = —0.45 cm™. The dynamic magnetic properties of 3-Tb and 4-Tb differ
significantly. The field-dependence of ym" versus frequency plots revealed that 3-Th was a
field-induced SMM while 4-Tb was a zero-field SMM. In addition, the temperature-
dependence of the ym'" versus frequency plots and their fitting was performed on 3-Tb and 4-
Th. That of 3-Th was fitted with the combination of Orbach and Raman processes. The plot
of 3-Tb resembles to that of ThoPc(TPP)2, where the value of Ues is also similar (Uess = 43.65
+ 0.64 K for 3-Tb while Uest = 25.9 - 34.6 K for ThoPc(TPP)2). On the other hand, the plot of
4-Tb was fitted solely with Orbach process to give Ues = 7.33 £ 0.12 K. Overall, 3-Tb and 4-
Thb showed a significant difference in magnetic properties, represented by the switch from field-
induced SMM behavior of 3-Tb to zero-field SMM behavior of 4-Th. As mentioned in the
introduction part, varieties of radical-bridged dinuclear lanthanide SMMs have been
investigated for the improvement of SMM properties. The key distinction between them and 4-
Tb lies in the fact that those studies are aiming to disperse the spin distribution of radicals,
reaching into the deeply buried 4f orbitals of Ln centers.® Contrary to that, as EPR studies
revealed, 4-Tb have radical spin density solely on the ligands. As a consequence, Jin-Rad = —
0.45 cm™ of 4-Tb is much smaller than that of other reported examples, for instance, Jin-rad =
—10 cm? for [(Cp*2Gd)2(u-bpym)]*.22¢ In terms of weak exchange coupling, 4-Tb is better
compared to the [TbPc,]° species. As explained in Section 1.4, the superior SMM properties of
[TbPc2]° over [ThPc] are attributed to the difference in the ligand field associated with the
structural difference, as well as the suppression of QTM via the exchange-bias.1%141173 Ag
discussed above, the difference of the LF in 3-Tb and 4-Tb are negligible; instead, the
Exchange-bias and the Kramers/Non-Kramers switch are likely the main contributing factors.

In summary, to achieve better bonding to gold electrodes and lower oxidation potential,
bis(porphyrinato)phthalocyaninato dinuclear rare-earth(111) molecules were designed, which
were functionalized with thiomethyl group solely on Pc rings. The development of these
molecules led to several key outcomes:
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1. Thetarget molecule (3-Ln) was synthesized and characterized , with cyclic voltammetry
confirming lowered oxidation potential

2. 3-Ln was converted into a monoradical (4-Ln) , demonstrating air stability for over a
week.

3. EPR analysis on 4-Y confirmed the presence of a « radical, highlighting its potential as
an electron spin qubit.

4. Bulk magnetometry on 3-Th and 4-Tb revealed a transition from a field-induced SMM
(3-Tb) to a zero-field SMM (4-Th).

Those findings open avenues for future studies on organic radical-based electron spin qubits
and enhancement of SMM properties. Among all, the study of nuclear spin qudits is of primary
interest. The results revealed the radical is weakly coupled to both terbium ions equally. In
addition, the thiomethyl group’s strong bonding affinity with gold makes 3-Tb promising for
spin transport measurements.
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Conclusive Remark

Conclusive Remark

This thesis aimed at the investigation of the effect of an additional radical on the properties of
bis(phthalocyaninato)  lanthanide(lll) and  bis(phthalocyaninato)porphyritnato  bis-
lanthanide(111) complexes. To this end, three systems were thoroughly investigated, as
explained in Chapter 2, 3, and 4.

Chapter 2 described a diradical based on [YPc2]° incorporated with an isoindoline-based
nitroxide radical. Because of the long spin-lattice relaxation time T1 of [YPc2]°, this study was
initiated for the purpose of the construction of a CNOT gate. The isoindoline-based nitroxide
radical was chosen for its structural rigidity and stability against reaction temperature. The
diradical 1 was synthesized and characterized with various techniques, including UV-vis-NIR
absorption spectroscopy, IR spectroscopy, ESI-mass spectrometry, and cyclic voltammetry.
The CW-EPR spectrum of a fluid solution sample was fitted to give the spin Hamiltonian
parameters, such as asymmetric g values (gno = 2.0060, gpc = 2.0023), hyperfine couplings (An-
No = 40.74 MHz, An-no = 0.67 MHz), and an exchange coupling |J| = 0.014 cm™. On the other
hand, the CW-EPR spectrum of the frozen solution didn’t give satisfactory fitting due to
inapplicability of the point dipole model. The pulsed EPR spectra (FSED) differed significantly
from CW-EPR, attributed to two factors: independent relaxation of the two spins and
intermultiplet transition. The former was excluded through a combination of saturation
recovery, echo-decay, and Laplace transformation of FSED spectra. Both of them revealed
unique T1 and Tm, and anisotropy, similar to the nitroxide radical. This behavior is well
explained by the sequential mechanism where faster relaxing species (nitroxide radical)
accelerate the relaxation of slower relaxing species ([YPc,]° radical). The FSED measurements
at varying amplitudes revealed peak shifts, with spin nutation at different fields showing three
oscillations: one is associated with *H enveloped and the others are Rabi oscillations. The ratio

of the magnitude of these oscillations is close to v/2, which is expected to be attributed to S = 1
and S = %. The gap is attributed to intramultiplet (singlet-triplet transition), and it gives dipolar
coupling D = 53.7 MHz. The similar J and A create a closely-packed spin ladder, which makes
2 challenging to apply as a CNOT gate. On the other hand, the capability to arbitrarily control
two transitions makes it well-suited for qutrit applications.

Chapter 3 examined the terbium analogue of compound 1 (2) to examine its effects on SMM
properties and its potential as a molecular qubit. Compound 2 was characterized using the same
techniques as 1, confirming both radicals remained intact. DC magnetometry validated the
magnetic purity of 2, and three parameters necessary to discuss SMM properties, Ues, Te and
Hc, were obtained from hysteresis loop measurement and AC susceptibility with fitting analysis.
The blocking temperature was discussed from both hysteresis and AC measurements, showing
that 2 is comparable with other [TbPc,]° derivatives. Hc was zero even at 2K, unlike for the
[TbPc2]° dimer. AC susceptibility and fitting revealed its nature of relaxation which was mainly
dominated by Orbach and Raman processes. Ueft Was 677 K, which is in the range of [ThPc2]°.
Overall, 2 was characterized with unchanged magnetic properties from [TbPc2]°. As an outlook,
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the potential of 2 as a molecular qubit was discussed. The situation where two radicals and
SMM behavior coexist in one molecule is analogous to the qubit gate system studied by STM-
EPR, hence 2 would be an intriguing target of STM EPR studies.

Chapter 4 described a radical in bis(porphyrinato)phthalocyaninato dinuclear rare-earth(l11)
complexes (4-Ln). The goal was to introduce the function of a = radical in this inherently
radical-free structure. The thiomethyl group was chosen for its good connection to gold
electrodes and electron-donating properties. Initially, the neutral form (3-Ln) was synthesized
and characterized with various spectroscopic techniques. Cyclic voltammetry of 3-Ln revealed
their narrower HOMO-LUMO gaps than those of other bis(porphyrinato)phthalocyaninato
dinuclear rare-earth(l1l) derivatives. Encouraged by this result, 3-Ln was converted into
cationic radicals (4-Ln) by mixing with an equimolar amount of oxidation reagent. 4-L.n was
characterized by UV-vis-NIR abs. spectroscopy, IR spectroscopy, and ESI-mass spectrometry.
UV-vis-NIR spectra remained unchanged for one week in air at room temperature, suggesting
their air stability. CW-EPR spectra for 4-Y displayed a signal at g = 2.002, confirming the
radical’s presence. The EPR signal intensity saturated quickly with increased MW power,
indicating a long spin-lattice relaxation time. Each sample yielded crystals suitable for sc-XRD
analysis, which revealed the isostructural character of 3-Tb and 3-Y, and 4-Tb and 4-Y,
respectively. The fittings of DC susceptibility and M(H) measurements gave the exchange
interactions quantitatively: Jun-Ln = 0.039 cm™ for 3-Th, while Jin-Ln = 0.025 cm™ and Jin-rad =
—0.45 cm for 4-Th. AC susceptibility measurements revealed the switch from a field-induced
SMM (3-Tb) to a zero-field SMM (4-Tb). Ab initio calculation indicated that this was due to
the exchange-bias and/or the shift from a non-Kramers system to a Kramers system. This study
represents the first bulk magnetic study of radical-bearing dinuclear complexes with porphyrin
or phthalocyanine ligands, offering valuable insights for fields such as radical-based electron-
spin qubits and radical-bridged dinuclear lanthanide SMMs. Notably, the potential application
as nuclear-spin qudits is promising.

These thorough bulk-phase studies have highlighted the function of additional radicals,
represented by the potential of [YPc,]° based diradicals for use as either a CNOT gate or quitrit,
or the switchable magnetic property with and without a radical in
bis(porphyrinato)phthalocyaninato dinuclear rare-earth(l11) complexes. They will also lead
future single-molecule studies. As described in Chapter 3, 2 has a potential to be the first
molecular Heinrich’s qubit. This will liberate molecular design from the limited varieties of g
values, and make it possible to construct higher quantum logic gates, such as CCNOT gates.
Currently, the deposition of 2 with electrospray is under investigation. On the other hand, the
good connection between Au-S and the understanding on Jin.rad makes 3-Th advantageous
against ThoPcs. Therefore, it is promising as a new material for nuclear spin qudits. Spin-
transport measurements on this molecule are planned. In the end, the results of this thesis will
lead to future studies, paving a new way for QIP.
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Chapter 5. Experimental Details

5.1. Experimental Section for Chapter 2

As explained in Chapter 2, the contents in this section are based on the published paper: “J.
Komeda, A. K. Boudalis, N. Montenegro-Pohlhammer, C. Antheaume, A. Mizuno, P. Turek,
M. Ruben. Selective Transition Enhancement in a G-Engineered Diradical. Chem. Eur. J. 2024,
202400420. https://doi.org/10.1002/chem.202400420.” The figures and tables represented in
this section are reproduced from the original paper under the terms of the CC BY-NC-ND 4.0
license (https://creativecommons.org/licenses/by-nc-nd/4.0/).

5.1.1. Materials and Methods
All reagents and solvents were of commercial grade and were used without further purification

unless otherwise stated. Tetra-n-butylammonium hexafluorophosphate (nBusNPFs) was
purchased from Sigma—Aldrich and recrystallized from hot ethanol, then dried in vacuo.
Bis(phthalocyaninato)yttrium(l1l) complex (1) was synthesized following the literature
method.*

FTIR spectra were measured with an ATR detector by using Nicolet iS50 FT-IR spectrometer
Thermo Fischer. UV-Visible-NIR spectra were taken on a Cary 500 Scan UV-Vis-NIR
Spectrophotometer. TD-DFT calculations were performed using the Gaussian 16 Revision C.02
program package.?? *H-NMR spectra were obtained using Bruker Avance 500 MHz NMR
spectrometer. Specific conditions are described in the relevant sections.

ESI-MS (KIT) was observed using MicroTOF-Q Il Bruker. ESI-HRMS (ISIS) was measured
using Orbitrap Exactive Plus with Extend Mass Range: Source HESI Il from ThermoFicher.
The samples that didn't require separation or additional sample preparation were therefore
placed in a syringe and pushed at a defined flow rate of 12 uL. min by a syringe pump through
transfer tubing directly to the ESI source.

Cyclic voltammetry (CV) was performed using Gamry Interface 1010 E electrochemical
analyzers at room temperature (25 °C). Cyclic voltammograms were measured in a 0.1
M nBusNPFe solution of CH2Cl, as a supporting electrolyte solution with scan rates of 100
mVs?® with the concentration of 0.5 mM for nitroxide-functionalized YPc, (1) and
[NO ] dibromobenzene (SM3), and as a saturated solution (less than 0.5 mM) for [YPc,]°. The
solutions were bubbled with argon flow for more than 10 minutes before the measurements,
and kept under argon atmosphere during the measurements. A glassy carbon electrode with a
radius of 3 mm, a Pt wire, and an Ag*/Ag reference electrode (10 MM AgNOszin 0.1
M nBusNCIO4/CH3CN) was used as a working electrode, a counter electrode, and a reference
electrode, respectively. The Fc*/Fc redox couple was used as an internal standard.
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5.1.2. Synthesis
All the syntheses were performed under inert atmosphere, unless otherwise stated. Each

compounds were synthesized in the following procedure.

Synthesis of SM1

0]
CHs;Mgl
N e N
toluene
0]

reflux, overnight

SM1

SM1 was synthesized according to the previous report with a small modification.*° In a three-
neck flask connected to a condenser with a magnetic stirrer, 200 mL of a solution of CHsMgl
in diethyl ether (0.400 mol) was added, which was dried into vacuo. In a separate Schlenk flask,
24.1 g of 2,3-Dihydro-1,1,3,3-tetramethyl-2-(phenylmethyl)-1H-isoindole (0.102 mol) was
added and dissolved into 250 mL of toluene. This solution was transferred to the three-neck
flask via cannular, and the mixture was heated to reflux and stirred for 16 hours. After cooling
down to room temperature, the reaction mixture was filtered through Celite. The obtained
solution was condensed, then re-diluted with hexane, followed by silica-gel column
chromatography (eluent: hexane 100%) to yield white crystalline powder (8.1 g, yield: 30.0%).

IH-NMR (CDCls, 500 MHz, & in ppm): & = 1.30 (s, 2H), 3.99 (s, 2H), 7.11-7.16 (m, 2H), 7.18-
7.30 (m, 5H), 7.44-7.48 (m, 2H). *C-NMR (CDCl3, 500 MHz, & in ppm): & = 28.4, 46.2, 65.2,
121.3,126.4, 126.7, 127.9, 128.3, 143.5, 147.9.

Synthesis of SM2
1) Br2, CC|4
pyridine, 0°C  Br
N —_— N—Br
2) AICI3, 0°C  Br
3.5h
SM1 SM2

SM2 was synthesized following the reported method with some modifications.’! In a three-
neck flask with a magnetic stirrer equipped with NaOH aqueous solution trap, 2.50 g of SM1
(9.51 mmol), 50 mL of CCls, and 280 uL of pyridine were added and stirred vigorously. The
solution was cooled to 0°C for 1 hour, and 7.5 mL of bromine was added dropwise. After 20
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minutes, 8.04 g (60.0 mmol) of anhydrous AICIs was added to the solution. The mixture was
stirred for 3.5 hours, and then basified with an aqueous solution of KOH. The mixture was
extracted with DCM, and then washed with water, followed by drying over Na;SOas. After
drying into vacuo, the crude mixture was purified with silica-gel column chromatography
(eluent: hexane/ethyl acetate/acetic acid = 96/3/1) to yield a yellowish crystalline powder (2.83
g, yield: 72%).

IH-NMR (CDCls, 500 MHz, & in ppm): & = 1.45 (s, 12H), 7.42 (s, 2H). *C-NMR (CDCls, 500
MHz, & in ppm): & = 28.0, 69.5, 123.2, 127.1, 145.4.

Synthesis of SM3
Br H202, N32WO4 Br
N—-Br —————» N-O,
Br MeOH/CH;CN Br
NaHCO5, 3d
SM2 SM3

SM3 was synthesized similarly to the previous report.*®* 5.65 g of SM2 (16.2 mmol) was
dissolved into a mixed solvent of methanol (350 mL) and acetonitrile (11 uL). To the solution,
2.12 g of NaHCO3 (25.2 mmol), 895 mg of Na,WO4-2H>0 (2.70 mmol), and 18 mL of H.0O>
(160 mmol) were added, and the mixture was stirred vigorously for 2 days. Afterwards, the
reaction was quenched with water, and extracted with DCM. The DCM solution was washed
with brine and then dried into vacuo to yield a yellowish crystal (2.10 g, yield: 19 %).

HRMS (ESI-Tof) calcd. (%) for C1oH14BraNO: 347.9417, found: 347.9544.

Synthesis of [NO]'PN

Br Zn(CN),, Pd(PPh3), NC
N-O, — N-O,
(o]
Br DMF, 85°C NC
overnight
SM3 [NO] PN

The synthesis of [NO]'PN was conducted according to the previous reports with slight
modifications.}*® Prior to the use, the glasswares used here were dried in an oven at 120°C to
remove water. 8 mL of anhydrous DMF was degassed in a freeze-pump-thaw cycle, which was
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repeated three times. To a Schlenck flask with a stirring bar filled with argon, 526 mg of SM3
(1.50 mmol), 1.72 g of Zn(CN)2 (14.7 mmol), and 1.68 g of Pd(PPhz)s (1.45 mmol) were
introduced, which were subsequently dissolved into 8 mL of DMF. The mixture was heated up
to 85°C and stirred vigorously for 2.5 days. Afterwards, the reaction was cooled down to room
temperature, and quenched by the addition of 40 mL of aqueous solution of NHz (8%). The
mixture was extracted with DCM and washed with NH3 aqg. After drying under vacuo, the crude
was purified by silica-gel column chromatography (eluent: hexane/ethyl acetate = 7/3) to yield
yellow powder (189 mg, yield: 52.5%). IR spectrum of [NO]'PN is shown in Chapter 2
manuscript.

Synthesis of YPCOAC

§ =S 5)
10 ©i + Y(acac);'H,0 —> N N/j/\
CN /AmOH % S %

reflux, 2 h
YPcOAc

YPcOAC was synthesized in a similar way as the previously reported method.*>? Under an argon
atmosphere, phthalonitrile (816 mg, 6.38 mmol), yttrium(lll) acetate (266 mg, 0..689 mmol)
were dissolved into 15 mL of 1-hexanol. After adding 0.9 mL of 1,8-Diazabicyclo[5.4.0Jundec-
7-ene, the solution was heated to reflux, stirring vigorously for 2 h. The reaction mixture was
dried in vacuo, and purified with silica gel column chromatography. The first fraction was
eluted with 100% CHCls, mainly composed of [YPc2]°. After removing [YPc2]° the fraction
consisting of YPcOAc was eluted with CHCI3s containing 5% of CH3OH. The solvent was
removed in vacuo to give a blue solid of YPcOAc (280 mg, yield: 10%).
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Synthesis of 1

0
N

1

@
=N N
N N
y S
NC . /N\ [YPc,)°
[NOT PN @/\ DBU Q,/N\@ + di- substltuted
+ N iAmOH =N
&N% reflux, 12 h
2 - )
NC CN YPcOAc
[NO]'PN (54 mg, 0.228 mmol), phthalonitrile (116 mg, 0.91 mmol), and YPcOAc (209 mg,
0.30 mmol) were dissolved into 9 mL of isoamyl alcohol. After adding 1.65 uL of 1,8-
Diazabicyclo[5.4.0Jundec-7-ene, the mixture was heated to reflux, stirring vigorously for 12 h.
The reaction mixture was dried in vacuo, and purified with repeated silica gel column
chromatography (eluent; CHCIs with 1% of EtsN). The obtained material was further purified
by reprecipitation in CHCI3/MeOH to yield a dark green powder of 2 (45 mg, 16%). Note that
crystallization of 2 was attempted by slow evaporation in CH.Cl,, CHCI3, or by slow diffusion
in  CHCls/Hexane, CH.Clz/Hexane, CHCIl3/MeOH, CH.CIl>/MeOH, toluene/MeOH,
toluene/Acetonitrile, C2H4Cl2/Heptane, C2H4Clo/MeOH, in all of which crystal was not
obtained. The detail of the characterization was described in Chapter 2 manuscript.
HRMS(ESI): calcd (%) for C7oH42N170Y: 1225.2811, found 1225.2701.

5.1.3. Computational Studies

Magnetic properties

The Spin Hamiltonian (SH) is a particular case of effective Hamiltonian, used to study the
interaction between any kind of spin carrier. In this model, all orbital coordinates are removed
and replaced by only spin coordinates. For two magnetic centres in the absence of an external
magnetic field it can be written as:

_ 1 . .
H= —JS,-S,+D Z [5 —§S(S+ 1)] +E Z (8% — S%, (5.1)

i=1,2 i=1,2

Where $; are the local spin operators, J is the isotropic coupling constant, D and E are the single-
ion axial and rhombic zero-field splitting parameters, respectively, and S is the global spin of
the system. In most cases the first term is dominant, and the remaining is included as
perturbations, in this case, the SH is reduced to:

= _]51 52 (5.2)
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also known as the ‘‘Heisenberg—Dirac—Van-Vleck Spin-Hamiltonian” (HDVV). The energy of
each state with total spin S is given by:

E(S) = —é [SS+1)—S5,(S;+1)—S,(5, +1)] (5.3)

where the energy between adjacent spin levels can be expressed as:

ES—-1)—-ES)=]JS (5.4)
and J can be computed as:
_EGS- 1; — E(S) (5.5)

All density functional theory (DFT) and wave function WFT based (WFT) calculations were
performed by using the ORCA software package??!, employing a def2-TZVP basis set??? to
represent all the atoms in the structure.

Density functional theory (DFT) calculations
By means of the DFT, the isotropic coupling constant J was calculated for the 1 complex using

the Broken Symmetry (BS) method introduced by Noodleman??, using the B3LYP hybrid
exchange correlation (XC) functional®®. The orbitals used for the High Spin (HS) state were
obtained from SCF optimization of the S = 1, Ms = 1 unrestricted determinant. The BS
determinant is constructed by taking the HS determinant as a reference and flipping the spin
density localized on the inner 16 C atoms (Figure S8 c,d), followed by the corresponding SCF
energy optimization. The magnitude of the coupling constant J is then calculated in terms of
the energy Eys gs and the spin expectations value (S2)ys g5 of this two determinants, using the
expression proposed by Yamaguchi et al.?%5:

J = 2(Eps — Ens)

(S5 — (S?)ps (56)

Wave function based (WFT) calculations
The exact energy and wave functions of each spin state on both complexes were determined

through the state average complete active space self-consistent field (SA-CASSCF)
methodology.??® To consider the effects of dynamic correlation, the N-Electron Valence State
Perturbation Theory (NEVPT2) method??” was employed in subsequent calculations using the
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converged SA-CASSCF wavefunction as the reference. In all WFT-based calculations, the
resolution of the identity approximation (R1)??® was adopted.

Geometry Optimizations
The molecular structure of 1 was optimized through the DFT methodology, utilizing the

Perdew—Burke—Ernzerhof (PBE) exchange-correlation. Dispersion interactions were treated
with the DFT-D3 atom-pairwise correction??%23°, Optimized molecular coordinates are shown
Appendix:

5.1.4. EPR studies

Materials and methods
All EPR spectra were recorded from CD.Cl,/CDCls 4:1 solutions.

Room-temperature fluid solution EPR spectra from 0.05 mM solutions were recorded on a
Bruker ESP300 spectrometer using a Bruker 4102ST rectangular cavity operating in the TE1o2
mode. The solutions were deoxygenated under an argon stream, transferred to 100 uL glass
capillaries (Hirschmann) and sealed from both ends with sealing wax.

Frozen solution experiments were carried out on 0.1 mM solutions. The solutions were
deoxygenated with freeze-pump-thaw cycles, and flame-sealed under a helium atmosphere in
the EPR tubes. CW EPR spectra on the X-band were collected on a Bruker ELEXSYS E580
spectrometer, fitted with an upgraded ESP1010 microwave bridge, a 1 kW TWT amplifier and
a Bruker ER4118X-MD-5W dielectric resonator. Based on previous calibration, the maximum
B: (0 dB attenuation) is 1.1 mT. Q-band CW spectra were recorded on an EMXplus
spectrometer fitted with an EMX premiumQ microwave bridge and an ER5106QTW
microwave resonator operating in the TEo12 mode and controlled by the Bruker Xenon software.
The magnetic field was applied by a Bruker BE25 electromagnet using a Bruker
ER082(155/45)Z power supply. In both cases, for low-temperature experiments the resonators
were fitted in Oxford CF935 dynamic continuous flow cryostats and the temperature was
regulated with Oxford servocontrols (Mercury iTC and ITC503, respectively).

Pulsed EPR spectra were collected on the above mentioned ELEXSYS spectrometer. FSED
spectra were detected by monitoring the integrated intensity of the Hahn echo (z/2——z—7—echo)
under varying fields. Hahn echo decay traces were obtained as a function of the incremented
interpulse delay tincr (7/2—tinc——tine—€cho). Phasing cycling schemes (x)x (2-step) and x[x] (4-
step) proposed by Stoll*®? were found not to afford any particular improvement and no phase
cycling was used for FSED and echo decay experiments. Echos were symmetrically integrated
around the peak maximum, starting around 25% of the maximum intensity. For the 16/32 ns
echos, this meant a 120-150 ns width.
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T1 times were measured with saturation recovery sequences, preceded by a picket-fence train
of 27 & pulses separated by 100 ns to saturate the magnetization, before a regular Hahn echo.
Transient nutation experiments were carried out by applying nutation pulses of incremented
duration ty,t and by monitoring the intensity of a Hahn echo (detection block) as a function of
truit. The Hahn echo sequence was applied after a long decoherence time used to remove off-
resonance coherences (thut-tdec-/2—7—m—7—echo). For the experiments, the delays were chosen
S0 that tgec >> tnut, typically 8 ps. For all experiments, the delay between two nutation sequences
(shot repetition time) was larger than 5T:. Damping times zr of the Rabi oscillations were
determined by fits to the time-domain data to an exponentially damped periodic function.

Fourier transforms in all cases were carried out after applying a baseline correction, zero filling,
and apodization to a Hamming function.
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5.2. Experimental Section for Chapter 3

5.2.1. General Information
The quality of the reagent, as well as the laboratory equipment (FTIR spectrometer, UV-vis-

NIR spectrometer, and potentiostat) here is the same as in Chapter 2, see Section 5.1.1. Cyclic
voltammograms of 2 were measured in the same condition as Chapter 2. ESI-MS was observed
using MicroTOF-Q 11 Brucker.

The sample for SQUID experiment was prepared by putting 13.6 mg of 2 in 36.9 mg of gelatine
capsule together with 74.5 mg of eicosane, which was inserted into a straw. DC magnetic
susceptibility and magnetic hysteresis were measured by using Quantum Design MPMS®3
magnetometers. DC data was collected in the temperature range 2 — 300 K under an applied DC
magnetic field (H) of 1000 Oe, and corrected for diamagnetic contributions from eicosane and
sample holder employing Pascal’s constants.[8] Magnetization versus field was performed in
the scanning rate of 25 Oe/s. AC data was collected using MPMS- XL SQUID. An oscillating
magnetic field of 3.5 Oe and frequencies between 1 and 1.5 kHz were employed. Fitting of
Cole-Cole plot was done employing the generalized Debye model by using CC-Fit2181:182

5.2.2. Synthesis
[NO T* PN was synthesized according to the method presented in Section 5.1 and the original

papert44,

Synthesis of TbPcOAc

l
Tb
CN =/ 1=\, _
6 + Tb(acac);:H,O ———— N—N N
DBU N /
CN ) S>—N N
iAmOH é)\N/ 7

reflux, 2 h

OAc

TbPcOAc

TbPcOAC was synthesized in a similar way as the previously reported method.'®? Under Ar
atmosphere, phthalonitrile (825 mg, 6.44 mmol), yttrium(I11) acetate (504 mg, 1.11 mmol) were
dissolved into 15 mL of 1-hexanol. After adding 0.9 mL of 1,8-Diazabicyclo[5.4.0Jundec-7-
ene, the solution was heated to reflux, stirring vigorously for 2 h. The reaction mixture was
dried in vacuo, and purified with silica gel column chromatography. The first fraction was
eluted with 100% CHCls, mainly composed of [ThPc2]°. After removing [ThPc2]°, the fraction
consisting of ThPcOAc was eluted with CHCIz containing 5% of CH3OH. The solvent was
removed in vacuo to give a blue solid of TbPcOAc (280 mg, 36.8%).
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Synthesis of 2
Q
N
1 OAc

[TbPc,]°

NC CN / \ Tb
— . .
[NOT PN + 1.3@:,,,N @ OEU /N\ + di-substituted
+ SN N— iAmOH N N N
&N% reflux, 12 h N N—X
4 N N 2
2

Compound 2 was synthesized in the similar way as 1.14 [NO ]" PN (43.3 mg, 0.180 mmol),
phthalonitrile (103 mg, 0.80 mmol), and ThPcOAc (211 mg, 0.275 mmol) was dissolved into 9
mL of isoamyl alcohol. After adding 1.65 uL of 1,8-Diazabicyclo[5.4.0]Jundec-7-ene, the
mixture was heated to reflux, stirring vigorously for 12 h. The reaction mixture was dried in
vacuo, and purified with repeated silica gel column chromatography (eluent; CHCIs / toluene
mixture in the ratio of 9 to 1 with the addition of 0.5% of acetone). The obtained material was
further purified by reprecipitation in CHCls/MeOH to yield a dark green powder of 1 (18.7 mg,
8.0%). Note that recrystallization was attempted with 2 in CH>Cl>/MeOH, CH>Cl./hexane, both
of them resulted in green powder.

HRMS(ESI): calced (%) for CroHs2N1;OTb: 1295.3032, found 1295.2538.
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5.2.3. Magnetometry
Table 5. 1. Best fit parameters to a generalized Debye model for AC susceptibility measured

on 2.

Temp. / K t/s xs / cm®mol? x1 / cm®mol? a
2.50 1.23E-01 1.69E-01 6.71E+00 4.47E-01
3.00 9.60E-02 1.42E-01 5.21E+00 4.45E-01
3.50 7.96E-02 1.33E-01 4.25E+00 4.41E-01
4.00 6.61E-02 1.18E-01 3.56E+00 4.33E-01
5.00 4.97E-02 9.89E-02 2.69E+00 4.20E-01
5.50 4.66E-02 9.43E-02 2.42E+00 4.22E-01
6.00 4.07E-02 8.19E-02 2.16E+00 4.11E-01
6.50 3.83E-02 8.18E-02 1.98E+00 4.11E-01
7.00 3.52E-02 7.51E-02 1.82E+00 4.07E-01
7.50 3.37E-02 7.42E-02 1.70E+00 4.11E-01
8.00 3.12E-02 6.81E-02 1.57E+00 4.08E-01
9.00 2.27E-02 5.32E-02 1.14E+00 3.87E-01
10.00 1.99E-02 5.05E-02 1.00E+00 3.68E-01
11.51 1.77E-02 4.13E-02 9.07E-01 3.76E-01
12.56 1.60E-02 3.90E-02 8.28E-01 3.40E-01
14.16 1.48E-02 3.58E-02 7.65E-01 3.46E-01
15.00 1.24E-02 3.12E-02 6.37E-01 3.41E-01
17.00 1.12E-02 3.00E-02 5.58E-01 3.36E-01
20.00 9.28E-03 2.18E-02 4.62E-01 3.07E-01
25.00 8.12E-03 2.02E-02 3.70E-01 3.11E-01
30.00 6.41E-03 1.35E-02 3.11E-01 3.37E-01
35.00 5.68E-03 1.43E-02 2.60E-01 2.65E-01
36.00 5.29E-03 1.50E-02 2.54E-01 2.56E-01
37.00 4.44E-03 1.81E-02 2.42E-01 2.02E-01
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38.00

39.00

40.00

41.00

42.00

43.00

44.00

45.00

46.00

47.00

48.00

49.00

50.00

3.77E-03

3.80E-03

2.30E-03

2.22E-03

1.75E-03

1.23E-03

8.23E-04

6.38E-04

4.56E-04

3.11E-04

2.25E-04

1.72E-04

1.24E-04

1.25E-02

1.40E-02

1.44E-02

1.76E-02

1.42E-02

1.69E-02

1.57E-02

7.50E-03

9.62E-20

1.02E-02

9.98E-03

1.99E-02

1.85E-02

2.41E-01

2.29E-01

2.25E-01

2.14E-01

2.09E-01

2.05E-01

1.99E-01

1.96E-01

1.90E-01

1.87E-01

1.82E-01

1.85E-01

1.78E-01

2.54E-01

1.74E-01

2.04E-01

6.33E-02

1.00E-01

4.30E-02

3.50E-02

1.15E-01

1.78E-01

5.21E-02

4.45E-02

8.76E-03

1.59E-02
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5.3. Experimental Section of Chapter 4

5.3.1. General Information
The quality of the reagents and the spectroscopic equipment is the same as described in section

5.1.1, unless otherwise stated. ESI-ToF mass-spectra were measured using either a MicroTOF-
Q 11 Brucker or a Orbitrap Exploris 240 from Thermo Fischer.

Cyclic voltammograms were measured in a 0.1 M nBusNPFs solution of CH2Cl, as the
supporting electrolyte, with scan rates of 100mV/s and a sample concentration of 0.5 mM. The
solutions were saturated with argon for more than 10 minutes before the measurements, and
kept under argon atmosphere during the measurements. A glassy carbon electrode with a radius
of 3 mm, a Pt wire, and an Ag‘/Ag reference electrode (10 mM AgNOsin 0.1
M nBusNCIO4/CH3CN) were used as working, counter and reference electrodes, respectively.
The Fc*/Fc redox couple was used as an internal standard.

DFT calculations were carried out using the Gaussian 16 Revision C.02 program package.??
The calculations on 3-Y and 4-Y were carried out on the structure from scXRD, while the
calculation of Y2PcPor, was performed on the reported structure (CCDC 989974). For 3-Y and
Y2PcPor», due to the calculation power, two terbium atoms were converted into yttrium atoms.

Single crystal X-ray diffraction data of compound 1 were collected on a STOE STADI VARI
diffractometer with monochromated Ga Ka (1.34143 A) radiation at 180 K. Using Olex22%,
the structures were solved with the ShelXT2%2 structure solution program using Intrinsic Phasing
and refined with the ShelXL?® refinement package using Least Squares minimization.
Refinement was performed with anisotropic temperature factors for all non-hydrogen atoms;
hydrogen atoms were calculated on idealized positions. Crystal data and details of data
collection and structure refinement are given in Table 5.3. Crystallographic data for compounds
3-Th, 4-Th, 3-Y, 4-Y reported in this thesis have been deposited with the Cambridge
Crystallographic Data Centre as supplementary information no. CCDC-2384846, 2384847,
2384848, 2384849, respectively. Copies of the data can be obtained free of charge from
https://www.ccdc.cam.ac.uk/structures/.

EPR experiments were carried out on frozen CD,CIl>/CDClI3z 4:1 solutions (0.1 mM). The
solution was deoxygenated with freeze-pump-thaw cycles, and flame-sealed in the EPR tube
under a helium atmosphere. X-band CW EPR spectra were recorded on an Elexsys E580
spectrometer equipped with a 4118X-MD5 resonator (Bruker Biospin GmbH) and a CF935
continuous flow cryostat controlled by a Mercury ITC (Oxford Instruments).

The CASSCF calculation of 3-Tb and 4-Tb was performed using OpenMolcas?®*. The
calculation was carried out employing the modified crystal structures where phenyl groups on
porphyrin were converted to methyl groups, and one of two terbium centers was converted to
yttrium. The models were constructed based on the structures of them obtained from the single
crystal X-ray structure, without any further geometry optimization. The basis sets from ANO-
RCC library17-19 were employed with VTZP quality for Th'"" ion, VDZP quality for N atoms
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directly bound to the Tb"' ion, and VDZ quality for all remaining atoms was employed, using
the second-order DKH transformation.?3®

For the magnetometry, polycrystalline samples of 3-Tb and 4-Tb were suspended in eicosane
to prevent torquing and placed into a gelatin capsule, which was then inserted into a straw. DC
magnetic susceptibility and magnetization versus field were measured by using a Quantum
Design MPMS®3 magnetometer. The data of DC susceptibility was collected in the temperature
range 2 — 300 K under an applied DC magnetic field (H) of 1000 Oe, and corrected for the
diamagnetism of the sample holder, eicosane, and sample itself. Magnetization versus field was
measured in a range of 0 — 7 T using the option “stable at each field”. On the other hand, AC
data was collected using a MPMS- XL SQUID magnetometer. An oscillating magnetic field of
3.5 Oe and frequencies between 1 and 1000 Hz were employed. Fitting of Cole-Cole plot was
acquired employing generalized Debye model by using CC-Fit2.18%:182

5.3.2. Synthesis
Synthesis of 2SMe-PN

CI:©:CN MeSNa MeS CN

—— 1L

Cl CN water/ DMF MeS CN
60°C, 1 h 2SMe-PN

To a solution of 4,5-dichlorophthalonitrile (528 mg, 2.68 mmol) in 12 mL of DMF, 2.4 mL of
an aqueous solution of sodium methanethiolate (402 mg) was added dropwise. The mixture was
then heated to 60 °C and stirred for 1 hour before being cooled down to room temperature. A
white precipitate formed upon the addition of 15 mL of water, and the mixture was stirred for
30 minutes. The precipitate was collected by filtration and washed with water, yielding 403 mg
of white powder (yield: 68.2%).

'H-NMR (400 MHz, CDCls, & in ppm) & = 7.40 (s, 2H, aromatic), 2.62 (s, 6H, —SCHs3). *C-
NMR (400 MHz, CDCl3, & in ppm) & = 144.33, 126.92, 115.62, 111.25, 15.46. Assignments
are shown in Figure 5.1.
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Synthesis of [TbPc2(SMe)16]°

é‘ —/IIN ;

“W=N=r/

A b\SM

MGSJ@CN Thiacack T2 MeSMes N SMe”
— Tb

MeS CN 1-HexOH MeS 7\ SMe

a N MGSQ/ANX\@’SMG
2SMe-PN reflux, 60 S—N/ W=

S
[TbPc,(SMe)46]°

[TbPc2(SMe)16]° was synthesized in a similar way, as reported before.?°2> 2SMe-PN (890 mg,
4.05 mmol), terbium(I11) acetylacetonate monohydrate (211 mg, 0.462 mmol) were dissolved
into 20 mL of 1-hexanol. After adding 0.382 mL of 1,8—diazabicyclo[5.4.0]Jundec—7-ene,the
mixture was heated to reflux and stirred vigorously for 60 hours. The reaction mixture was then
cooled to room temperature, and 100 mL of methanol was added. The precipitate was collected
by filtration, redissolved in chloroform, and purified by silica gel column chromatography
(eluent; chloroform 100%). The dark grey fraction was collected and reprecipitated in
chloroform/hexane to yield black powder of 16SMe-TbPc2 (386 mg, 34.4%).The
characterization data (UV-Vis-NIR,IR ans ESI MS spectra) was shown in section 2.2., which
is also true for the following compounds unless otherwise stated.

HRMS (ESI): calcd(%) for CegH72NgS16Th 1921.0257, found 1921.4053

Synthesis of [YPc2(SMe)16]°

’&“\‘Nﬁ’lf\’@\

N SM

MGSI:[CN Y(acac)3'H,0 MeSMeS N SMe
3 Y

MeS CN 1-HexOH MeS q N SMe

q N MeS N L 7 SMe
2SMe-PN reflux, 60 < NI'I \\N_

[YPc,(SMe);6]°

In the same manner as [ThPc2(SMe)1s]®, [YPc2(SMe)ws]® was obtained from 210 mg
(0.956mmol) of 2SMe-PN, 48 mg (0.124 mmol) of yttrium(l11) acetylacetonate monohydrate,
and 100 pL of 1,8—diazabicyclo[5.4.0]Jundec—7-ene in 4 mL of 1-hexanol.
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Yield: 52.4 mg, 20.8%. HRMS (ESI-ToF): calcd(%) for CssH72NsS16Y 1851.0084, found
1850.8882

Synthesis of 3-Tb

meso-Tetraphenylporphyrin

A medleS \7\1 N\N@%Me

Tb(acac)z"H,O

1,2,4-TCB
/ n-Octanol

reflux, 4 h

[Tchz(SMe)16]

reflux, 16h

3-Tb

62.7 mg (0.102 mmol) of 5,10,15,20-tetraphenylporphin (TPP) and 52.0 mg (0.100 mmol) of
terbium(l11) acetylacetonate monohydrate were dissolved into the mixture of of 1,2,4-
trichlorobenzene and 1-octanol (2 mL/2 mL), and the mixture was heated up to reflux, stirred
vigorously for 4 h. The reaction mixture was cooled down to room temperature, and 52.0 mg
(0.0250 mmol) of [TbPc2(SMe)16]° was added to it. The reaction mixture was heated to reflux
and stirred vigorously for 4 hours. . Upon cooling to room temperature, the mixture was
combined with methanol to precipitate the product. The precipitate was collected by filtration,
redissolved in a minimum amount of chloroform, and purified by silica gel column
chromatography. Initially, a mixture of chloroform and hexane in a 2:1 ratio was used as the
eluent until the pink fraction was fully collected, after which the eluent was switched to 100%
chloroform. The olive-colored fraction was collected and recrystallized in chloroform/hexane,
yielding 9.32 mg of the target compound (15%).

HRMS (ESI-ToF): calcd (%) for C128HasN16Ss Thy 2423.3650, found 2423.3721.
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Synthesis of 3-Y

meso-Tetraphenylporphyrin

Me §/I %Me
¥ ‘Q\’Nm@”
Y(acac);'H,O N eSM
/ \ e
124TCB | o 41 “RieS j ‘:\ ¥ S'V'e Q\N \N& 9
/ n-Octanol ' ‘Y' N“\NTI’N =
Mesé W N QSMe

A MeS \ SMe

Me%—@L %

[YPCz(SMe)1e]°

reflux, 16h

3-Y

In the same manner as 3-Th, 3-Y was obtained from 61.8 mg (0.100 mmol) of TPP, 51.6 mg
(0.118 mmol) of yttrium(lll) acetylacetonate monohydrate, 52.3 mg (0.028 mmol) of
[YPc2(SMe)16]°, and 2 mL/2 mL mixed-solvent of 1,2,4-trichlorobenzene and 1-octanol.

Yield: 9.80 mg, 15%. HRMS (ESI): calcd(%) for C128HgsN16SsY 2 2283.3261, found 2283.3229.
'H-NMR (400 MHz, CDCls, § in ppm) & =9.18 (s, 8H, Pc), 8.71 (quasi d, J = 6.8 Hz, 8H, Oendo),
7.99 (quasi t, J = 8.0 Hz, 8H, Mendo), 7.56 (quasi t, J = 7.8 Hz, p), 7.29 (s, 16 H, Por B), 7.00
(quasi t, J = 8.0 Hz, 8H, Mexo), 6.10 (quasi d, J = 6.8 Hz, 8H, Oexo), 3.12 (S, 24H, ~SCHs). ). *C-
NMR (400 MHz, CDCls, 8 in ppm) 8 = 156.36, 150.01, 142.64, 141.52, 134.46, 132.06, 128.25,
127.09, 126.11, 125.95, 120.95, 120.66, 17.25. Assignments are shown in Chapter 2 manuscript.

Synthesis of Phenoxathiin hexachloroantimlonate(V) (Phen*SbCls")
SbClsg

D) e [O00)

Phen*SbCI-

The synthesis was carried out following the reported procedure.?*® Dichloromethane used in
this process was saturated with argon for more than one hour prior to use. To a solution of
phenoxathiine (102 mg, 0.51 mmol) in dichloromethane, a solution of SbCls (145 mg, 0.48
mmol) in dichloromethane was added dropwise. The reaction mixture turned immediately blue-
violet. It was cooled in an ice bath and after 15 min a microcrystalline precipitate formed. The
remaining dichloromethane was removed by decantation, and the precipitate was washed twice
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with fresh dichloromethane. The obtained material was dried in vacuo, and used without further
characterization It was stored in a freezer at -25 °C under argon atmosphere

Synthesis of 4-Tb

//‘\

M 7 \\
N

MGSQI/ N\\ p’—SMe Phen+SbC|6

N/ »
3 '\{\\*NT///%\ CHC|3

MeS é N eSMe 30 min

Chloroform and hexane used in this procedure were saturated with argon for two hours before
use. 2.87 mg of Phen*ShCle (0.00536 mmol) and 13.0 mg of 3-Tb (0.00536 mmol) were
dissolved in 10 mL of chloroform and stirred vigorously for 30 min. The reaction mixture was
filtered through cotton and immediately subjected for crystallization in the hexane bath under
argon atmosphere. Crystallization was conducted in a fridge at 5 °C, yielding black needles
(6.32 mg, 42.6%).

HRMS (ESI-ToF): calcd(%) for C128HssN16SsTh2 2423.3650, found 2423.3648.
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Synthesis of 4-Y

MesQ’f’N‘\ §>”SM€ Phen*SbClg
! N —_—

>

ﬁw@
MeS R SMe
MeS N SMe

Nl

3-Y

In the same manner as 4-Th, 4-Y was obtained from 2.33 mg (0.00436 mmol) of Phen*SbCls’,

CHCl3
30 min

9.80 mg (0.00429 mmol) of 3-Y, to yield black needles (4.50 mg, 40.0%).

HRMS (ESI-ToS): calcd.(%) for C128HssN16SsY2 2283.3261, found 2283.3187.
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5.3.3. Characterization
Characterization of 25SMe-PN

a o S %
- o~ N
&5 \
&
I MeS:©:CN
MeS CN
SCH;  water
CHCI,
Ph-H
L 5 : )|
2.00 6.33
b

—144.33
—126.92
—115.62
—111.25

MeS:@CN
MeS™ 2754 CN

CD

o

15.46

T T
20 180 100

Figure 5.1. *H-NMR (a) and **C-NMR (b) spectra of 2SMe-PN.

T
(]
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DFT calculation

Y,PcPor,

-2.41eV
-3.11 eV

-2.41eV
-3.11eV

-4.71 eV
—4.84 eV

150

-2.42 eV
-3.21eV

-2.42 eV
-3.21eV

Figure 5.2. Molecular orbitals of Y2PcPor> (left) and 3-Y (right). The isocounter value is 0.02

for both of them.
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=%

%> _5.39 eV

} PR »9,.
-6.67 eV ‘}.,:’8&4‘?4,
v

Do v 2R o
—682ev I A

P Y ga‘
>
l —-6.98ev - 24, » e

Figure 5.3. Molecular orbitals of 4-Y.The isocounter value is 0.02 for both of them.
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Structural Study

Table 5. 2. Continuous shaped measures (CShM) for 3- and 4-Ln, as well as ThoPc(TPP)a.

Compound 3-Tb 3-Y 4-Tb 4-Y Th2PcPor,?
OP-8 36.7 36.9 36.6 36.9 36.8
HPY-8 27.7 27.7 28.9 28.8 29.0
HBPY-8 8.91 8.86 8.82 8.76 8.88
CU-8 0.781 0.736 0.593 0.549 0.532
SAPR-8 8.82 8.74 10.10 10.00 10.17
TDD-8 6.35 6.29 7.23 7.15 7.31
JGBF-8 17.5 17.5 17.8 17.8 18.1
JETBPY-8 25.0 25.0 25.3 25.2 25.4
JBTPR-8 10.9 10.8 12.0 11.9 12.2
BTPR-8 10.0 9.9 11.1 11.0 11.3
JSD-8 12.5 12.4 13.4 13.3 13.6
TT-8 1.71 1.67 1.45 1.43 1.48
ETBPY-8 23.3 23.3 23.4 23.3 23.5

a. from ref.143

OP-8 = (Dgn) Octagon HPY-8 = (C7) Heptagonal pyramid HBPY-8 = (Den) Hexagonal
bipyramid CU-8 = (On) Cube SAPR-8 = (D4g) Square antiprism TDD-8 = (D2g) Triangular
dodecahedron JGBF-8 = (D24) Johnson gyrobifastigium J26 JETBPY-8 = (Dsn) Johnson
elongated triangular bipyramid J14 JBTPR-8 = (C2v) Biaugmented trigonal prism J50 BTPR-8
= (Cav) Biaugmented trigonal prism JSD-8 = (D24) Snub diphenoid J84 TT-8 = (Tq) Triakis
tetrahedron ETBPY-8 = (Dzn) Elongated trigonal bipyramid
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Table 5. 3. Crystal packing parameters of 3-Tb, 4-Tb, 3-Y, and 4-Y.

Empirical formula

Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A

o

o/

pre
V/°
Volume/A3
Z
pealcg/cm®
1

wmm’

F(000)

Crystal size/mm?®

Radiation

20 range for data
collection/°

Index ranges

3-Tb 3-Y 4-Tb 4-Y
Ci134Ho4Cl18N16  Ci134H94Cl1gN16  Ci3gHosClasN16Ss  Ci3sHosClasN16Ss
SsTh: SsY2 SbTh> SbY>
3140.67 3000.65 3952.59 3812.57
180 180 180 180
triclinic triclinic triclinic triclinic
P-1 P-1 P-1 P-1
15.8139(3)  15.7874(3) 15.3741(3) 15.3486(3)
159511(3)  15.9637(3) 15.9288(3) 15.9879(3)
15.9670(3)  15.9986(3) 18.8546(4) 18.8341(4)
83.8340(10)  83.7740(10) 90.180(2) 90.040(2)
69.3450(10)  61.8820(10)  104.359(2) 104.252(2)
62.1490(10)  69.4520(10)  117.331(2) 117.5390(10)
3324.19(11)  3322.00(11)  3936.85(15) 3936.52(14)
1 1 1 1
1.569 15 1.667 1.608
8.869 4.025 10.224 6.172
1574 1522 1959 1907
O.ngOOéll X 0.120%03.1 X 0.15&003;04 X 012x01x0.03
GaKa (A= GaKa (A= GaKao (A= GaKa (A=
1.34143) 1.34143) 1.34143) 1.34143)
PPN S 548410115002 5816 1t0 128658
20<h<18,- -12<h<2l,- -17<h<19,-19 -20<h<13,-21
20<k<6,-21 19<k<2l,- <k<9,-23<1< <k<21,-24<1
<1<20 21 <1<20 23 <25
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Reflections 58979
collected
Independent 152800 [R_i“t a
reflections 0.0268, Rsigma =
0.0287]
Data/restraints/para 15800/0/806
meters
Goodness;of-flt on 1,067
Final R indexes R1 =0.0424,
[1>=26 ()] WR2 =0.1206
Final R indexes [all R1=0.0469,
data] WR2 =0.1231
Largest diff.
peak/hole / e A 3.23/-2.01

50537 39606 64867
16084 [Rin= 16006 [Rin= 19206 [Rint =
00228, Rsigma 00331, Rsigma = 00306, Rsigma =

= 0.0266] 0.0342] 0.0334]
16084/0/806 16006/0/870 19206/0/875
1.057 1.058 1.075
R1=0.0629, R:1=0.0699,wR, Ri1=0.0751,
WR2 = 0.1874 =0.1982 WR2 =0.2313
R1=0.0727, R:1=0.0788, wR, R =0.0921,
WR2 = 0.1963 =0.2076 WR2 =0.2471
3.67/-2.00 1.82/-1.48 3.09/-1.58
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Comparison of the result of CASSCF

3-Tb (full)

550

3-Tb (simplified)

4-Tb

4-Tb (dication)

500 -
450
400
350 -

- 300 -

£

2250 4

200 -
150 1
100 1
50 A

0
-50

Figure 5. 4. Comparison of the energy states of 3-Tb (full) (black), 3-Tb (simplified) (green),

4-Tb (maroon), and 4-Tb dication (red).

5.5.  Magnetometry

Table 5. 4. Best fit parameters to a generalized Debye model for AC susceptibility measured

on 3-Tb at DC field of 1500 Oe.

xs / XS _err /
Temp Tin_err_up ~ TiIn_err_lw Cm3 Cm3 m0|' xXT / Cm3 AT _err /
K tls /s Is  ter/s molt ! molt  cm*mol! « Clerr
9.01E 6.07E- 1.34E- 3.67E 2.55E- 1.50E+0 3.98E 1.34E
200 -03 02 03 -04 17 1.38E-01 1 198E-01 -01 -02
7.35E 4.44E- 122E- 2.39E 2.13E- 1.43E+0 3.78E 1.14E
220 -03 02 03 -04 14 1.16E-01 1 1.46E-01 -01 -02
495E 2.27E- 1.08E- 1.18E 1.05E- 1.25E+0 3.22E 9.42E
2.60 -03 02 03 -04 01 8.76E-02 1 8.68E-02 -01 -03
3.67E 1.32E- 1.02E- 5.87E 2.42E- 1.10E+0 2.67E 6.96E
3.00 -03 02 03 -05 01 5.78E-02 1 4.84E-02 -01 -03

155



Chapter 5. Experimental Details

3.40

3.80

4.20

4.60

5.00

5.40

5.80

6.20

6.60

7.00

7.40

7.80

8.20

8.60

9.00

9.50

2.93E
-03

9.04E-
03

6.66E-
03

5.08E-
03

4.20E-
03

3.46E-
03

2.86E-
03

2.38E-
03

1.99E-
03

1.67E-
03

1.42E-
03

1.20E-
03

1.01E-
03

8.61E-
04

7.34E-
04

6.33E-
04

5.24E-
04

9.48E-
04

8.80E-
04

8.15E-
04

7.26E-
04

6.51E-
04

5.83E-
04

5.21E-
04

4 BAE-
04

4.12E-
04

3.63E-
04

3.21E-
04

2.87E-
04

2.57E-
04

2.27E-
04

2.02E-
04

1.79E-
04

3.22E-
01

3.80E-
01

4.20E-
01

4.17E-
01

4.21E-
01

4.27E-
01

4.29E-
01

4.29E-
01

4.34E-
01

4.27E-
01

4.30E-
01

4.33E-
01

4.50E-
01

4.37E-
01

4.38E-
01

4.62E-
01

3.61E-02

1.66E-02

2.04E-02

1.41E-02

1.76E-02

1.85E-02

2.15E-02

2.25E-02

2.33E-02

2.07E-02

2.23E-02

2.31E-02

2.00E-02

2.12E-02

2.23E-02

2.09E-02

9.90E+0
0

8.94E+0
0

8.10E+0
0

7.45E+0
0

6.87E+0
0

6.35E+0
0

5.90E+0
0

5.51E+0
0

5.17E+0
0

4.87E+0
0

4.60E+0
0

4.35E+0
0

4.13E+0
0

3.93E+0
0

3.75E+0
0

3.54E+0
0

2.68E-02

1.13E-02

1.27E-02

8.10E-03

9.82E-03

9.04E-03

9.69E-03

9.33E-03

9.21E-03

7.15E-03

6.98E-03

6.53E-03

5.10E-03

4.83E-03

4.66E-03

3.68E-03

1.63E
-01

1.52E
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2.64E 4.28E- 1.63E- 4.50E 4.84E- 3.35E+0 6.21E 7.14E
10.00 -04 04 04 -06 01  3.41E-02 0 5.55E-03 -02 -03
2.29E 3.67E- 143E- 2.94E 4.94E- 3.19E+0 5.93E 4.97E
10.50 -04 04 04 -06 01  2.44E-02 0 3.28E-03 -02 -03
2.01E 3.14E- 1.29E- 2.60E 5.23E- 3.04E+0 5.37E 4.75E
11.00 -04 04 04 -06 01  2.33E-02 0 2.87E-03 -02 -03
1.78E 2.68E- 1.17E- 2.56E 5.43E- 2.91E+0 4.69E 4.93E
11.50 -04 04 04 -06 01  2.47E-02 0 2.51E-03 -02 -03

Table 5. 5. Best fit parameters to a generalized Debye model for AC susceptibility measured
on 4-Tb at zero DC field.

Temp. Tin_err_.u Tin_err 1~ Terr / xs / cm? As_err / cm? xXT /cm? AT _err / cm?
IK /s ,ls wls s mol* mol* mol* mol? o Oer
1.02 2.20E 4.73E 9.26 2.15E+0 1.71E+0 134 4.62

200 E-03 -03 -04 E-06 0 6.91E-02 1 2.95E-02 E-01 E-03

9.15 2.00E 4.19E 8.98 2.13E+0 1.67E+0 1.37 4.90
205 E-04 -03 -04 E-06 0 7.40E-02 1 293E-02 E-01 E-03

8.23 182E 3.72E 8.86 2.11E+0 1.63E+0 140 5.25
210 E-04 -03 -04 E-06 0 8.03E-02 1 2.96E-02 E-01 E-03

741 1.65E 3.32E 8.88 2.11E+0 1.58E+0 143 5.70
215 E-04 -03 -04 E-06 0 8.80E-02 1 3.01E-02 E-01 E-03

6.71 1.51E 298E 8.92 211E+0 1.54E+0 146 6.15
220 E-04 -03 -04 E-06 0 9.59E-02 1 3.05E-02 E-01 E-03

6.11 1.39E 2.69E 8.94 2.14E+0 1.50E+0 1.47 6.60
225 E-04 -03 -04 E-06 0 1.04E-01 1 3.07E-02 E-01 E-03

561 1.28E 245E 8.61 2.18E+0 1.47E+0 149 6.75
230 E-04 -03 -04 E-06 0 1.06E-01 1 2.94E-02 E-01 E-03

516 1.19E 2.24E 8.59 2.20E+0 1.43E+0 151 711
235 E-04 -03 -04  E-06 0 1.13E-01 1 292E-02 E-01 E-03
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10000+
— Orbach
Raman
‘E 1000 — Orbach + Raman
ke o 1-Tb
e 2-Tb
100+ i
1 10

Temperature / K

Figure 5. 5. Relaxation time (t™) versus temperature (in log scale) plot of 3-Th and 4-Tb
(circles in green and maroon, respectively). The solid lines represent each process: Orbach
1 =1 texp (@) (black), Raman t~!=CT"™ (grey), Orbach + Raman 77! =

75 texp (@) + CT™ (green). The best-fit parameters are described in the manuscript. Error

bars are calculated from the log-normalized (In) distribution.8!
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Appendix

Optimized molecular coordinate of compound 1.

131

Coordinates from ORCA-job OPT

Y

N

N

-0.05489329174555

-0.09088901309241

1.87771546274282

-0.11327181512337

-2.09250063875639

-1.39170868759248

-1.40833861368056

1.40343829179851

1.42050467986402

1.02156200735185

2.29382949389525

2.67373709283340

4.07238237774824

5.26229602617787

5.25349158941986

5.24487700820195

5.22208442233200

4.06409989647642

2.66087755391725

-0.01077272691496

-2.02371643963649

-0.02142854577682

1.96226635808325

-0.04097112639824

-1.40756086087349

1.41203518334745

1.42533753929870

-1.38869605683390

-2.80363140114105

-2.41109476905970

-1.13347473298367

-0.71930373705632

-1.44119497987579

-2.53218342254331

1.42796612017447

2.51934792674307

0.69263774071759

1.09496438935227

-0.04406663853921

-1.39562372065467

1.51374456908611

-1.45546433065161

-1.35132391738914

1.41644122386965

1.37519229788988

1.26354251041916

1.30746170238764

-1.60001102300582

-1.67062119002179

-1.64547623196204

-1.79148338363317

-1.81879873221440

-1.78233589953908

-1.86204335416331

-1.85862906898735

-1.81275085254534

-1.67967901662512
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N

C

C

C

C

2.26668289798670

0.99017525189061

0.56638577307790

1.27546400589008

2.36587716068739

0.54094965805257

1.06485911240851

-0.86289980528071

-1.40473841606759

-1.57504162981751

-2.66503258912941

-0.84286507392060

-1.23731418500716

-2.51094153111488

-2.88978123290568

-4.28914692016279

-5.47966915993835

-5.47481373644918

-6.66983891137893

-7.62256372840040

-6.66189450252349

-7.60856544800603

-5.46347861584314

-5.44618861853930

-4.28120259548787

2.36677567135478

2.74721007540149

4.13316732812897

5.31295458440438

5.30707787159470

6.49510323480379

7.44010128110459

6.48873780818673

7.42896368162980

5.30013721990670

5.28452654281256

4.12679911026709

2.73664120390840

2.34225039811339

1.06687379590936

0.64709030150772

1.35967796325046

2.45053685165359

0.62792451013665

1.15470700269944
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-1.31624864315328

-1.49200991907977

-2.58263259205515

-0.76278858916400

-1.74504774707469

-1.68728678723636

-1.91170841089728

-2.11875307836498

-2.15164029673092

-2.26314732413566

-2.41560932678693

-2.21409507417229

-2.32892990358696

-2.01896653581743

-1.97557404595227

-1.86227309088955

-1.61011608787385

-1.59500732688585

-1.51025088130743

-1.64279625583447

-1.75357075719773

-1.76668808256306

-1.82828322437560

-1.90350184168088

-1.80632710758827

-1.86460936723487

-1.70880456320900

-1.68771384931987

-1.62060979567769
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-2.87732326439736

-2.48411372432742

-1.20607612970771

-0.79578375873559

-1.51406411139184

-2.60411428308673

-0.78807370004195

-1.31898507896392

0.61574005854052

1.15061955303510

1.33631976683825

2.42662521369032

0.61348606033402

-2.72588834407071

-3.35757544174435

-2.74044974644139

-3.43315040532052

-4.76932157420213

-5.52707562062743

-5.09817909668631

-4.11232409369780

-2.76756891007853

-1.99462568081199

-2.44341210427205

-1.17498233508035

-1.16226387988096

-2.43539587105241

-2.81571678465818

-4.20925067619788

-5.39608006762692

-5.39198796186756

-6.58253531644744

-7.53259806384868

-6.57448052904897

-7.51830327980111

-5.37940075881188

-5.36196160591358

-4.20119540198166

-1.17779362419183

-0.00480877565769

1.17355255039612

2.44745056167074

2.76574417645330

1.98230675570936

4.11713318017336

5.11576155098877

4.79371544065785

5.56184032079493

3.45000220570036

2.75934392825216

-1.47488040866417

-1.51857424697881

-1.52192825610768

-1.72630090947551

-1.83943952893704

-1.79521108373613

-1.99176253931718

-2.07160136786824

-2.04108675180054

-2.15880422735734

-1.94000191716859

-1.97262324503775

-1.77624054483990

1.65299303311354

1.70475427055064

1.61507023954427

1.83591268866239

2.06184615766444

2.10621687425107

2.21292330860890

2.15350987715778

1.94049795841785

1.89254551671445

1.77597970625335

1.51930495561246
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-0.00338759575492  3.39447480818332  1.49149231765908
1.17283539989868  2.77233442295326  1.40655579462486
2.45415662638678  3.47934434742368  1.51602275609600
2.78284610689396  4.83006346113678  1.59631770586987
2.00293349713923  5.59266060196525  1.60631702360775
4.14018171841716  5.16679035859286  1.64159871696728
5.13623394700204  4.17649838810326  1.62340383914267
4.80500279790851  2.81897026805716  1.55932624330155
5.57119312687592  2.04313127654957  1.54287335569554
3.45450843892398  2.48543797091332  1.49748991267275
2.75568842674051  1.20276577806779  1.37205604504492
3.39182675941333  0.03205466781965  1.40369851521423
2.77005361297456  -1.14683710233608  1.40698571107186
3.48468236345740 -2.41676823262581  1.56745775758311
4.83908033843632 -2.73166159426072  1.63686267946139
5.59538691629922 -1.94714970166380  1.59692479165694
5.18710499969679 -4.08264358500442  1.73962823956676
4.20325363360182  -5.08415238947452  1.78698342421473
2.84184811127437 -4.76557035064682  1.73354871273846
2.07127598123178 -5.53702948510496 1.76565613662913
2.49653676213538 -3.42186635517617  1.61557854680085
1.20651124576003 -2.73392011931798  1.48853945595462
0.03813164741681 -3.36755398946469  1.59441753809313
C -1.14116079697622 -2.74622647951086  1.60464877012329
C -2.39973256808034 -3.44350773810141  1.88933439287235
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-2.70556911487228

-1.92264005928612

-4.04495372489504

-5.04324025844631

-6.07796566800779

-4.73263860947812

-5.50024943043946

-3.40178776100439

6.24023571630936

4.50955574535619

4.433565684 76583

6.18573559095144

-6.13758451792084

-4.40350528143482

-4.32207873313470

6.43853421929950

6.44710729709428

7.85174894653357

8.64376984290916

7.83608648189497

9.91298218809489

8.16089712911059

8.17552088933568

8.20117381041504

8.13508173545882

-4.78458985850827

-5.54365269290390

-5.11612568363479

-4.12855830027506

-4.42210669635614

-2.77925647946758

-2.00452205148931

-2.45203956410696

-4.36617080036867

-6.12847444541897

6.21670615305434

4.47410711503597

4.40358372825237

6.16023585264462

-6.15916512261425

0.70454455572468

-0.70349169099317

-1.25016731984585

0.01455972869285

1.26932346690150

0.02293018818825

-2.02980030489365

2.07745427812060

-2.08883877970108

2.08828283992831

2.10254704873753

2.07800889452681

2.33373034117162

2.36333084867621

2.54750407014641

2.16313853517398

2.18445746341899

1.91937139389307

1.78438746554836

1.86712668744384

1.69202263966353

1.66045970337056

2.38132704683239

2.27666290758799

2.49535670537632

-1.86589629503432

-1.84482732125475

-1.81710658975226

-1.83530459569069

-1.85350185071776

-1.80582939645010

-0.52957114267984

-3.11394137373490

-3.05467293331894

-0.58813196059024
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9.27893584699444

7.94165808110746

7.65138047336477

7.92534526976606

9.20466963004878

9.25001379120225

7.55108464163923

7.87671012920879

9.23278839242148

7.58550834063083

7.89833233612431

7.61186509926704

-2.30057290978026

-1.55092848594560

-3.03918459651486

1.50989190261569

2.33524996581296

2.30487094797914

3.01853645920381

1.51706226776050

-2.26585680416021

-2.96502483743448

-1.43567270071618

3.01964779333182

-3.05786359803623

-3.97638040174128

-3.03826746898335

-4.02030320553508

-0.55674141572161

-3.12202359511322

-0.59083484882854

0.31426989050860

-0.49278866203844

-0.50585095907289

0.35671443023667

-3.12453324809798
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CASSCEF calculation of compound 3-Ln, 4-Ln
CASSCF calculation of 3-Th with all spin configuration

roots (full)
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Figure Al. Energy diagram of LF states of 3-Tb calculated from CASSCF (full).
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Table Al. The list of LF states, and the composition of |my> of 3-Tb (full). Note that £ m;
contributes equally.

Imy>
Energy /cm?®  |+6> |+5> |+4> [+3> [+2> [+1> |0>
0 100 0 0 0 0 0 0
0.01125529 100 0 0 0 0 0 0
208.147524 0 92.6 0.2 18 0.2 54 0
209.190426 0 94 0.2 1 0.6 4.2 0.1
261.290841 0 0.2 59.4 1.6 2.6 04 35.8
276.969683 0 0.2 2.2 10.8 78.4 7.6 1
283.435118 0 5.8 4.2 41.4 14 34.6 0.1
291.864336 0 6 0.6 48 3.6 41.6 0.1
329.636072 0 0 95.8 2.2 0.8 14 0
448.590346 0 0 35.4 0 5.6 0 59
465.82547 0 0.6 0.2 48.4 0 50.8 0.1
485.726663 0 0.8 0 45.2 0 54 0
494.029557 0 0 1.8 0 94.2 0 3.7
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Table A2. Calculated LF parameters of 3-Thb with SOC (full).

k q B(k,q)

2 -2 -7.06E-03
2 -1 -1.41E-01
2 0 -3.44E+00
2 1 2.87E-01
2 2 3.05E-01
4 -4 -5.95E-02
4 -3 -4.65E-04
4 -2 8.80E-05
4 -1 1.55E-03
4 0 -1.05E-02
4 1 -4.37E-03
4 2 -1.30E-03
4 3 -2.38E-02
4 4 8.25E-02
6 -6 -5.36E-06
6 -5 1.20E-04
6 -4 4.42E-04
6 -3 -3.27E-05
6 -2 -3.62E-06
6 -1 4.39E-06
6 0 1.49E-06
6 1 -8.82E-06
6 2 1.76E-06
6 3 8.02E-05
6 4 -5.22E-04
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6 5 -3.88E-05

6 6 1.45E-05

« L'_, - .."'- ’

RN |
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Figure A2. The modified molecular structure used for CASSCF calculation of 3-Th. Hydrogen,
carbon, nitrogen, sulfur, terbium, and yttrium, are shown in white, black, blue, yellow, cyan,
and grey, respectively. The black arrow represents the orientation of the principal magnetic axes
obtained in full calculation.
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CASSCEF calculation of 3-Tb (simplified)
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Figure A3.

Energy diagram of LF states of 3-Tb calculated from CASSCF (simplified).
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Table A3. The list of LF states, and the composition of |m;> of 3-Tb. £ m; contributes equally
(simplified).

Imy>

Energy / cm’

! |+6> |+5> |+4> |+3> [+2> [+1> |0>

0 100 0 0 0 0 0 0
0.007551779 100 0 0 0 0 0 0
207.0376833 0 93.4 0.2 1.6 0.2 4.8 0.1
207.9433113 0 94.6 0.2 0.8 0.6 3.6 0.1
262.0152671 0 0.2 59.2 1.8 3.4 0.4 35.1
276.2419447 0 0.2 2.6 10.6 77.8 7.6 1.2
282.4736027 0 5 4.2 41.8 14 34.8 0.2
290.8385185 0 5.2 0.8 48.6 3.6 41.6 0.2
328.7645976 0 0 95.8 2.2 0.6 14 0
451.6330675 0 0 35 0 54 0 59.6
469.3936295 0 0.6 0.2 47.8 0 514 0.1
489.4265554 0 0.6 0 44.8 0 54.4 0
498.193512 0 0 1.8 0 94.4 0 3.6
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Table A4. Calculated ligand field parameters of 3-Tb (simplified).

q B(k,q)

-2 -6.77E-03
-1 -1.54E-01
0 -3.47E+00
1 3.04E-01
2 3.04E-01
-4 -6.09E-02
-3 -4.79E-04
-2 8.08E-05
-1 1.39E-03
0 -1.03E-02
1 -4.12E-03
2 -1.39E-03
3 -2.35E-02
4 8.32E-02
-6 -6.64E-06
-5 1.16E-04
-4 4.74E-04
-3 -3.37E-05
-2 -4.21E-06
-1 6.27E-06
0 2.46E-06
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6 1 -1.11E-05
6 2 2.83E-06
6 3 7.90E-05
6 4 -5.50E-04
6 5 -3.60E-05
6 6 1.67E-05

Figure A4. The modified molecular structure used for CASSCF calculation of 3-Th. Hydrogen,
carbon, nitrogen, sulfur, terbium, and yttrium, are shown in white, black, blue, yellow, cyan,
and grey, respectively. The green arrow represents the orientation of the principal magnetic
axes obtained in the simplified calculation.
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CASSCEF calculation of 4-Tb
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Figure A5. Energy diagram of LF states of 4-Tb calculated from CASSCF.
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Table A5. Calculated ligand field parameters of 4-Th.

k q B(k.q)

2 -2 4.71E-03

2 -1 7.35E-03

2 0 -2.54E+00
2 1 7.72E-03

2 2 2.56E-02

4 -4 -4.19E-03
4 -3 1.51E-03

4 -2 4.75E-04

4 -1 6.95E-04

4 0 -1.25E-03
4 1 -5.75E-04
4 2 4.11E-04

4 3 -6.23E-03
4 4 1.17E-03

6 -6 2.84E-05

6 -5 -1.13E-04
6 -4 2.03E-05

6 -3 7.44E-06

6 -2 -2.44E-05
6 -1 -1.78E-05
6 0 9.88E-05

6 1 1.79E-05

6 2 -2.85E-05
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6 3 9.81E-05
6 4 -1.15E-05
6 5 -5.69E-05
6 6 3.79E-06

Figure A6. The modified molecular structure used for CASSCF calculation of 4-Th. Hydrogen,
carbon, nitrogen, sulfur, terbium, and yttrium, are shown in white, black, blue, yellow, cyan,
and grey, respectively. The maroon arrow represents the orientation of the principal magnetic
axes obtained in the simplified calculation
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CASSCEF calculation of 4-Tb dication
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Figure A7. Energy diagram of LF states of the dication of 4-Tb calculated from CASSCF.
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Table A6. The list of LF states of dication of 4-Tb, and the composition of [m;>. Note that +
mj contributes equally.

Im;>
Energy / cm’

! |+6> |+5> |+4> [+3> [+2> [+1> |0>
0.0000 100 0 0 0 0 0 0
0.0223 100 0 0 0 0 0 0

185.0884 0 81.4 0.4 6 0 12 0.2
190.2869 0 89.4 0.6 2 0.2 7.6 0.2
219.3500 0 0 474 24 154 1.6 33.2
230.5567 0 1.6 5.2 13.8 68.4 8.6 2.4
240.8346 0 10.2 7.4 37.4 12.2 28.4 4.5
255.3489 0 15.6 1.6 42.4 24 37.6 04
300.9930 0 0 96.2 1 1.6 1.2 0

419.4271 0 0 34.4 0 16.4 0 49
430.7434 0 0.6 0 49.6 0.2 49.6 0

469.0412 0 1.2 0.2 45.2 0 53.4 0

473.3911 0 0 6.4 0.2 83.2 0 10.1
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Table A7. Calculated ligand field parameters of dication of 4-Th.

k q B(k.0)

2 -2 -1.74E-01
2 -1 3.11E-01
2 0 -3.10E+00
2 1 -4.19E-01
2 2 -5.89E-01
4 -4 -4.94E-03
4 -3 8.63E-03
4 -2 6.32E-04
4 -1 -3.21E-03
4 0 -9.82E-03
4 1 4.42E-03
4 2 1.21E-04
4 3 7.80E-03
4 4 1.12E-01
6 -6 -1.51E-05
6 -5 -1.37E-04
6 -4 -5.19E-06
6 -3 -4.39E-05
6 -2 6.97E-06
6 -1 -9.97E-06
6 0 -6.96E-07
6 1 1.19E-05
6 2 8.52E-06
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6 3 -4.27E-05
6 4 -7.19E-04
6 5 1.35E-04
6 6 -4.22E-05

T/
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Figure A8. The modified molecular structure used for CASSCF calculation of dication of 4-Th.
Hydrogen, carbon, nitrogen, sulfur, terbium, and yttrium, are shown in white, black, blue,
yellow, cyan, and grey, respectively. The red arrow represents the orientation of the principal
magnetic axes obtained in simplified calculation.
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