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ABSTRACT

This Ph. D. Thesis focuses on the study of transition metal complexes,
divided into two main topics. The rst part examined the magnetic and
spectroscopic properties of [V(IV)O] and Ni(ll) complexes, investigating
them for applications as quantum bits (QBs). The [V(IV)O] complexes,
which are of signi cant interest due to their peculiar structure, exhibited
notable coherence times, specically, 8s andT; 10ms. Notably,
hyper ne coupling between the electron spin of the vanadyl and the nuclear
spin of a platinum ion within the molecular structure was observed for
the rst time, providing valuable insights into the system’s electronic
interactions.

The Ni(ll) complex, characterized by a spin state ofS = 1, shows
potential advantages for quantum computation, as it can e ectively func-
tion as an optical addressable quantum bit (OAQB),.e., a QB where
the quantum states can be initialized and read out via optical means,
thereby enhancing the applicability of these complexes in quantum tech-
nologies. Furthermore, the research extended to an Os(lIl) complex, which
represents another system witls = 1=2 that has been scarcely studied
in literature, like other heavy transition metal complexes for quantum
technology applications. Our study fully characterized the chosen complex
and demonstrated the presence of a second polymorph that could not be
determined by common X-ray di ractometric techniques.

Following this exploration of QBs, the project transitioned to synthesiz-
ing molecules that could be used to study the interaction between electric
elds and magnetic properties {.e., the magneto-electric e ect), as the im-
plementation of electric elds in quantum technological applications could
ideally provide a notable boost to the real implementation of these technolo-
gies. A crucial challange that we had to face was the synthesis of complexes
withour an inversion centre, which is in fact a necessary requirement to
observe magneto-electric e ect with our setup. Research e orts were
concentrated on iron(lll), ruthenium(lll), osmium(lil), chromium(lll),
and molybdenum(lll) complexes with selected ligands. Throughout this
work, challenges such as dimer formation and crystallization in centric
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space groups were encountered, complicating the isolation and characteri-
zation of the desired complexes while highlighting interesting di erences
in reactivity, sometimes unexpected.

To address these issues, a new ligand synthesis strategy was devised.
This approach aimed to incorporate chiral substituents within the ligand
structure, promoting crystallization in acentric groups, thereby overcom-
ing the previous limitations associated with centric crystallization. The
synthesis of the ligand and the complexes with iron has been successful,
leading to promising preliminary results, and crystallization attempts are
currently ongoing. This future work is expected to yield further insights
into the magnetic and electronic properties of these complexes, paving
the way for potential advancements in the development of novel molecular
devices.

Keywords: synthesis, coordination chemistry, magnetometry, heavy
metals complexes, X-ray di raction.
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PROPOSITIONS

Motivation (max 2)

« New di erent molecules withS =1=2 and S = 1 have been investi-
gated as Quantum Bits.

« We synthesized two series of transition-metal complexes as candidates
to explore Spin-Electric e ect.

Original contribution (max 4)

« Two distinct V(IV)O complexes have been investigated for their
potential as Quantum Bits, demonstrating outstanding coherence
times.

« An Os(lIl) complex (S = 1=2) has been comprehensively studied
and characterized in order to be used as a Quantum Bit.

« A series of M(lIl) (M = Fe, Ru, Os) complexeshave been synthesized
to explore the Spin-Electric e ect.

Open questions (max 4)

= A Ni(ll) complex that can act as an Opticlly Adressable Quantum
Bit has been magnetically characterized.

= A new series of M(Ill) complexes (M = Cr, Mo) is currently being
studied to further investigate the Spin-Electric e ect.
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Figure 1.5:
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Most common magnetic anisotropy shapes de-
rived from the free energy.a) easy axis magnetic
anisotropy. b) easy plane magnetic anisotropy.
The blue region corresponds to a minimum in
the free energyj.e. a direction that can be easily
magnetized. The red region corresponds to a
maximum in the free energyj.e. a direction that
can be hardly magnetized.

left: Bloch sphere. right: level splitting ofS =
1=2 in a magnetic eld.

On top are reported the temperature dependen-
cies of di erent molecular QB systems studied,
as compared toT, for pure inorganic solids. On
the bottom, a structural representation of some
of the molecules is provided. Image extracted
from Reference [19].

Periodic table with elements highlighted accord-
ing to the natural abundance of zero-spin iso-
topes. Green: 90%abundance, yellow: 80%
abundance, orange: 70% abundance, and
white: < 70% abundance. Image from Refer-
ence [19].

The structure of Cr,O3 with the antiparallel cou-
pling of the magnetic moments is shown. The
black points represent Cr ions, and the empty
spheres represent the oxygen ions. Image extrap-
olated from Ref. [64].
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Figure 1.6:

Figure 2.1:

Figure 2.2:

Figure 2.3:

Crystal structure of [Mn(hfac),(NitPhOMe)]; .
Orange and cyan arrows represent the ferrimag-
netic arrangement of manganese and radical spins.
The out-of-chain orientation of the spins is stabi-
lized by the dipolar interaction between antiferro-
magnetically coupled neighbouring spins. Colour
code: green = Mn, red = O,blue = N, grey =

C. Hydrogen atoms andCFz, CH3, CgHsOCH3
groups have been omitted for clarity. Image ex-
tracted form Ref.[84]. 19

X-ray structure of 1 (left) and 2-CH,ClI, (right)

at 100 K. Color code: C = dark gray, H = light
gray, O =red, S = yellow, V = green, Pt = pink.
Selected distances and angles O 1.58 1.59 A,
V O 1.99202A,0 VO 98.199.3%, 0V O
87.990.9, Pt S 2.32A,S Pt S 88.890.9. In-
tradimer V.V separation is 8.90 A inl1 and
8.95 A in 2.-CH,Cl,. The line connecting V and
Pt does not represent a chemical bond but rep-
resents the just the short distance between the
metals. 29

DC magnetic data for2 CH,Cl,. (left) T vs

T plot at two dierent elds (1 and 10 kOe).

The asterisk evidences a feature corresponding
to the onset of the antiferromagnetic transition of
residual molecular oxygen present in the sample
chamber. (center) T vsT data from 1.9 to 30

K at 1 kOe. (right) Isothermal magnetization
curves at three di erent temperatures as a func-
tion of the applied eld. The solid lines are the
best t obtained. 30

Top, side, and bottom views of the DFT com-
puted singly occupied Quasi-Restricted Orbital
(QRO) of 1. The isosurface value is set to 0.013

e a,°. The color code is the same as in Figure
2.1. 31
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Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

X-band CW- (a,b) and ESE-detected EPR spec-

tra (c,d) of 1 (a,c) and 2 (b,d). Experimental
conditions: (@,b) 4 mM in CH,Cl,/toluene 1:1

ViV, 9:40GHz, T=30K; (c,d) 1 mM in
CD,Cl,/toluene-dg 1:1 v/v, 9:74GHz, T =

10 K. The experimental/simulated spectra are
drawn in blue/navy (a,c) or in red/wine (b,d)

for 1 and 2, respectively. 33
(a) Temperature dependence oF; (triangles) and

Tm (crosses) forl (blue) and 2 (red). Only the

slow component of the bi-exponential t is plot-

ted. (b, c) Linear dependence of the Rabi fre-
quency ( r) as a function of the relative intensity

of the oscillating eld B, in 1 (b) and 2 (c) at 70

K. The insets of panels (b) and (c) display Rabi
oscillations measured at di erent microwave at-
tenuation (upper left) and the Fourier transform

of the Rabi oscillations (lower right). All spectra
were measured at the maximum echo intensity

on 1 mM frozen solutions in CRCl,/toluene-dg

(1:1 viv). 36
Fit of the dependence ofl; vs temperature for

1 (a) and 2 (b) using Egq. 2.3. The plotted
data points represent the measured values of
T, at di erent temperatures, while the curves
correspond to the ts based on the relaxation
model described. 37
Representation ofNi . Color code: C = black, N

= blue, Ni = pink, H = white. The counter ions

have been omitted for clarity. 40
Tanabe-Sugano Diagram for a 3dsystem indi-
cating the energy levels and access to thi&

state under strong eld conditions. A condition
where ( =B) is on the right part of the green

line should guarantee @E rst exaited state. 41
The T vs T plot of Ni measured atH =1

kOe. In the inset, the magnetization curves for

Ni at di erent temperatures as a function of

the magnetic eld are reported. Points represent
experimental data, and continuous lines represent
the simulated data. 42
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Figure 2.11:

Figure 2.12:

Figure 2.13:
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Figure 2.15:

XV

(Top) X-Band EPR (v = 9.387403 GHz) spectra

of Ni measured in perpendicular mode. (Bottom)
X-Band EPR (v = 9.382712 GHz) spectra ofNi
measured in parallel mode. Color code: purple
lines correspond to experimental spectra, and
navy lines correspond to simulated spectrall =

10K. Broadening: strain ofE of 0.001 cm?

for both modes has been used. Gaussian and
Lorentzian broadening of 20 MHz and 39 MHz,
respectively, or 3 MHz and 60 MHz, has been
used for parallel and perpendicular modes. *
Signal attributed to impurities in the powders. 43
Rot. 1 (a), Rot. 2 (b), and Rot. 3 (c) for Ni.
Continuous lines are the best simulation obtained. 45
Representation of the magnetic reference frame in
Ni, X (intermediate axis) is in yellow,Y (easiest
axis) is in green, andZ (hard axis) is in red.

The two reported solutions are equally good in
reproducing the data. Color code = same as in
Figure 2.7. The counter ions and hydrogen atoms
have been omitted for clarity. 47
Zeeman plots for the magnetic eld applied along

the x (Top), y (middle), and z (bottom) direc-

tions of the D and g tensors, with transitions cal-
culated for parallel (left) and perpendicular mode
(right) EPR. For the simulations, the parameters
used have been those of Table 2.2, substituting

E =0:152cm ! with E = 0:15615cm 1. 48
Pictographic representation of the di erent struc-
tures reported for generic homoleptic complexes

of formula [M(acac) ,] where M = transition
metal. Colour code of background: Red = mon-
oclinic, Blue = orthorhombic, Violet = triclinic.
Colour code of oxidation state of the metal: Pink

= +2, Black = +3, Green = +4, Orange = +2

and +3, Gray = N/A. 52
Experimental (black) and tted (red) X-ray pow-

der diraction pattern of -[Os(acac)z]. The

blue line represents the di erence between the
tted and experimental di raction patterns. At

high theta the powder loses crystallinity. 53
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Figure 3.1:

Experimental (black) and simulated (red, blue,

and green) X-band (9.397 GHz) CW-EPR spec-
tra of (Os@ [Ga(acac)z] at T = 5K. The
simulation of the two main contributions to the
spectra of [Os(acac) 3] and their combination
according to natural abundance is given. Blue:
spectrum of #%0s(I = 2; n. ab. = 16:15%),
Green: spectrum of the even isotopes of Os-
mium (total n. ab. = 81.89%). Red: sum of

two di erent simulations. The contribution of
1870s(l = 1; nat. ab. = 1.96%) is not visible in

the experimental spectrum and is not reported
here. The inset reports a zoomed view of the
experimental g, region to evidence the superim-
posed doublet of doublets structure with the
simulation of the 18°0s contribution only (blue
trace). 55
(a) Rot 1 (red) and Rot 2 (blue) for . (b) Rot 1
(red), Rot 2 (blue), and Rot 3 (green) for . The

lines represent the best t or simulation discussed

in the main text. 57
(a) Temperature dependence of thelT product

of [Os(acac) 3] recorded atH = 1 kOe; (b) Field
dependent magnetization measured at di erent
temperatures. For both panels, continuous lines
were obtained using the model and best t pa-
rameters reported in the text. 59
Frequency dependence of the imaginary compo-
nent of susceptibility at 2K from OT to 20T

for pure (a) and diluted (b) [Os(acac) z]. Re-
laxation in the higher frequency region did not
yield an appreciable signal. €) Relaxation time

of (red) and diluted (blue) [Os(acac) 3]. The
continuous line represents the best t obtained
with the parameters reported in the text. 61

left: X-ray molecular structure of [Fe(OPTO) 3]
extracted from Ref.[161]. right: X-ray molec-
ular structure of [Fe(ONO) ;3] extracted from
Ref.[162]. Color code: black = C, gray = H, red

= 0O, yellow = S, orange = Fe. 65
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For X = O: on the top is 3-hydroxy-4-pyrones

R; = CH 3 (maltol), in the middle are 1- or 3-
Hydroxy-2- or -4-pyridinones (R, = aliphatic).

For X = S: 3-hydroxy-4-thiopyrones R, = CH ;3
(thiomaltol) on top, in the middle are 1- or 3-
Hydroxy-2- or -4-pyridinethiones (R, = aliphatic).

On the bottom are reported N- Methylformohy-
droxamin acid (R, = CH 3) and Catechol. 66

Top: Molecular packing in the crystals of Fe(OPO) 3],
showing one molecule of the complex and 4 water
molecules connected by hydrogen bonds; Bot-
tom: Hydrogen bond network viewed along

axis. Color code: black = C, gray = H, red = O,
orange = Fe, cyan lines = Hydrogen Bonds. 68

T value of [Fe(OPO) 3] at H = 1 kOe. In

the inset the magnetization at the three di erent
temperatures are reported. Points and lines rep-
resent the experimental and simulated data using
parameters obtained by torque magnetometry,
respectively. 70

Experimental (black) and simulated (blue) spec-

tra of [Fe(OPO) 3] at T =10 K. The broadening

has been simulated using Lorentzian and a Gaus-
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Figure 3.10:
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Experimental and simulated data fof[Ru(OPO) ;].
T vs T has been collected aH = 50 kOe to
amplify the weak signal observed at high temper-
ature. In the inset on the left, a magni cation
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tion 1, and the dashed lines represent Simulation
2 (see text for more details). The gray dashed
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system withg = 2. 76

The experimental and simulated X-band EPR
spectrum for [Ru(OPO) 3]. The broadening has
been considered with 50 and 35 MHz of Gaussian
and Lorentzian broadening, respectively. Addi-
tionally, an H strain of 50 MHz alongx, 50 MHz
alongy, and 2500 MHz alongz has been added.
The same broadening has been used for both sim-
ulations. * = the signal detected is attributed to
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UV-Vis spectra of HOPO (gray trace), Na[Ru(OPO) 3]
(blue trace), and[Ru(OPQO) ;] (red trace). 79

The structure of [OsOPO(py) ,Cl,] isillustrated

with the following color code: black = C, gray
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Cl. The solvent molecule has been removed for
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Experimental and simulated X-ray powder di rac-
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Experimental (black) and simulated (blue) X-

band EPR spectrum measured at 30 K fdiFe(OPTO) 3].
The broadening has been simulated assuming a
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Left: Electron di raction-based molecular struc-

ture of [RU(OPTO) 3NaRu(OPTO) 3]OH, where
the assignment as Na and OH is discussed in

the text. Right: A magni cation of the coordi-
nation around the metals of the same structure.
Color code: black = C, gray = H, red = O, yellow

= S, green = Ru, pink = Na. 87
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SYNOPSIS

We live in the information era: quantum computers and information
technology dominate much of the debate on new materials. These aspects
are central to modern science as demonstrated by the 2022 Nobel Prize in
Physics to Alain Aspect, John Clauser, and Anton Zeilinger, who have
contributed to the development of these technologies.[1] In this Thesis |
will try to demonstrate that Chemistry can, and must, have a central role
in the development of materials for Quantum Technologies.

This Thesis reports the synthesis, crystallographic and chemical charac-
terization and magnetic behavior of metal complexasteresting materials
that are gaining more and more attention as promising candidates for
technological applications. Our study is not limited to the synthesis of
the complexes and the measurement of their magnetic properties, but we
also developed models to rationalize their behavior, we try to identify the
main issues related to their performances and we delineate guidelines for
future synthesis of materials with improved properties.

In the rst section of the rst Chapter (Chapter 1), the background to
understand the role of Chemistry in Quantum Technologies is provided.
| will brie y describe the di erent platforms that demonstrate potential
for information technology. The fundamental concepts required to apply
molecular chemistry techniques to the research on quantum technologies
are also described. The second Section introduces one of the speci ¢ topics
that have been the subjects of this work. In Section 1.2, the properties
and requirements for obtaining objects behaving as Quantum Bits (QBs)
are explained in depth. QBs are systems that allow the manipulation
of information by exploiting quantum mechanical paradigms in place of
the classical law of physics; this replacement guarantees enormous im-
provements in calculation performances and information processing. In
Section 1.3 | will introduce electron spin based QBs, with a speci ¢ focus
on the molecular approach which forms the core of this Thesis. The use
of electric elds to control QBs, instead of magnetic elds, would be a
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notable boost in implementing these technologies for real applications
and in Section 1.4 a discussion on this aspect is made. In particular, |
discuss there the basics of the Magneto Electric (ME) e ect,e., the
manipulation of the magnetic properties of a system by the application
of an electric eld. Since we are interested in molecules, when the study
is focused on complexes, the ME e ect is generally called Spin Electric
(SE) e ect (Section 1.5)i.e. the spin degree of freedom of molecules by
using electric elds, a cutting-edge but still little-known topic in the eld.
Among the ingredients required to observe SE e ect, there is a large spin
orbit coupling (SOC), typical of heavy transition metals (4d and 5d) or
lanthanides. We decided to work with heavy transition metals, but since
their study is underexplored compared to lanthanides and light transition
metals, in Section 1.6 | summarize the electronic structure, the magnetism
and the reactivity of 4d and 5d metal complexes.

The two following Chapters, divided into three and two Sections,
respectively, describe the experimental work and the results obtained in
this Thesis. The rst experimental Section 2.1 reports the study of a
vanadyl ([V(IV)QO]) metal complex , which has shown excellent potential
as a molecular QB. [V(IV)O] based systems are known to be excellent
candidates for e cient QBs, even if they have intrinsic limitations. Some
of these limitations can be overcome choosing a di erent metal ion and
introducing one in which di erent properties can be leveraged to obtain
the same output. For example complexes based on octahedral Ni(ll) can
be, in principle, used as optically addressable QBs (OAQBSs). In Section
2.2, an extensive discussion on a Ni(ll) system and its potential use as an
OAQB is reported. Section 2.3 describes a study of an Osmium(lll)-based
complex. The work has two objectives: the rst is to explore the use
of heavy transition metals as potential QBs. The second objective is to
introduce, through the study of the magnetic and electronic structure of
a 5d metal complex, a useful guide that can serve as a reference for the
discussion of the work reported in Chapter 3, which focused mainly on the
synthesis and characterization of complexes that could be good candidates
for probing the SE e ect and some of these complexes are made of heavy
metal. During our work, | identi ed two di erent series of complexes that
could be ideal models for measuring the SE e ect. In the rst of the
two Section in which Chapter 3 is divided (Section 3.1), the study that
concerns the complexes of the Fe series (Fe, Ru, and Os) is reported. The
second series was identi ed as the one of Cr (Cr, Mo, and W) and was the
topic covered in Section 3.2. The work concludes with nal considerations,
including a summary of the work and possible future directions.
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1. MOLECULAR SPIN
SYSTEMS FOR
QUANTUM
TECHNOLOGIES

1.1 The role of magnetic anisotropy

A key element to understanding the connection between chemistry
and materials for applications in information technology is the concept
of single molecule magnet (SMM). SMMs are molecular systems that,
thanks to their ability to maintain a magnetic memory, i.e., magnetic
bistability, can encode information like aclassical bit.[2 4] A bit is the
basic unit of the encoding process of information. Through a series of
bits, it is possible to treat increasingly complex information; the number
of classical bits necessary to process information and perform calculations
grows exponentially with the complexity of the problem to be treated.
A classical bit saves information in a binary code where O represents
false and 1 representdrue. SMMs can act like a classical bit; therefore,
they can be used as memory devices instead of classical storing devices
(bulk magnets). The advantages of replacing classical bulk magnets with
molecular ones are tremendous: the most important one is certainly the
reduction in the size of the units that store information, leading to an
increase in the density of processable information per unit of space. This
is made possible by the chemical modi cations that can be applied to the
systems, which are unmatched in standard purely inorganic bits. Further
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the possibility to deposit the molecules on surface paves the way for the
construction of devices that could exploit these technologies.

SMMs are not the only molecular systems that can be used for tech-
nological applications; over time, many molecular systems have been
proposed and studied for these purposes.[5] Among them, | described
SMMs, Qubits (QBs), pseudo-contact shift agents (PCS agents), magnetic
refrigerants (MRs), and anisotropy switches (ASs) in a review published
in Coordination Chemistry Reviewin 2023.[6] For all these materials, the
relevant properties, and therefore their potential for technological applica-
tions, are directly dependent on magnetic anisotropy,e., the di erent
magnetic behavior in the space of a system.[7 9] Stopping at the two
simplest cases, magnetic anisotropy can be of two types: easy axis or easy
plane (Figure 1.1). Generally, the descriptoreasy and hard are referred
to in an energetically favoured or unfavoured direction, respectively. The
shape of magnetic anisotropy can be described using di erent physical
guantities: free energy, magnetization, or magnetic susceptibility.

The free energyF, in equilibrium conditions, can be de ned as follows:

I
Xn Ei(B(: )
F(T;B(;' )= ksgTInZ= kgTlIn e ket 1.1

i=1

wherekg is the Boltzmann constant,T is the absolute temperature,
B( ;' ) is the external applied magnetic eld vector expressed in spherical
coordinates, andE; is the energy of thei-th state.

The magnetizationM can be obtained by deriving the free energy with
respect to the magnetic eld:

@HT;B (;'))
@ (')

The magnetic susceptibility can be obtained by further derivation:

@ (T;B(;')) _ @F (T:B(;"))
@ (') @as(;')?

M(T;B(;" )= 1.2

(T;B(;" )= 1.3

The shapes and the magnitude of magnetic anisotropy are pivotal in
determining the properties of molecular-based material for technological
application. Strictly speaking, a good SMM requires stabilization of the
highest projection of its Spin §) or total (J) angular momentum along
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the quantization axis (ms, m;). This means a strong easy axis type of
anisotropy. For QBs, it is exactly the opposite since the anisotropy needs
to be small for a proper manipulation of the QBs states.

Figure 1.1: Most common magnetic anisotropy shapes derived from the free
energy. a) easy axis magnetic anisotropy.b) easy plane magnetic anisotropy.
The blue region corresponds to a minimum in the free energy,e. a direction
that can be easily magnetized. The red region corresponds to a maximum in
the free energy,i.e. a direction that can be hardly magnetized.

1.2 General properties of Qubits

Quantum Bits (QBs), or qubits, are quantum objects that can be

prepared in a coherent superposition statg, i = jOi + j1li [10]. The
di erence between QBs and classical bits relies on the possibility of en-
coding the information by taking advantage of the in nite set of states
obtained as a superposition of the two basis statg@ and jli [11]. The
superposition states are obtained by in nite linear combinations of the two
fundamental states, where and represent the combination coe cients
of the two basis states; this is possible by the quantum nature of the
states and derives from the rst principles of quantum mechanics [12].
The best graphical representation of the generic stafjei is given by the
Bloch sphere (Figure 1.2 left), where the surface of the sphere represents
the in nite linear combinations of jOi and j1i, located on the poles of the
sphere. The vector representing i has its origin in the sphere's center
and the modulus that corresponds to the sphere radius [11].

Di erent physical platforms are currently investigated as potential QBs:
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Figure 1.2: left: Bloch sphere. right: level splitting of S = 1=2 in a magnetic
eld.

among these, the most advanced ones are solid state defects in materials
[13, 14], and superconducting circuits [15 17]. More recently, the study of
magnetic molecular systems as QBs gained a signi cant impetus, since the
molecular approach provides unparalleled tunability of the physical prop-
erties through chemical design [18, 19]. The two main QB architectures
arising from molecular systems can either exploit nuclear or electronic
spin. Our discussion will be focused on QBs based on electronic spins
because was the only explored in this Thesis.

In 2000, DiVincenzo exposed the ve essential characteristics that a
QB must possess [20]:

" It must possess an appropriate coherence timee., the lifetime
of the superposition statg i) to perform operations. This aspect
is crucial in developing e cient QBs; the natural counterbalance
of this is decoherence: the contribution of all relaxation processes
that reduce the lifetime of the superposition state. The e ciency
of a QB is measured in terms of relaxation times: in the case of
spin-based QBsT;, the spin-lattice relaxation (.e., the spin-phonon
interactions that increase decoherence), which represents the time
required for a polarized spin to relax back to its equilibrium state,
and T,,, the phase memory time, or coherence time, which is a
measure of the lifetime of the superposition state before the loss of
guantum information. T, is measured by Hahn echo measurement
performed with magnetic resonance techniques. Ideally,Ta, longer
than 100 s is necessary to ensure the possibility of conducting a
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quantum calculation for electron spin-based QBs. Further, a third
parameter can be measured in order to establish the performance of
a QB: T,. This relaxation time takes into account only the spin-spin
relaxation mechanism encountered by a QBI,, instead deals with
all the relaxation mechanisms [10].

It must be able to perform a set of quantum operationtn classical
computers, a series of logic gates are implemented to permit the
construction of a series of complex algorithms; with QBs, the quan-
tum logical gates have the same purpose. The simplest operation
achievable on one single QB is the NOT operation, the simple in-
version of the phase of the QBi.e., from jli to ] 1i. Quantum
gates operations can be performed on QB with the help of other
QBs appropriately constructed. The overall control over the target
QB is operated by the work done on the second QB, by appropriate
triggering and readout actions.

It must have the proper electronic structure to be initialized in a
de ned state. To perform a reliable quantum logic operation, it is
necessary that all operable QBs involved in the sequence of quantum
gates assume a well-de ned and known initial state.e., initialization.
There are di erent ways to perform initialization, but for electronic
spin QBs, one can rely on thermal initialization. This procedure
consists of depopulating the excited states of a system by lowering
the temperature and, at the same time, applying a magnetic eld
to break the degeneracy of the spin level 1/2. At elds of the order
of 1 T, a selective population of the ground staté> 99%) can be
achieved only at extremely low temperaturesT < 290mK), making

S = 1=2 QBs not the perfect candidates for this purpose [6]. A valid
solution is to use a di erent structure level withS = 1 [21], where the
initialization and the readout of the information stored or elaborated
can be performed optically. This means that the temperature is no
longer a constraint, and the QBs can be handled easily. Further
discussion on this point will be given later in the text.

It must be individually measurableln other words, we need to be
able to measure the spin state of a single spin system. This criterion
exposed by DiVincenzo is a key point to stress, mainly because
it requires study techniques to perform this kind of observation.
On-surface investigations are possible for molecules that can be
sublimated and are stable when deposited on surfaces; once this
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result is achieved, Scanning Tunnelling Microscopy opportunely
implemented has shown great potential for spin control [22 24].

A

A QB must be well-de ned and scalable to produce QB architectures.
Scalability can be interpreted and explored in two ways: vertical and
horizontal scalability. The rst is the implementation, in the same
QB unit, where the resultant QB can be described as a multiple QB
with multiple spin levels, and each of them can be seen as a series of
states (Oi or jli) where quantum computation is achievable; in that
way, the complexity of the computational process to manage can
increase, and the system is said to have been scaled [25]. Horizontal
scalability is the increase of the number of spin QBs with the same
computational power (each qubit possesses only two fundamental
states) [26].

1.3 Electron spin-based qubits

In the simplest case of an electronic spi§ = 1=2, two energy states
arise (see Figure 1.2 right) when the system is immersed in an external
magnetic eld (Zeeman e ect). The energy of the system can be calculated
using the Hamiltonian:

H=g B S 1.4

whereg and  stand for the electronic g-factor and the Bohr magneton
respectively (see Appendix A)B and S are the magnetic eld and the
spin (1=2 for one isolated electron). The energies of the two levels can
be extracted by solving the Spin Hamiltonian and take the mathematical
expression given below:

Es= ms ¢ Bz 1.5

with mg being the magnetic electron quantum number (1=2) and B;
the magnetic eld parallel to the spin in the z direction. The twoms
values are representative of the two distinct states of the electron, so we
can rewrite them in ket notation to highlight that they represent a state
of the systemj mqi, i.e.,, j+1=2i andj 1=2i. These two states are
compatible with the de nition of a QB that we gave at the beginning of
the chapter due to their quantum nature, so they can be seen as the basis
set to perform quantum computation.
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The two ] mi states can be expressed as two di erent orientations
of the spin with respect to the magnetic eld: j + 1=2i represents the
spin aligned parallel to the eld, andj 1=2i the spin aligned antiparallel.
The energetic separation Es=~ ! =g B is proportional to the
Larmor frequency, with ~ being the proportionality constant. This energy
separation between the states allows the transition of the spin from the
lower level to the higher if appropriate electromagnetic radiation is applied
to the system.

Electronic paramagnetic resonance (EPR) is the perfect technique for
this purpose. X-band EPR operates with microwaves with frequencies of
9 10GHz, so if a magnetic eld of 350mT is applied, the energy
separation between thg 1=2i levels is of the same magnitude as the
irradiated microwave. This implies that spin manipulation is achievable
by EPR and, [27] given the parallelism outlined above between a spin
1=2 and a QB, we can conclude that EPR can be used to manipulate a QB.

To prove that a spin system can be controlled in order to act as a
QB, pulsed EPR is used. From the discussion made until now, the easiest
spin system to be used as a QB is a = 1=2. However, extrapolating
from the ve DiVincenzo criteria, it is evident that an obvious recipe for
the perfect QB is not so simple. In the next pages, a general overview of
the main strategies that the community has embraced in order to target
performing molecular QBs will be given.

In molecular QBs, the rational design of the system, including the
metal center, the ligand strength, the coordination geometry, and the
surrounding environment, is crucial, especially if is desired to activate
control over the QB with an external stimulus. The implementation of
those controls is possible with many di erent molecular approaches. For
example, supramolecular assemblies have been proposed, and antiferro-
magnetically coupled heterometallic rings witls = 1=2 ground spin states
have shown that ne control of these systems is possible [28, 29]. Ligand
design has been used to obtain binuclear lanthanides [30] or oxovana-
dium(lV) complexes weakly interacting [31]. Simple organic molecules
containing stable radicals [32] have also been proposed as quantum gates,
as radicals have the ideal spin system for QB application. A common
feature in all the strategies is the way to make the spins interact. Fixing
the position of two spins and allowing them to magnetically interact is a
good method to implement a logic gate. In general, the interaction must
not be too strong to allow single spin control [31].
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Decoherence is the rst problem to overcome to obtain a performing
QB. One of the main sources of decoherence lies in the presence, within
molecular structures, of magnetically active nucleil (6 0), which generate
local magnetic elds that reduce the lifetime of thej i state (shorter
Tm) [19]. Indeed, hydrogen, which is almost omnipresent in molecular
complexes, drastically reduces coherence times [33]. It follows that the
best possible strategy is to synthesize molecules, or rather ligands, that are
made up of elements without nuclear spin, such as oxygen or sulfur. The
presence of nuclear spins is not the only aspect to be taken into account.
Other electronic spins can also compromise the e ciency of a QB, so a
ne equilibrium between the reciprocal spacing of the metal center in
molecular architectures needs to be rationalized in order to reduce the
interactions that perturb the j i state. At the same time, a ne control
over the interaction between spins for quantum gate operations imposes a
spacing where weak interactions need to be present. Rotations of methyl
groups, as well as a high structural exiblity, are generally detrimental for
coherence times [34]. In Figure 1.3, a number of complexes investigated as
potential QBs are reported, together with theirT, values: it is evident that
[M(mnt),]" (M = Ni(lll), Cu(ll), n =1 or 2 and mnt = maleonitrile-1,2-
dithiolate) have considerable coherence times. One of the reasons is that
in [Cu(mnt),]* , the only source of nuclear spin i$*N, so the system is
guite protected from nuclear perturbation, and this has a positive e ect on
the T, values measured: in fact, at 7 K, the value d88(3) s is observed,
and at room temperature, the value i500(2)ns [35]. For [Ni(mnt) ;] ,

T, reaches the value 0887 s at 7 K [36]. Those measurements have
been performed in a solid solution of the complex, appropriately diluted
with diamagnetic isostructural complexes.The counterions have also been
deuterated to reduce nuclear perturbation. These examples represent an
important progression; however, the values dff, are not large enough for
QBs to be truly performable.

In 2015, Freedman and coworkers changed the scenario by reporting a
vanadium complex that possesses® value tting the requirements set
by the DiVincenzo criteria. Indeed,[V(CgSs)s]* exhibits aT, of 675s at
10 K in a solution of CS [37]. This observation marked, for the rst time,
a T, above100s in a molecular complex, placing it above one of the
most promising inorganic systems, namely N-vacancy in diamonds. From
Figure 1.3, it is clear that nitrogen vacancy centers in diamonds posséss
values higher than many other molecular systems. In the past decade, a
large number of investigations in this eld pointed to the[V (V) O] moiety
as an excellent candidate for a QB for multiple reasons: obviously, it has
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Figure 1.3: On top are reported the temperature dependencies of di erent
molecular QB systems studied, as compared td» for pure inorganic solids. On
the bottom, a structural representation of some of the molecules is provided.
Image extracted from Reference [19].

an electronic structure that can mimic the structure ofa QB § = 1=2). It
forms complexes with square pyramidal coordination geometry, generally
neutral, that can eventually be evaporated and deposited on surfaces,
bringing enormous advantages for device implementation.[38 42] Very
similar features can be identi ed for copper(ll) complexes; the reasons
listed so far are su cient to explain all the e orts that chemists have made
to synthesize QBs with these types of metals [35, 38, 39, 43, 44]. In this
Thesis, an example ofV (V) O] complex will be presented and examined
as QB.

T, is also an important parameter to control in order to achieve an e -
cient QB; this is mainly because the control of the spin-phonon relaxation
times and its mechanism is crucial for obtaining high coherence times.
Speci cally, T, directly in uences T,, as a shortT; can limit the coherence
time T,. Therefore, it is essential to maintain a longl,, especially at
higher temperatures, to ensure that coherence is preservetl, can be
reduce by four di erent spin lattice relaxation mechanis [34]: the direct
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process, the Raman process, the Orbach process, and local vibrational
modes. The direct process is predominant at the lowest temperatures
(below 20 K) and occurs via the emission of a phonon that matches the
energy of a spin- ip transition. Conversely, the Raman process, which
takes place at higher temperatures (typically up to 150 K), is analogous
to the Raman scattering of light, involving the simultaneous absorption
and emission of two phonons, with the energy di erence between them
corresponding to the spin- ip transition. The Orbach process also in-
volves two phonons but proceeds through excitation to a real excited
state rather than a virtual one. Local modes, as the term suggests, are
localized vibrations involving the spin-bearing ion that facilitate relaxation.

Considering the speci ¢ cases of Cu(ll) an@V (IV) O] complexes, the
rigidity in the the vanadyl complex, imposed by the short double bond
with the apical oxygen, is particularly advantageous since it hampers the
local vibration modes and preserve coherence, the same bene cial aspect
is not present for Cu(ll).

Particularly di cult to achieve, and at the same time important, is
the initialization of a QB. From the third DiVincenzo criterion, it is
evident that a satisfactory thermally assisted initialization with a spin
1/2 system is not very reliable. Other strategies, however, are feasible, for
example a di erent approach can be attempted by exploiting the interplay
between chirality and magnetism using the chirality-induced spin selectivity
e ect (CISS e ect) [45]. Another approach, involving a molecular system
proposed by Freedman and colleagues, is also particularly intriguing.
[46]. These systems, calle@ptically Addressable QubitfOAQBS), are
widely studied. Some examples include nitrogen vacancies in diamond [47],
divacancies in silicon carbide [48], and chromium impurities in gallium
nitride [49]. The term "optically addressable" refers to the fact that the
third and fourth DiVincenzo criteria in these types of systems are operated
by means of light, overcoming the problem of initializing the state at a
very low temperature. Freedman and co-workers proposed an octahedral
complex of Ni(ll) where the physics of the process is similar to that of
nitrogen vacancies or divacancies in silicon carbide. In octahedral Ni(ll) a
S =1 system is expected that can act as a QB, this is possible considering
that the spin S =1 hasmg =0 and mg = 1 as its states. Just as
a S = 1=2 system, where themg = 1=2 states are used for quantum
computation, aS = 1 system withmg=0 and mg= 1 can be used for
the same purpose. This means that an octahedral Ni(ll) complex is a
good candidate for study as an electronic spin QB.
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It is clear now that the separation between the two stategdi and
j1li must be accessible for EPR manipulation. This implies that th®
(zero- eld splitting, ZFS, see Appendix A) must be small in absolute value.
To achieve this, certain precautions need to be taken: a high molecular
symmetry should give a relatively small ZFS, while a strong ligand eld
should result in a singlet rst excited state which is luminescent.

Not only has Ni(ll) been proposed for this purpose, but also ¥ [50],
and Cr** complexes [51]. A Ni(ll) candidate that could potentially be
used as an OAQB will be presented in Section 2.2.

Figure 1.4: Periodic table with elements highlighted according to the natural
abundance of zero-spin isotopes. Green: 90% abundance, yellow: 80%
abundance, orange: 70% abundance, and white:< 70% abundance. Image
from Reference [19].

Finally, at the end of Chapter 2, a discussion on anothe8 = 3 system
will be given: an Os(Ill) complex. Osmium, like W or Ti, is not the best
metal to be implemented as a QB due to the relevant percentage of non-
zero nuclear spins (Figure 1.4). However, this is not the main reason that
normally excludes heavy transition metals from being explored as QBs.
The primary issue is the non-negligible spin-orbit coupling (SOC). SOC
contributes to decoherence mechanisms in QBs, as it can e ciently couple
the spin of the qubit to phonons, leading to fast spin-lattice relaxation
and a corresponding loss of coherence. The strength and nature of SOC
in uence the timescales for these decoherence processes.

Even though this is true, some systems have been studied in the lit-

11



Chapter 1

erature [52]. For example, an isostructural pair ofM(CN) ]J[HNBus]s
(M = Mo, W) has been investigated as QBs in solution, and at 5 K,
unusually large values ofT; were found: 1.05 s and 0.63 s for the Mo
and W derivatives, respectively. The authors attribute the highrt, val-
ues at low temperature to the small contribution of the direct process
in lowering the relaxation times, which is due to the low natural abun-
dance of spin-active nuclei with which the spin is directly interacting
(®*Mo = 15:92% °'Mo = 9:55% 83W = 14:319 [53]. As the temperature
increases, the Raman process begins to dominate, and thevalues of
the Mo complex diverge from those of the W complex. The di erence
in spin-orbit coupling between the two complexesJOC = 900 cm ! for
Mo(V) and SOC= 2700 cm ! for W(V), see Table 1.1) [54], provides an
explanation for this behavior. As the SOC of the complex increases, the
interaction between the spin and the phonon bath strengthens. Therefore,
ions containing heavier metals exhibit more rapid spin-lattice relaxation
[55]. More speci cally,[W(CN) ¢][HNBus]; displays an order of magnitude
larger Raman coe cient and a slightly larger local mode coe cient than
[Mo(CN),][HNBus]s, so the Raman and local mode relaxation processes
for the W complex are accentuated. The reason for this can be attributed
to di erences in SOC. Even though the discussion so far has highlighted
mainly the negative aspects related to the use of heavy metals as poten-
tial QBs, other aspects are extremely interesting to study. For example,
the SOC results in a large magnetic anisotropy that 4d and 5d metals
possess, and incredibly, studies on 4d and 5d complexes with this focus
are particularly rare in the literature, so an in-depth study of systems of
this type is, in any case, of great interest. Finally, as | will show in the
following Sections, a strong SOC is an important ingredient to potentially
observe Magneto (Spin) Electric e ect.

1.4 The Magneto Electric e ect

From the discussion in Section 1.2, it becomes clear that a QB per-
forming extremely well in terms of relaxation time is useless if it cannot
be controlled. The use of electric elds instead of magnetic elds for the
addressability processes of a QB has been deliberately kept out of the
discussion until now. However, electric elds are much easier to activate
and deactivate compared to magnetic elds: simply turning on potential
on or o is su cient. They can also be con ned to much smaller regions
of space, making them suitable for use on smaller scales. This allows a
higher degree of control in orienting or modifying the properties of the
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material under investigation [56, 57]. Examples of the use of electric elds
to control QB can be found in the literature [58], and more generally
examples in which electric elds are used to manipulate [59], observe [57]
and measure [23] single atoms deposited on surface make the use of electric
elds extremely interesting.

In this section, an in-depth discussion on the use of electric elds
instead of magnetic elds for quantum technologies will be addressed,
highlighting the potential that this o ers compared to magnetic elds and
the nature of the interaction of electric elds with magnetic material.
Generally speaking, the in uence of electric elds on magnetic properties,
or vice-versa is called the magneto-electric e ect (ME e ect). The generic
expression of this e ect can be rationalized from the expansion in series
of the free energy of the system [60]:

F(E;B)=Fy P°E; MJB

%OUEE %ouBﬁj 1.6
i EiB; 1 (EBB. I «BEE
]Ijzljkljkzljkljk
With E and B being the electric eld and magnetic eld, the dif-

ferentiation with respect to the electric eld gives the polarizationP;

as:

Pi (E;B) = g

=P?+ o jE + B 1.7
1
* 5 kBBt ik BiE

And with respect to the magnetic eld gives the magnetizatiorVi;:

@F
@3,
=M&+ o B+ i E 1.8

1
BB+ 5 i EE

Mi (E;B) =

In equation 1.6, P° and M*® are the spontaneous polarization and
magnetization of the material. and are the electric and magnetic
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susceptibilities, respectively, and nally, corresponds to the induction
of polarization by a magnetic eld or, vice-versa of magnetization by an
electric eld. Mathematically, is atensor with 9 independent components
that describe the rst-order (linear) magnetoelectric (ME) e ect. On the
other hand, and account for higher-order e ects. The linear ME e ect
is much more intense than that at higher orders and is therefore easier to
detect [61].

The rst unequivocal detection of the magnetoelectric e ect was
achieved on a CyO; crystal [62]. Cr,O3 has an ordered crystal structure
(corundum) in which the magnetic moments of the metal ions are antifer-
romagnetically coupled (opposite directions) as reported in Figure 1.5. A
magnetic order that relates electrical and magnetic properties is essential
to observe the ME e ect [56, 58]. It is essential to understand that in
extended systems with magnetic order, the origin of the ME e ect lies in
the fact that the electric eld perturbs the equilibrium positions of the
metal ions, and consequently, it also disturbs the magnetic order, which
provides a di erent response compared to the case when the electric eld
is not applied.

An in-depth discussion of the relationship between crystallographic
and magnetic order and the relationship with the ME e ect is possible
only by classifying inorganic compounds according to the Shubnikov group
to which they belong. The 122 Shubnikov groups classify systems accord-
ing to the operations of crystal symmetry (rotations and inversion) and
temporal symmetries (symmetry by time reversal) [63]. The fact that a
crystalline system belongs to one group or another makes it possible to
determine the type of magnetic order possible in a material. From the
analysis of the 122 groups, only a few allow for the observation of the ME
e ect at the rst order. On the other hand, the situation is di erent for
higher-order terms ( and ); here, the conditions of symmetry are less
stringent.

For observing a rst-order ME e ect, it is absolutely necessary that no
inversion center is present in the molecular structure. A formal explanation
of this is possible by considering the nature d8, E, P;; and M;. The
presence of an inversion center simply indicates that at certain coordinates
(X;y;2), it is possible to apply the spatial inversion operation and obtain
the opposite coordinatef X; Yy; z). E and P; are polar vectors; this
means that they are converted to E and P; after the application of an
operation of spatial inversion.M; and B are axial vectors that are not
a ected by the spatial inversion. The opposite happens instead for time
reversal; the magnetic eld and magnetization change direction under
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time reversal symmetry operation. The electric eld or polarizability, on
the other hand, is unchanged by time reversal operation.

A consequence of this can also be observed mathematically by applying
the eventual symmetry operation to a material and observing how its
parametersP; and M; vary:

Pi= B 1.9
Mi= 5( E)= M= j(E) 1.10
The second equation imposes j = i, and the only tensor that

respects this equality is the null tensor, which then imposes a null linear

ME e ect on the system due to the presence of an inversion center. The
higher-order ME e ect does not require the absence of an inversion center
to manifest itself. The absence of an inversion center will be discussed
further in the chapter.

Before listing the various contributions that the electric eld generates
on a system, it is worth to keep in mind how the origin of the ME e ect in
Cr,03 has been rationalized. The following section is intended to provide
an interpretation of the origin of the magnetization measured following
the exposure of C§O; to an electric eld.

Cr,03 crystallizes in the R3c point group (Figure 1.5); each atom
of Cr(lll) is in a distorted octahedral coordination geometry while six
O? ions are arranged in two di erent planes above and below the cation
to ideally form two di erent triangles. This asymmetry in coordination
makes the crystal eld around the two chromium di erent and we can
therefore identify two di erent sites, generally called[+] and [-] [64].
The two chromium ions are related to each other by an inversion center
and both are located on the crystallographic axis. Two chromium ions
nearby on the same axis have an antiparallel alignment of the magnetic
moment (below 300 K) and this explains the notatiorj+] and[-] . The
application of the electric eld parallel to ¢ determines a movement of the
reciprocal positions of the ions and consequently the equilibrium position
Is broken (so is the inversion symmetry operation); this in turn determines
a non-zero sum of the magnetic moments in the new positions that leads
to a net and measurable total magnetization, even if of small intensity.

This explanation of the origin of magnetization in CsOz should not
convince, however, that the ME e ect is always dictated by a shift in
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Figure 1.5: The structure of Cr,O3 with the antiparallel coupling of the
magnetic moments is shown. The black points represent Cr ions, and the
empty spheres represent the oxygen ions. Image extrapolated from Ref. [64].

the charged particles. To rationalize the various possible factors.€.
contributions to the Hamiltonian) that the electric eld modi es, several
theories have been proposed [65 67]. The most complete and satisfactory
one is due to Gehring who, in 1993, proposed the mutual contribution
of ve dierent perturbations to the electronic system by the electric
eld [68]. The rst contribution is, obviously, the perturbation of the
positions of ions in the crystal lattice, which, due to their nature, feel the
in uence of an electric eld. The shift clearly in uences the reciprocal
ion-ligand/counterion interactions and, to a good approximation, changes
the crystal eld around the metal atom.

The second contribution that can be in uenced is the so-called sym-
metric (superexchange) coupling: the coupling between two paramagnetic
centers can be ferromagnetic or antiferromagnetic and is generally medi-
ated by ligands that act as intermediaries between the two species carrying
a net spin. The coordination geometry de nes the type of exchange,
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and the Goodenough-Kanamori rules allow a rational interpretation of
magnetic properties as a function of coordination geometry [69]. A linear
geometry favors antiferromagnetic coupling, while a strongly angled ge-
ometry favors ferromagnetic superexchange (the angle between the two
magnetic centers and the ligand needs to be around 90 It is logical

to think that the di erent displacement of the metal ions and the donor
from the original positions in uences the orbital overlap and, therefore,
the exchange.

The third in uence of the electric eld pertains to the antisymmetric
part of the exchange interaction. In structures where spins are ideally
antiferromagnetically aligned, the presence of a Dzyaloshinskii-Moriya
interaction [70, 71] can cause the spins to tilt away from the perfect 180
alignment. This interaction introduces an energy contribution to the
system, indicating that the displacement of charges can in uence this
e ect as well.

The fourth contribution is the generic dipolar magnetic contribution
between spins, which is modi ed by the perturbation that the ionic
structure undergoes.

The fth and nal parameter that can be a ected by the application of
the electric eld is the g-tensor, responsible for the coupling between the
magnetic eld and the electron spin (see Appendix A): the perturbation
of the structure around the metal a ects the crystalline eld and therefore
also the value ofg. We will see that the measurement of is widely used
as proof of the existence of the ME e ect.

To these ve di erent alterations of a system due to the electric eld,
a last contribution should be added. Electrons are charged particles, just
like metal ions, and this means that they are in uenced by the electric
eld as well. A modi cation of the positions of the electrons has a direct
in uence on the magnetic behavior of a metal ion, providing a direct link
between an electric eld and the spin of an ion or a complex.

Since the discovery of the ME e ect inCr,03, several other systems
have been studied, for exampleli,O3[72], GaFeO;[73], solid solutions like
PbFey sNb ¢ 505[74], and garnet Ims[75, 76]. The number has increased
further[63], but it has become quite clear that the magnitude of the mea-
sured e ect is quite low; enormous static electric elds are necessary to
see an appreciable linear ME e ect[77].

It has been shown that there is a limit of corresponding to[78]:

2< eom 1.11
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this means that only ferroelectric and/or ferromagnetic materials can
be good candidates for a large ME e ect. This has led to, over time, a
decreasing interest in this phenomenon, especially due to the di culties of
adapting these materials to technological uses, given the low tunability of
ionic crystalline systems. However, recently, interest has increased when it
became clear that even magnetic molecules without long-range magnetic
order can show the ME e ect.

It is important to note, however, that the topic of this Thesis will not
be the ME e ect in bulk inorganic structures. Indeed, we wish to study
a di erent aspect of the ME e ect that emerges by replacing inorganic
systems with molecular magnetic systems. More precisely, we will talk
about the Spin-Electric e ect (SE e ect). This argument will be addressed
in Section 1.5.

1.5 The Spin Electric e ect

Recently, interest in the use of electric elds, especially for quantum
technological applications, has resurfaced in the literature[56]. Given the
few successes that inorganic structures have demonstrated on this front,
the community has focused more on molecular systems, where the control
of properties by means of chemical synthesis is unrivaled. Moreover, as will
be explained, to have an appreciable linear SE e ect in molecular systems,
no magnetic order in the structure is needed. Moving on to molecular
magnetic systems means that we need to interface with electronic Spin.

As already demonstrated in Section 1.3, the preferred technique for
obtaining information on electronic spin is EPR (see Appendix A). For this
reason, almost all ME or SE measurements are performed by EPR, both in
continuous wave (CW) and pulsed mode[79 82]. The electric eld can be
delivered to the sample in two modes, static or alternating, with examples
of both having been reported in the literature[79, 83]. The application of
a static electric eld, as seen for C4O3, removes the inversion symmetry
and thus allows linear ME to be detected. As mentioned, the e ect is
very weak, and in order to have measurable signals, very large electric
elds must be applied. On the contrary, the use of alternating electric
elds makes it possible to measure appreciable magnetizations with weaker
elds.

Going into more detail about what happens, it is clear that if the system
is composed of a single isolated molecule, the interaction involves the
molecular magnetic moment $ or J) and the electric eld. From a formal
point of view, the electron spin is not directly in uenced by the electric
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eld but, for all the reasons expressed above, it is clear that a change in
the coordination around a metal ion in uences some of its measurable
properties (@-value and others).

The measurement of the linear SE e ect by means of an appropriate
instrumentation called Electric Field Modulation-Electron Paramagnetic
Resonance (EFM-EPR) has been recently implemented [84] in the Labo-
ratory of Molecular Magnetism where | carried out my research. It is a
continuous wave EPR measurement in which magnetic eld modulation is
replaced by alternate current electric eld modulation.

The rst compound measured in our group was a metal-radical coupled
system[Mn(hfac),(NitPhOMe)]; (hfac = hexa uoracetylacetonate, Nit-
PhOMe = 2-(4-methoxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl,3-
oxide). Here, a manganese ior5(= 5=2) is antiferromagnetically coupled
with a radical placed on the ligand (see Figure 1.6). The overall struc-
ture can be described as a linear chain where manganese and the radical
alternate along thec direction. The system can be treated as a total
S = 2 due to the strong antiferromagnetic coupling (465 K). For this
system the observed value is strongly dependent on the ratio between
the exchange coupling and the temperature: it was then hypothesized
that by modulating the exchange via an electric eld an e ect on theg
factor could be visible.

Figure 1.6: Crystal structure of [Mn(hfac) »(NitPhOMe)] 1 . Orange and cyan
arrows represent the ferrimagnetic arrangement of manganese and radical spins.
The out-of-chain orientation of the spins is stabilized by the dipolar interaction
between antiferromagnetically coupled neighbouring spins. Colour code: green
= Mn, red = O,blue = N, grey = C. Hydrogen atoms and CF 3, CH3,

CsHsOCH3 groups have been omitted for clarity. Image extracted form
Ref.[84].

Indeed, by measuring a single crystal of the molecule both by standard
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EPR and by EFM-EPR, clear evidence of the e ect of the application
of the electric eld could be detected with unprecedented sensitivity. To
obtain this result it was necessary to measure the single crystal along
di erent orientation and with di erent relative orientations of the electric
and magnetic eld with respect to the polar axis of the crystal.

As mentioned before, the crystal investigated is a linear chain of Mn(ll)
coupled antiferromagnetically to a radical with no inversion center on the
molecule or in the structure of the crystal. The lack of inversion center
is mandatory because an a.c. electric eld is not capable of removing an
inversion center,i.e., the two direction of propagation of the electric eld
in a structure where an inversion center is present determine a SE e ect
equal and opposite so a net null SE e ect. It is important to realize that
even a local and non-crystallographic symmetry with respect to inversion
does not allow to reveal appreciable SE e ect. In fact, as mentioned
several times, the electric eld acts on charges. If the charges are all
the same,i.e. the same donor atoms around the central atom then they
undergo the same displacement in one direction and then in the other by
the alternating electric eld. This would create a perturbation equal and
opposite, so again a null SE e ect. For this reason, careful engineering of
the coordination environment is necessary.

In a recent paper, it became clear that the SOC should scale linearly
with the electric eld in SE e ect [85]. This can be rationalized by
considering that the electric eld a ects the motion of electrons, as they
are moving electric charges. In contrast, the in uence of the electric eld
on spin alone is less pronounced. Consequently, systems with a substantial
orbital contribution (L not quenched) are more signi cantly a ected by
the electric eld, and thus signals of the SE e ect can be measured with
greater intensity.

This means that potentially larger SE signals in EFM-EPR can be
recorded from ions with higher SOC. This aspect has been crucial in the
selection of the "ideal" systems to study the SE e ect, as will be seen in
the Chapter 3.

In summary, the key elements for measuring the SE e ect using EFM-
EPR are:

~ Single crystals crystallizing in crystallographic groups without an
inversion center.

" Absence of a "chemical" inversion center around the investigated
central metal, i.e., di erent donor atoms.
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~ Metal atoms with progressively larger SOC to investigate the real
relationship between SOC and the SE e ect.

The synthetic e orts to obtain molecules that possess all these character-
istics will be presented in Chapter 3.

1.6 Reactivity and magnetism of heavy tran-
sition elements

An important part of this Thesis work has been dedicated to the
synthesis of transition metal complexes of the 3d, 4d, and 5d series.
Synthetic chemists have directed their work with the view of obtaining
increasingly high-performance molecular systems: better SMMs, better
QBs, and others [6, 86]. As a result, there are two large families of elements
that have bene ted the most from this experimentation: the metals of
the rst transition series and the lanthanides [87, 88]. Far behind in this
competition have remained the metals of the second or third transition
series [89]. There are many reasons for this, and we will try to list them
in this section.

The electronic structure of heavy transition metals is quite di erent
compared to that of metals of the rst series or to lanthanides or actinides,
so an introduction is mandatory and will be given in this section. Finally,
an idea of the reactivity and tunability of complexes with heavy metals
will be attempted; obviously, a complete and general overview would
be an immense and perhaps even impossible task given the vastness of
the subject. A more detailed discussion of each individual case will be
addressed in the experimental chapters when necessary.

For the most complete discussion possible of the electronic structure
of heavy transition metals, the ideal comparison is clearly with the rst
transition series. The electronic structure of a free metallic ion can be
described as resulting from three contributions:

H = Ho+ Hee+ Hso 1.12

where Hp represents the energy in the central eld approximation,
l.e., the contribution of kinetic and potential energy of the electrons in
the electric eld generated by the nucleiHc. describes the interelectronic
repulsion, andHso accounts for the Spin-Orbit coupling (SOC).

Before explicitly de ning SOC, two other entities must be treated.
The rst is Spin, which has been extensively discussed in the previous
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sections, but for which a precise de nition has been omitted until now:
the electron is physically described as a fermion, which imposes on it, due
to the Pauli exclusion principle, a quantum numbemg = 1=2. Clearly,
the simultaneous presence of several unpaired electrons in a metal ion
determines a total spin de ned as:

S= Si 1.13

The other parameter not introduced so far, but important for heavy
transition atoms, is the orbital angular momentum (). The sum of the
total orbital momentum L is similarly de ned as:

L = l; 1.14

The Spin-Orbit coupling, as the name suggests, couples the orbital
angular momentum () with the spin momentum (S). Here, a rst
di erentiation needs to be made. Light atoms,i.e., metals in the rst
transition series, are said to have a quenched contribution. Generally
speaking, light transition metals have no orbital angular momentum. This
is caused by the interaction of 3d orbitals with the ligands surrounding the
metal ion, which imposes a certain crystal eld. The coordination removes
the degeneracy of the ve d orbitals [90]. The Hamiltonian expressing the
Spin-Orbit coupling is de ned as:

X
HSOC = n:l Ii Si 1.15

where ., is characteristic of any metal and oxidation state, and is de-
pendent onZ. As such, heavy atoms have greate,, than lighter ones
(see Table 1.1). If the SOC can be considered as a perturbation on the
interelectronic repulsion, Eq. 1.15 can be expressed using Russell-Saunders
terms 25*1 L in the form of the total spin and angular momentum:

Hsoc= L S 1.16

It can be shown that for a series of degenerate orbitals less than
half- lled, can be de ned as:

= M 1.17
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If, on the other hand, the degenerate orbitals are more than half- lled,
takes a negative value [2].

The low values of ,, for light transition metals are responsible, together
with the quenching ofL, for the fact that the total magnetic moment for
light transition metals can often be expressed as a spin-only contribution.
For the second and third series, the contribution of the orbital angular
momentum needs to be considered.

Table 1.1: ; in cm 1. Values in parenthesis are only estimates.

Oxid. Ti V Cr Mn Fe Co Ni Cu
State

+1 110 160 220 240 390 520 600 820
+2 121 167 230 347 410 533 649 829
+3 154 209 273 352 460 580 705 890
Oxid.

State Zr Nb Mo Tc Ru Rh Pd Ag
+1 340 490 670 660 890 1210 1320 1830
+2 - - - - 1000 1220 1600 1840
+3 500 670 820 - 1180 - - -
+4 - 750 950 - 1350 - - -
Oxid. Hf Ta w Re Os Ir Pt Au
State

+1 - - - - (3400) -

+2 - (1500) (2100) - - (5000)
+3 - (1400) (1800) (2500) 3100 - - -

+4 - - (2300) (3300) (4000) (5000)- -

+5 - - (2700) (3700) (4500) (5500)- -

+6 - - - (4200) (5000) (6000) - -

In lanthanides, where the energy of the ligand eld is low compared
to SOC, due to the localized nature of 4f orbitals, the total angular
momentum J is used where] varies betweenL SjandL + S. The
negative or positive value of is responsible for the order in which the
multiplets (J) are arranged in the energy diagram.

For heavy transition metals the situation is intermediate between light
transition metals and lanthanides. In fact, the strong ligand eld leads
to low-spin states, but these in octahedral geometry commonly have a
non-negligible orbital contribution. In addition, the SOC coupling, as seen
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above, is particularly strong. This determines that the system must be
described with a partially quenched orbital angular momentum. This is
done by introducing a further parameter, , which is de ned as the orbital
reduction factor, which depending on the formalism used can take di erent
extremes.[91] From a qualitative point of view, describes the covalency
nature of the coordination bond between metal and ligand. In other words,
it depicts a sort of covalent delocalization on the ligand orbitals. The
presence of the factor modi es the Hamiltonian of the SOC coupling in
the following way:

HSOC = L S 1.18

is typical of heavy transition metals in which the di use nature of the
frontier orbitals (4d and 5d) allows a greater overlap with the ligand
orbitals.

Up to this point, we have focused on distinguishing between light and
heavy transition metals based on their electronic structures. A signi cant
distinction from this perspective is that mononuclear complexes of 4d and
5d metals typically exhibit low-spin ground states § = % for odd numbers
of d electrons andS = 0 for even numbers of d electrons). This behavior
is attributed to the stronger ligand elds and reduced electron repulsion
energies, which are quanti ed by lower RacaB and C parameters. These
di erences arise from the more di use nature of the d orbitals in heavier
transition metals (5d > 4d >> 3d). Exceptions to this, however, are for
some monomeric species in which the metal is Mo(lll) or Re(IV)] = g .

Finally, to describe completely the Hamiltonian that can describe a
heavy transition metal the Zeeman contribution needs to be added, and
the complete Hamiltonian describing all the interactions reported above
can be written as follows [Gri th-Gerloch]:

@ = g A é+§ 2c909+ g, 5B & ggL B (119
where the rst term represents the SOC between th& = % and the
L. =1 angular momenta (since a T state behaves as an = 1), the
second term describes the axial component of the ligand eld acting on
the orbital angular momentumL, =1 (with 8=3L2 L(L +1)), and
the third and fourth terms describe the Zeeman e ect on the spin and
on the orbital angular momentum @ = 2:0023g. =1 3 is the Bohr
magneton). Finally, g is a constant introduced by the relation between
a T state angular orbital momentum and that of anLess = 1.

Lastly, the Hyper ne Coupling (A), that expresses the coupling be-
tween electronic spin and the nuclear spin of an ion, can be considered by
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the following Hamiltonian:
Ha=S AT 1.20

wherel" and S represent the nuclear and electronic operators, respectively.
The interaction between those spins leads to hyper ne splitting of energy
levels. For a system with an electronic spi® = % and a nucleus with spin

I, the energy levels are divided int@l +1 sublevels; for example, a nucleus
with spin | = % results in two distinct states. This splitting arises from the
magnetic interaction between the moments of the electrons and the nuclei,
which can be thought of as a result of the overlap of their wavefunctions. As
a consequence, the energy di erence between the sublevels is in uenced by
factors such as the distance between the electron and the nucleus, the elec-
tron density around the nucleus, and the speci c geometry of the system.
This splitting creates a more complex energy level structure. Moreover,
the magnitude of hyper ne splitting can provide insights into the local
electronic environment and chemical bonding characteristics of the system.

For the moment the equations introduced are able to fully describe
the magnetic behavior of a mononuclear heavy transition metal.

As can be seen from Table 1.1, heavy metals can have higher oxidation
states than lighter metals, and this is a consequence of the accentuated
iImportance of relativistic e ects. The fact that additional oxidation states
are accessible makes the chemistry of these metals richer than that of their
lighter counterparts.

From a synthetic perspective, the same strategies used for light met-
als such as exploiting the labile character of metal salts by substituting
the counterions with the desired ligands are not always practicable. In
fact, this approach is often not feasible for 4d and especially 5d metals, as
the starting materials available are frequently extremely inert, as will be
discussed further
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2. QUANTUM BITS AND
RELATED

MOLECULAR
SYSTEMS

2.1 [V(IV)O] Paddlewheels as QBs

Published results:
Quantum spin coherence and electron spin distribution channels in
vanadyl-containing lantern complexeslnorg. Chem. Front., 2024,
11, 189-195. DOI: 10.1039/D3QI01806G.

Authors: Manuel Imperato, Alessio Nicolini, Marco Borsari, Matteo
Briganti, Mario Chiesa, Yu-Kai Liao, Antonio Ranieri, Arsen Raza,
Enrico Salvadori, Lorenzo Sorace, and Andrea Cornia.

Authors' contributions: Arsen. R. performed bulk magnetic
measurements and simulations. Arsen. R. and L.S. performed
cw-EPR measurements and simulations. M.I., A.N. performed the
synthesis and the chemical characterization. M.C., Y-K L., ang
E.S. performed pulsed EPR. Marco B. and Antonio R. performed
electrochemistry. Matteo B. performed all the calculations.

D

As explained in the previous chapter, to obtain performing QBs (with
high T; and T,), an accurate engineering of the molecular structure is
needed. In this section, two examples where all the chemical strategies
to avoid decoherence are distilled are presented. As explained in Section
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1.3, many di erent complexes with [V(IV)O] as a paramagnetic moiety
have been reported in the literature as QBs [38, 39, 92 95], mainly due to
their electronic structure when a square coordination geometry is imposed
(considering the vanadyl moiety) € = %) and the long coherence times
that they generally possess. Here, | discuss the work done on two vanadyl
complexes already reported by Doerregt al. [96]. Both complexes are
part of the family of paddlewheels, systems in which two di erent metals
are coordinated by three or four identical ligands imposing &; or C,
geometry on the central metal. In paddlewheels, ligands are generally
carboxylate systems that coordinate two metal ions with the two donor
atoms that each ligand possesses [97]. This geometry often also leads to
the formation of metal-metal bonds [98, 99].

Speci cally, Doerrer and her collaborators reported two vanadyl com-
plexes (Figure 2.1) with the generic formuldPtVO(SOCR),4] where R =
Me (1) or Ph (2) and the ligand is a monothiocarboxylato molecule. Our
interest in structures 1 and 2 is due to several aspects: i) th&(IV) ion
is only coordinated by O donors, which are virtually nuclear spin-free,
avoiding the introduction of decoherence pathways; ii) the ligand's skeleton
comprises only S, C, and H atoms, with the nuclear spin presence relegated
only on H atoms. This is another strategy to preserve high, and T,;
lii) the chemical structure imposes &C 4 axis, simplifying the magnetic
and spectroscopic interpretation of the data; iv) both the complexe$
and 2 are neutral and potentially processable materialg.g, by vapor
phase methods. Moreover, th®tS, moiety may act as a decoupling layer
between the [V(IV)O] complex and a surface, suggesting the possibility
to preserve long relaxation times on the surface; v) the superhyper ne
interaction of the unpaired electron of vanadyl with the nucleus of**Pt
may allow direct measurement of the degree of spin delocalization on the
PtS; moiety.

Prof. Cornia and his group synthesized and chemically characterized
both 1 and 2 CH,CI, (note that 2 possesses 0.3 molecules@f,Cl, per
complex. For simplicity, the compound will be indicated a2 CH,ClI,
here). The chemical characterization of botd and 2 CH,Cl, matches
perfectly with the characterization already reported [96].

From a structural point of view, the vanadyl and Platinum centers are
at 2.8635(6) A and 2.7823(10) A inl and 2 CH,Cl,, respectively. All O
donors are bonded to thé/(IV) ion, which achieves a square-pyramidal
coordination geometry, thus guaranteeing & = 1=2, whereas the four S
donors provide a square-planar environment around thet(ll) ion, as is
common for paddlewheel structures.
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The molecule, strictly speaking, exhibitsC; point symmetry; however,
in the solid state, 1 and 2 CH,Cl, exhibit a pseudo-symmetry quite close
to C4. Moreover, both1l and 2 CH,ClI, crystallize as dimers{Y V=
8.9 9.0 A), where the PtS, moiety of one monomer interacts with the
identical moiety on the second monomer that composes the dimer. The
interaction di ers between 1 and 2 CH,Cl,. In 1, the dimer is com-
posed of an interaction of the two paddlewheels through a metallophilic
Pt Pt interaction [3.1747(4) A] with the two monomers slightly twisted
[S Pt Pt S = 32.2 33.1°] around the axis of the four metals. On
the other hand, paddlewheel dimers ir2 CH,Cl, are centrosymmetric
and comprise two o set molecules interacting through a pair gt S
contacts [3.1266(14) A] (see Figure 2.1).

Figure 2.1. X-ray structure of 1 (left) and 2-CH>Cl, (right) at 100 K. Color
code: C = dark gray, H = light gray, O = red, S = yellow, V = green, Pt =
pink. Selected distances and angles: VO 1.58 1.59 A, V 0 1.99 2.02 A,

O V098.199.3°0V 087.9909 ° Pt S2.32A S Pt S88.890.9 °
Intradimer V.V separation is 8.90 A in1 and 8.95 A in 2.CH,Cl,. The line
connecting V and Pt does not represent a chemical bond but represents the
just the short distance between the metals.

We magnetically characterized a powder & CH,CI, to Il the gap
with the methyl derivative complex already characterized by Doerrer. The
high-temperature value of T is 0:365cm®Kmol ! and agrees with the
values expected for the vanadyl monomer witlg slightly smaller than
2:00 (0:368cm®*Kmol * for g = 1:98) (Figure 2.2). The T product
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decreases signi cantly upon cooling beloB0OK, reaching the value of
0:320cm* K mol !, suggesting antiferromagnetic coupling between the
metal centers. In Figure 2.2, the magnetization data fo2 CH,Cl, at
three di erent temperatures are also reported. At the lowest temperature
and the highest eld adopted, the magnetization value is close th0 g
per vanadyl moiety (monomer). Since the low-temperature data oT
show a considerable deviation from the values expected by Curie's law
(Appendix A), the presence of an antiferromagnetic exchange mechanism
is suspected in this dimer. A simultaneous t of these magnetization and
susceptibility data was performed using a Spin Hamiltonian containing
the Zeeman term and an exchange mechanism:

H=JS S+ g(SH1+S,) g B 2.1

In Eq. 2.1, S; and S, are the spins that give the presumed antiferromag-
netic interaction. In our case, they correspond to the two vanadyl moieties
in the dimer structure of 2 CH,Cl,, so bothS; and S, are set to1=2.
When g was xed at 1:975 a value typical for vanadyl complexes[100],
J = 0:644(2)cm ! was obtained as the best- t value (Figure 2.2). The
same type of interaction has been reported fdr but with J = 4:70cm 1,
indicating a much stronger antiferromagnetic interaction.

Figure 2.2: DC magnetic data for2 CH,Cl,. (left) T vsT plot at two
dierent elds (1 and 10 kOe). The asterisk evidences a feature corresponding
to the onset of the antiferromagnetic transition of residual molecular oxygen
present in the sample chamber. (center)T vs T data from 1.9to 30 K at 1
kOe. (right) Isothermal magnetization curves at three di erent temperatures as
a function of the applied eld. The solid lines are the best t obtained.

Finally, since vanadyl complexes often display slow relaxation of the
magnetization in applied elds, we also performed AC magnetic suscep-
tibility measurements on both compounds (see Figure B.1 in Appendix
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B). However, we did not observe any imaginary component of the suscep-
tibility, indicating that the observed antiferromagnetic coupling inhibits
slow relaxation of the magnetization in solid state. It seems reasonable
to hypothesize that the antiferromagnetic exchange that emerges from
our model originates as a result of the dimeric structure that both com-
plexes assume in solid state, and that is therefore mediated by interactions
between the two monomeric units. However, a thorough check of the
crystalline structure shows that the distances between the neighboring
paramagnetic centers between pairs of paddlewheels are quite short (4.89
A for 1 and 4.77 A for2 CH,CI,), so inter-dimer coupling rather than
an intra-dimer one can be active in both the complexes. To establish
the goodness of the model proposed f@& CH,Cl, and to determine
the nature of the exchange coupling, Density Functional Theory (DFT)
calculations were performed by Dr. M. Briganti. The results indicate
that a single paddlewheel exhibits notable spin delocalization from V(IV)
to Pt(ll) via. and interactions (Figure 2.3). The interaction takes
place directly through space, as a result of the e cient overlap between
the 3d,, and 5d, orbitals of V and Pt, respectively. The interaction
instead is not through space as but is mediated by the system of the
monothiocarboxylato ligands, whose orbitals of the donor atoms (O 2p
and S 3p) e ciently interact with the 3d ,, and 5d, orbitals of V and
Pt, respectively. The resulting Loéwdin spin density on Pt is 0.014 ein 1
and 0.011 e in 2.

Figure 2.3. Top, side, and bottom views of the DFT computed singly
occupied Quasi-Restricted Orbital (QRO) of 1. The isosurface value is set to
0.013 e a,°. The color code is the same as in Figure 2.1.

Broken Symmetry (BS) calculation showed that the exchange tted
by DC measurements is due to antiferromagnetic intra-dimer coupling
of J = 6:55cm ! in 1 (experimental J = 4:70cm 1), conrming the
goodness of the model. The inter-dimer interaction is calculated to be
much weaker ( 0:290cm 1). For 2-CH,CI, the coupling is smaller but
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still antiferromagnetic (J = 0:466cm * for intra-dimer and 0:130cm ? for
inter-dimer), so also for2-CH,Cl, the experimental exchange interaction of
J =0:644(2)cm ! is dominated by intra-dimer coupling. Once established
the nature of the coupling found by the t, it is interesting to analyze
the origin of this intra-dimer antiferromagnetic interaction. The most
plausible reasons are either a di erent Spin Density over the paddlewheels
or geometrical factors. DFT calculations indicate that the same Spin Den-
sity is delocalized on Pt(Il) in both complexes, excluding this possibility.
A more reasonable explanation can be found by exploiting geometrical
considerations. In1, the neighboring Pt(Il) ions are indeed only 3.175 A
apart from each other and lie along the pseudG- axis of the dimer. The
dihedral angle of SPt--PtSin 1 is 32.6, so the two monomers are not
completely staggered and some overlap between the magnetic orbitals of
the two paddlewheels through the Pt 5¢, component is envisaged. On
the contrary, the two neighboring Pt(ll) ions in 2-CH,CI, are not on the
same axis but are engaged in PtS contacts, which results in a much
weaker interaction. Until now the characterization in solid state of bothL
and 2-CH,ClI, provided a clear idea of the magnetic behavior of the two
systems. In order to minimize the dipolar interactions that can decrease
the relaxation time, the complexes must be diluted in a diamagnetic
matrix or characterized in a frozen solution. Doerrer attributes tdl and
2-CH,CI, a monomeric nature in CHCI, by measuring ¢ with the Evans
method at room temperature, but the weak antiferromagnetic interaction
observed in solid state at room temperature cannot be observed in those
conditions, since theT for both 1 and 2-CH,Cl, expressed for a [V(IV)O]
monomer are compatible with aS = % with no dimeric interaction. To
establish their nature in solution the molecular weight (MW) has been
used as evidence. ldeally, the possibility to distinguish the MW of the
monomer from that of the dimer in solution by*H-NMR Di usion Ordered
Spectroscopy (DOSY) can be used as a con rmation of the real nature
of the compound in solution. Cornia's Group has studied this aspect,
and while 1 yields featurelessH-NMR spectra in CD,Cl,, 2 (in solution
CH,CI, is no more attached to the complex) a ords one well-resolved
resonance assigned to the p-Ar protons E 8:50ppm; -, = 89 Hz),
which proved usable for @H-NMR DOSY experiment (see Figure B.3 in
Appendix B). A procedure based on external calibration curves (ECCs)
aorded MW =560 170 630 20Q or 620 280g mol * depending on
the particular standard curve used (Appendix B). Considering that the
DOSY technique tends to underestimate the MW of solutes with high
molecular densities,[101, 102] the results provide a strong indication that
2 is indeed monomeric in CRCI, (expected MW = 810.7 g mol ') and

32



Chapter 2

we can speculate thatl has the same behavior. The X-band CW- and
Electron spin echo (ESE-) EPR spectra ofi and 2 were measured in
CH,Cl,/toluene or CD,Cl,/toluene-dg (1:1 v/v) frozen solution at 1-4
mM vanadyl concentration. The experimental spectra, shown in Figure
2.4, are typical for isolated axial vanadyl moieties§ = 1=2) with no trace

of exchange coupling interactions, and the broad background observed in
the CW spectra of1 is due to residual clustered species.

Figure 2.4. X-band CW- (a,b) and ESE-detected EPR spectra €,d) of 1
(a,c) and 2 (b,d). Experimental conditions: (a,b) 4 mM in CH ,Cl,/toluene 1:1
viv, 9:40GHz, T=30K; (¢, d) 1 mM in CD,Cl,/toluene-dg 1:1 viv,

9:74GHz, T = 10 K. The experimental/simulated spectra are drawn in
blue/navy (a,c) or in red/wine (b,d) for 1 and 2, respectively.

From the spectra, it is evident an anisotropic hyper ne coupling of
the electron spin with the nuclear spin of'V (I = 7=2), as commonly
observed in vanadyl complexes. Further, the eight lines due to hyper ne
coupling are surrounded by two other lines lower in intensity that come
from superhyper ne coupling with the nuclear spin of*®*Pt (I = 1=2,
n.ab. = 33.83%). A superhyper ne coupling with Pt, although partly
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obscured by the broad linewidth of the spectrum, was previously reported
in S = 1=2 paddlewheel [CIPtNi(OH;)(SOCPh),][103]. However, to the
best of our knowledge, this is the rst time that superhyper ne coupling
originates from the interaction of Pt and [V(IV)O]. All experimental
spectra were simulated using a Spin Hamiltonian where both hyper ne
and superhyper ne coupling are included together with the anisotropic
Zeeman term forS = 1=2:

H= gB g S+SVYA Iy+SPA Ip 2.2

In Eq. 2.2, 1 represents the nuclear spinl(, = 7=2, Ip; = 1=2 for
195pt, and Ip; = 0 for the remaining isotopes of Pt; the n.ab. of the
di erent isotopes was included in the calculations). They matrix and
the hyper ne VA and P'A tensors were assumed to be axial and collinear.
The Spin Hamiltonian parameters that provide the best simulation of the
experimental CW-EPR spectra and the calculated ones can be found in
Table 2.1 for both paddlewheels.

Table 2.1: The Spin Hamiltonian parameters obtained from the simulation of
EPR spectra and DFT calculations for compoundsl and 2 are presented in the
table below. The values forVi"'A,.,., are given in MHz. The signs of the
V?PtAx;y;Z parameters cannot be directly determined from the experiments;
therefore, their signs have been assigned to match the ab initio calculations.

1EPR 1DFT 2EPR 2 DFT
Oy 1.991(1) 1.991 1.990(1) 1.988, 1.991
o8 1.9350(5) 1.950 1.9338(3) 1.952
YV Axy -196.0(5) -268.33 -197.0(5) -262.310, -265.532
VA, -517.5(3) -594.06 -518.5(3) -587.888
P Axy -47(2) -14.332, -14.247  -42(2) -11.596, -12.625
Pta, -80.0(5) -41.741 -74.0(5) -36.856

The values of Table 2.1 are quite similar in the two molecules, as
are the overall spectra registered, where the same signals pattern can
be observed. This indicates similar geometries in solution and provides
further evidence of the monomeric nature ol and 2 in solution. The
only appreciable di erence in the parameters reported in Table 2.1 is the
PtA values of 1 compared to2. It is necessary to observe that the spin
density delocalized on Pt is almost the same for both complexes (2.7%, see
Appendix B), so the di erence in"'A computed needs to be attributed
to factors di erent from the delocalization of the electron.
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The calculated parameters are in good agreement with the simulated
ones, but the hyper ne coupling is slightly overestimated for V and
underestimated for Pt. Larger rhombicity is computed for2 with respect
to the one computed forl, due to the optimization of the structures
in vacuum and their deviation from C, symmetry. From experimental
spectra, no trace of rhombicity is detected. The superhyper ne coupling
with 19°Pt for 1 is larger than the one of2, and this trend is correctly
predicted by calculations. The explanation for this experimental and
calculated trend ofP'A is due to the structural di erences that1 and 2
possess. More precisely, both calculations for the complexes have been
made after a geometrical rearrangement of the molecules in vacuum. The
distance in the gas phase (Table B.1 in Appendix B) shows th& has
shorter PtV distances, and despite this, it shows a slightly weaker
superhyper ne coupling, as experimentally observed.

Another aspect that emerged from the calculations is the fact that
the substitution of Ph fragments in the optimized structure of2 with Me
does not a ect the computed superhyper ne coupling. This means that
the smaller Fermi contact necessary i to explain the smaller coupling
detected both experimentally and from calculation has a geometrical origin
and is not due to di erences in the electron-withdrawing e ect of Ph in
2. The computed geometries fofl and 2 indicate that the dihedral angle
VO SPt in the monomers are 22.7and 24.7, respectively (Table B.1 in
Appendix B). Those values are larger than the experimental ones (17.1
and 22.5 forl and 2), but still preserve the same trend. Sinc@ shows a
more tilted geometry, the spin delocalization through is reduced, and so
Is the superhyper ne coupling.

A further demonstration of the origin of the coupling has been obtained
by calculating the anticipated superhyper ne coupling ofL while switching
0 the possibility of interaction (complex1 in Figure B.5 in Appendix
B). In these conditions, an important reduction of the Fermi contact
is computed (Table B.1 in Appendix B), demonstrating that the main
interaction is due to the system of the ligand, thus explaining why
the superhyper ne coupling is more pronounced when the structure
is preserved. Ultimately, the calculations also indicate that the large
anisotropy of the hyper ne tensor is due to the spin-orbit coupling (SOC)
of the Pt(ll) (Table B.1 in Appendix B).

The relevant spin relaxation times,T; and T,,, for both 1 and 2 were
measured in frozen and deuterated solvents, between 10 K and 90 K in
a pulsed-EPR spectrometer at X-band frequency. The magnetic eld
used for the temperature-dependent investigation has been the one where
the intensity of the ESE-EPR spectrum was found to be at a maximum.
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T, and T,, values were extracted by tting the experimental inversion
recovery and echo decay traces, respectively (Table B.3 and Figure B.6 in
Appendix B).

For 1, the T, values decrease from 6sat 10 Kto 2 sat 70 K, with
a signicant drop to 1 s at 90 K. This reduction in T, is attributed
to the rotation of methyl groups, which become activated around these
temperatures, as noted in the literature.[104] In contrasf,, for 2 remains
higher throughout the same temperature range and is more stable at
elevated temperatures. This stability is due to the fact that phenyl (Ph)
rotations typically activate at higher temperatures (120 250 K).[104]

Both paddlewheels havel,, values that match other [V(IV)O] com-
plexes[38, 92 95], further demonstrating that the presence of a heavy
transition metal like Pt in the QB structure does not a ect its coher-
ence properties. This is con rmed by nutation experiments performed
at di erent microwave powers atT = 70 K, which allowed for the clear
observation of Rabi oscillations with the expected linear dependence of
the Rabi frequency g as a function of the microwave attenuation (Figure
2.5b,c).

Figure 2.5: (a) Temperature dependence off; (triangles) and T, (crosses)
for 1 (blue) and 2 (red). Only the slow component of the bi-exponential t is
plotted. (b, c) Linear dependence of the Rabi frequency (r) as a function of
the relative intensity of the oscillating eld By in 1 (b) and 2 (c) at 70 K. The
insets of panels (b) and (c) display Rabi oscillations measured at di erent
microwave attenuation (upper left) and the Fourier transform of the Rabi
oscillations (lower right). All spectra were measured at the maximum echo
intensity on 1 mM frozen solutions in CD,Cl»/toluene-dg (1:1 v/v).

As discussed in Section 1.3 the spin-lattice relaxation time plays a
signi cant role in determining the temperature stability of T,,. For this
reason we measured; of 1 and 2 as a function of the temperature by
inversion recovery experiments. The corresponding decay curves have
been tted using a biexponential function which accounts for the presence
of a fast relaxing fraction due to partial clustering of the molecules. In
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Figure 2.6: Fit of the dependence ofT, vs temperature for1 (a) and 2 (b)
using Eqg. 2.3. The plotted data points represent the measured values Gf at
di erent temperatures, while the curves correspond to the ts based on the
relaxation model described.

Figure 2.5a, only the slow component of the bi-exponential t off; is
reported; the fast component associated with spectral di usion e ects
iIs not considered, as is common. The temperature range whéighas
been measured is the same as fof,, and the same trend of the data is
observed becaus2 shows higherT; compared tol. The maximum value
reached by2 is 11 ms at 10 K, and from there a fast decrease is measured.
Temperatures higher than 90 K have not been explored due to the low
intensity detected and the melting of the frozen solvent. To model the
temperature dependence of,, a direct mechanism for low temperature
dependence and a local vibrational mode for higher temperatures has been
introduced.

T, can be expressed as a function of those relaxation modes:

i: ) exp (~! mwks T) + A exp (~! 1ocks T)
T " exp ke T) 1 °(exp(~! ocke T) 1)

Where the rst term considers the direct mode relaxation process
(! mw is the microwave frequency, with-f» = 9:74GHz) and the second
expresses the Raman process activated by optical modes with frequency
I'oc, Which represents an average of the e ective vibrations. This model
fairly reproduces the temperature dependence a4 for both samples,
providing a mean frequency with~! ,c = 109cm ! and 177cm ! for 1
and 2, respectively (Figure 2.6 and Table B.4 in Appendix B).

A theoretical analysis of the normal vibration modes ofl and 2 lends
considerable support to the above results (Table B.5 and Table B.6 in

2.3
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Appendix B). Frequencies for normal vibrational modes for V(IV) in
the same coordination sphere of and 2 are expected below 200 cm,
with the lowest around 60-70 cm! [105]. Extremely important here is
the C, symmetry that characterizes both the complexes; in fact, it is
known that the symmetry of the normal vibration modes determines the
magnitude of spin-phonon coupling [106 108]. Due to the symmetry df
and 2, the normal modes belonging to the totally symmetric irreducible
representation are the ones exerting the largest coupling and governing the
spin-lattice relaxation [107]. Actually,1 and 2 have pseudd=,; symmetry,
but with a ne examination of the vectors in the rst coordination sphere,
it is easy to individuate those vectors representing the modes that would
be totally symmetric in real C, symmetry (Figure B.7 in Appendix B).
Those arguments permit to elucidate that the computed values in Table
B.5 and Table B.6 in Appendix B at 104 cm? for 1 and and 171 cm?
for 2 are the representation of the normal modes tted experimentally.
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2.2 Ni as a potential OAQB

Preliminary results

Authors: Jett Tao Janetzki, Arsen Raza, Mauro Perfetti, and
Lorenzo Sorace.

Authors' contributions: JTJ performed the synthesis. AR
performed bulk magnetic measurements and simulations. AR and
LS performed EPR measurements and simulations. AR and M
performed TM measurements and simulations.

U

In the previous section, we observed how two distinct [V(IV)O] com-
plexes can be studied as QBs, and we also discussed the main chemical
strategies to overcome the problem of decoherence. However, another
signi cant limitation imposes strict restrictions in terms of the real tech-
nological application of QBs: initialization, i.e., the careful construction
of a state. As previously mentioned, the primary strategy is thermal
initialization, achieved by lowering the temperature. However, this process
is particularly ine cient as it requires very low temperatures to be feasible.

To address this issue, in Section 1.3, we introduced a new class of
systems, the Optically Addressable Quantum Bits (OAQBS), they are
characterized by the possibility to optically polarize the ground state by
exploiting the energy pattern of their levels, allowing optical initialization
of the qubit. The case study in this Thesis is a mononuclear octahedral
Ni(ll) complex, a 3d® system characterized by ar§ = 1 system. The
states withmg =0 and mg = 1, separated by the action of the zero- eld
splitting, can be used as the two states for quantum computation, in the
same way as a spin systethwith ms = 1 is used as aisual QB. The
ve DiVincenzo criteria, valid for QBs, also need to be ful lled for an
OAQB.

Our target molecule was a complex already reported by Warek al.
[109], [(TPA)Ni(MeCN) ,](Otf) , (Ni), and shown in Figure 2.7. The cen-
tral nickel ion is coordinated by two acetonitrile moleculesNleCN) and a
tris(2-pyridyl methyl)amine (TPA) ligand, coordinating with an amino
nitrogen and three pyridine nitrogens. The complex is positively charged,
and two tri uoromethanessulfonate anions (Otf) counterbalance it. The
choice of Ni has been motivated by the fact that all the ligands are
relatively strong eld ligands; as a result of this, a strong ligand eld is
expected for the Ni(ll).

In turn, this should guarantee, according to the Tanabe and Sugano
diagrams for a & complex, the rst excited level to be a'E state (see
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Figure 2.7. Representation of Ni. Color code: C = black, N = blue, Ni =
pink, H = white. The counter ions have been omitted for clarity.

Figure 2.8). This should nally translate to a single excited state system,
therefore much simpler to study and to optically address compared to the
triplet states expected for the weak ligand eld condition. Further, the
four nitrogen atoms from TPA impose a strong rigidity of the complexes,
locking the geometry to be octahedral.

In the rst report of this structure, no solid-state characterization of
the magnetic behavior has been reported [109]. Therefore, a bulk magnetic
characterization (DC and AC) has been undertaken as a rst step. A
powder sample prepared with crushed crystals ™i shows aT of 1.20
cm?® K mol ! at room temperature (Figure 2.9), moderately larger than
the value expected for a Ni(ll) with ag =2 (1 cm® K mol ). Upon
lowering the temperature, T decreases linearly down to 15 K, where it
precipitously drops to 0.96 crd K mol *. The low-temperature behavior
can be attributed to the e ect of the ZFS. The magnetization curves on
the same sample, measured at three di erent temperatures, are reported
in the inset of Figure 2.9. At the lowest temperature T = 2 K) and the
highest eld (H =50 kOe), the magnetization does not fully saturate, but
the value of 2.03 g is compatible with anS =1 andg= 2 [110].

We also performed AC measurements at variable magnetic elds. At
the lowest temperature T = 2 K), the complex did not show any sign of
slow relaxation of the magnetization (Figure B.9 Appendix B).
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Figure 2.8: Tanabe-Sugano Diagram for a 38 system indicating the energy
levels and access to théE state under strong eld conditions. A condition
where ( =B) is on the right part of the green line should guarantee &E rst
exaited state.

To obtain detailed information about the energy pattern of the ground
S = 1 multiplet, X-Band EPR has been performed on the same sample
used for the magnetometry.

EPR measurements are commonly made in perpendicular mode; in
this mode, the magnetic component of the microwave radiation oscillates
perpendicular to the applied magnetic eld, resulting in a selection rule

ms = 1. Nickel(ll) is a non-Kramers (.e., integer spin state) ion where
the only possible transition detectable in perpendicular EPR mode is
the one between the stategf0i andj 1i; the energy of this transition
depends on the value oD. Therefore, if the axial ZFS is larger than
the X-Band EPR frequency ¢ 9:40GHz), no signal can be observed.
This is indeed the reason why many integer spin state systems have been
dubbed EPR-silent until the advent of High Frequency EPR [111].

The situation can become di erent if the system is characterized by a
non-negligible rhombicity (.e., E 6 0): in this case, transitions can be
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observed betweemns = +1 andmg = 1, appropriately mixed and split
by E. To check whetherNi is indeed EPR-silent or not, we measured
it with X-Band EPR operation in perpendicular mode (Figure 2.10 top).
Two signals appear, near 25mT and near 250mT. The weaker
signal (at higher elds) is attributed to a small amount of impurities in
the powder since it evolves with temperature and decreases after further
puri cation by recrystallization. The rst and stronger signal, broad and
close to zero eld, suggests that the system can be partially rhombic and
with pair of level separated by an energy close to the microwave quantum.
In particular, the observation of a signal in perpendicular mode suggests
that, due to the very small external applied eld, there is still a relevant
transition probability between the two higher lying levels split and mix by
the rhombic term of the anisotropy.

Figure 2.9: The T vsT plot of Ni measured atH =1 kOe. In the inset,
the magnetization curves forNi at di erent temperatures as a function of the
magnetic eld are reported. Points represent experimental data, and
continuous lines represent the simulated data.
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X-Band EPR measurement orlNi in parallel mode is reported instead
in Figure 2.10 bottom. In this mode, the magnetic component of the
microwave radiation oscillates parallel to the applied magnetic eld, in
contrast to the normal perpendicular mode. This unlocks di erent selection
rules ( mg = O for parallel mode comparedto mg = 1 for perpendicular
mode).

Figure 2.10: (Top) X-Band EPR (v = 9.387403 GHz) spectra of Ni measured
in perpendicular mode. (Bottom) X-Band EPR (v = 9.382712 GHz) spectra of
Ni measured in parallel mode. Color code: purple lines correspond to
experimental spectra, and navy lines correspond to simulated spectra.

T =10 K. Broadening: strain of E of 0.001 cm ! for both modes has been
used. Gaussian and Lorentzian broadening of 20 MHz and 39 MHz,
respectively, or 3 MHz and 60 MHz, has been used for parallel and
perpendicular modes. * Signal attributed to impurities in the powders.
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As shown in Figure 2.10, in parallel mode, only the second part of a
signal is observable; this signal can be attributed to the transition between
the levelsj 1i of the S =1 system. This separation is exacthi2E when
the magnetic eld is not applied, which means that the eld at which
the resonance between the levejs 1i occurs is close t&mT. It follows
that E is very close t00:312=2 = 0:156¢cm ! (i.e., half of the microwave
frequency converted to cm?).

Since EPR did not allow for unambiguous determination of the ZFS
parameters, we decided to continue our investigation by using Torque
Magnetometry (TM, see Appendix A). This technique is extremely sen-
sitive to magnetic anisotropy and allows accurate determination of ZFS
or CF parameters of metal complexes. [112] The measurement must be
performed on oriented single crystals, so a single crystal §f has been
mounted on the sample holder, and the torque | has been registered
(Figure 2.11). Only the curves at the lowest temperature and the highest
elds are reported here, while all the other temperatures and elds are
reported in Figures B.10-B.12 in Appendix B.

Ni crystallizes in a monoclinic systen® 2;=n with four molecules in
the unit cell. An inversion center in the middle of the cell reduces the
magnetically inequivalent molecules to two. Three di erent rotations of
the crystal have been performed. In the rst rotation (Rot. 1) at =0 ,
the magnetic eld is parallel toc , and the rotation axis isa (see Appendix
B for more information about the convention used for the reference axis).
This means that, in this rotation, the projection of the magnetization in
the bc plane can be detected. Due to the presence ofZa axis along the
b axis of the cell, typical of monoclinic systems, vanishes when the eld
is parallel and perpendicular tob (i.e., at 0 and 90, see Appendix A).
In the second rotation (Rot. 2) at =0 , the magnetic eld is parallel
to a and the rotation axis isc . This means that the scanned plane iab
and, again, must vanish at0 and 90 . In the third rotation (Rot. 3) at

=0 , the magnetic eld is parallel to c and the rotation axis isb; no
zeros are imposed by symmetry and, in fact, zeros are found28 and
123.

The collected data were simultaneously tted using the Spin Hamilto-

nian:

R= gB g S+D & %S(S+1) +E & & 2.4

where the rst term represents the Zeeman interaction and the sec-
ond and third terms represent the axial and rhombic zero- eld splitting,
respectively. The best t obtained by exploiting the curves up to 20 K
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producedD =1:80 0:01cm ! andE =0:152 0:001cm ! (Table 2.2),
the latter value being in excellent agreement with the one qualitatively
estimated by EPR.

Figure 2.11: Rot. 1 (a), Rot. 2 (b), and Rot. 3 (c) for Ni. Continuous lines
are the best simulation obtained.

45



Chapter 2

Interestingly, the technique's high sensitivity allowed us to perform
measurements up to 100 K. At this temperature, the population of the
spin states is almost equaldFS kg T); therefore, the torque signal is
mostly produced by the anisotropy ofg. For this reason, a t of all the
curves allowed us to determine the principal values @f accurately, as
reported in Table 2.2.

Table 2.2: Best parameters used for the tting of TM and DC measurements.

Parameter Value

Ox 2:1172 0:0001
oy 2:1633 0:0001

(o 2:1478 0:0001

D 1:80 0:01cm ?!

E 0:152 0:001cm ?

The Hamiltonian used for the torque curves has also been used for the
simulation of the DC measurements. The linear decrease &f required
the addition of a temperature-independent parameter (TIP) o2:1 10 *
cm® mol 1, and as is clear from Figure 2.9, the simulation perfectly matches
the experimental data.

The Euler angles obtained through the tting procedure of TM forNi
allowed us to identify two distinct possible solutions for the directions of
the magnetic reference frame of the complex, reported in Figure 2.12. In
other words, the obtained set of Euler angles identi es one orientation, but
it is impossible to pinpoint which one of the two magnetically independent
molecules in the unit cell must be associated with that set. Since the
molecular symmetry isC,, the orientation of the magnetic axes is not
imposed by symmetry constraints. However, a pseudo-molecular symmetry
can still be individuated. If one does not consider in rst instance the
acetonitrile ligands, a pseuddz; axis can be approximated to pass on
the amine nitrogen of TPA. This pseudoC; axis also passes through the
acetonitrile molecule trans to the aminic nitrogen of the TPA, leaving the
second acetonitrile molecule as a perturbation on the symmetry of the
ligand eld. This explains why, in both the solutions of Figure 2.12, the
axis of the easiest magnetization passes almost along the pse@jaaxis
while the hard axis is placed in the plan of the 3 pyridinic nitrogen atoms
in both solutions.

Having rationalized the magnetic properties oNi on the basis of the
Spin Hamiltonian (2.4), a more quantitative analysis of the EPR spectra
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Figure 2.12: Representation of the magnetic reference frame iNi, X
(intermediate axis) is in yellow, Y (easiest axis) is in green, an& (hard axis) is

in red. The two reported solutions are equally good in reproducing the data.
Color code = same as in Figure 2.7. The counter ions and hydrogen atoms have
been omitted for clarity.

can be undertaken. Extremely satisfactory simulations of the spectra in
both polarizations (navy lines of Figure 2.10) are possible by using the
same set of parameters that reproduces the magnetic behavior (Table
2.2), varying only the E parameter. The best simulation is obtained
with an E value of0:15615cm *. Notably, the divergence in rhombicity
extracted by TM and EPR is quite small ( E = 0:0415cm 1). Finally,
from the Zeeman plots reported in Figure 2.13, it is clear that the rst
signal detected by perpendicular mode EPR is due to the transition of
electrons from statej + 1i to statej 1i. Itis to be stressed here that
these labels refer to a perfectly axial system, while the e ect & is that
of mixing the two states. Application of a weak eld perpendicular to
the main axis of the ZFS tensor introduces further contributions from the
formally jOi state, thus making both the perpendicular and parallel mode
transitions observable.

All this work has been done to have a clear idea of the system under
study; from the information obtained until now, the most critical aspect is
the fact that D is not so small and certainly too big for classical X-band
EPR manipulation. However, the observation of a signal of CW-EPR
close to zero- eld, in both polarizations, is promising in the perspective of
measuring the characteristic spin dynamics parametersd., T, and T, or
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Figure 2.13. Zeeman plots for the magnetic eld applied along thex (Top), y
(middle), and z (bottom) directions of the D and g tensors, with transitions
calculated for parallel (left) and perpendicular mode (right) EPR. For the

simulations, the parameters used have been those of Table 2.2, substituting
E =0:152cm ! with E =0:15615cm 1.
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Tm) of this system. This is mandatory ifNi has to be used as an OAQB
and will require dilution in a diamagnetic matrix or a solubilization in a
deuterated solvent. Unfortunately,Ni seems to be unstable in anhydrous
solvents like toluene or dichloromethane; any attempt to prepare a solution
with those pure solvents or a mixture of them gives, as a result, the change
in color of the pink powder ofNi to a white one and with no coloration of
the solutions. The EPR of the frozen colorless solutions did not give any
signal. The explanations for this behavior can be di erent. Still, two are
the most probable: the easiest one can be just the fact that the solvents
are not anhydrous enough for this complex, but we have used the same
solvents for EPR measurements with other sensible complexes and no
problem has been faced. The second explanation, and the most probable,
is the fact that one of the acetonitrile molecules that coordinate thali(ll)

ion is removed in solution, and theNi becomes irremediably compromised,;
we suggest that only one of the molecules of solvent is actually removed
because, seeing the bond distances, one of the nitrogen of acetonitrile is
signi cantly farther away than the other from the metal ion (2.034(2) A
vs. 2.1268(2) A). Probably the best option is to synthesize a diamagnetic
analogous ofNi and try a diamagnetic dilution. While the isostructural
Zn(ll) is apparently not obtainable, the low spin Fe(ll) analogue can be

in principle synthesized: the work is progressing along this direction.
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2.3 Magnetic and spectroscopic characteriza-
tionofa S= % heavy transition complex

Published results:

Osmium(lIl) Acetylacetonate and Its Missing Polymorph: A Mag-
netic and Structural Investigation. Inorg. Chem, 2024. DOI:
10.1021/acs.inorgchem.4c01672

Authors: Arsen Raza, Laura Chelazzi, Samuele Ciattini, Lorenz
Sorace and Mauro Perfetti.

Authors' contributions: A.R. performed al the synthesis an
the chemical characterization. S.C. and L.C. performed some of the
crystallographic measurements and analysis, together with A.R..
L.S. and A.R. performed the EPR measurements and modeling.
A.R. and M.P. performed the magnetic measurements and the
modeling.

In this conclusive Section of the Chapter, the work recently published
on a heavy transition complex will be presented. In the two previous
Sections, examples of potential QBs have been discussed; indédd, 1
and 2 are types of complexes studied for technological applications.[113]
Potential QBs encompassing heavy transition metals are much less studied.
Examples of 4d and 5d complexes are rare,[52, 114] but due to the fact
that many of them possess low spin states, mainly = % they represent
a potential resource to produce QBs. Further, as mentioned in Chapter
1, they are interesting for the SE e ect since they normally possess large
SOC, and for this reason, we also decided to study them.

In order to have a perfect candidate to explore the magnetic properties
of heavy metal complexes, a simple case study is necessary. We chose an
Osmium(lll) complex [Os(acac) 3] (where Hacac is acetylacetone). This
choice has been dictated by several reasons:

~ The family of [M(acac),] (wheren = 1; 2; 3; or 4) is quite vast because
these complexes can be used for many di erent purposes.[115, 116]
For example, they are used as starting materials for the synthesis
of nanoparticles,[117] have a relevant role in polymeric production
processes,[118 120] or are used as catalyst precursors in many organic
syntheses.[121 125] Further, even the simple ligand is interesting
due to its chemical tunability. Indeed, structural modi cations can
be easily performed by replacing an-hydrogen atom or methyl
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groups with other fragments. Such chemical exibility allows the
ne-tuning of several properties, such as solubility, volatility, color,
and melting point of the resulting metal complexes.[126 128]

The class of [M(acag)] is quite large, with many complexes that
have been deeply studied, even from a magnetic point of view.
This emphasizes the role of [M(acag) as a model system to make
comparisons and highlight di erences.

The most characterized and studied complexes with acetylacetonate
as ligands contain 3d metals.[129 136] Although some examples are
reported for the second transition series,[137, 138] for 5d elements
there are only a few examples in the literature.[139, 140] Therefore,
a gap is present and needs to be lled.

The structure of [Os(acac) 3] has already been reported, facilitating
the experimental work.

Two di erent syntheses have been reported in the literature for
[Os(acac) 3]. The rst synthesis was reported in 1955 by Dwyer and
Sangerson, but no structural characterization was performed.[141] In the
second synthetic procedure, where a structure was reported,[139] Dallmann
and Preetz used an Osmium(lV) salt as the starting material, but the
absence of any reducing agent resulted in a negligible yield (5%). Our at-
tempts to repeat this reaction did not show any trace of product formation,
therefore, we attribute the non-zero yield of their synthesis to the presence
of reducing impurities. Dwyer and Sangerson instead used silver wool in
the presence of HBr to reduce OsBr; after that, a great excess of ligand
was added to form[Os(acac) 3]. We followed this procedure with some
small changes (see Appendix B). The extraction in organic solvents of the
compound and recrystallization produced red crystals with two di erent
morphologies: an elongated small prismatic form and a bigger rectangular
and planar crystal (Figure B.13 in Appendix B). Single-crystal X-ray
di ractometry measurements at 100 K on the elongated prism crystals
demonstrated that they correspond to the?2;/c monoclinic form reported
by Dallmann and Preetz. On the contrary, the structure of the rectangular
prisms could not be solved. Indeed, the indexing of cell parameters with
several crystalline systems gave reasonable starting points for the solution,
but inevitably ended with the same problem in resolution, namely, the
position of the heavy metal center and the coordinating oxygen atoms
could be easily identi ed, but it was impossible to reliably de ne the ligand
structure. To reduce the thermal disorder of the ligands, we performed
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Figure 2.14: Pictographic representation of the di erent structures reported
for generic homoleptic complexes of formulgM(acac) ] where M = transition
metal. Colour code of background: Red = monoclinic, Blue = orthorhombic,
Violet = triclinic. Colour code of oxidation state of the metal: Pink = +2,
Black = +3, Green = +4, Orange = +2 and +3, Gray = N/A.

a single crystal X-ray measurement at very low temperature (15 K), but
also in this case, the assignment of the position of the light atoms that
constistute the structure of the ligand failed. The di culties in resolving
the structure of small molecules containing heavy atoms is well-known in
literature.[142] We speculate that many factors may contribute in making
the structural solution impossible. Among these are the di culty in ob-
taining an e ective absorption correction due to the anisotropic crystal
morphology, and the possible presence of pseudo-symmetry e ects. In or-
der to get some hints as to the possible structure of the rectangular prisms
we obtained, we considered it useful to survey the solid-state structures of
[M(acac)] (Figure 2.14). It is evident that a bimorphic nature is reported
for many [M(acac)], of the rst transition series, which crystallize both

in a monoclinic (P2;/n or P2,/c) and orthorhombic (Pbca) crystalline
system. This dimorphic behavior is preserved in the second transition
series forfRu(acac)] but no bimorphism is reported for 5d complexes. To
sum up, the eighth group of the periodic table seems to show a proclivity
for bimorphism, with the only missing polymorph being the orthorhombic
form of [Ru(acac)]. To overcome the limits imposed by single crystal
measurements and clarify the doubt about the second system that we
isolated, we collected a powder X-ray di ractogram on a sample consti-
tuted by crushed rectangular prismatic crystals, and the data registered
has been tted with a Pawley method implemented in Topas software[143,
144]. The best t (Figure 2.15 and Table B.7 in Appendix B) attributes

a great similarity between the cell parameters ofOs(acac) 3] isolated
by us and[Ru(acac)] in the orthorhombic form, suggesting isomorphism.
Following recent literature[115], we will hereafter identify the monoclinic
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form of [Os(acac) 3] as -polymorph and the suspected orthorhombic
form as -polymorph.

Figure 2.15: Experimental (black) and tted (red) X-ray powder di raction
pattern of -[Os(acac) 3]. The blue line represents the di erence between the
tted and experimental di raction patterns. At high theta the powder loses
crystallinity.

To fully demonstrate that the form that we isolated is the missing

-[Os(acac) 3], a deep spectroscopic and magnetic investigation has been
performed. We combined EPR and TM. CW-EPR measurements on Os-
mium(Ill) complexes are not so common, but some examples can be found
in the literature[145 148], and all converge to a description of Os(lll) as
a low spin ¢ ion (S = 1=2) with residual orbital angular momentum.
X-Band CW-EPR on a microcrystalline powder of prismatic rectangular
[Os(acac) 3] crystals did not show any signal down to 5 K, probably due to
fast relaxation induced by spin-spin interactions. The same result has been
obtained with a solution in toluene of the same powders. Therefore, we
prepared a solid solution of 2%0s(acac) 3] in the diamagnetic analogue
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[Ga(acac) 3] (Os@[Ga(acac) 3], see Appendix B). The resultant powder

Is a mixture of - and - polymorphs (ca 75:25, as obtained by PXRD,
see Figure B.14 and Table B.8 in Appendix B), but at low temperature
provides an EPR spectrum which can be assigned to a single species, as
expected from the chemical similarity (same angles and distances) observed
for the structure of the two polymorphs of [Ru(acag)[149, 150].

In Figure 2.16, the observed spectrum can be interpreted at rst glance
as arising from a spin doublet with an axialy factor, more precisely: where
O« > 2:00> g, . Further, the signals around the two main signals of the
axial g appear when a fraction of the electronic spins is hyper ne coupled to
an active nuclear spin. Actually, Osmium possesses a discrete abundance
of nuclear active spins ¥%0s;n.ab. = 16:15% 1 = 32; ¥’Os/n.ab. =
1:96% 1 = %), while the remaining isotopes are nuclear spin-free. Following
these observations, we attempted a simulation of the spectrum by using
a Hamiltonian containing an anisotropic Zeeman term and hyper ne
coupling term for the fraction of molecules containing a non-zero nuclear

spin:

He= 5B g S+ 8 %A (o 2.5

We could obtain a reasonable simulation by using, = 0:925 g, =
0:905 g, = 2:227], and jA.yj = 1170MHz and jA;j = 18 MHz, where
the small rhombicity of the g tensor is needed to reproduce the partial
split of the perpendicular line of thel =0 isotope close to 720 mT. The
small rhombicity observed in the spectrum will be ignored in the further
characterization since theg tensor is almost axial.

The rst simulation attempt was performed assuming the same linewidth
for all the isotopes of Osmium, but it did not provide reasonable results
because the peculiar unequally spaced four-line pattern observed around
290 mT (see inset of Figure 2.16) was hidden by the contribution of the
isotopes withl = 0. The entire spectrum could be nicely reproduced by
considering di erent linewidths for the two main isotopes of Osmium (see
Appendix B). The origin of the four lines in the g region needs to be
found in the large and very anisotropic hyper ne coupling of this complex,
for which the perpendicular component is much larger than the parallel
one. This results in an e ective quadrupolar coupling[151 153], which
can measurably split the parallel lines even whefr, = 0 (see Figures B.15
B.16 in Appendix B). Interestingly, the contribution of this second-order
e ect on the parallel resonant elds is much stronger than that produced
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Figure 2.16: Experimental (black) and simulated (red, blue, and green)
X-band (9.397 GHz) CW-EPR spectra of Os@ [Ga(acac) 3] at T =5 K. The
simulation of the two main contributions to the spectra of [Os(acac) 3] and
their combination according to natural abundance is given. Blue: spectrum of
18%0s(1 = 3; n. ab. = 16:15%); Green: spectrum of the even isotopes of
Osmium (total n. ab. = 81.89%). Red: sum of two di erent simulations. The
contribution of 870Os(l = 3; nat. ab. = 1.96%) is not visible in the
experimental spectrum and is not reported here. The inset reports a zoomed
view of the experimental g, region to evidence the superimposed doublet of
doublets structure with the simulation of the 18°0s contribution only (blue
trace).
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by any reasonable assumption on the magnitude of the real quadrupolar
term expected for thel = 2 of 18%0s (Figure B.17 in Appendix B), which
we then leave undetermined.

Even if the intensity of the simulated spectrum does not t perfectly with
that of the experimental one, the main transitions are well identi ed. Fur-
ther, the presence of 5 lines in the perpendicular region is attributed to a
signal from the molecules with = 0 (higher line), and the remaining four
lines are due to the coupling with Osmium that possessés= % For that
reason, this coupling splits the principal signal into equally spaced four
lines. Lastly, the further proof that the model used reproduces the system
Is the fact that the splitting observed in the lines of the perpendicular
region, i.e., the values ofA,., imposed by the opening of the signals, also
reproduce the pattern observed in the parallel region.

To the best of our knowledgethis is the rst hyper ne coupling resolved
in an EPR spectrum of an Osmium complexWe further note that the
obtained Spin Hamiltonian parameters are in good agreement with the
few reported in the literature for Osmium(lll) complexes [145 148, 154].
The almost axial g tensor is imposed by the dominant trigonal distortion
from the perfect octahedral symmetry of the ligands; indeed, this is
often the case for tris-chelate structures [148, 155, 156]. Moreover, the
obtained anisotropy is a direct consequence of the architecture around
the metal center. Indeed, the anisotropy of g( g= g-= @) inloose
monodentate ligands such as carbon monoxide, pyridine, cyanide, and the
halide anions is between 0.3 and 1 [147, 157]. In rigid bidentate ligands
such as phenanthroline and bipyridine, it is approximately 2 [148, 154],
while in our case it is intermediate(°S g = 1:3), re ecting the di erent
coordination environment. Importantly, the nature of the donor atoms
is pivotal for determining g; for instance, the sulfur-based complex
[Os(sacsag)] (where sacsac = dithioacetylacetonate) has g = 0:313
[146].

After extracting the principal values of theg tensor from EPR, we per-
formed a study of the magnetic anisotropy of both - and -[Os(acac) z]
using TM. These measurements are usually performed on crystals with
known structures (see Appendix A) to extract information about magnetic
anisotropy. Here, the approach was reversed: we have measured the torque
of the crystals to extract information about its structure.

In order to do that, we proceeded in the following fashion: rst we
extracted the orientation of the magnetic reference frame in the reported

polymorph. Afterwards, we have used this information to simulate the
torque recorded on the other polymorph, assuming bcaspace group,
without tting parameters. The  polymorph possesses two magnetically
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Figure 2.17: (a) Rot 1 (red) and Rot 2 (blue) for . (b) Rot 1 (red), Rot 2
(blue), and Rot 3 (green) for . The lines represent the best t or simulation
discussed in the main text.

inequivalent molecules in the unit cell due to the presence ofG axis and
an inversion center. For its study, two rotations were performed (Figure
2.17a). In the rst rotation (Rot. 1), the magnetic anisotropy in the ¢ P
plane was investigated (at =0 , the c axis of the crystal was placed
parallel to the magnetic eld, and the rotation was performed around).
Here, zeros are imposed by symmetry reasons at 0 and =90 due
to the fact that the C, axis alongbis rst perpendicular and then parallel
to the magnetic eld during the rotation. The second rotation (Rot. 2)
was performed around b while the magnetic eld was initially placed
alongc . Given the crystal symmetry, the projections of magnetization
in the plane of the two molecules in this second rotation are identical,
producing zeros at =48 and =138.

The experimental data were tted using the same Hamiltonian used for
the EPR spectrum, but without considering hyper ne coupling (which is
negligibly small at the investigated elds) and approximating the rhombic
g to an axial one (forg,, the averageg“Tgy = 0:915was used). The t
produced two solutions, as expected [158], both shown in Figure B.18
in Appendix B. The rst solution places the easy axis almost along the
pseudoC; axis of the molecule, while the second aligns with one of the
directions of the coordination bond.

The ambiguity in the position of the easy axis has been removed by
the measure of the second polymorph. Firstly, we assumeegOs(acac) 3]
being isostructural to -[Ru(acac)], as suggested by X-Ray powder tech-
niques. In -[Ru(acac)], four magnetically independent molecules are
present. Moreover, since the crystallographic system is assumed to be
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orthorhombic, zeros are expected when the three crystallographic main
axes @, b, and c) are parallel or perpendicular to the magnetic eld. Three
orthogonal rotations have been taken (Rot. 1, Rot. 2, and Rot. 3 along
b, ¢ and a, respectively), and the magnetic eld at =0 was along

¢, b, and b respectively. From Figure 2.17b, it is clear that in all
three torque curves vanish exactly at = 0 and = 90, con rming
that -[Os(acac) 3] is indeed orthorhombic. Further, as is clear from the
intensities of the three rotations, the projection of the magnetization in
the plane scanned in Rot. 3 is much smaller compared to the other two,
suggesting that the easy axis in -[Os(acac}] is located almost parallel to
the a crystallographic axis. Inspecting the structure of -[Ru(acac)], it is
easy to demonstrate that the pseud& ; rotation axis of the molecule is
placed almost parallel to thea axis. Combining this evidence with the
g values used before for the t of the -polymorph, we have satisfacto-
rily simulated the torque curves for the -polymorph without any other
adjustable parameter. Considering the excellent agreement between the
experiments and the simulation, in terms of magnitude and shape of the
torque curves, we can extract two pivotal pieces of information:

I. The second form that we isolated is indeed the missing -[Os(acac) s].
The dimorphic nature of acetylacetonates of the eighth group is now demon-
strated.

ii. The direction of the easy axis in both polymorphs is the same and
lies along the pseudd:; symmetry axis of the molecule.

The model developed by merging EPR and TM has been used to
interpret the magnetic properties of -[Os(acac) 3], investigated by DC
magnetometry (see Figure 2.18a). The room temperaturé reaches 0.348
cm® K mol 1, con rming the low-spin nature of this complex. Lowering
the temperature causes a linear drop inff down to 12 K, at which point
T begins to rise again, reaching 0.321 énk mol ! at 2 K. The overall
shape of T at high and intermediate temperatures is typical of a system
with a high spin-orbit coupling constant and low symmetry distortion from
the ideal octahedral coordination. The increase ifT at low temperatures
suggests the presence of a ferromagnetic mean eld.

The magnetization (Figure 2.18b) does not saturate even at5 T and 2 K,
con rming the presence of a not fully-quenched orbital angular momentum
(L) that opposes the spin. The electronic con guration of Os(Ill) in an
octahedral geometry consists of three di erent doublets generated from
the six-fold degenerate state?T,q, which is split by rst-order spin-orbit
coupling into a doubletJ = 1=2 and a quadrupletd = 3=2. Finally, the
quadruplet can be split further by the axial distortion of the octahedral
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Figure 2.18: (a) Temperature dependence of theT product of [Os(acac) 3]
recorded atH =1 kOe; (b) Field dependent magnetization measured at

di erent temperatures. For both panels, continuous lines were obtained using
the model and best t parameters reported in the text.

symmetry. The appropriate Hamiltonian to reproduce the DC data is
formulated as discussed in Section 1.6.

A= 3 né+§2cgég+ge35 4 ggLBB L 26

2

The best simulation was obtained by xing the spin orbit constant to
the literature value = 3100cm ! (Table 1.1) and by adjusting the
orbital reduction factor ( = 0:498 and the axial second-order crystal
eld parameter (CS = 920cm 1). The mean eld was introduced as
[159, 160]:

= - 2.7

1 W

The best obtained value wagJ®= 0:39cm !, con rming the ferromagnetic
nature of the intermolecular interactions. Notably, the model is not only
able to reproduce the DC data, but the e ectiveg factors (g-- calc= 2:50,

0. calc=1:18) of the ground doublet, obtained with it agree well with
those obtained from EPR, emphasizing the robustness of the model. In
Figure B.19 in Appendix B are reported the energies and states composition
of [Os(acac) 3] with our modeling.

To conclude the magnetic characterization and estimate the poten-
tial of -[Os(acac) 3] as a QB, the dynamics of the magnetization were
investigated through AC susceptibility measurements. The compound
did not show any slow relaxation of the magnetization at zero eld at
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2K (Figure 2.19a). However, upon increasing the eld, a peak in the
out-of-phase component of appears. The broadening of the curves
permits a satisfactory t only for measurements taken in elds ranging
from O:5T to 1.0T (see Appendix A). The large distribution values of
the relaxation time ( ) emerging from the t (Table B.9 in Appendix
B) suggest signi cant dipolar interactions are active in -[Os(acac) z].
Furthermore, the relaxation time () increases monotonically with the
applied eld (Figure 2.19c), and no trace of the direct process is detected.

To prove that dipolar elds indeed play a crucial role in the slow
relaxation, the solid solution of [Os(acac) 3] (2%) in the diamagnetic
analogue [Ga(acag] was measured. The application of an external eld
on Os@ [Ga(acac) 3] causes the appearance of peaks iff°at lower
frequencies compared to the pure-[Os(acac) 3], demonstrating that
magnetic dilution (i.e., suppression of the dipolar elds) is e ective in
slowing down the relaxation (Figure 2.19b). As expected, the values
(Table B.10 in Appendix B) are now signi cantly lower than in the pure
complex. The tted relaxation time does not monotonously vary with eld
(blue symbols in Figure 2.19c), in close resemblance with oth&r=1=2
systems, suggesting a competition between direct process and a eld-
dependent Raman process[38]. Therefore, we have tted the experimental
data using the Brons - van Vleck equation:

1+eB?
1+fB?
where the rst term describes the eld-dependence of the direct mech-
anism, and the second term considers the e ect of the internal magnetic
eld in promoting Raman relaxation. The best t values obtained from
the tare: ¢=363(17)s* T % d=141(17)s %, f =106(32)T 2 and
e=29(6) T 2. As can be seen from Figure B.21 no imaginary compo-
nent of the susceptibility has been detected as the temperature increases,
suggesting that[Os(acac) 3] would not be an ideal QB.
However, the isolation of purgOs(acac) 3] in reasonable yields, with
a less complicated procedure, extends the tools available to chemists to
explore new and more complicated complexes of di erent applications.
Furthermore, the obtaining of two di erent crystalline forms, - and -
[Os(acac) 3], allowed us to close the question on the bimorphism of the
[M(acac)] species of the eighth group of the periodic table, de nitively
proving that the bimorphic nature is also present for the 5d analogues.
Finally, the basic characterization of the isolated compounds also allowed
us to identify completely new aspects for osmium complexes, such as the
extreme magnetic anisotropy of they factor, observed with both EPR

t 1= cB*+d 2.8
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Figure 2.19: Frequency dependence of the imaginary component of
susceptibility at 2K from OT to 2:0T for pure (a) and diluted (b) [Os(acac) 3].
Relaxation in the higher frequency region did not yield an appreciable signal.
(c) Relaxation time of (red) and diluted (blue) [Os(acac) 3]. The continuous
line represents the best t obtained with the parameters reported in the text.

and TM (this last has been performed for the rst time on this type of
complex) and the hyper ne coupling that had never been observed for
osmium until now. In conclusion, the knowledge acquired by studying
the magnetic properties of this complex forms a sound starting point
to proceed with the syntheses and characterizations of other 4d and 5d
complexes, which will be presented in the next Chapter.
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3. SEARCHING FOR
ISOELECTRONIC
SERIES OF

CANDIDATES FOR SE
EFFECT

In Section 1.4 of this Thesis | explained why in recent years the interest
in the relatively old research eld of magneto-electric e ects gained new
impetus. Magneto-electric (ME) e ects on molecules are usually called
spin-electric (SE) e ects, which emphasizes that in these systems the
electric eld interacts with the electron spin rather than with the total
magnetization of ordered systems, as in most solid-state inorganic materials.
As mentioned there, the SE e ect is quite underexplored, mostly due to the
experimental di culties in its detection. Moreover, the experimental setup
we plan to use to perform the measurements imposes signi cant restraints
on the molecular systems which can be studied, namely: i) the necessity
to use large single crystals (signi cantly bigger than the ones used for
X-Ray measurements) ii) the absence of inversion center in the crystal.
This last condition imposes that the molecules must crystallize in non-
centrosymmetric space groups. Moreover, pseudo-inversion centerg(
generated by the local geometry of the rst coordination sphere around the
metal) must be avoided to yield an appreciable SE e ect. Following these
considerations an appropriate chemical strategy requires to engineering the
ligands so that the donor atoms are arranged around the central metal in
a way which makes impossible to result in an inversion center on the metal
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atom. The simplest way to achieve this result is the use of di erent donor
atoms; in particular, the minimum e ort that guarantees the absence
of pseudo-inversion symmetry is the use of two types of donor atoms
arranged anti-symmetrically with each other. Further, since our interest
Is in probing the role of SOC in the SE e ect, we targeted isostructural
molecular systems with metal ions with increasing values of SOC. In 3d
metals, the orbit contribution (L) is usually completely quenched by the
ligand eld of the surrounding ligands, and the SOC is small enough to
consider the orbital contribution as a weak perturbation on spin-only
behavior. Moving towards 4d and 5d metals, the higher SOC reintroduces
a relevant orbit contribution in the lowest energy levels. Finally, since |
wanted to compare in detail their behavior, a series of complexes with the
same spin values was targeted. Summing up, the best candidates for our
purposes are non-centrosymmetric monometallic isostructural complexes
of 3d, 4d, and 5d metals of the same group. These complexes must contain
at least two types of donor atoms with proper geometry. We focused our
attention on metal ions from two di erent groups: group 8 (Fe, Ru, and
Os) and group 6 (Cr, Mo, and W). In Section 3.1 | will present the work
performed on metals of Group 8, while Section 3.2 contain the results
obtained with metals of Group 6.

3.1 Group 8 transition metal complexes

Paper in preparation:

Paper in preparation: Authors: Arsen Raza, Matteo Briganti,
Jesper Bendix, Lorenzo Sorace and Mauro Perfetti.

Authors contribution: A.R. performed al the synthe-
sis and the chemical and crystallographic measurements and
analysis.  M.B. performed calculations. J.B. solved the
[(RU(OPTO) 3NaRu(OPTO) 3)]JOH structure. A.R. and L.S.
performed the EPR measurements and modeling. A.R. and M.P.
performed the magnetic measurements and the modeling.

A preliminary and detailed scan of previous scienti c literature in-
dicated that a complete series encompassing all the abovementioned
constraints is not reported. However, | found two previously reported
molecules which might constitute a good starting point. [161, 162] Both
are hexacoordinated Iron (I1I) complexes with three oxygen and three
sulfur atoms belonging to three chelating ligands imposing a trigonally
distorted octahedral geometry over the metal ion. In Figure 3.1, the

64



Chapter 3

Figure 3.1. left: X-ray molecular structure of [Fe(OPTO) 3] extracted from
Ref.[161]. right: X-ray molecular structure of [Fe(ONO) 3] extracted from
Ref.[162]. Color code: black = C, gray = H, red = O, yellow = S, orange = Fe.

structures extracted from Ref. [161] and Ref. [162] are shown. The rst
complex is Tris(1,2-dimethyl-3-hydroxy-4-pyridinethionato)iron(lll), here-
after [Fe(OPTO) 3], where OPTO is the deprotonated form of HOPTO
(1,2-dimethyl-3-hydroxy-4-pyridinethione). The HOPTO molecules can
occur as di erent structural isomers @,2; 3,2; 3,4; where the two positions
refer to hydroxy- and thionato- substitution, respectively, see Figure 3.2
middle), but in this Thesis, we focused only on th&,4 isomer. The second
interesting complex we found in literature,[162] reported in Figure 3.1,
Is Tris(N-methylformothiohydroxamato)iron(lll), hereafter [Fe(ONO) ;]
(ligand reported in Figure 3.2 bottom).

The oxygen-only analogous ofFe(OPTO) 3], i.e. [Fe(OPO) 3] (Tris
(1,2-dimethyl-3-hydroxy-4-pyridinonato)iron(lll)) is already reported in lit-
erature [163] (HOPO = 1,2-dimethyl-3-hydroxy-4-pyridinone).[Fe(OPO) 3]

Is the best candidate, together with the homologous complexes of the entire
Group 8 Metal(lll) ions, to handle the chemistry of these ligands with the
metals we intend to study. This is because there are far more examples in
the literature of oxygen-only trischelate complexes. Furthermore, as we
will see in the following sections, the substitution of an all-oxygen ligand
with a thio-oxygen one results in drastically reduced solubility, making
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Figure 3.2: For X = O: on the top is 3-hydroxy-4-pyrones R; = CH 3 (maltol),
in the middle are 1- or 3-Hydroxy-2- or -4-pyridinones (R, = aliphatic). For X
= S: 3-hydroxy-4-thiopyrones R; = CH 3 (thiomaltol) on top, in the middle are
1- or 3-Hydroxy-2- or -4-pyridinethiones (R, = aliphatic). On the bottom are
reported N- Methylformohydroxamin acid (R; = CH 3) and Catechol.

it di cult to handle and develop appropriate modi cations and studies
on complexes of those ligands. For that reason, we rst undertook the
synthesis and characterization of [M(OPQy] and, in a second moment,
the synthesis of the sulfur analogous.

The chemistry of Hydroxypyridinones ligands has been widely explored,
mainly as metal binding agents, with speci c applications in medical in-
organic chemistry.[164] The reasons for choosing those particular classes
of molecules for those biological applications are clear: the high stability
of complexes formed, the kinetics with which they react, and the solu-
bility in polar protic environments.[165] The progenitor of this family of
compounds is maltol (Figure 3.2 top, with X = O and R = CH 3), the
smallest 3-hydroxy-4-pyrone. Many complexes with this ligand have been
reported.[164] The substitution of the oxygen of the ring with nitrogen
leads to form the family of HOPOs ligands. HOPOs are, in short, cyclic
analogues of the hydroxamic acids that bind to metals by an oxyanion
and an oxo group. Hydroxamic acids are monoprotic, whereas diprotic
catechols are aromatic (Figure 3.2): thus, HOPOs can be thought of as
molecular hybrids of the two simpler ligands. Ease of deprotonation and a
partially aromatic character are typical features of HOPOs. When deproto-
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nated, HOPOs have a zwitterionic aromatic resonance form, isoelectronic
with catecholate dianions.[166] Several rst row transition metal-based
HOPO complexes are reported, especially with metals in +3[167 170] and
+2[104, 171] oxidation state. All the three types of isomorphs represented
in Figure 3.2 are explored in literature and the one that possesses the larger
number of reported structures is the3,4 type (30 structure deposited
on CSD with compounds of type [M(OPO)] n = 2, 3 or 4). For what
concerns their structure, the solubility in polar and protic solvents like
H,0, permits their crystallization with formation of a hydrogen bonding
network. [Fe(OPQO) 3] crystallizes with 12 molecules of kD per molecule
of complex;[163] for the sake of simplicity in the following we will refer to
it as [Fe(OPO) 3] (see Figure 3.3 top) without explicitly mentioning the
12 molecules of KO in the structure.
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3.1.1 [Fe(OPO) 4

Figure 3.3: Top: Molecular packing in the crystals of [Fe(OPO) 3], showing
one molecule of the complex and 4 water molecules connected by hydrogen
bonds; Bottom: Hydrogen bond network viewed alongc axis. Color code: black
= C, gray = H, red = O, orange = Fe, cyan lines = Hydrogen Bonds.

Following the experimental procedure previously reported in Ref. [163],
[Fe(OPO) ;] is synthesized in an agueous environment: the ligand, com-
mercially available, is deprotonated with a stoichiometric addition of
NaOH, followed by the slow addition of a yellow solution of FeGI6H,O.
The kinetic of complex formation, driven by the chelating e ect of the
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ligand, is extremely fast and the solution becomes rapidly red. Upon reduc-
tion of the volume by half at 10 C, a fraction of unreacted HOPO precipi-
tates. Further reduction of the volume down to 1/4 of the original volume
favors, at 4 C, the crystallization of red prisms of[Fe(OPQO) 3]. The
system crystallizes in the hexagonal Pspace-group, with two molecules
in the unit cell related by an inversion center. The Fe(lll) atoms in the
complex sits on aC3 axis so that the asymmetric unit is composed by
only one-third of the molecule and four water molecules. The coordination
geometry of the Iron(lll) is pseudo octahedral with ligands arranged in
fac-coordination. As already discussed in Ref. [163], a network of hydro-
gen bonds starts from each of the carbonyl oxygens and extends up to
the fourth solvent molecule. It is possible to identify a single molecule of
H,O between the carbonyl group of a molecule and the hydroxyl group of
the overlying molecule rotated by 120with respect to the underlying one
(see Figure B.23 in the Appendix B): as a consequence, the correspond-
ing hydrogen bond path linking these two molecules placed on the same
C 3 axis is much shorter than the other paths. This arrangement of the
solvent molecules is possible due to the presence of oxygen atoms in the
structure of the ligand which, in addition to allowing this architecture,
also favors the solubility in protic polar solvents of the complex. The
extension of the hydrogen bond network shows a hexagonal symmetry
around six H,O molecules that are connected by hydrogen bonds to six
di erent [Fe(OPO) 3] molecules (Figure 3.3 bottom).
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Figure 3.4. T value of [Fe(OPO) 3] at H = 1 kOe. In the inset the
magnetization at the three di erent temperatures are reported. Points and
lines represent the experimental and simulated data using parameters obtained
by torque magnetometry, respectively.

As mentioned above, the family of HOPO complexes, and in particular
the iron derivative, have been previously studied in biological contexts;
however, a complete magnetic characterization is absent, while this is
mandatory for our nal purposes. We rst determined the magnetic
susceptibility as a function of temperature in a range of 2 300 K and
the isothermal eld-dependent magnetization at low temperature for
[Fe(OPO) 3]. The value of T at room temperature is 4.38 crhK mol *
(Figure 3.4), in agreement with what is expected for a high-spin Fe(lll)
species according to Curie's law (4.375 énK mol ! for S = 5=2 and
g = 2). The measured value of T is almost constant between room
temperature and 15 K, then drops drastically to 3.91 ciK mol 1, which
we attribute either to the zero- eld splitting of the S = 5=2 multiplet or
to the intermolecular interactions transmitted via the extended hydrogen
bond network of the structure. The magnetization curve recorded at
the lowest temperature (2 K) reaches the saturation value of 5.0G, as
expected for a species witly = 2. To try to obtain information on the
value of the ZFS parameter, measurements of X-Band EPR on the same
powders that provided the T and magnetization data commented on
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before were performed. As can be seen in Figure 3.5, the experimental
spectrum is considerably broad; despite this, it is still compatible with an
Fe(lll) species. In particular, the strong resonance observed at 120 mT
and the weaker ones observed at high eld suggest that we are neither
in the limit D h (for which only an e ective g, =6 and g-- = 2:00
are expected for themg = 1=2 doublet), nor in the oppositejDj h ,

for which 5 parallel and 5 perpendicular lines would be expected.[172]
Direct extrapolation of D from this spectrum is therefore particularly

di cult because D h , and tiny variations of D may result in signi cant

di erences in simulated spectra.

Figure 3.5: Experimental (black) and simulated (blue) spectra of

[Fe(OPO) 3] at T = 10 K. The broadening has been simulated using
Lorentzian and a Gaussian contribution of 5 mT and 12 mT respectively and a
Hstrain of 3000 MHz.

The problem has been overcome by analyzing the magnetic anisotropy
of [Fe(OPO) 3] with TM technique (see Appendix A.2). From a crys-
tallographic point of view, [Fe(OPO) ;] presents only one magnetically
inequivalent molecule, since an inversion center is placed in between two
molecules, thus simplifying the interpretation of the data. The rst rota-
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tion, reported in Figure 3.6, was performed along an axis in thatf plane,
thus scanning the axis-to-plane anisotropy of the molecule. The rotation
was performed at three di erent temperatures reported in Figure B.24. In
Figure 3.6 we show the data obtained at 2 K. As expected by the crystal
symmetry, at 0 and 90, i.e. when the c axis is parallel and perpendicular
to the magnetic eld, respectively, a zero-signal is observed. The phase of
the torque signal of collinear molecules exhibiting high symmetry is, for
this rotation, directly related to the sign of the Zero Field Splitting. The
observed phases of the TM clearly points to a negative ZFS parameter
i.e. easy axis anisotropy.[173] The second rotation was carried out aloag
and, as expected for a trigonal system, provided an essentially zero torque
signal, indicating that the plane is essentially isotropic. The experimental
curves were then t using the following axial spin Hamiltonian:

B= ggB 8+ D & %5(s+1) 3.1

whereD = 0:32cm ! provided the best t results, and g was xed to
2.00 as expected for high-spin Fe(lll). The value dD extracted with
TM was also used to simulate the EPR spectrum represented in Figure
3.5. Further con rmation of the accuracy of the model was obtained by
measuring X-band EPR on a single crystal (Figure 3.7). An axis-to-plane
rotation was performed, and the main detected signals, as well as their
angular dependence, were reproduced by our model. Importantly, the
D value is comparable to the energy of the microwaves for X-band EPR
(jDj = 0:33cm 1), and the spectrum is signi cantly broadened, making
a satisfactory identi cation of the main transitions impossible. In this
respect, the choice of using TM to study the magnetic system proved to be
the best solution. Finally, the D value extracted from TM was also used
to simulate the DC data reported in Figure 3.4 (dotted line): it is evident
that the simulation does not reproduce the sudden low-temperature drop.
Therefore, we implemented an antiferromagnetic mean eld approach, as
discussed in Equation 2.7. With a value 0£J°= 0:021cm 1!, both the
magnetization and the T data could be nicely reproduced.
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Figure 3.6: Angular dependence of the torque fgFe(OPO) 3] for Rot. 1
measured atB = 1,2,3, and 5 Tesla at 2 K. The indexes for Y1 and H1 are the
director cosines of thealdt orthogonalized system with respect to the rotation
axis (Y1) and the applied magnetic eld (H1) at =0

In order to strengthen the model, Density Functional Theory (DFT)
calculations were performed oifFe(OPO) ;] in the gas phase. The calcu-
lated D value corresponds to 0:19cm 2, slightly smaller than the one
obtained by TM but with the same sign. In general, the agreement with
the experimental value demonstrates the goodness of our model, and the
di erences in absolute value are attributable, in our opinion, to the neglect
in the calculation of the distortions of the structure due to the network of
hydrogen bonds.

Finally, also AC measurements ofFe(OPO) 3] at T = 2 K and
varying the magnetic eld from O T to 5.0 T have been performed, and
are reported in Figure B.25. Even if some signal of slow relaxation of the
magnetization is observed, the maxima are clearly outside the measured
frequency range (0.1-1000 Hz), making a reliable determination of the
relaxation times impossible.
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