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Abstract

Monolayer-protected gold clusters (MPCs) are a very interesting and fascinating class of
compounds, from the points of view of both the fundamental science and their possible
applications. They are composed of a gold core, with a diameter smaller than a few
nanometers, and are surrounded by a protecting organo-thiolate monolayer, bonded by
covalent Au-S bonds. Due to their dimensions, these systems exhibit properties in between
those of molecules and nanoparticles, therefore displaying unique physical and chemical
behaviors. In this Thesis, some properties of the most stable and well-known molecular MPC
are addressed and studied. The investigation focuses on fundamental features, including
solid-state properties, optical behavior, reactivity and especially their magnetic properties.
The investigation of the latter constitutes the major part of this work. Particular attention is
dedicated to the effect of ligands on these phenomena. The main tool of our investigation
was electron paramagnetic resonance (EPR) spectroscopy, which was used to study these
MPCs both in solution and in the solid state. The topics addressed are to understand the
magnetic interactions between gold core and the capping ligands in solutions phase and
ferromagnetic and antiferromagnetic interactions between clusters in the solid state. Another
magnetic resonance technique, nuclear magnetic resonance, was used for the study of the
ligand exchange kinetics. The data obtained from a number of experimental techniques and

computational calculations were used in conjunction with these two main tools.
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Riassunto

| cluster d’oro protetti da monostrato (MPC) sono una classe di composti molto interessante e
affascinante, sia dal punto di vista della ricerca di base, che delle loro possibili applicazioni.
Sono composti da un core di oro, con un diametro inferiore a pochi nanometri e sono
circondati da un monostrato organo-tiolato, legato con legami covalenti Au-S. A causa delle
loro dimensioni, questi sistemi esibiscono proprieta a meta strada fra quelle di molecole e
nanoparticelle, mostrando quindi comportamenti fisici e chimici unici. In questa Tesi sono
state studiate alcune proprieta del MPC piu stabile e conosciuto. L'indagine e stata
focalizzata su caratteristiche fondamentali, che includono proprieta di stato solido,
comportamento ottico, reattivita e in particolar modo le loro proprieta magnetiche. L’indagine
di queste ultime costituisce la parte piu rilevante di questo lavoro. Un’attenzione particolare é
stata dedicata all’effetto dei leganti su questi fenomeni. Lo strumento principale della nostra
indagine é stata la spettroscopia di risonanza paramagnetica elettronica (EPR), la quale é
stata utilizzata per studiare questi sistemi sia in soluzione che allo stato solido. Gli argomenti
trattati sono la comprensione delle interazioni magnetiche fra il core d'oro e i leganti in
soluzione e delle interazioni ferromagnetiche e antiferromagnetiche fra cluster allo stato
solido. Un’altra tecnica di risonanza magnetica, la risonanza magnetica nucleare, & stata
usata per lo studio della cinetica di scambio di leganti. | dati ottenuti da alcune altre tecniche
sperimentali e calcoli computazionali sono stati utilizzati in combinazione con questi due

strumenti principali.
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Chapter 1.
Introduction

1.1 Monolayer protected gold nanoclusters

1.1.1 From gold nanopatrticles to nanoclusters

Research on colloidal gold nanoparticles dates back to the work by Michael Faraday in the
middle of the nineteenth century. Its origins can be traced back to the publication of a paper
focused on the study of a gold colloid prepared by a reaction between HAuCls(ag) and
phosphorus (in ether).! Since then, these systems received an ever-growing attention by the
scientific community. In the following years, many efforts have been done both from the
synthetic point of view, in particular to achieve a precise dimensional control of the colloidal
particles, and the theoretical point of view, to understand their outstanding stability, peculiar
optical properties, structure etc.. In 1908, Gustav Mie published an important work,? in which
he successfully modeled the optical behavior of colloidal gold nanoparticles by solving the
Maxwell equations. Among the synthetic achievements, the method for hydrosol formation by
reduction of HAuUCIs with formaldehyde by Zsigmondy must be cited.® In the following
decades a large amount of new physical-chemical properties and application of fine gold
particles were discovered, such as, for instance, the huge enhancement of the Raman effect
produced by colloidal gold nanoparticles,*” which subsequently gave birth to the Surface
Enhanced Raman Spectroscopy technique.? The most significant advances took place in the
late 1990s. New synthetic routes and advanced analytical methods allowed achieving better
control of the produced patrticles and a deeper understating of their structure and properties.
Important applications were also developed, especially in the biomedical field, such as drug
delivery, biosensors, tumor detection, photothermal agents and so on. %1%

The amount of research carried out over the years on these systems in the last two decades
is enormous. Nevertheless, there is still a lot to be done from the point of view of synthetic
control, analytical characterization and theoretical understanding. One of the major issues the
researchers always had to deal with is the dimensional control of gold nanoparticles. Before
the 1930s, the particles dimensions were commonly determined by methods such as
ultramicroscopy,® X-ray diffraction (by means of the Scherrer method)? and
ultracentrifugation (using the Stokes’ law of sedimentation).'® The latter two methods are still
used today for some applications. However, with the invention of transmission electron
microscopy (TEM) in the 1930s, these methods were largely substituted by this powerful
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technique. 1418 In addition to accurately measuring the particles dimensions, TEM microscopy
also provides detailed information on their shape and, in many cases, crystalline structure.’
The ultimate goal was to obtain truly monodisperse nanopatrticles, in which the dimensions
are controlled at the atomic level and all the particles have exactly the same dimension,
shape and structure. However, until recently, the researchers managed to obtain only more
or less polydisperse systems, characterized by average dimensions, with a certain standard
deviation always present. The issue was at least partially overcome in the 2000s, for
ultrasmall gold nanoparticles, with dimensions ranging from a fraction of nanometer to about
2 nm.181° Due to their tiny dimensions, atomically determined composition and often
molecular behavior (this issue will be addressed below in detail), these systems are usually
called gold nanoclusters to distinguish them from larger and poorly defined gold
nanoparticles.?® The term "cluster” indicates the presence of metal-metal bonds and usually
applies to objects smaller than the usual nanopatrticles.

Because of their molecular, or “nearly molecular” characteristics, gold nanoclusters can be
analyzed by typical “molecular’” techniques. As a matter of fact, the dimensions and
monodespersity of gold nanoclusters can be precisely evaluated by mass spectrometry, while
their crystal structure can be accurately determined by single crystal X-ray diffractometry with
additional information provided by Nuclear Magnetic Resonance (NMR) spectrometry.
Electrochemistry and UV-visible spectrometry provide information on the energy levels of
these systems.?!

To be stable, the gold clusters must be protected by a molecular monolayer.'®2° These
clusters are thus called monolayer-protected clusters (MPCs). The most commonly used
protecting ligands are the organothiolates, mainly because of the remarkable strength of the
gold-sulfur bond.

Au MPCs are of paramount importance both from the point of view of applications and
fundamental science. Concerning the latter, they could help increasing our understanding of
the properties of gold nanopatrticles in general, including the larger ones. In this field, some
peculiar features are indeed still poorly understood and important questions remain
unanswered. First, the exact role of the protecting monolayer is not completely clear. In
particular, it is still not clearly established what exactly protects the nanoparticles surface,
how the ligands are bonded to the Au core and, most importantly, what determines the
stability of the monolayer-protected nanoparticles. Second, the structure and the properties of

small nanoparticles diameters of <3 nm are not fully understood. In particular, a full
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comprehension of the transition from the metallic behavior of larger nanoparticles to the
molecular behavior peculiar of small clusters is still missing. An approach for describing the
properties of the clusters-particles in the intermediate dimensional range is still to be found.
Finally, many aspects of the shape-controlled self-assembly of the particles are still obscure:
guestions arise regarding the formation of anisotropic nanoparticles, on how the ligands bond
to the metal core and whether this process is kinetically or thermodynamically driven.

As aforementioned, Au MPCs could potentially contribute to answering all these important
guestions.

The first atomically defined monolayer-protected cluster dates back to as far as 1969. It was
a Auur cluster protected with phosphine and thiocyanate ligands, specifically
Au11(PPh3)7(SCN)s, prepared by Mason and his coworkers.?? In the following decades many
other gold clusters were found, such as Auss{P(CsHs)3}12Cls, synthesized in 1981 by Schmid
and his group.?® An important step for the development of the field was the publication in
1983 by Nuzzo and Allara of a paper in which they observed the formation of a self-
assembled monolayer on a gold surface.?*2% Inspired by this work and the following studies
on the same topic, Burst et al. developed in 1994 a method for the synthesis of thiolate-
protected Au nanoparticles,?® which became a real breakthrough for the field. It was now
clear that the capping thiols are very efficient in stabilizing the small gold cores and
preventing their aggregation. In the following years, the field of thiol-protected MPCs
developed very quickly, with a huge amount of structures and properties being continuously
discovered. 1922

Concerning the theoretical aspects, a turning point in the understanding of the properties of
Au MPCs was the groundbreaking study by Hakkinen and his coworkers,?” in which they
showed that the electronic properties of many MPCs can be successfully described by the
superatom concept. Using this model, not only they were able to rationalize the stability and
some properties of several already isolated and experimentally characterized clusters, but

they also managed to predict some stable structures, which were only later synthesized.

1.1.2 Superatom model

The superatom concept is based on the observation that the electronic properties of some
metal clusters can be described, to a certain extent, using an approach similar to that
commonly adopted for simple atoms. Before being applied to Au MPCs, this approach was

successfully used to explain (and in many cases predict) the stability, natural abundance and



8

some chemical properties of both bare and coordinated gas-phase clusters,?-30 most notably
Al and Na clusters,3! Ga-based metalloid clusters®? and other simple systems.

The superatomic approach is based on the so-called jellium electronic shell model.33
According to this model, in a metal cluster, the nuclei and the core electrons can be
approximated as a uniform positively charged background, while the valence electrons are
subject to the potential created by this overall charge and occupy a set of new electronic
levels. In other words, within the superatom picture, the free electrons are considered to
occupy a new set of orbitals, defined by the totality of cluster atoms, rather than by the
individual atoms.3435 The superatomic orbitals can be obtained by solving the Schrédinger
equation for a spherically symmetric square-well potential. Obviously, this approach holds
only for highly symmetric clusters, such as many Au MPCs (Au144(SR)s0, Au102(SR)aa,
Auzs(SR)1s etc.). These superatomic orbitals strongly resemble the atomic orbitals in terms of
symmetry, and so can be labeled according to their angular momentum, analogously to what
is commonly done for the atomic orbitals. They are usually written in capital letters to
distinguish them from the atomic orbitals. It turns out that the order of occupation of the
superatomic orbitals does not follow the same order of atoms, dictated by the aufbau rule.
The superatomic order of occupation is: 1S? 1P® 1D° 252 1F!4 2P% 1G!8 2D0 352 1H?.. , as
opposed to the well-known atomic order: 1s? 2s? 2p® 3s? 3p® 4s? 3d0... The numbers (1, 2,
3...) indicate the number of radial nodes +1.

The validity of this approach was fully demonstrated by DFT calculations, in which the
projection of the angular momentum was performed to attribute the orbital label.3? (Figure
1.1)
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Figure 1.1. Electronic structure analysis of the Aui2(p-MBA)44 cluster. (a) The radial dependence of the integrated induced
charge upon removing (red curve) and adding (green curve) one electron to the neutral Auio2(p-MBA)aa
cluster (Upper), and the radial distribution of atoms (Lower) (b) The angular-momentum-projected local electron density of
states for the Aurg core in Auio2(p-MBA)a4. (c) The angular-momentum-projected electron density of states for the bare Auze
without the Au-thiolate layer. (d) A cut-plane visualization of the LUMO state of the Auio2(p-MBA)a4 cluster. (From ref. 27).

As for the isolated atoms, some electronic configurations, in particular the closed-shell noble
gas-like configurations, make the clusters particularly stable and chemically inert. Obviously,
for bare, uncoordinated clusters the electron configuration of the cluster is fully determined by
the number and the atomic electron configuration of the metal atoms. Instead, for ligand-
protected clusters, in analogy with metal complexes, valence electrons can be transferred to
the ligands and therefore closed-shell configuration can be restored even if the number of
electrons in the corresponding bare cluster exceeds the noble gas configuration.
The electron count rule for superatom clusters is:

n=Ny,-M -z (1-1)
where n is the number of electrons, N is the number of metal atoms, va is the atomic valence,
M is the number of electron withdrawing ligands and z is the overall charge of the cluster.
With these labels, the cluster can be indicated as An(XmLs)? where L are weak (not electron
withdrawing) ligands, which have the role of merely protecting the cluster. It is assumed that

one electron is transferred for each electron-withdrawing X ligand.
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Particularly stable clusters are obtained for some definite numbers of electrons n,
corresponding to closed-shell configurations:

n=2,8,18,34,58,92,138,

which are often called magic numbers. This approach predicts the stability and explains some
chemical and physical properties of some of the most studied Au MPCs, such as,
Au102(SR)a4, Ausg(PR3)14Xe™ and Auzs(SR)1s.

It must be stressed that the electronic shell closing just described is the leading factor for the
stabilization of smaller clusters, larger clusters are mainly stabilized by geometric shell
closing. Geometric closing refers to concentric polyhedral shells surrounding the (often
icosahedral) cluster core, which geometrically stabilize the cluster.3® The reason why this
effect usually prevails for larger clusters is to be found in the nucleation mechanism:3’ if the
clusters are small enough, the metal atoms are quite mobile, so they can rearrange to form
the electronically more stable structures. When the clusters become too large, their motion is
hindered, the core remains “frozen” and additional atoms superimpose over it in definite
positions, forming the shell structure. A “borderline” cluster, for which both electronic and
geometric shell closure seem to be important is Au144(SR)e0.2”-%¢ It was actually observed that
larger nanoclusters and nanoparticles tend to adopt the face centered cubic (FCC) structure
typical of bulk gold. Eventually, translational symmetry inside the cluster starts to appeatr,
marking a behavior even nearer to bulk gold. In this case, the term nanocrystals, instead of
nanoparticles or nanoclusters, should be more appropriate. Au144(SR)s0 and smaller clusters,
instead, usually show highly symmetric, non-FCC structures, with no translational symmetry.
Incidentally, the Aui44(SR)eo cluster also seems to be a borderline between molecular and

solid-state metallic behavior, as will be shown in the following paragraph.

1.1.3 Optical and electrochemical properties of Au MPCs

The investigation of MPCs is particularly fascinating because they cover the dimensional
range which signs the transition from the solid-state to the molecular behavior, which means
going from a world described by classical physics to a quantum mechanical world. Since the
dimensions are atomically controlled, we can accurately follow this transition by different
methods.

First, it can be clearly detected by the optical absorption of the MPCs. Large Au nanoparticles
in the range of 4-20 nm notably show a single surface plasmon resonance (SPR) band at 520

nm, due to the collective electron charge oscillations, typical of metallic nanoparticles.?* This
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behavior can be explained by means of classical electrodynamics, solving the Maxwell
equations. As the dimensions of the nanoparticles decrease, a gradual blue shift of the SPR
peak is observed and the particles cannot be described as metallic anymore.383240 The SPR
peak becomes damped and completely disappears below about 2 nm. For smaller
nanoparticles, the spectrum changes completely, usually exhibiting several definite peaks,
typical of the specific clusters. From the point of view of the electronic energy structure, this
change corresponds to a transition from a continuum of energy levels, associated to solid-
state metallic nanoparticles, to discrete energy levels, typical of molecular compounds. Using
the available crystal structures, for many MPCs the DFT calculations allowed assigning the
observed bands to specific transitions between the calculated energy levels.3%4-44 In the
following paragraph the energy levels and the interpretation of the UV-visible spectrum of
Auzs(SR)1s will be described, as this work is primarily focused on this cluster.

The transition from metallic to molecular behavior can also be successfully monitored by
electrochemical methods. As with the optical spectra, also in this case the gradual passage
from a continuum of electrochemical driving forces to a few discrete voltammetric peaks can
be clearly observed. Between these two extremes, the energy levels become progressively
more distant and thus also the energy difference between the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital (HOMO) gradually increases,
giving rise to more separated peaks.

One can define three voltammetric regimes, defined by Murray as bulk-continuum, quantized
double layer charging and molecule-like.*®

Concerning the first regime, typical of particles larger than 3-4 nm, the energy levels are near
enough, compared to the thermal energy quantum, to be considered a continuum of states.
In this case, performing an electrochemical experiment, a featureless, gradually rising
amperometric current is observed.*® Instead, particles prepared by the Brust-Shiffrin method,
which allows a higher size control and the possibility of obtaining smaller MPCs, show a
behavior typical of the second regime, labeled as quantized double layer charging. It consists
in a series of regularly spaced voltammetric peaks, such as those exhibited by Au144(SR)so0
(Figure 1.2). Here we see again that Aui144(SR)e0o can be considered as a borderline cluster,

signing the transition from a continuum of states to discrete energy levels.
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Figure 1.2. Typical differential pulse voltammetry behavior of 0.13 mM
Aul44(SC2H4Ph)60 in DCM/0.1 M TBAH. Glassy carbon electrode, 25 C.

For smaller MPCs, typically characterized by gold cores with diameters <1.6 nm, quantum
confinement effects become even more pronounced and we enter in the third, molecule-like
regime.*’4849 For these systems, electrochemical experiments show a very well-defined
energy gap, associated with a molecular behavior. We will see this feature more in detalil
when we will deal with the specific properties of Auzs(SR)s in the following paragraph. Figure
1.3 shows the measured electrochemical gaps as a function of the number of Au atoms in
the core of the clusters, nicely illustrating the trend and the transition between the three

regimes we just discussed.
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Figure 1.3. Electrochemical and optical gaps as function of the number of Au

atoms. The blue curves have the only meaning of highlighting the trend.
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1.1.4 Applications of Au MPCs.

The importance of Au MPCs for fundamental research was already stressed and will be
further addressed in the following chapters, when we will deal with specific topics. Here, the
importance of these systems for applications will be explained.

For the catalytic applications, bulk gold never gave any relevant results, because of its widely
known inertness. However, in 1987 Haruta and his coworkers observed that supported Au
nanoparticles are highly efficient catalyzers for carbon monoxide oxidation.*” Subsequently
many other catalytic applications of gold nanoparticles were found for several chemical
reactions,>>> with higher efficiency for smaller particles (<5 nm).%® One factor which can
potentially reduce the catalytic efficiency of gold nanopatrticles and MPCs is the presence of
the protecting monolayer which doesn’t allow the reactants to easily reach the active gold
core. The ligands can be removed by calcination (supported on suitable substrates), but this
may lead to unwanted aggregation of the particles. In any case, Auzs(SR)is, can still
successfully catalyze many solution reactions even with the protecting layer of ligands, such
as CO2 reduction®” and CO oxidation,%® oxidation of sulfides to sulfoxides®® hydrogenation of
a,B-unsaturated ketones and aldehydes,®® or reduction of 4-nitrophenol.6262, Auzs(SR)1s, is
also promising in electrochemically induced homogenous redox catalysis, as shown by the
Maran group®3%4 and others.%5-¢7

The importance of gold nanoparticles in the biomedical field was already mentioned. This
research branch was quite successful and a few applications are already in use in the
biomedical practice. Surprisingly, compared to the huge amount of investigation on larger Au
nanoparticles, the studies focusing on molecular Au MPCs are relatively limited.
Nevertheless, there are some important reasons why these systems can be considered as
highly promising for biomedical applications.®®72 First, because of their very low toxicity, they
are completely biocompatible and can be safely used in the medical practice. Second, since
their dimensions can be accurately controlled at the atomic level, they could enter inside
specific zones in the cell in a very selective way and therefore they can be potentially used in
medical treatments (e.g. drug delivery) and diagnostics. Other characteristics, which make
them interesting for the biomedical applications are: high luminescence, atomic precision,
site-specific functionality and high permeability.

MPCs are also very promising for ultrahigh-resolution optical imaging, since they exhibit
strong nonlinear optical processes, such as two-photon absorption and two-photon

fluorescence.”®82 They have several advantages compared to the more commonly used
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organic materials, i.e. their stability and non-toxicity. Also their ability to bind to DNA, shown
by some researchers,’>83-8 can be potentially used for this aim. Other advantages are
ultrasmall size,”>87-89 color tunability,87-8° NIR luminescence, °°-°1 long lifetime®? etc..

Zheng and his group showed possible applications of gold MPCs as fluorescent nanoprobes
for cancer detection, Kidney functional imaging and chemical sensing.®?%8 Ackerson and his
group extensively investigated the absorption, biodistribution, metabolism, excretion and the
pharmacokinetic properties of Auzs(SR)1s and Aui02(SR)44 clusters in a murine model system,
with some very promising results.®® Additional important work on photoluminescent
nanoclusters was performed by Xie and Zhang.'%°

The penetration of MPCs inside the cells was also quite extensively studied.'°! It was shown
that it does not lead to the cell death, but to higher cellular metabolism and proliferation. Xie
and his coworkers recently showed that MPCs can be potentially used as radiosensitizers for
cancer radiotherapy, without damaging healthy tissues.%?

Other applications of gold MPCs were also suggested: chemical sensors, 193194 [ight-emitting
devices (LEDs) 1% and others. The applications which are of major interest for this work will

be presented in the following chapters, dedicated to the specific topics.
1.2. Structure and properties of Au  25(SR)18 MPC

1.2.1. Structure of Auxs(SR)1s

Auzs(SR)1s is one of the most stable and well characterized Au MPCs. It is small enough to
display a molecular behavior, such as a definite HOMO-LUMO transition.*>1% This cluster is
well characterized from the crystallographic, optical and electrochemical point of view.
Nevertheless, some aspects are still not clear, especially those related to its solid-state
properties.

The structure of Auzs(SR)1s was determined in 2009 by XRD: the Au core of the cluster is
formed by a Auis centered icosahedron surrounded by six —(SR)-Au-(SR)-Au-(SR)- staple
units with the 12 Au atoms stellated on the 12 faces of the core (Fig. 1.3).197108 Thus two
groups of ligands can be distinguished: the 12 "inner" ligands, in which the sulfur is bonded to
one stellated Au atom and one core Au atom and the 6 "outer" ligands, in which the sulfur is

bonded to two stellated Au atoms (Figure 1.4)
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Figure 1.4. Structure of Auzs(SR)1s. core Au atoms (dark yellow), S atoms (red), C atoms (dark grey), C atoms
(light grey), The metal core, staples, outer and inner units are evidenced in dark yellow, blue, green and red

respectively.

Some fundamental properties of Au2s(SR)is will be briefly outlined in the following
paragraphs. Many of these concepts, in particular those closely related to the experimental

results of this Thesis, will be treated in more detail in the following chapters.

1.2.2. Electronic structure and optical absorption spectrum of Auzs(SR)1s

The optical spectrum of Auzs(SR)1s (figure 1.5 B) shows several characteristic absorption
peaks, which are a clear indication of the fact that we are dealing with a molecular
compound. Accordingly, the UV-vis spectrum does not exhibit the usual SPR band at 510
nm, typical of larger metallic Au nanoparticles. The spectrum was extensively studied in great
detail and all the spectral peaks were assigned to specific transitions between the calculated

energy levels (figure 1.5).
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Figure 1.5. (A) Kohn-Sham orbital energy level diagram for a model compound Auzs(SH)1s™.. Each KS orbital is drawn to
indicate the relative contributions of the atomic orbitals of Au (6sp) in green, Au (5d) in blue, S (3p) in yellow, and others in
gray. The left column of the KS orbitals shows the orbital symmetry and degeneracy (in parenthesis); the right column
shows the HOMO and LUMO sets. (B) (from ref. 39)

On the basis of the highly symmetric structure of the Au2s(SR)1s clusters one could expect
that it can be successfully described by the superatomic model, described previously. The
cluster can be seen as an octahedral complex with the icosahedral Auis core (which can be
approximated as having a spherical symmetry), complexed by six covalently bond Auz(SR)3
staples. DFT calculations based on the experimentally determined crystal structure of the
cluster were performed to verify this assumption.3®1% According to equation (1-1), if we
assume that the superatomic approximation holds, the electron shell closure is obtained for

the negatively charged cluster Auzs(SR)1s’, with an electron count giving n=8. For this reason,
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the first calculations were performed on this anionic compound, since one could expect it to
be the nearest to an ideal superatom.

As a matter of fact, the DFT calculations, performed for the first time by Aikens3®110 show that
the superatomic approach successfully explains the electronic structure of the frontier and a
few higher and lower energy orbitals. In particular, the HOMO is approximately triply
degenerate, corresponding, in the framework of the superatomic approximation, to a set of P
orbitals. According to the calculations, these orbitals are essentially due to s orbitals of the Au
atoms and are mainly delocalized over the Auis core. The LUMO and LUMO+1 consist
respectively in a doubly and triply degenerate set of orbitals, corresponding, in the
superatomic approach, to the five D orbitals, split in a tog and a eg —like subsets by an
approximately octahedral ligand field created by the six Auz(SR)s staples. These orbitals are
also essentially composed by atomic Au(s) orbitals (Figure 1.5 a).

About 1 eV below the LUMO, a series of closely spaced orbitals is located, extending for
nearly 2 eV, constituting the so-called ligand band. Actually, this band arises from the ligand
shell atomic orbitals, specifically Au(5d) and S(3p) of the Auz(SR)s staples.

At still lower energies, another set of closely spaced orbitals lies, namely the d band, mainly
due to Au(d) orbitals of the Au atoms constituting the Auis core.

The calculated UV-vis absorption spectrum perfectly reproduces the experimental one. On its
basis, all the peaks can be attributed to definite transitions. The strong peak at 1.63 eV is due
to the HOMO — LUMO (P — D) transition. The peak at 2.60 eV instead arises from the HOMO
— LUMO+1 transition (which is also P — D, according to the superatomic interpretation, since
the D orbitals are split by the ligand field). The weak absorption peak at 2.48 eV and the
strong peak at 2.97 eV originate from the transition between the ligand band and the
superatomic D orbitals.

The validity of the superatomic interpretation was further demonstrated in the study by
Hakkinen and his coworkers.1%® The character of the molecular orbitals in terms of their
angular momentum was determined by projecting them onto spherical harmonics placed at
the center of the cluster, revealing a P-character for the HOMO and a D-character for the
LUMO, thus confirming again the superatomic assumption.

Although, as we just saw, the superatomic approach explains fairly well the electronic
structure and optical behavior of Auzs(SR)is cluster, some deviations from this ideal model
were also pointed out. One feature, which was experimentally observed in the UV-vis

spectrum, is the splitting of the strong peak corresponding to the HOMO-LUMO transition.
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This splitting manifests as a shoulder at room temperature and is particularly evident at lower
temperatures.

Several theoretical explanations of this observation were suggested. The DFT calculations
performed by Aikens pointed out that, increasing the ligands length, the conformation of the
ligands changes and the ligand field distorts quite significantly from the octahedral
symmetry.110 In the analyzed cases, this leads to a S6 symmetry, in which the P orbitals split
in two subsets: two doubly degenerate orbitals at lower energy and, 0.12-0.13 eV higher, a
single non-degenerate orbital. A splitting of the two sets of the D orbitals was also predicted:
they would split in three sets, two doubly degenerate and a non-degenerate orbital, split by
0.54 and 0.17 eV respectively.

Maran and his coworkers also investigated the origin of the splitting of the superatomic P
orbitals both experimentally and theoretically, in particular its dependence on the charge of
the cluster and its effect on magnetism.!! Indeed, the splitting of the P orbitals have dramatic
effects on the cluster magnetism and on its EPR spectra. These aspects will be discussed
further in more detail, since they are of paramount importance for this Thesis. Here we just
briefly report some concepts necessary for the understating of the problem. From the
electron count performed on the negatively charged cluster it turned out that it is a closed-
shell superatom, in which the P orbitals are full, being filled with 6 electrons. According to this
model, the neutral cluster is expected to have 5 electrons, with one electron unpaired.
Therefore, it is expected to be paramagnetic and consequently EPR-active. Actually,
experimentally it gives a very reproducible EPR signal, which will be extensively studied in
detail in this Thesis. Using the same approach, one could expect also the positively charged
cluster to be paramagnetic: with its 4 electrons situated in the three P orbitals it would have
two unpaired electrons, leading to a triplet spin state, which should be visible by EPR.
Although such a signal was apparently observed by one group,'!? a later study by Maran and
his coworkers clearly demonstrated that Auzs(SR)1s* is EPR-silent and therefore diamagnetic,
with no unpaired electrons.!*t112 This was explained both experimentally, using
electrochemistry, and theoretically, using the DFT calculations, as a direct effect of the P
orbitals splitting (Figure 1.6). The results showed that the small P splitting Au2s(SR)is’,
already observed by Aikens, becomes more pronounced in Auzs(SR)is™: the residual double
degeneracy is lost and the energy of one of the two degenerate orbitals increases by 0.12
eV. The splitting further increases considerably in Au2s(SR)is*, with the high-energy non-

degenerate orbital shifting at a still higher energy by nearly 0.2 eV. In this situation, the triplet
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state is not thermally accessible: the high energy orbital remains empty and the four electrons
completely fill the two low energy orbitals, with no unpaired electrons left. This clearly
explains the absence of EPR signals for Auzs(SR)is™.
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Figure 1.6. Orbital diagrams in Auzs(SCHz3)18* (z = -1, 0, +1).
Ackerson and his coworkers came to a similar conclusion, based on their XRD studies,
combined with SQUID magnetometry and DFT calculations, on Auzs(SR)1s cluster in the
same oxidation states (-1, 0, +1).11* They observed a similar increase of the HOMO-LUMO
gap and attributed it to the cluster core distortion, interpreted, in analogy with a common
phenomenon observed for metal complexes, as a Jahn-Teller effect, which minimizes the
system energy by the removing the degeneracy.
The changes of the electronic structure with the charge can be nicely monitored
experimentally with UV-vis spectroscopy, as shown in figure 1.7. The oxidation method
adopted is based on a procedure developed by the Maran group and consists in the use of
the very reactive bis(pentafluorobenzoyl) peroxide as oxidant. It acts as a very efficient
electron acceptor by a two-electron concerted dissociative electron-transfer process. Zhu's
and Jin's groups also performed the oxidation by means of the oxoammonium cation.?®
As already mentioned, the UV-vis spectrum of Auzs(SR)is is very reproducible. It does not
depend on the ligands used and on solvent, which means that these factors don't
substantially affect the electronic structure of the cluster. For these reasons, UV-vis is very
efficient in assessing the purity, monodispersity, charge state and concentration of the cluster
and therefore it can be routinely used for this aim.
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Fig. 1.7. a) UV-vis spectra of phenylethanethiolate-protected Auzs(SR)1s clusters of different charge states. b) Effect of the
addition of bis(pentafluorobenzoyl) peroxide on the UV-vis absorbance spectrum (upper graph) and corresponding
derivative (lower graph) of 0.023 mM Auzs(SR)1° in DCM.

The P splitting issue was also addressed by De-en Jiang and his collaborators.''® While all
the calculations reported above were performed at the scalar relativistic level, they performed
full relativistic calculations on the negatively charged cluster in order to study the possible
effects of the spin-orbit interaction (see Chapter 4). They discovered that a HOMO splitting of



21

about 0.2, in good accordance with the experimental value, appears with the full-relativistic
approach, which they did not detect with the scalar relativistic calculations. Therefore, they
entirely attributed the degeneracy removal of the P orbitals to the spin-orbit interaction by
drawing an analogy with the spin-orbit driven splitting of atomic p orbitals.

The P orbitals splitting and the evaluation of the different phenomena contributing to it were

studied in this Thesis and will be treated in depth in Chapter 4.

1.2.3. NMR spectrum of Auzs(SR)1s

The NMR spectra of Auzs(SR)1s with different R ligands and different charges (-1, 0, +1) were
analyzed in detail by the Murray's''’ and Maran’s groups.!'! The Au2s(SC2HsPh)is was
studied particularly in depth, also for different solvents and different temperatures. All the
NMR signals were attributed by using one-dimensional 'H and '3C NMR, as well as two-
dimensional techniques, such as COrrelation SpectroscopY (COSY), Total Correlation
SpectroscopY (TOCSY), Heteronuclear Multiple Bond Correlation spectroscopy (HMBC) and
Heteronuclear Multiple Quantum Correlation spectroscopy (HMQC). The analysis of the
resonances was favored by the fact that the oxidant bis(pentafluorobenzoyl) does not
introduce additional protons. Both the spectra of the neutral and negatively charged cluster
(in the form of [n-OctsN*][Auzs(SC2H4Ph)1s]) clearly showed the presence of two non-
equivalent groups of protons, corresponding to inner and outer ligands, which were already
known from the crystallographic structure, as described previously. The NMR spectra of the
neutral Auxs(SC2H4Ph)18? is characterized by remarkable differences between the
corresponding chemical shifts, with respect to the negatively charged cluster. This effect is
due to the paramagnetic nature of the neutral cluster and is called the hyperfine shift. It arises
from the interaction between the nuclear spins of the protons and the electron spin of the
unpaired electron present in the neutral cluster. This interaction and its effects on the NMR,
as well as on the EPR spectra, will be explained in greater detail in the following chapter. As
we saw previously, DFT showed that the singly occupied molecular orbital (SOMO) is mainly
localized in the gold core, therefore one could expect the NMR signals corresponding to
protons nearer to the core to be more shifted (Fig. 1.8). As a matter of fact, the effect is more
pronounced for the a protons (the nearest to the S atoms) of the inner ligands, which shift to
lower fields by about 25 ppm. In addition, the temperature dependence of the NMR signals of
the paramagnetic clusters is heavily affected by the hyperfine coupling: a dramatic line

sharpening, accompanied by a remarkable low-field shift with increasing temperature are
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observed (Fig. 1.8). This effect is due to the contribution of the hyperfine coupling to the spin
relaxation processes, as will be explained in the following chapter. DFT calculations were in
accordance with the experimental NMR chemical shifts and gave a first indication of the spin

density delocalization to the ligand monolayer.
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Figure 1.8. 1H NMR spectrum of monodisperse 3 mM Au25(SC2H4Ph)18 0 in toluened as a function of temperature. The
spectra (ref. 79) only show the ( - -CH2)in zone. 1H NMR spectrum of 3 mM Au25(SC2H4Ph)18 0 (upper graph, in

toluened8, 358 K) and Au25(SC2H4Ph)18 + (lower graph, dichloromethane-d2, 298 K) obtained by quantitative oxidation of
the former.

The spectrum of the cationic Auzs(SC2H4Ph)1g° cluster is very similar to the spectrum of the

anionic one, pointing to the fact that this cluster is diamagnetic, in accordance with the

previously mentioned EPR results.!'?
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The same spectral analysis was performed on a series of clusters protected with alkyl chains
of different length, specifically: Au2s(SC2Hs)is, Au2s(SCsH7)1s, Au2s(SCaHo)1s and longer

chains.118.120

1.2.4. Magnetic behavior of Auzs(SR)1s

The charge-dependent magnetic behavior of the Auzs(SC2Hs)is clusters in solution was
assessed by both NMR and EPR spectroscopies. It was shown that the only paramagnetic
state is the neutral one, whereas the anionic and the cationic ones are diamagnetic.t11112
The continuous wave (CW) EPR spectrum of Auzs(SC2HsPh)1s® was published for the first
time by Zhu and his collaborators.''® The EPR spectrum appears below 100 K and consists
in a very broad, highly anisotropic line (Fig. 1.9). The experimental spectrum was simulated,
by using a rhombic, nearly axial g tensor (gx=2.56, gy=2.36, g-=1.82). Such an anisotropic
signal could seem strange for a highly symmetric system, as the MPC we are dealing with.
Nevertheless, it is in agreement with the superatomic interpretation, according to which the
SOMO is a set of P orbitals. Moreover, the calculated g values, were in accordance with the

experimental values.
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Figure 1.9. Typical spectrum of Auz5(SR)18° (R=C2H4Ph in this case) in toluene at different temperatures (in K). Experiment
(black) and simulations (red).

CW-EPR spectra of Auzs(SR)18° with several other ligands were described.?%1?1 and the

observed signal turned out to be virtually the same in all the cases. This in agreement with
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the previous conclusion, made on the basis of NMR measurements and DFT calculations,
that the SOMO is mostly localized in the Au core (see previous paragraphs). It is thus clear
that CW-EPR provides very useful information on the structural, magnetic and electronic
properties of the cluster. However, it must be stressed that this technique does not allow to
resolve the hyperfine couplings, which carry the information on spin density delocalization,
indicating how much the SOMO is spread on the ligand monolayer. The solution of this issue,
which involves the use of an advanced pulsed EPR technique, i.e. pulsed Electron-Nuclei
Double Resonance (ENDOR), will be addressed further in Chapter 3. The possibility of using
ENDOR for measuring the hyperfine couplings in Auzs(SR)18° were shown by Maran and his
group in an investigation on the smallest Au2s(SR)is cluster ever synthesized, i.e.
Auzs(SC2Hs)18.121 This work was focused on the core structure, therefore the hyperfine
couplings with the °’Au nuclei (which have 1=3/2) were measured. As will be explained in
Chapter 2, nuclei with 1>3/2 give rise to quadrupolar interactions, therefore signals due to
these interactions were observed on the ENDOR spectrum, in addition to those due to the
hyperfine couplings (Fig. 1.10). The spectra were successfully simulated with DFT-calculated
parameters, dynamically averaged to reproduce the experimental conditions, and were in
accordance with the XRD crystal structure. The analysis led to some important results. In
particular, the fact that the ENDOR spectra could be satisfactorily simulated only with the
parameters pertaining to EtSH, and not, for example MetSH ligands, demonstrates the
remarkable influence of the ligands on the SOMO, which was never detected by other
techniques. Moreover, it was shown that the 12 Au atoms of the icosahedron are not
equivalent, but split into two non-equivalent groups of 8 and 4 atoms. This was attributed to
small distortions from the perfect icosahedral symmetry, which is probably also dictated by

the ligands.
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Figure 1.10. Davies ENDOR spectrum of a frozen 0.5 mM solution of Au25(SEt)18 0 in toluene at 5.5 K (red line). The blue

line shows the corresponding simulation based on the hyperfine and quadrupole components obtained by DFT.

Previously to this Thesis, the solid-state magnetic behavior of Auzs(SR)18° was very poorly
investigated. Previous SQUID and EPR measurements on Auzs(SC2H4Ph)18® powders led to
the conclusion that this cluster is still paramagnetic in the solid-state and no significant
interactions take place.''4'?! This will be discussed in more detail in Chapter 4, dealing with
our findings on the magnetic properties of Au2s(SC2H4Ph)18°. Regarding other ligands, an
important discovery was made by the Maran group in 2014, concerning the Auzs(SC4Ho)1s°
cluster.'?> They found out, by a combined XRD-EPR-DFT study, that, while in solution these
MPCs are magnetically non-interacting, and therefore paramagnetic, in the solid state they
form linear 1D chains, in which the single clusters are antiferromagnetically coupled (figure
1.11). We observed this phenomenon also for ligands of different length, and these new

findings will be described in Chapter 5.

Figure 1.11. Formation of the antiferromagnetic [Au2s(SBu)1g]n polymer.
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1.3 Aims and outline of the Thesis.

In this Thesis, some fundamental properties of the Auzs(SR)1s MPCs are investigated, with a
particular focus on magnetic properties. We wanted to rationalize some unique
characteristics, arising from interactions between clusters, such as their solid-state properties
and reactivity, starting from the properties of the isolated MPCs. One of the main goals of this
work was to understand the role of the ligands monolayer in affecting the properties of the
isolated clusters and, especially, for the intercluster interactions. The following chapters focus

on a series of aspects.

Chapter one. In the first chapter, the general features of gold MPCs were introduced, with
particular attention to Au2s(SR)1s, on which this Thesis is focused. First, the history of studies
on nanodimensional gold particles was briefly outlined. Then, the structural features of MPCs
were reported, in connection with some of their fundamental properties, which were
subsequently reviewed. Finally, some applications of these systems suggested so far were

described, with a wide literature review.

Chapter two. Some fundamental magnetic properties of matter are briefly introduced, which
constitute the basis for the understanding of the following chapters. In the second part of this
chapter, the basic description of the EPR technique and instrumentation is described, as well
as a few hints on NMR applied to paramagnetic compounds. All these concepts are largely
used for the interpretation and theoretical analysis of the experimental data throughout this

Thesis.

Chapter three. In this chapter, isolated clusters in solution are investigated. Specifically, the
protecting ligand monolater is investigated by means of an advanced EPR technique. So far,
a clear understanding of the fine interactions between the cluster core and the capping
monolayer has remained elusive, despite the importance of the latter in interfacing the former
to the surrounding medium. In this chapter, a very sensitive methodology is described, that
enables comprehensive assessment of these interactions. Pulse electron nuclear double
resonance (ENDOR) was employed to study the interaction of the unpaired electron with the
protons of the alkanethiolate ligands in four structurally related paramagnetic Auzs(SR)1s®
clusters (R = ethyl, propyl, butyl, 2-methylpropyl). Whereas some of these structures were

known, we present the first structural description of the highly symmetric Au2s(SPr)1g° cluster.
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Through knowledge of the structural data, the ENDOR signals could be successfully related
to the types of ligand and the distance of the relevant protons from the central gold core. We
found that orbital distribution affects atoms that can be as far as 6 A from the icosahedral
core. Simulations of the spectra provided the values of the hyperfine coupling constants. The
resulting information was compared with that provided by 'H NMR spectroscopy, and DFT
calculations provided useful hints to understanding differences between the ENDOR and
NMR results. It is shown that the unpaired electron can be used as a very precise probe of

the main structural features of the interface between the metal core and the capping ligands.

Chapter four. Whereas the previous chapter focused on the magnetic properties of the
isolated clusters in solution, in this chapter the solid state magnetic behavior of the same
cluster, protected with a different ligand (Auz2s(SCH2CH2Ph)18°) was studied. Several research
groups have observed magnetism in monolayer-protected gold-cluster samples, but the
results were often contradictory and thus a clear understanding of this phenomenon is still
missing. Previous magnetometry studies performed on this cluster only detected
paramagnetism. We used samples representing a range of crystallographic orders and
studied their magnetic behaviors by electron paramagnetic resonance (EPR). As a film,
Auzs(SCH2CH2Ph)18° displays paramagnetic behavior but, at low temperature, ferromagnetic
interactions are detectable. One or few single crystals undergo physical reorientation with the
applied field and display ferromagnetism, as detected through hysteresis experiments. A
large collection of microcrystals is magnetic even at room temperature and shows distinct
paramagnetic, superparamagnetic, and ferromagnetic behaviors. Simulation of the EPR
spectra shows that both spin-orbit coupling and crystal distortion are important to determine
the observed magnetic behaviors. DFT calculations carried out on single cluster and periodic
models predict values of spin-orbit coupling and crystal-splitting effects in agreement with the
EPR derived quantities. Magnetism in gold nanoclusters is thus demonstrated to be the
outcome of a very delicate balance of factors. To obtain reproducible results, the samples
must be (i) controlled for composition and thus be monodisperse with atomic precision, (ii) of
known charge state, and (iii) well defined also in terms of crystallinity and experimental

conditions.

Chapter five. This chapter also focuses on the magnetic properties of Auzs(SR)1s clusters in
the solid state, as the previous chapter. Here we studied alkanethiolates of different length,

some of which were studied in the third Chapter, focusing on the isolated clusters in solution.
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It was reported a few years ago by the Maran group that in the crystalline form, when a
butylthiol ligand is used, the paramagnetic clusters arrange in such a way to form linear one-
dimensional chains, in which the neighboring clusters interact antiferromagnetically. Here we
show that the same phenomenon is observed also for longer chains (pentylthiol, heptylthiol),
although the strength of the intercluster magnetic exchange interaction and the
corresponding blocking temperatures are different. For shorter ligands, instead, such as
ethylthiol and propylthiol, linear chains are not formed and the clusters interact
ferromagnetically. Other phenomena related to the formation of polymeric cluster chains were
studied: spin relaxation and photoinduced electron transfer, both between clusters and

between a cluster and TiO2 nanopatrticles.

Chapter six. In this chapter, additional properties of the protecting ligand monolayer are
explored, in particular those concerning ligand exchange reactions. The thiolated ligands
protecting molecular gold nanoclusters split into families determined by the way sulfur binds
to Au atoms belonging to the core and/or an outer shell. In this study we used Auzs(SR)is
clusters and selected thiols to assess the reactivity of the inner and outer ligand families. Our
goal was to focus on intrinsic reactivities and thus care was taken to control steric and
electronic effects associated with the thiols. Moreover, to make the reactive sites of the
monolayer as accessible as possible, we used a newly prepared Auzs(SR)is cluster (SR =
propanethiolate), whose single-crystal X-ray crystallographic structure is described in Chapter
3. The study was carried out by 'H NMR spectroscopy and mass spectrometry. Through full
NMR knowledge of clusters and ligand types, a careful kinetic analysis of the exchange
reactions could be carried out for three thiols. The results highlight a remarkable site- and

thiol-dependent exchange, but also the importance of taking into account statistical factors.
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Chapter 2.
Magnetic properties of materials and experimental

techniques.

The main technique used in the work reported in this Thesis, Electron Paramagnetic
Resonance (EPR), is a spectroscopic technique based on the absorption of microwave
radiation by paramagnetic species in an applied magnetic field. By EPR it is possible to study
organic radicals, defects in solids, transition metal complexes, triplet states and other
systems with unpaired electrons. It is also particularly useful for the investigation of magnetic
properties of unusual materials, such as gold nanoclusters. Before treating the theory
underlying the EPR spectroscopy, a brief introduction to the magnetic properties of materials
will be given, focusing on the features which will be subsequently encountered for our
systems. For a more in depth treatment the reader can refer to the more comprehensive
textbooks, on which this chapter is based.'*

2.1 Magnetic properties of materials

2.1.1 General magnetic properties

Experimentally, the magnetic behavior of a material can be determined by applying an
external magnetic field on this material. Macroscopically, a classification can be done based
on the relative magnetic permeability, which quantifies the response of the material to the
external magnetic field.

B=uB,
2-1
y=H (2-1)
Ho

where u is the magnetic permeability in the medium, po is the magnetic permeability in the
vacuum, By is the applied magnetic field and B is the measured magnetic field. The magnetic
permeability is directly linked to another parameter often used for the characterization of
magnetic properties, i.e. the magnetic susceptibility y:

M, =1+ x

B =(1+ x)B, (2-2)



40

A substance is defined as diamagnetic if the x value is low and negative (-10* — 0) and
therefore the measured magnetic field is slightly lower than the applied one.

A substance is defined as paramagnetic if the y value is low and positive (102 — 10) and
therefore the measured magnetic field is slightly higher than the applied one.

A ferromagnetic substance instead is characterized by a very high y values (about 107),
therefore the measured magnetic field is significantly higher than the applied one.

An antiferromagnetic substance instead has a y = 0, therefore the measured magnetic field is
approximately equal to the applied one.

Diamagnetism is a classical property which is characteristic of all the substances. The other
magnetic properties can add to the basic diamagnetic behavior (paramagnetism,
ferromagnetism, antiferromagnetism...) allowing one to classify the compound on the basis of
its macroscopic properties.

Microscopically, the magnetic properties of a substance are determined by the molecular
electronic structure and can be accurately described by quantum mechanics.

From the quantum mechanical point of view, paramagnetism is observed when the system
under study has at least one unpaired electron. Each electron is characterized by a magnetic
moment, directly related to the spin angular momentum S and the orbital angular momentum
L.

n, = —2i<L +0.9) (2-3)
m,

where e and me are respectively the charge and the electronic mass and ge is an
adimensional constant equal to about 2.0023 (free electron g factor), S is the spin angular
momentum and L is the orbital angular momentum.

Corresponding operators are associated to L and S: the first one acts only on the orbital part
of the wavefunction, while the second one acts only on the spin part.

Concerning the spin part, in accordance with quantum mechanics, it is indicated as an
eigenfunction |S,Ms>, where S is the total spin quantum number and is integer or half-
integer, and Ms is the magnetic quantum number with Ms=S, S-1, S-2 ... -S. The application
of the spin angular momentum operators $2 e S, on these eigenfunctions allows one to
obtain the square of the spin angular momentum and the projection of the angular

momentum on the quantization axis (conventionally the z axis is chosen).
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%2 |S, M) = S(S+1)i|S, M) 2
S,|S,Mg)=Mgh|S,M)
An analogous treatment is valid also for nuclear spins and orbital angular momentum. For a
system with both spin and orbital momentum, the following Hamiltonian can be defined:
H = BgJ B (2-5)
Where J is the total angular momentum operator equal to S + L and the g factor (called
Landé factor) is given by

_3J J+D)+S(S+D-L(L+1
2J(J +1)

(2-6)

Where J is the total angular momentum quantum number given by J = S+L, S+L-1, ...|S-L|.
For non degenerate orbitals the orbital momentum is quenched and only the spin magnetic

moment remains.

2.1.2 Spin-orbit coupling
The treatment reported above holds only if the spin and angular momenta don’t interact
strongly. If the interaction is appreciable (in particular stronger then the interaction between
the single moments), the spin-orbit (SO) coupling term must be introduced:
Hy =ASIL (2-7)

where A is the SO coupling constant. When the spin-orbit term is put into the Hamiltonian, S,
Ms and L, M. are not good quantum numbers anymore, while J and Mj are. Moreover, SO
interaction restores part of the angular momentum, by means of a second order admixture of
an excited state to the wavefunction.
The spin-orbit interaction can be interpreted classically as the interaction between the spin of
the electron and the magnetic field created by its orbital motion around the nucleus (or the
orbital motion of another electron). Since the orbital motion strongly depends on the crystal
electric field created by the lattice, the spin-orbit coupling contributes to the
magnetocrystalline anisotropy, as will be seen further. For an electron

Hy :%Z—?I 3=£(r)I 3 (2-8)
Where c is the speed of light, r is the distance from the nucleus, h is the reduced Plank
constant, @is the electric potential, ¢, | and s are single-electron spin orbit coupling constant,

spin and angular moments. For hydrogenoid atoms and centrosymmetric potentials
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—eh dd _ Zeh
2mec’r dr - 8rE,micr®

§(r)= (2-9)

Where Z is the atomic number and & is the vacuum permittivity. For a many-electron many-
atom systems with i electrons and j atoms:
H, :Z[c‘iZh E‘EJ (2-10)
j i j
The classical model provides an intuitive understanding of the SO coupling, but it doesn’t give
correct quantitative estimates. The correct way to introduce spin-orbit coupling is by starting

from the relativistic Dirac equation which is the relativistic (Lorentz invariant) version of the

Schrodinger equation.:

H =a[p+ Bmc?+V (2-11)

0 o (10
o o) Al

(o 1} (0 —ij (1 o]j
O'X: g'y: . 0'2:

10 i 0 0 -

Where p is the linear momentum and V is the electric potential operator. The Dirac equation

(2-12)

can be expanded to give a more familiar form: the zeroth order expansion gives the Pauli

equation.

_ p* AV 1 dv
He = g " T 13

with the first term being the non-relativistic Hamiltonian, the second and the third ones the

scalar relativistic mass-velocity and Darwin terms and the last-one the spin-orbit interaction.
The term is identical to the classical one, only differing by a factor 2, which is from where the
g factor turns out. The decimals (2.0023...) can be explained only by quantum
electrodynamics.

Since ¢ is directly proportional to the nuclear charge Z, we can expect the SO energy to
become more important for heavier elements. And in effect, while for the first row transition
elements the crystal field energy is dominant and SO can be treated as a perturbation, for the
lanthanides we observe the opposite, i.e. the energies are mainly determined by SO and
perturbed by the crystal field. For third row transition elements, such as gold, the two

energies typically have comparable magnitudes.
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As we will see further, SO coupling is very important for determining the magnetic properties

of both isolated and interacting gold nanoclusters.

2.1.3 Paramagnetism
A macroscopic system is formed by an ensemble of magnetic moments and the observable
guantity associated to it is the magnetization, which, in the case of non-interacting spin-only

moments, can be defined as the density of net magnetic dipole moment for unit volume (V):

1
M :VZ”S (2-14)

In the absence of an external magnetic field, in materials which were not magnetized before,
the magnetic dipoles are randomly oriented and the net magnetization is equal to zero. The
application of a magnetic field causes a partial alignment of the moments, making an induced
magnetization appear. In the presence of a net magnetization, every point of the sample
experiences an overall field, given by the sum of the external applied field and a local field,
deriving from the magnetization. The following relations hold:

B=B,+uM

B, = 1,H (2-15)

B=4(H+M)
where H is the applied magnetic field intensity. In the case of paramagnetic substances, the
single spins can be considered as non-interacting (magnetically diluted system) and the
magnetization can be obtained by using the Boltzmann statistical distribution. From this

treatment the following expression is derived for the modulus of magnetization:
N
M :V|"| L(X) (2-16)

where L(x) is the Langevin function, V is the sample volume, N is the number of magnetic

moments present in the sample and |u| is the modulus of the magnetic moment.

L(x)= cothx—1
X

(2-17)
kT

where ks is the Boltzmann constant. For low enough fields and high enough temperatures,

the magnetic susceptibility, defined in general as x=dM/dH, is independent from the applied

field and a linear correlation between H and M is obtained:
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M = yH (2-18)
With this approximation, X is given by the Curie law:
N b _cC
=1 == 2-19
X V 3kT T ( )

where C is the Curie constant. Consequently, for pure paramagnets a linear plot of 1/x vs T is
expected.

2.1.4 Ferromagnetism, antiferromagnetism

This treatment does not hold for magnetically ordered systems, since in this case the spin-
spin interactions can not be neglected: indeed, these interactions are actually responsible for
the magnetic ordering.

In particular, the most important interaction which makes a substance magnetically ordered is
the exchange interaction. The effect of this interaction on the magnetization can be
approximately described by the mean-field theory. In the mean-field approximation it is
assumed that, because of the exchange interaction between the single spins, each magnetic

moment experiences a field proportional to the magnetization, called the exchange field:

B =A'M (2-20)
where N’ is a constant independent of temperature. At a certain temperature, called the Curie
temperature, Tc, the spontaneous magnetization vanishes, because the exchange
interactions are overcome by the thermal agitation, the magnetic order is lost and a
paramagnetic behavior is observed. In this case the magnetization is proportional to the total

field, given by the sum of the applied and the exchange fields and is therefore given by

M = (B, +B.) (2-21)
Combining the last equation with the Curie law, the following relation is obtained:
C
= 2-22
Y=ot (2-22)

Where Tc is the Curie temperature given by Tc = CA’. This is the Curie-Weiss law, which
describes the variation of the magnetization vs temperature in the paramagnetic region above
the Curie temperature. Actually, the temperature at which the transition from a paramagnetic
to a magnetically ordered state takes place does not exactly correspond to the Tc parameter
of the Curie-Weiss expression. For this reason, many authors adopt a different formalism,

defining the former as the Curie temperature (Tc) and the latter as the Weiss parameter (6).
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Microscopically, the exchange interaction is a purely quantum interaction, which in the case

of localized interacting spins is usually estimated by introducing the Heisenberg Hamiltonian.
H =-2J,5,[8, (2-23)

Ji2 is the Heisenberg exchange constant, related to the electronic exchange integral:
e2
Js = -” A (1) ¢’D( 2) r_¢s ( 2) 9, ( ]) dr,dr, (2-24)
12

where ri12 is the distance between the two electrons and ¢:(1), ¢s(2) etc. indicate the first
electron with function ¢r, the second electron with function @s etc.. It can be shown by mean-
field theory that in general J is related to Tc in the following way:

:%;Tﬂ) (2-25)
where z is the number of nearest neighbors of each spin in the lattice. If the constant Ji2 is
positive, the configuration with parallel magnetic moments has a lower energy than the one
with antiparallel moments. In this situation, the parallel configuration is more stable and, if the
energy difference between the parallel and antiparallel configurations is high enough, the
resulting macroscopic behavior of the material is ferromagnetic. If Ji12 is negative the opposite
is true and the material is an antiferromagnet. If the interacting spins inside a lattice have
different S quantum numbers, and therefore the magnetic moments have different
magnitudes, another kind of magnetic behavior can be present, called ferrimagnetism. It
takes place when the magnetic moments are aligned antiparallelly, but, since they do not
cancel out, a net magnetic moment results. The different magnetic behaviors are illustrated in

Figure 2.1:

7S Tt
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Figure 2.1. Pictorial depiction paramagnetic (a), ferromagnetic (b), antiferromagnetic (C) and ferrimagnetic (d) behaviors.
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We can easily distinguish between the different magnetic behaviors from a 1/y vs T plot
(Figure 2.2). While the pure magnetically diluted paramagnets following the Curie law show a
linear plot with O intercept, ferromagnets follow the Curie-Weiss law. They still show linearity
above Tc, but with a positive intercept, since J (and consequently Tc) is positive. At lower
temperatures a deviation from linearity is observed. For antiferromagnets J is negative and so
above the Néel temperature Ty a linear plot with a negative intercept is observed. At Tn there
is a singularity and below Tn y starts decreasing again (1/y increasing), in contrast with what
is observed for ferromagnets. This is because for ferromagnets the low-energy state is the
one with parallel spins, and thus higher magnetization, while for antiferromagnets the low-
energy state is the one with antiparallel spins and thus lower magnetization. The Curie and
Néel temperatures are characteristic of a specific material and depend primarily on the

atomic spin and exchange interaction strength.

Figure 2.2. Curie-Weiss plots of the inverse of susceptibility vs T for a paramagnetic (A), ferromagnet (B), and

antiferromagnetic (C).

Another peculiar feature of magnetically ordered materials is the fact that the magnetization
is not homogenous in the whole sample: typically, they show a so-called domain structure.
Inside each single domain (called Weiss domain), the magnetic moments are aligned by the
exchange interaction and thus, in the ferromagnetic case, a domain has a net magnetization.
Without an applied field, the magnetizations of the single domains are randomly oriented and
therefore the overall magnetization of the material is equal to zero. The application of an
external magnetic field causes the alignment of the magnetizations of the single domains,
with a resulting net magnetization for the whole ferromagnetic sample (for antiferromagnets,
since the magnetic moments are antiparallel, the magnetization of the single domains is
approximately equal to zero and therefore also the overall magnetization of the material after
the application of a magnetic field is negligible). The domains still remain partially aligned
even after the magnetic field is removed, giving rise to a remanent magnetization,

characteristic of ferromagnetic materials. In order to completely demagnetize the sample, a
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negative field must be applied (directed in the opposite direction). The field value at which the
magnetization is zero is called coercitivity.

The remanent magnetization and coercitivity can be clearly visualized in a M vs. B plot. We
have seen that for pure paramagnets the field dependence of magnetization can be
described by the Langevin function, which is independent on the field scan direction. This is
not true for ferromagnets: if an alternating magnetic field loops are applied in opposite
directions, closed magnetization curves are obtained, called hysteresis curves, which
characterize the magnetic behavior of a substance. These curves are due to the rotation of
the magnetic domains leading to a partial alignment with the applied field. Importantly, the
first magnetization curve is different from all the following ones, because, as mentioned
before, this is the only case in which the initial magnetization is equal to zero at B=0. Then
the magnetization follows a non-linear curve until it reaches a saturation level, corresponding
to the situation in which all the magnetic domains are aligned with the field direction. At this
point the applied magnetic field intensity is decreased and the material retains a considerable
degree of magnetization, which is consequently higher than for the first magnetization curve.
When B=0 value is reached, the sample is not fully demagnetized, since the domains are
only partially reorientated and a net magnetization is measured, corresponding to the
remanent magnetization. Then the field direction is reversed and its intensity is increased
until the coercitivity value is reached, when M=0. The field intensity is increased again until
the saturation value in the opposite direction is reached. Subsequently the same steps are

performed in the opposite direction and the hysteresis loop is thus completed (Figure 2.3).

Figure 2.3. Typical hysteresis curve for a ferromagnetic material. a) First mgnetization curve; b) saturation magnetization; c)
remanent magnetization; d) coercitivity.
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2.1.5 Superparamagnetism
The magnetic properties of magnetic particles are strongly dependent on their dimensions. If
the particles are large enough, the material exhibits a domain structure and a typical bulk
magnetic behavior (ferromagnetism, antiferromagnetism, ferrimagnetism). Particles with
dimensions smaller than those of a Weiss domain, usually of the order of a few nanometers,
are instead single domain and show a peculiar behavior, which is intermediate between
paramagnetism and ferromagnetism and which is called superparamagnetism. The limit
radius for a spherical single-domain particle to be stable is given by:

e BVAK

MM

where A is the exchange stiffness, K is the magnetic anisotropy constant, which we will talk

(2-26)

about in the next paragraph, wois the permeability in vacuum and Ms is the saturation
magnetization.

The magnetization of a superparamagnetic particle fluctuates between some (usually two)
preferential directions, corresponding to energy minima (Fig. 2.4), in each moment
determining a distribution of populations of energy states corresponding to different
orientations. In other words, the single spins of a particle are not independent (as in
paramagnetic materials), and they reorient under thermal agitation in a correlated way: the
particle behaves as a sort of giant spin. The superparamagnetic relaxation time is defined as
the time it takes for the magnetization to return to equilibrium after a perturbation, such as the
application of an external magnetic field. At equilibrium the populations are given by the
Boltzmann distribution. The temperature dependence of the relaxation time is given by the
Néel-Arrhenius law:

7 =7, exp(AE /kgT) (2-27)

where 1pis of the order of 10-1°-1013 and is only weakly dependent on temperature and AE is

the energy barrier between the two easy directions of magnetization.
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Figure 2.4. Energy vs angle between magnetization and easy axis direction for a superparamagnetic particle with axial
magnetocrystalline anisotropy (from Gatteschi, D; Sessoli, R., Villain, J. Molecular nanomagnets, Oxford Press 2006),

This energy difference is primarily due to the magnetecrystalline anisotropy energy, which is
linked to the interaction of the particle spin with the crystal lattice. This interaction reflects the
crystallographic symmetry of the system and is generally phenomenologically estimated as a
series expansion in polar coordinates. For an axial system it can be written in the following
way:

E(6)=KVsin® g (2-28)

where K is the magneticrystalline anisitropy constant we already encountered, V is the
particle volume and 6 is the angle between the magnetization vector and the easy direction of
magnetization, corresponding to a minimum of magnetocrystalline anisotropy energy (Figure
2.4). The energy barrier, which corresponds to the maximum of the function, in this case is
equal to KV.

The anisotropy energy, together with the exchange energy, have a tremendous importance
for magnetic phenomena. The usual Heisenberg exchange interaction is expressed by the
JS1S2 and is thus isotropic. Actually, anisotropic exchange exists as well, expressed by the
Dzyaloshinsky-Moriya term DSixS:2 but it can often be neglected. Therefore, if we consider
only the exchange interaction, we get the alignment of the single spins resulting in a total
magnetization, but no preferential direction for this magnetization. In order to explain why a
ferromagnetic material can be magnetized in certain definite directions we have to introduce
the magnetic anisotropy energy. Microscopically the anisotropy energy is given by many

contributions, such as the dipolar spin-spin interactions, shape and strain contributions and
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other. However, for the transition metals and rare earths the anisotropy energy is mainly
determined by the spin-orbit interaction.

The anisotropy energy due to spin-orbit coupling can be calculated using the second order
perturbation theory.

AE, Z‘ ad HSOE| g ‘ (2-29)

from which the uniaxial anisotropy constant can be roughly estimated as
=2 (2-30)

where gr and exc stand for ground and excited states and W is the total bandwidth. Now let’s
see what happens if a weak external magnetic field is applied: the two energy minima
corresponding to 6=0° and 6=180° are now not degenerate anymore, and therefore two

different relaxation times can be defined for the two magnetization directions:
* =7; exp(AE* /k,T) (2-31)
with
=1, exp(AEi /kBT)
AE* =KV (1 h)’
r; =1, (1- hz)_l (1£h)™

__ KB
2KV

(2-32)

For h<<1 the approximation 75=1 holds.

The Néel-Arrhenius law is a good approximation for high enough temperatures, when thermal
agitation kT is much higher than the energy barrier and causes the fluctuation of
magnetization between the two energy minima (superparamagnetic behavior). At lower
temperatures the Néel-Arrhenius law does not hold anymore and below a specific
temperature, called blocking temperature, the material becomes ferromagnetic. According to
the usual Néel-Arrhenius law, since the anisotropy energy barrier is proportional to the
particle volume, the blocking temperature depends on the particles dimensions. Moreover, it
also depends on the measurement time: obviously, one can see the same particle as blocked
if m<<7, or as superparamagnetic if m>>7. Therefore, the blocking temperature is rigorously

defined as the temperature at which m=r and is equal to:
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T = _AE (2-33)

kBIn(T‘“j

z-O

Near the blocking temperature, hysteresis phenomena can be observed even for single
domain particles. Indeed, relaxation becomes so slow, compared to the measurement time,

that magnetization remains blocked in one of the local minima and different curves are

recorded for upwards and downwards scans.

2.2. EPR spectroscopy

2.2.1. Zeeman interaction

In the first part of the chapter, the quantum mechanical formalism was introduced, describing
the electronic and nuclear spin angular moments. These momenta are characterized by a
spin principal quantum number S and a magnetic quantum number Ms, assuming 2S+1
integer or half-integer values from S to —-S. For a single electron S=1/2 and therefore only
Ms=1/2 and Ms=-1/2 are possible. These two states are respectively indicated as aand £. In
the preceding paragraph it was stated that for charged particles, such as electrons and
atomic nuclei, a magnetic moment is associated to the spin angular moment, which is
proportional to it by a constant specific of the considered particle (gyromagnetic ratio). The
application of an external field Bo removes the spin degeneration because of an interaction
occurring between the field and the magnetic moment associated to the spin. In the quantum
mechanical formalism, this interaction (Zeeman interaction) is expressed, for Bo parallel to

the z axis, by the following Hamiltonian. 57
H = —[1B, = 9,),B,S, (2-34)
where )¢ is the gyromagnetic ratio given by e/2me (e and me are respectively the electron
charge and mass) and ge is the free electron g factor, already defined previously in this
chapter. Applying this operator to the a and g, according to equations, the following
eigenvalues are obtained:
E, =2 008,
1 (2-35)
E; = 5 9.5.B,
Where [ is the already defined Bohr magneton, equal to yh. The degeneration removal of

the spin states in the presence of an external magnetic field is called Zeeman effect. This
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effect makes the transitions between the o and 3 states possible when the energy of the

incident radiation is equal to the difference between the two levels (resonance condition):

hv =AE =g9,6.B, (2-36)
In general, for the EPR transitions the following selection rules are applied:
AM  =%1
(2-37)
AM, =0

i.e. the electron spin secondary quantum number must change by a unity, while the nuclear
spins remain unchanged.

For instrumental reasons, in a continuous wave (CW) EPR experiment the resonance
condition is obtained by varying the static magnetic field Bo, while the microwave frequency is

fixed, as shown in the following diagram (Figure 2.5):

E .
V3 +% 9.8.B
< n
Tm—
Ty .
b 2 geBeB
0 B

Figure 2.5. Energy vs magnetic field diagram, representing the Zeeman splitting of the spin states of a single unpaired

electron..

2.2.2 Spin-orbit interaction in EPR: g tensor and zero field splitting
We have seen previously that in most real atomic or molecular systems, the electron is not
free and one must take into account the orbital angular moment associated to its motion and

the spin-orbit interaction. Therefore, the new complete Hamiltonian is:

H=24(+9.5 B, +AL 5 (2-38)
Since the orbital and spin-orbit operators, acting on the spatial part are present, this
Hamiltonian is not a pure spin Hamiltonian. For the EPR purposes, it is often convenient to

deal with pure spin Hamiltonians, since the spectral analysis and interpretation is much

easier. For this aim, the operators acting on the spin coordinates are usually substituted by
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their expectation values. This can be done by applying the perturbation theory, calculating the
average spin-orbit interaction on the spatial part of the electronic states and considering this
interaction as a first and second order perturbation to the spatial electronic Hamiltonian. With

some math one obtains that the Hamiltonian (2-38) can be simply rewritten as

H = 8S[H(B, (2-39)
g is a 3x3 tensor
O0x 9y 9%
9=|9y 9y 9y (2-40)
O 9y 9z
with each element given by
g; =2.0024 4, - A, ) (2-41)
and
p =, =5 OEIIE 0 02
E,~E,
nz0 n

Where Li is the orbital angular momentum operator along the i-th direction, En is the energy
of the n-th electronic level and Eo is the energy of the fundamental electronic level.
For transition metals, the same kind of interaction (spin-orbit interaction) gives rise also to
another term, which appears in the spin Hamiltonian for paramagnetic systems with S>1/2:
the Zero Field Splitting (ZFS) coupling:

H,.  =SID5 (2-43)
The name Zero Field Splitting derives from the fact that this interaction partially removes the
degeneracy of the Ms states even in the absence of a magnetic field. The same effect is
produced by the dipolar interaction for organic radicals. However, for transition metals, the
spin-orbit interaction is much stronger than the dipolar one, therefore ZFS is completely
determined by the former.
Applying the same perturbative approach already used for the g tensor, it can be shown that

the elements of the D tensor (also a 3x3 matrix) are given by
— 2
D, = AN\, (2-44)
The D tensor is symmetrical and has a trace equal to zero, therefore it can be diagonalized,

orienting the reference frame in such a way that all the matrix elements are equal to zero,

except the diagonal ones (Dx, Dy and D). In this case, there are only two independent terms
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describing the ZFS (fine) interaction. It is convenient to use the following parameters,
expressed as a function of the three values, which diagonalize D.
3

D= _E DZ
2-45
2
And the ZFS term can be written as:
SID5=D[ §2-15(5+1) |+E(§?- &) (2-46)

The D parameter takes into account the tetragonal distortion of the system, while the E
parameter indicates the degree of orthorhombic distortion and is comprised between 0 (no
orthorhombic distortion) and D/3 (maximum orthorhombic distortion).

It is important to stress that the results obtained so far hold only if the spin-orbit interaction is
much weaker than the energy splitting due, for example to the crystal field, so that it can be
considered a weak perturbation. This is certainly true for first and second series transition
metal elements. However, these formulas are not valid for some systems, such as the ones
containing heavy atoms (third series transition metals, rare earths), as we shall see in the
discussion of the experimental results.

The g matrix can be diagonalized to find the following matrix in the principal reference

framework:
g 0 O
g=0 g, O (2-47)
0 0 g,

where gx, gy and gz are called principal g values. The fact that g is a tensor implies that the
EPR spectrum becomes anisotropic, i.e. characterized by different g values depending on the
relative orientation of the principal axes of the spin system and the applied magnetic field Bo.
Experimentally, a shift of the EPR line is observed by rotating the sample with respect to the
magnetic field, because of the change of the resonace condition. The principal g values
correspond to the g values measured with the field aligned respectively with the x, y and z
principal axes. Depending on the symmetry of the paramagnetic system, three cases can be
distinguished:

1. gx=gy=0z: cubic symmetry

2. gx=0y#Qg.. axial symmetry

3. Ox#Qgy#Jgz orthorombic symmetry
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For a generic orientation the g value is given by

o(9,¢) = sirt 9 cod gy’ + sifd sifgy?+ cog;’ (2-48)

where 6 and ¢ are the polar angles describing the orientation of Bo with respect to the
principal axes of the g tensor.

What was just stated is true for a single crystal, but is not valid for a polycrystalline or
amorphous glassy sample. In both these cases the sample is formed by an ensemble of
randomly oriented paramagnetic species and the overall spectrum consists of the
superposition of all the signals corresponding to the different orientations. Powder and glass
samples usually give very broad spectra. Nevertheless, the magnetic geometry (cubic, axial,
orthorhombic) and the principal g values can be determined from them, since they give

specific lineshapes and spectral features at fields corresponding to the principal g values.

2.2.3 Hyperfine interaction

Additionally to the Zeeman interaction and to the Zero field splitting interaction, another
important interaction in EPR spectroscopy is the hyperfine interaction. It originates from the
coupling of the magnetic moment associated with the electron spin with that associated with
the spin of nearby nuclei. Hyperfine coupling can be expressed by the following spin
Hamiltonian:

H=Sm®I (2-49)
where A is a 3x3 tensor, called the hyperfine coupling tensor and | the nuclear spin. It is due
to the sum of two different electron-nuclei interactions: the isotropic Fermi Contact interaction
and the dipole-dipole electron-nuclei interaction and it can thus be written as

A=a 1.+T (2-50)
where aiso IS the Fermi contact constant and T is the dipolar tensor. The Fermi contact

constant is given by

8 = £ H68:5.5, W (O) (2-51)
As already said, this term is isotropic and proportional to the probability of finding the
unpaired electron in the position of the nucleus |@(0)|2. This is directly possible only for
unpaired electrons with s character. Nevertheless, this coupling can be observed also for
other systems through spin polarization mechanism, in which polarization is induced through
bond atoms.
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The second term of the hyperfine coupling matrix, i.e. the anisotropic T tensor, arises from
the classical interaction between the magnetic dipoles associated with electron and nuclear
spins respectively. Quantum mechanically this interaction is expressed by the following

Hamiltonian, corresponding to the classical dipolar interaction energy:

= . (2-52)

sl SO 3(Sm)( )
H. =fo —
dip 4777’2 geﬂegnﬁn|:

where r is the electron-nucleus distance. The expression holds for isotropic ge and gn. It is
clear that this interaction depends both on the electron-nuclei spin distance and orientation.
By collecting the distance dependence into the T parameter, this Hamiltonian can be written
in this simplified form:

-1 0 O -T 0 O

Hy, =to SPGBl o _1 gl=| 0 -T o0 (2-53)
47Th r
0O 0 2 O 0 27

It can be easily shown, using the following complete Hamiltonian, with only isotropic coupling

H =g.8BS, - g,,4,Bl, +hal (2-54)

that, for and S=1/2 system interacting with a nucleus with spin 1=1/2, such as a proton, the
energies are given by:

E(M¢,M,)=09.,6BM; - g, 5,BM, +haM M, (2-55)

This leads to two allowed EPR transitions, following the selection rules AMs=1, AM=0,

corresponding to the following energies:
AE=9,B i%haSo (2-56)

Experimentally, this manifests in the line splitting. For a general case of m sets of n
equivalent nuclei with spin Ii, the hyperfine coupling gives rise to a splitting into Mim(2nili+1)

lines.

2.2.4 Continuous wave EPR experiment and relaxation

For the description of some phenomena, in particular the typical Continuous Wave (CW)
EPR experiment, a semiclassical model for electron magnetic resonance is useful. The
model can be rigorously applied to the macroscopic magnetization vector M, representing the

overall magnetic moment of the system (as detailed previously). At the thermal equilibrium, in
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the presence of a static magnetic field Bo applied along the z axis, the a and (3 spin levels

have different energies and are populated according to the Boltzmann statistics:

P E -E
£0 exp( « B _ expge’geBO (2-57)
P, KT KT

From this population difference a non-zero M component along the z axis turns out
(Mz=Mo#0). The Mx and My components are instead equal to zero because of the random
orientation of the magnetic moments with respect to these axes.
According to the classical model, the static field Bo causes a torque on the M vector, which in
turn causes a time evolution of the magnetization, described by the following equation:

CL—l\:I =yM xB, (2-58)
In a static magnetic field, the solution of this equation represents a rotation of M around the

direction of Bo (precession motion, figure 2.6) with a typical frequency «f (Larmor frequency),

given by wo=yBo.

M\ macroscopic
magnetization
vector

...-..._._ —-T_.._..- ) y

T x

Figure 2.6. Vector representation of the spins subject to an external magnetic field and the overall magnetization (adopted

from Bruker manual).

If, additionally to the static field Bo along z, an oscillating B field in the xy plane is introduced,
due to the microwave radiation, a rotation around B1 adds to the precession around Bo and
the M vector undergoes a spiral motion towards the xy plane (nutation). This nutation motion
towards the xy plane is opposed by irreversible relaxation processes, which tend to bring M
back to the initial thermal equilibrium position, i.e. aligned along the static field Bo. In

particular, the M; component returns to Mo (thermal equilibrium value) with a characteristic
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time T1 (longitudinal, or spin-lattice relaxation), while Mx and My return back to zero with a
characteristic time T2 (transverse, or spin-spin relaxation).
These processes can be included in the phenomenological Bloch equations:

dm M
*=y(M,B,-M,B )-—*

dt T,
Y, M
Y = (M B —M B )—-—X 2-59
o y(M,B,—M B,) T (2-59)
dM M —-M
z=y(M.B,-M B )-—z_"0
m y(M,B,-M B)) T

These equations can be solved after performing a change of the reference frame, in which
the x, y and z axes lab frame is substituted by a rotating frame, in which the new x’ and y’
axes rotate around the z (z=2") axis with the frequency of the microwave radiation w. In this
reference frame B1 appears as static and is assumed for simplicity to be aligned with x.

In these stationary conditions, typical of a continuous wave EPR experiment, the system of
the phenomenological Bloch equations is easily solved and it can be shown that in this model
the CW-EPR signal is simply proportional to the magnetization along y. The EPR signal
therefore appears to be described by the following equation:

1
1+ (w_ %)21-22 + yzBlleTz

X"(@) =11 2x,aT, (2-60)

where Y’ is the magnetic susceptibility along y, to which the EPR signal is proportional. The
magnetic susceptibility is often defined as a complex quantity and x’ is its imaginary part:
X=x+iy" (2-61)
At low microwave power, which is proportional to Bi?, the susceptibility, and therefore the
EPR intensity, increases with increasing intensity. However, at high powers, the signal
broadens and becomes weaker. This is due to the last term at the denominator of the
previous equation, which is particularly important for paramagnetic species with long
relaxation times. This phenomenon is called saturation. Far from the saturation conditions,

this term can be neglected and the equation for the susceptibility is given by:

(1/T2)2 + (yBo - w)z

X":

In the CW-EPR experiment, the ¥’ observable is measured by sweeping the Bo field and its
variation with Bo, is described by (2-62): it's a line, called Lorentzian, centered at the field

corresponding to the w frequency and characterized by a linewidth which is inversely
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proportional to T2 (homogeneous linewidth). For instrumental reasons, due to the signal
modulation system, in EPR the first derivative of x’ is recorded during the experiment.

In the solid-state the EPR line is often given by a convolution of several EPR signals, each
due to species characterized by slightly different surroundings and interactions, giving rise to
slightly different physical parameters, such as the g factor. This phenomenon causes the so-

called the inhomogeneous line broadening.

2.2.5 Magnetic resonance in magnetically ordered systems
Ferromagnetic electron resonance (FMR) is observed when a ferromagnetic sample is placed
into an external magnetic field and irradiated with a microwave frequency equal to the
precession frequency of the magnetization of the system.? Differently from the paramagnetic
systems, ferromagnets exhibit a spontaneous magnetization Ms, due to alignment of the
spins produced by the exchange interaction, giving rise to an intrinsic magnetic field, which is
present even in the absence of an external magnetic field. For this reason, some additional
phenomena must be considered for these systems. First of all, the demagnetizing fields must
be taken into account. These fields are due to a purely classical effect and oppose to the
sample magnetization when a magnetic field is applied. Together with the magnetic
anisotropy, the demagnetizing fields are of fundamental importance in the hysteresis
phenomena. For an isotropic sample the demagnetizing field can be expressed in the
following way:

B, =-N,M (2-63)
Where Nq is the demagnetizing factor. However, this expression can be rigorously used only
for spherical samples. Indeed, the demagnetizing field reflects the sample shape and for
anisotropic samples it must be written as a tensor. For an ellipsoidal sample with principal

axes corresponding to the cartesian axes, it is given by a diagonal tensor:

NS 0 0
N,=| 0 NJ O (2-64)
0 0 N

Consequently, the demagnetizing field can be expressed as:

N 0 0)(M,
By=—tNM==2,| 0 NJ 0 || M, == (NM,i+NIM j+NM k) (2-65)
0 0 NZJMm

z
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and the total magnetic field sensed by the sample magnetization during an FMR experiment
is given by:

B =B, +B(t) +B, (2-66)
where Bo is the usual static external magnetic field (Bo=Bok) and B(t) is the oscillating
magnetic field associated with the radiation (B(t)=B1e'“). The magnetic anisotropy is
neglected for the moment.

Neglecting relaxation, the magnetization motion equation for a ferromagnet is obtained by

substituting to total field (2-66) into (2-58):
™ _
dt

Assuming that: 1) the magnetization does not move away remarkably from the equilibrium

x(B, +B(t)+B,) (2-67)

(M=Ms, saturation magnetization); 2) a stationary regime takes place, in which Mx=Mx(0)e'“*
and My=My(0)e'*t; 3) the oscillating radiation field can be neglected (B(t)=0), equation (2-67)

can be solved, to give:

@ :y{[BO+,uO(Ndy—Nj)MS][BO+,uO(N§—NdZ)MS]}M (2-68)
with Mz=Ms. Equation (2-68) gives the resonance frequency of a ferromagnetic system. From
this equation it turns out that the resonance condition is obtained for two different values of
Bo and this explains the typical complex and highly asymmetric lineshape of the
ferromagnetic EPR (FMR) signals. This effect is visible only for non-spherical particles:
indeed, for a spherical sample Na*=N¢*=Ng¢*=1/3 and wo=yBo.

In most magnetic materials also magnetic anisotropy must be necessarily taken into account.
This can be done by introducing the magnetic anisotropy field Ba. The total magnetic field
acting on the sample now becomes:

B=B,+B(t)+B, +B, (2-69)
In the simple case of spherical particles, where the demagnetizing field (Bs=0) can be

neglected and for B1=0 we obtain:

@, =y(B,+B,) (2-70)
In this case ferromagnetic resonance can be observed also without applying the external field
and the resonance frequency is proportional to the anisotropy field.

Neglecting all the contributions to magnetic anisotropy, except the magnetocrystalline

contribution, for a system with axial symmetry, Ba=2Ki/M, where Ki is the first order
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magnetocrystalline anisotropy constant. For systems with different symmetries higher order
anisotropy constants must be introduced.
The magnetization motion of a ferromagnet is more correctly described by the Landau-Lifshiz
equation, which takes into account also the specific ferromagnetic relaxation process.
d_M =yM xB - A "2
dt ||\/||

where A" is a phenomenological relaxation constant (not to be mistaken with the spin-orbit

M x (M x B) (2-71)

coupling and the exchange field constants). From this equation, the following expression for

the imaginary part of the susceptibility is obtained in the case of a soft ferromagnet:

elag [(B5+a3)B2+8;]

7 (B2 -By) B+ aiet (B4 B) B+ A

(2-72)

where Ag is the full linewidth at half height.

The EPR spectra of superparamagnetic particles show some peculiar features distinguishing
them from the spectra of other magnetic compounds. While retaining the typical asymmetric
lineshape of ferromagnetic signals, in addition they exhibit a characteristic temperature
dependence, consisting in a broadening and a low-field shift of the resonance line with
lowering the temperature. This behavior can be intuitively explained in the following way: high
temperatures promote thermal fluctuations of the magnetization of single particles (the
thermal energy is higher than the magnetocrystalline anisotropy energy) and therefore, the
EPR spectra show an average situation, giving rise to narrower lines. At lower temperatures,
the magnetization is limited (the thermal energy is lower than the anisotropy energy) and the
magnetization vectors are “frozen” in different orientations, corresponding to energy minima.
The spectrum is therefore given by the convolution of signals corresponding to the different
orientations and consequently the lines are broader.

Different models were developed, which more or less rigorously describe the
superparamagnetic resonance phenomenon, most based on a classical approach °*2. In this
thesis a quantum mechanical approach was used,'*1* and further developed. It will be

presented in Chapter 4, dedicated to the ferromagnetism in Auzs clusters.

2.2.6 Pulsed EPR
In addition to the continuous wave EPR experiments, in which a field sweep is performed and

the response of the system is measured for each applied field value, it is possible to use EPR
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in the pulse mode, similarly to what is done in modern NMR experiments. Nevertheless, as
will be explained below, there are some substantial differences with respect to NMR,
especially in the possibilities offered by the two techniques.>16
In CW-EPR techniques the microwave power is very low (B1<<Bo) and the sweep is slow, so
that the system is only slightly perturbed and is able to return to equilibrium before the field is
changed. Instead, in pulse experiments short (10-100 ns) and strong microwave pulses are
used, which allow to significantly perturb the magnetization from its equilibrium state. As a
matter of fact, when a pulse is applied, the magnetization starts a precession around the Bi
field, rotating by an angle 6=yBitp, where tp is the pulse time length. By varying the pulse
length and power (proportional to Bi?), it is thus possible to rotate the magnetization by a
desired angle: 90° bringing it to the xy plane (W2 pulse), by 180° (mt pulse) etc.. From the
point of view of the spin energy levels, a W2 pulse corresponds to equaling the a and
B populations, while a 1t pulse corresponds to inverting the populations.
It was already mentioned that there are some significant differences between pulsed EPR
and pulsed in NMR, which are part of the reason why the former didn’t completely replace the
continuous wave technique, as happened for the latter. The first difference is the fact that the
electron spin relaxation is usually much faster than the nuclear spin relaxation. The first
consequence of this fact is that part of the magnetization (the one which relaxes faster) is
lost: it is completely relaxed in the instrumental dead time, which is necessarily introduced to
prevent the damage of the detector from the very intense radiation just after the pulse. The
second consequence is that in pulse EPR we don’t have enough time to perform the complex
pulse sequences, which are commonly used in NMR. Moreover, the EPR signals cover a
much wider spectral range than common NMR signals, therefore it is usually not possible to
excite the entire spectrum with pulses of available length (Ave=1/61p). Even with the shortest
pulses we are able to excite only a small portion of the spectrum, so the Fourier transformed
free induction decay (FID) procedure commonly used in NMR is not usually useful. Instead, in
most pulse EPR techniques the electron spin echo is measured, i.e. the spontaneous
microwave emission by a paramagnetic sample after the application of a series of microwave
pulses.
In all the pulse sequences three distinct phases may be distinguished:

1. Preparation: a series of pulses with controlled delays generate non-equilibrium

magnetization (populations and coherences).
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2. Evolution: the non-equilibrium magnetization is allowed to evolve; in this phase the
delays between pulses are usually varied during the experiment.
3. Acquisition: the pulses applied in this phase bring the magnetization to the xy plane, so

it can be detected.

Among the most common pulse sequences we find the two- and three-pulse spin echo
sequences.

In the two-pulse sequence (Hahn sequence), a W2 and a Tt pulse are sequentially applied on
a sample placed in the static magnetic Bo field. The spin echo appears after a time equal to
21, where 1 is the time between the two pulses. The spin echo formation can be easily

explained by using the classical vector model in the rotating frame, as illustrated in figure 2.7:

Figure 2.7. Two-pulse Hahn spin-echo sequence with a pictorial depiction of the magnetization dynamics (partially adopted
from Bruker manual).

After the first 72 pulse, applied along the y rotating axis direction, the magnetization, which is
initially aligned with the z axis is brought to the xy plane, specifically along —x. This is the
preparation period, in which the spin populations are equaled and coherence is induced. At
this point the relaxation processes begin, which leads to the loss of coherence, bringing the
Mx and My values back to zero and M: back to its equilibrium value Mo. At the same time, the
magnetic moments characterized by slightly different Larmor frequencies, which contribute to
the overall magnetization, start dephasing. The loss of coherence is induced by transverse
relaxation (T2), different Larmor frequencies and inhomogeneity of the Bo field. Then the
evolution period starts, in which the 1 pulse applied along x after a time T rotates the
magnetization by 180°¢ bringing it to -y (My is converted to M.y). Then, since the sense of
rotation of the magnetization vectors is the same as before, after the same time T, the
magnetization vectors rephase and a signal maximum is observed, corresponding to the spin
echo, which in this case is called Hahn echo. In this way coherence is only partially

recovered, because the T2 relaxation processes are random. Moreover, the magnetization in
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the xy plane is decreased because of the Ti relaxation. In the solid state other additional
processes contribute to the echo decay, such as instantaneous diffusion and spin diffusion.

In the three-pulse sequence, schematized in figure 2.8, three 12 pulses are applied along x.
The time between the first and the second pulses is indicated as T, while the time between
the second and the third pulses is indicated as t1. As in the two pulse sequence, first of all the
magnetization is transferred from z to -x by the first /2 pulse. After a time t, during which the
usual processes leading to the loss of coherence take place, the second 172 pulse brings the
magnetization to z. This leads to a population inversion with respect to the initial situation.
The magnetization stored along z then undergoes Ti relaxation, which is usually significantly
slower than T2 relaxation. After the evolution time T, magnetization is brought back to the xy
plane (specifically along x) by the third, last w2 pulse. Finally, similarly to the two-pulse
sequence, the magnetization vectors are refocused, partially recovering the coherence and a
stimulated echo is detected after a time T.

Actually, the three-pulse sequence gives rise to several echoes, as illustrated in figure 2.8,
because of the formation of different coherences which refocus at different times. The
commonly used echo is the so-called stimulated echo, which is the one appearing after a
time equal to T after the third pulse. The other echoes can be removed by using specific

pulse sequences, such as a two-step or four-step phase cycling.

Stlmuiated

n/2 m/2 Hahnecho echo Hahn echo

J—. J\ \ J J\ Rem,:eﬂ\\i? e:m

t, t,

Figure 2.8. Three-pulse spin-echo sequence.

A very common pulsed EPR experiment consists in a Bo field scan, in which, for each field a
spin-echo sequence is performed and the integrated area under the echo is measured. Since
this area is proportional to the magnetization of the spin system, what is obtained is an EPR
spectrum which is “in absorption” and not a derivative, as for a typical CW-EPR experiment.
The EPR spectra recorded in this way are called echo-detected EPR spectra. The

acquirement of echo-detected spectra is useful when one wants to eliminate some signals.
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This can be done by selecting the right parameters, with which only the magnetization due to

the species of interest is brought to the xy plane and gives rise to an echo.

2.2.7 Pulsed Electron Nuclear Double Resonance

As previously explained, from a simple CW-EPR spectrum it is theoretically possible to obtain
the hyperfine coupling constants with the nuclei surrounding the electronic spin under study.
However, since each coupling splits an EPR line in two or more lines (IMi™(2nil+1) lines for m
sets of n equivalent nuclei with spin I), for systems with many nuclei and different hyperfine
couplings, the spectrum can be very complex and often only a single broad line is visible, in
which no coupling can be observed. However, there are some pulsed EPR techniques which
allow to solve this issue by greatly simplifying the spectrum and its interpretation. One of
these techniques is pulsed Electron Nuclear Double Resonance (pENDOR).

ENDOR can be considered a hybrid EPR-NMR technique, since it requires the use of both
microwave and radiofrequency radiation. Specifically, a sample is placed in a static magnetic
field, as in all the EPR experiments, and a microwave radiation is applied to induce the
saturation of a specific EPR transition (AMs=1, AM=0), which corresponds to equaling the
two populations. Additionally, an RF radiation is applied to induce NMR transitions (AMs=0,
AM=1), which have the effect of desaturating the EPR transition. For an S=1/2, I=1/2 system,
when v>>A, two resonance lines are obtained at v+A and v—-A. In the opposite case (V<<A)
the transitions are observed at frequencies A+v and A-v.In any case, this significantly
reduces the number of lines compared to CW-EPR (from 2" to 2n for n non-equivalent 1=1/2
nuclei).

ENDOR experiments can be performed both in CW and pulse mode. The CW-ENDOR
spectra are recorded in the way just described, by sweeping the RF frequency, instead of the
Bo field as in the typical CW-EPR experiment. However nowadays, since pulsed ENDOR
techniques were developed, the CW-ENDOR technique is much less commonly used. As a
matter of fact, pulse ENDOR techniques have several advantages over CW-ENDOR: higher
resolution, less artifacts, easier saturation, possibility of measuring lower hyperfine constants.
There are two main pulse sequences which are commonly used in pulsed ENDOR: Davies
ENDOR sequence and Mims ENDOR sequence.

During the preparation period of the Davies ENDOR technique (Fig. 2.9),!” a selective 1t

microwave pulse is applied to invert the electron spin magnetization relative to a specific EPR
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transition, thus creating a sort of “hole” in the EPR spectrum. During the evolution period, no
MW pulses are applied, but a T time long selective RF 1t pulse is applied to invert a specific
NMR transition, which corresponds to transferring the magnetization to the other Ms spin
manifold and thus eliminating the population difference created by the first MW pulse (refilling
the hole). The detection period consists in a two-pulse spin echo sequence, which brings the
Mz component of the magnetization to the xy plane allowing to measure the magnetization

restored during the mixing period.

Figure 2.9. Davies-ENDOR pulse sequence.

The Mims ENDOR pulse sequence is basically a stimulated three pulse echo sequence,!® in
which a 1 RF pulse is applied during the T delay time. The Mims sequence has the
advantage of detecting lower hyperfine couplings, compared to Davies ENDOR, but has the
drawback of being affected by blind spots at 1=2k1va, where k is an integer, making several
measurements at different fields necessary. This sequence will not be discussed in further

detail, since it was not used in the present work.

2.3 Parmagnetic Nuclear Magnetic Resonance Spectros  copy

2.3.1 Nuclear Magnetic Resonance

The general theory underlying Nuclear Magnetic Resonance (NMR) spectroscopy is very
similar to the basis of EPR spectroscopy, outlined in the previous section. While in EPR we
are dealing with electron spins, NMR is concerned with nuclear spins. Due to the huge
difference between electron and nuclear mass, the gyromagnetic ratios are very different and
therefore the energy difference between the Zeeman-split levels is much lower. This have

some important consequences: first of all, a higher wavelength radiation must be used,
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specifically in the radiofrequency range. Second, small energy differences give rise to small
population differences and consequently low sensibility. The use of higher fields to overcome
this issue is one of the main concerns in NMR spectroscopy.

Although the general theory is quite similar, there are remarkable differences between the
EPR and the NMR experimental setups. As already mentioned previously, in the most
common 'H and 3C NMR experiments, it is possible to excite all the nuclear resonances with
a single W2 RF pulse and then obtain the whole spectrum by Fourier transforming the
measured decaying and oscillating signal, called Free Induction Decay (FID). This is not
possible in EPR, because of the broader spectral range, which does not allow the excitation
with pulses of instrumentally feasible length. For this reason, the time-consuming CW mode,
still widely adopted in EPR, is not used in NMR anymore since many decades and all the
experiments are performed only in pulse mode.

Compared to EPR, which is a very powerful, but a highly specific technique, NMR is much
more widespread. Due to its ability to precisely detect both through-bond and through-space
interactions, it allows the determination of connectivity and relative positions of atoms in a
molecule. For these reasons it became one of the basic tools of organic chemists for the
identification of new compounds and an important technique for protein structure
determination.

The two main quantities, which allow such a precise identification, are the chemical shift and
the J-coupling. The former is the NMR equivalent of the g factor, arising from the particular
magnetic environment of the resonant nuclei. It consists in a shift of the proton resonance
with respect to the Larmor frequency and allows a first identification of functional groups. The
latter is an interaction between nuclear spins, arising from the hyperfine coupling between
nuclear spins and the spins of the electrons nearby. By an analysis of line multiplicity and
intensity of the different resonances, it is usually possible to univocally determine (at least for
small molecules) the molecular structure from an NMR spectrum. If the assignment is
ambiguous, advanced NMR techniques are often used, such as the 2D techniques:
Correlation Spectroscopy (COSY), Total Correlation Spectroscopy (TOCSY), Heteronuclear
Single Quantum Correlation (HSQC), Heteronuclear Multiple Quantum Correlation (HMQC),

Heteronuclear Multiple Bond Correlation (HMBC) etc..
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2.3.2. 2D Nuclear Magnetic Resonance

As already mentioned, a 1D pulse NMR experiment consists in a single 90° pulse, which has
the right length to excite all the Larmor frequencies of interest. The magnetization is thus
brought on the xy plane and the FID is detected. The frequency-domain NMR spectrum is
obtained by performing a Fourier transform of the FID.

For particularly complex systems, with a high amount of interacting protons, the 1D NMR
spectra are usually composed by many highly overlapping signals, which can hardly be
interpreted. In this case, 2D NMR techniques are often very useful to disentangle and
univocally assign the different signals.

A typical 2D NMR experiment consists in the same phases we already observed for a generic
pulsed experiment, described previously for EPR, i.e. preparation, evolution, mixing and
detection. However, in this case the evolution time is not fixed, but is varied continuously. In
particular, the time intervals between specific pulses are changed, depending on the specific
experiment. In this way a series of FIDs are obtained, one for each evolution time, which
represents the second dimension, the first one being the detection time, in which the FID
decays. The Fourier transform is then performed in both dimensions and the 2D spectrum is
thus obtained. Depending on the experiment, the spectrum can show both diagonal and off-
diagonal peaks, representing correlations of a signal with itself and with other signals. The
latter are of major interest, since they carry information on interactions between magnetic
nuclei and allow to determine the connectivity and structure of the molecule. Indeed, these
peaks are due to the magnetization transfer between the nuclei, obtained by means of a
series of pulses during the mixing time. The magnetization can be transferred both by scalar
(through-bond) coupling and dipolar (through-space) interactions.

Here a few common 2D NMR techniques are briefly illustrated in which the scalar coupling
mechanism is employed. These techniques were used in the last chapter of this Thesis.

The simplest 2D experiment is the Correlation Spectroscopy (COSY) pulse sequence, which
is shown in Fig. 2.10:



69

Figure 2.10. COSY pulse sequence.

In this experiment, only correlations between protons which are up to three bonds apart can
be observed. By studying the correlations between all the different signals, the connectivity
between the functional groups can be often successfully determined. However, for an
unambiguous analysis the use of a complementary technique is often necessary, specifically
the Total Correlation Spectroscopy (TOCSY). The TOCSY pulse sequence is shown in Fig.
2.11:

(x/2),

Figure 2.11. COSY pulse sequence.

The sequence is very similar to the COSY sequence. However, in this case the spin lock
series of pulses spreads the magnetization over the whole scalar-coupled spin systems.
Therefore, the correlations between all the protons belonging to the same spin system are
visible, in addition to those bond to the directly connected carbons.

Both COSY and TOCSY are homonuclear techniques, since only proton nuclear spins are
manipulated by the pulse sequences. In addition, more advanced, heteronuclear techniques
are also available, in which magnetization is transferred between different nuclei, typically *H
and 13C.

Similarly to the homonuclear techniques we have just seen, Heteronuclear Single Quantum
Correlation (HSQC) and Heteronuclear Multiple Quantum Correlation (HMQC) pulse
sequences give rise to off-diagonal correlation peaks between a carbon signal and its directly
bond protons, while the Heteronuclear Multiple Bond Correlation (HMBC) technique provides
correlations with all the protons pertaining to the same spin system. The HMQC and HMBC

pulse sequences, used in the present work, are shown in Fig. 2.12:
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Figure 2.12. HMQC (A) and HMCB (B) pulse sequences.

2.3.3. Hyperfine shift in paramagnetic NMR.

Since NMR is a widely known and used technique, further details on general NMR basics will
not be reported here and reader is addressed to the huge amount of literature on the
subject.1%21 Here we will focus only on the peculiar features observed in the NMR spectra of
paramagnetic compounds.

The unpaired electron spin affects both the position (chemical shift) of the NMR signal and its
linewidth. Both these effects are due to the hyperfine coupling between nuclear and
electronic spins, which, as we saw in previous paragraphs, gives rise to line splitting in CW-
EPR and ENDOR. The reason why in NMR the hyperfine coupling manifests as a line shift
and broadening, and not a splitting, as in EPR, is the spin relaxation rate. It was already
mentioned that electronic spin relaxation is much faster than nuclear spin relaxation.
Therefore, from the electron point of view, the electron spin always sees a definite nuclear
spin. This leads to different situations, depending on the relative orientations of the electron
and nuclear spins and consequently to a line splitting. This effect is observed in CW-EPR and
ENDOR spectra. Instead, from the point of view of the nucleus, because of the fast electron

spin relaxation, the nuclear spin sees an average population of electron spin levels. For a
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nucleus coupled to an electron spin only by isotropic hyperfine coupling, in the high field
approximation (yusB>>A) the hyperfine coupling contribution to the chemical shift is given
by22

on_ A
o =m<82> (2-72)
Using the statistical mechanics for calculating the average of Sz, it turns out that it is given by
the Curie law, which is a result already obtained classically previously. Finally, one obtains:

gon = AGBS(S+)
ho 3y kT (2-73)
Another contribution to the hyperfine shift is the pseudocontact interaction, due to the dipolar
coupling between electron and nuclear magnetic moments. This interaction is distance- and

orientation-dependent and is averaged in fluid solution.

2.3.4. Nuclear spin relaxation in paramagnets

The presence of electron spins considerably increases the relaxation rate of nuclear spins.
Enhanced relaxation affects the linewidth of NMR signals, analogously to what was reported
for the EPR lines in the previous paragraph, leading to a remarkable line broadening in
paramagnetic compounds.

Several relaxation mechanisms are responsible for this effect. The first one is due to electron
spin relaxation. We just saw that the electron spin relaxation is significantly faster than the
nuclear one. Therefore, from the point of view of the nuclear spin, the electron spins will
switch continuously between the different Ms states. Changes of Ms imply changes of the
orientation of electron magnetic moment, which, in turn, give rise to fluctuating magnetic
fields, causing nuclear spin relaxation. As for the chemical, shifts, also the relaxation
mechanisms involve both Fermi contact and dipolar interaction. Another mechanism
contributing to the overall relaxation rate is the molecular rotation. If the rotation is faster than
spin relaxation, the nucleus sees the electron spin with the same Ms, but in different
orientations. This provides an additional fluctuating magnetic field causing the nuclear spin
relaxation. Other mechanisms involve the interaction of the nuclear spin with the magnetic
moment, arising from the average Boltzmann population of the Zeeman levels and also
changing orientation with rotation (Curie spin relaxation) and the chemical exchange.

The temperature dependence of the relaxation rate must be underlined, which causes a line

narrowing at high temperature. This and the other phenomena reported above will be used in
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the following chapter, dealing with the experimental results on Auzs clusters protected with

different alchyl ligands in solution.
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Chapter 3.
A Magnetic Look into the Protecting Layer of Au 25

Clusters

3.1. Introduction

As described in detail in Chapter 1, in monolayer-protected gold clusters (MPCs) with gold
cores of diameter <1.6 nm the number of Au atoms is sufficiently small to make them display
molecular features. This makes the study of their fundamental properties as particularly
fascinating and often intriguing.>® Instrumental to these studies has been the possibility of
preparing molecule-like gold MPCs in an atomically precise form, as assessed by mass
spectrometry and single-crystal X-ray crystallography.® The structure of Au2s(SR)1s clusters,
by far the most well known among molecular clusters, is based on a 13 gold-atom
icosahedral core surrounded by 6 Au2(SR)s units, with minor differences induced by the
charge state (-1, 0, and +1) and the ligands,”'* even when the linear polymer (Auzs)n forms.*?
Several molecular features of Auzs(SR)is clusters have been studied in detail, such as the
characteristic electrochemical behavior'*'> and charge-dependent optical’® and nuclear
magnetic resonance (NMR) patterns.'” Studies of their photophysical behavior,'82! chirality,??
electron-transfer and redox-catalysis properties,?®?” have been described. Several theoretical
studies have been carried out and reviewed.?®3 Whereas the as prepared anionic cluster
Auzs(SC2H4Ph)1s~ is a diamagnetic species, the corresponding, indefinitely stable neutral
form Auzs(SC2H4Ph)1g° is paramagnetic. The effect of the unpaired electron was detected by
H and 3C NMR at room temperature!’ or electron paramagnetic resonance (EPR) at
temperatures typically lower than 100 K.'6:3! The Jin's group showed that the magnetic state
can be switched off by reduction to diamagnetic Au2s(SC2Hs4Ph)1g~.3! Similarly, we
demonstrated by both NMR” and EPR*€ that oxidation to cation Au2s(SC2H4Ph)1s* generates
a diamagnetic species. DFT calculations indicated that the magnetic behavior is controlled by

significant splitting of the relevant orbital energy levels.’

The NMR spectrum of the three charge states evidenced very profound charge-induced
variations in the position and shape of the peaks.!” Most notably, some of the ligands'

resonances undergo a significant downfield shift upon formation of paramagnet Auzs(SR)1s°.
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This was first observed by the Murray's group® and then perfected by us through
identification of all resonances as a function of temperature or ligand type.10:1217.26 |n this
context, it is important to stress that the 18 thiolated ligands present in the 6 Auz(SR)s half-
crowns (or staples) capping the central Auis core split into a group of 12 inner and 6 outer
ligands. Here, inner refers to the fact that the two terminal SR groups of —(SR)-Au—(SR)-Au—
(SR)- also bind to Auis, whereas outer refers to the outmost, remaining thiolate of the half-
crown. 1D and 2D NMR analysis allowed distinguishing between the two ligands' families,
also on a quantitative basis. There is a general consensus that the properties of molecular
MPCs mostly depend on the number and relative position of the gold atoms.>¢ On the other
hand, NMR evidence and corresponding DFT calculations indicated that the singly occupied
molecular orbital (SOMO) spreads onto the first groups of the thiolated ligands. Very recent
studies also concluded that the ligand structure/composition can be a factor affecting the
optical behavior of molecular and larger MPCs.3334 These results thus indicate that the
highest occupied and the lowest unoccupied MOs (HOMOs and LUMOS) are not just limited
to the Auis core, as often implicitly assumed, but rather involve to some extent the ligands.
Another example is provided by the optical spectrum of Auzs capped by thiophenolate-type
ligands, which shows band shifts®® and a small decrease of the HOMO-LUMO gap compared
to that of Auzs capped by alkanethiolates, for which the spectrum does not depend on the
ligand length:28 this effect shows that changing the carbon type at the a position to sulfur
affects the electronic properties of the cluster. The way by which the capping ligands interact
with the core, the shape and spreading of the chemically relevant orbitals, and the actual
environment experienced by molecules or ions penetrating the monolayer'® are expected to
be crucial factors also for understanding the catalytic effects of ultrasmall clusters?’ on a truly

molecular basis.

Very recently, we illustrated the remarkable potentialities of pulse electron nuclear double
resonance (ENDOR).% This technique is a very sensitive way of performing ENDOR?3¢ and is
meant to characterize hyperfine coupling (A) between an unpaired electron and nuclei
nearby. This interaction consists of isotropic and anisotropic parts: the former is a through-
bond contribution that depends on the number and type of bonds involved, whereas the latter
depends on both through-bond and through-space (electron-dipole/nuclear-dipole)
interactions. In the ENDOR spectrum, a doublet of lines is associated with a magnetic

nucleus with nuclear spin | = 1/2. When A < 2v, where v is the nucleus Larmor frequency(’
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the doublet is centered at v and the separation between the two lines is A. On the other hand,
for A > 2v the doublet is centered at A/2 and the separation between the two lines is 2v. The
Larmor frequency v depends only on the magnetic field B at which the ENDOR spectrum is
recorded, according to the relation v = yB/(2m), where y; is the nucleus gyromagnetic ratio.
For larger nuclear spins, such as for 1%“Au whose | = 3/2, the quadrupolar and hyperfine
interactions split the ENDOR lines further. This was experimentally verified in the ENDOR
analysis of Auzs(SEt)18°.2° The hyperfine interaction between the unpaired electron and the
gold atoms could be assessed quantitatively, and the ENDOR results could be nicely
reproduced by density functional theory (DFT) calculations, which could be particularly

precise due to the very small thiolate used.

Here, we describe a methodology and results that accurately enabled assessing the spin
density and, therefore, the distribution of the SOMO in Au2s(SR)18° clusters. We employed
pulse ENDOR to study the interaction of the unpaired electron with the protons of the
alkanethiolate ligands, an approach that was never described before. The resulting
information was compared with that obtained by *H NMR spectroscopy of how and how much
the chemical shifts change when the charge state of the cluster is varied from -1 to 0. DFT
calculations provided useful hints in understanding differences between the ENDOR and
NMR results. We noted that by reducing the temperature to 5 K, a pronounced increase of
spin-polarization occurs. It is thus shown that the unpaired electron can be used as a
particularly sensitive probe of the main structural features of the interface between the metal
core and the capping ligands, leading to establish a very precise and consistent picture of
these complex systems.

3.2 Results and Discussion

We used a series of related Auzs(SR)18”! clusters. The ligands were chosen to provide a
progressive variation of the chain length from two to four carbon atoms, as shown in Chart
3.1. The single crystal structures of the SEt and SBu protected clusters were available from
previous work, whereas that of Auzs(SPr)18° is described here for the first time. The effect of
branching was checked by changing a hydrogen atom with a methyl group at the 3 position:
for this ligand, 2-methyl-1-propanethiolate, we will use the notation SMePr to stress both

methyl branching and that the fully extended chain length is the same as that of SPr.
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HH HH HH
H
HS HS H
HH HH
HSEt HSPr
HH HH HH HH
H
HS HS H
HH HH HCH3
HSBu HSMePr

Chart 1. Thiols.

Starting from sulfur, the carbon atoms and associated hydrogen atoms are defined as a, f3, v,
and 9; the second CHs group of HSMePr is denoted as y. Monodisperse samples of the four
Auzs(SR)1s~ clusters were prepared, and the clusters were oxidized according to a method
already described.'® Full characterization of the purified neutral clusters was carried out by a
combination of matrix-assisted laser desorption ionization time-of-flight mass spectrometry,
UV-vis absorption spectroscopy, differential-pulse voltammetry, and *H NMR spectroscopy

techniques. Au2s(SPr)1s and Auzs(SMePr)1s are new clusters.
3.2.1 Electrochemistry

The experiments were conducted by cyclic voltammetry, using a 1 mM solution of the cluster.
The peak current (ip) measured at low scan rates (v) allowed determining the diffusion
coefficient D by using the equation that relates ip/v'/? to D¥2,36 The radius of the MPC (rmec)
was calculated from D by using the Stokes—Einstein—Sutherland equation, D = ksT/6Turmec,
where ks is the Boltzmann constant and 7 is the solvent viscosity. In Figure 3.1, the D and
the rvpc values are compared with those, previously obtained,'® of Au2s(SEt)is, Auzs(SPr)1s,
and Auzs(SBu)is.
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Figure 3.1. Dependence of the diffusion coefficient D (red circles, scale on right) and the MPC radius rvec (blue circles,
scale on left) on the number of carbon atoms (n) forming the main ligand chain.

3.2.2 X-ray diffractometry

Auzs(SPr)1g° crystallizes (Fig. 3.2c) in trigonal space group P-3, with three cluster molecules
in the unit cell. This MPC is highly symmetric with a 3-fold rotoinversion axis running through
the central Au atom. As for the other known Auzs(SR)1s structures,’”? the 25 gold atoms can
be regarded as being formed by two shells composed by an Auis icosahedral core, consisting
of a central Au atom with 12 Au atoms directly interacting with it, and an outer shell of 12 Au
atoms bound to thiolate groups to form —(SR)-Au—(SR)-Au—(SR)— motifs (Fig. 3.2a): The Au-
Au bond- strength order is Aucentra-AUico > AUico-AUico > AUico-AUstaple. These bonds correspond

to average Au-Au



Fig. 3.2. (a) Projection showing the X-ray crystal structure of Auzs(SPr)1s. Au = yellow, S =red, C = gray, H = white. For
clarity, the icosahedral core (yellow), one of the staples (blue), and the corresponding inner- (red) and outer-ligands (green)
are highlighted. The positions of the chain carbons with respect to sulfur are also indicated. (b) Space-filling model; the
dashed line and the arrow highlight the approximately spherical shape and the average diameter (1.72 nm). (c) Single

crystal bricks (ca. 1 mm) from which the structure was solved.

bond lengths of 2.784, 2.927 and 3.163 A, respectively. It is worth noting that there is a
significantly shorter Auico-Auico bond (2.7746 A) and a relatively longer Auico-Austaple bond
(3.3206 A). We found this feature also in the closely related SEt and SBu analogues.1012
Concerning the orientation of the carbon chains with respect to the plane of the same half-
crown, Auzs(SPr)18? features the first case of a Auzs cluster where only alternate orientations
are observed. The space-filling model (Fig. 3.2b) illustrates that the ligands are quite folded
around the gold core, thereby forming a relatively thin monolayer, at least in the solid state.
Evidence for the formation of quite thin capping monolayers was previously gathered also in
solution, through electron-transfer measurements®® of a series of monodisperse
Au2s(SCnHa2n+1)18 clusters with n varying from 2 to 18. Of particular importance for the current
investigation, from the structures of Auzs(SEt)1s%, Auzs(SPr)is, and Auzs(SBu)1s® we could
calculate the average distances (mediated over the six staples) of the corresponding

hydrogen atoms for both the inner and outer ligands. In this connection, it is worth noting that
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the average radii (rvpc) of these three clusters nicely match those calculated from the Stokes-
Einstein-Sutherland equation, D = keT/61nrvec, where D is the electrochemically determined
diffusion coefficient,’®> ks is the Boltzmann constant, and n is the solvent viscosity: for
Auzs(SEt)18°, Auzs(SPr)1s, and Auzs(SBu)1s® we find the couple of values 8.3 and 7.8, 8.6 and
8.6, 10.2 and 9.4 A, respectively.

3.2.3 NMR spectroscopy

The following NMR spectroscopy data (J) were obtained in benzene-ds at 298 K. For the four
anionic clusters, the *H NMR signals pertaining to the tetra-n-octylammonium cation, n-
OctsN*, are found at: 3.09 (8H, 4 NCH2), 1.55, 1.45, 1.40, 1.39, 1.37 and 1.41 (48H, 4 X
6CH2), 0.98 (12H, 4CHz3). As already observed,° the 3C NMR signals for the ain and Bin
resonances occur at very large absolute o values whose determination would require
exceedingly long acquisition times, which goes beyond the scope of the present investigation.
Auos(SEt)1s

[n-OctaN*][Auzs(SEt)1s].1H NMR: : 3.879 (g, 24H, ain), 3.139 (g, 12H, dow), 1.710 (t, 36H, Bin),
1.362 (t, 18H, Bou). 13C NMR: 33.0 (12C, ain), 28.6 (6C, Olout), 21.8 (12C, Bin), 19.5 (6C, Bouy).

Auzs(SEt)18°.1H NMR: 25.4 (very br s, 24H, ain), 4.900 (br s, 12H, dout), 4.121(br s, 36H, Bin),
1.19 (t, 18H, Bout). 13C NMR: 35.5 (6C, dout), 27.9 (6C, Bout).

Auzs(SPr)1s

[n-OctaN*J[Auzs(SPr)is]. 'H NMR: 3.885 (t, 24H, din), 3.15 (t, 12H, dou), 2.213 (sextet, 24H,
Bin), 1.894 (sext, 12H, Bou), 1.227 (t, 36H, yin), 0.980 (t, 18H, your). 3C NMR: 40.23 (12C, i),
36.18 (6C, Oow), 30.15 (12C, Bin), 28.36 (6C, Bour), 14.39 (6C, You), and 13.90 (12C, yin).

Auzs(SPr)1g%. *H NMR: 25.0 (very br s, 24H, ain), 4.924 (br s, 12H, Oout), 3.381 (br s, 24H, Bin),
2.132 (br t, 36H, Vyin), 1.689 (sext, 12H, Bou), 1.019 (t, 18H, You). 13C NMR: 40.22 (6C, Cout),
36.22 (6C, Bout), 23.08 (12C, vyin) and 14.39 (6C, Yout).
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Auos(SBuU)1s

[n-OctaN*][Auzs(SBu)1s]. H NMR: 3.933 (t, 24H, ain), 3.226 (t, 12H, Gou), 2.207 (M, 24H, Bin),
1.912 (m, 12H, Bouw), 1.732 (M, 24H, yin), 1.485 (m, 12H, you), 1.072 (t, 36H, &n), 0.881 (t,
18H, Sou). 3C NMR: 29.24 (12C, ain), 38.92 (6C, Gou), 40.98 (12C, i), 31.57 (6C, Bou),
22.71 (12C, yin), 21.85 (6C, Your), 13.78 (6C, dowr), and 14.37 (12C, &n).

Auzs(SBuU)18°. *H NMR: 25.0 (very br s, 24H, ain), 5.067 (m, 12H, dout), 3.484 (br m, 24H, Bin),
1.739 (m, 12H, Bou), 2.562 (M, 24H, yin), 1.561 (M, 12H, Yous), 1.595 (br t, 36H, &n), 0.779 (t,
18H, ou)). 13C NMR: 38.3 (6C, tout), 45.03 (6C, Bou), 31.09 (12C, yin), 23.3 (6C, Your), 17.19
(12C, bin), and 14.75 (6C, Sout).

Auzs(SMePr)1g

[n-OctaN*][Au2s(SMePr)is]. H NMR: 3.840 (br s, 24H, ain), 3.084 (d, 12H, dow), 2.387 (12H,
sept, Bin), 2.156 (6H, sept, Bout), 1.353 (72H, d, yin), 1.113 (36H, d, your). 13C NMR: 46.6 (6C,
Qin), 42.6 (6C, dout), 34.5 (12C, Bin), 33.2 (6C, Bout), 22.6 (24C, vin), 22.1 (12C, Yout).

Auzs(SMePr)1e°. TH NMR: 14.39 (very br s, 24H, ain), 4.973 (br s, 12H, oout), 2.24 (12H, sept,
Bin), 1.856 (6H, sept, Bout), 2.31 (72H, broad s, yin), 1.151 (36H, d, Yout). **C NMR: 44.01 (6C,
Oout), 31.2 (6C, Bout), 22.1 (24C, yin), 15.2 (12C, Yout).

The 12 inner and the 6 outer ligands experience a different chemical environment and thus
show distinct NMR spectroscopy signals. When the cluster is in its paramagnetic state,
differences are enhanced, especially for those resonances related to the proton and carbon
atoms closer to the gold core. We studied the spectra of the selected clusters in either
charge state, using benzene-ds as the solvent. Fig. 3.3 illustrates for the case of Auzs(SPr)is
the most salient differences in chemical shift as one goes from the paramagnetic to the

diamagnetic states.
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Fig. 3.3. (a) *H NMR spectrum of [n-OctsN*] [Auzs(SPr)1s7] at 25 T. The peaks marked with a star refer to n -OctaN*. (b) *H
NMR spectrum of Auzs(SPr)1g° at 25 T; the portion of the spectrum showing the (a-CH)in protons (at 70 ) is offset and

enlarged.

The most significant effect of the one-electron oxidation of the native cluster is to shift
downfield the NMR peaks pertaining to the protons in positions a,  and y (except for
Auzs(SEt)1s, which has no y groups) of the inner ligands, and in positions a and (to a small
extent) y of the outer ligands; instead, the 3 protons of the outer ligands undergo an upfield
shift. As to Auzs(SMePr)1s, we observed the same charge-dependent effect (Fig. 3.4). For the
three clusters of known crystallographic structure, the chemical shift differences (Ad = dradical -
danion) are displayed in Fig. 3.5 as a function of the average distance between the central Au
atom to the two or three hydrogen atoms of the specific resonance, averaged for the six half-
crowns. The positive differences roughly obey an exponential dependence on distance
(taking into account the error on the latter), as already commented upon for Auzs(SBu)is.'?
The NMR shifts observed upon changing the charge state from -1 to O are related to the
contact interaction of the nuclear magnetic moments with the unpaired electron, and can thus

be taken as a measure of how far the spin density spreads outside the Auis core. !’
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Figure 3.4. a) *H NMR spectrum of 3 mM [n-Oct4sN*][Auzs(SMePr)1s7] at 25<C. The asterisks mark the n-Octs* cation. b) *H

NMR spectrum of 3 mM Auzs(SMePr)1g° at 25%C. The overlapping Bin and yin resonances split at higher temperatures.
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Fig. 3.5. Plot of the Ad values for Auzs(SR)1s, obtained at 298 K, against the average crystallographic distance of the specific
proton type from the central Au atom. The color codes for the R groups are: Et, green; Pr, red; Bu, blue. The resonances are
indicated as: (a-CH)in, ®; (B-CH)in, ®; (a-CH)out, O; (y-CH)in, O; (B-CH)ou, O. For clarity, a scale break has been inserted into

the Ad scale and vertical dashed lines group the protons at similar distances.

The Ad values can be used to estimate the isotropic hyperfine coupling constant A according

to the relationship (eq. 3-1):3"
AS = AgS S(S+1)/(3AykeT) (3-1)

where h is the reduced Planck constant, 5 is the Bohr magneton, y; is the proton nuclear
gyromagnetic ratio, and g is the isotropic g value for the unpaired electron. The latter can be

exactly calculated as g = (gxx+Qyy+gz2)/3, where gxx, Qyy, and gz, are the main values of the g-
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tensor. For Auzs(SBu)1g®, they are 1.78, 2.40, and 2.56, respectively,? and the same values
are found for Au2s(SEt)18%:1° therefore, we used these values also for the other clusters. By

using these values and 298 K, Ad can be expressed as 29.74 (ppm/MHz) X A (MHz). We

note that eq. 1 holds true provided the pseudo-contact contribution to the chemical shifts of
the ligand protons is negligible; this is indeed supported by the remarkable agreement
observed between NMR chemical shifts and DFT calculations of the electron spin-density.'’

Table 3.1 shows the so-calculated A values.

3.2.4 ENDOR spectroscopy

ENDOR experiments were carried out at 5 K in frozen solutions of 0.5 mM Auzs5(SR)18° in
toluene. The spectra of the four clusters (Fig. 3.6) show a large background between 2 and
20 MHz due to an ENDOR line of gold atoms.1° By focusing on the region between 8 and 16
MHz, as shown in Fig. 3.7a for Auzs(SBu)is®, one can notice the presence of three
symmetrical line doublets centered at the Larmor frequency v. For the protons at a magnetic
field of 0.29 T, the latter is 12.34 MHz, which is the frequency at which ENDOR spectra were
acquired. The three symmetric doublets are marked by brown (outer), green (middle), or red
(inner) lines. Similar ENDOR spectra are observed for the other clusters capped by linear-

chain thiolates, but the relative intensity ratios are different.

Intensity (a.u.)

B 10 15 20
Frequency (MHz)

Fig. 3.6. 'H ENDOR spectra of (a) Auzs(SEt)18°, (b) Auzs(SPr)1s%, (c) Auzs(SBu)1s®, and (d) Auzs(SMePr)1g° in toluene solution
at 5 K. For clarity, the spectra have been offset. The asterisks mark background signals due to the probe head.
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Table 3.1. ENDOR parameters obtained from the simulation of the spectra of Auzs(SR)1s°.

Ligand and position A3kHz) APC(MHZ) Tw®4(MHz) Ty®4(MHz) Tz>4(MHz) ne

SEt

(a-CH)in 723 n.d.f

(B-CH)in 81.1 -4.2 -0.8 -2.7 35 36
(a-CH)out 59.2 -1.6 -0.9 -0.9 1.8 12
(B-CH)out -5.78 -0.24 -0.01 -0.01 0.02 149
SPr

(a-CH)in 713 n.d.f

(B-CH)in 39.3 -5.5 -1.2 -1.2 24 24
(a-CH)out 59.7 -2.0 -0.6 -0.6 1.2 12
(B-CH)out -6.89 -0.24 -0.01 -0.01 0.02 149
SBu

(a-CH)in 708 n.d.f

(B-CH)in 42.9 -5.8 -0.7 -0.7 1.4 24
(a-CH)out 61.9 -2.2 -0.6 -0.6 1.2 12
(B-CH)out -5.82 -0.24 -0.01 -0.01 0.02 169
SMePr

(a-CH)in 355 n.d.f

(B-CH)in -4.94 -5.5 -1.2 -1.2 24 12
(a-CH)out 63.5 -2.8 -0.6 -0.6 1.2 12
(B-CH)out -10.1 -0.22 -0.01 -0.01 0.02 28f
(Y-CH)in 31.9 -2.0 -0.5 -0.5 1.0 60

a From NMR measurements at 298 K, using eg. 1. ® From ENDOR measurements at 5 K. ¢ The error associated with the
simulations is ca. 0.1 MHz; for (a-CH)in it is ca. 1 MHz. @ Tx, Tyy, and Tz are the main values of the anistropic hyperfine
tensor. € n is the number of equivalent nuclei corresponding to the best simulation. f Not determined: see text. 9 As

discussed in the text, this number is affected by further contributions.
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The simplest case to analyze is Auzs(SEt)1s°. The two proton types and the two ligand
families generate four groups of equivalent protons: 24 (a-CH)in, 36 (B-CH)in, 12 (a-CH)out,
and 18 (B-CH)out. These groups should give raise to four doublets of lines. Three doublets of
lines are clearly observed and positioned symmetrically around the Larmor frequency,
whereas a broad line is observed at ca. 3 MHz (Fig. 3.6, trace a). The latter could be
attributed to the low-frequency part of a doublet of lines pertaining to the most strongly
coupled protons. However, the corresponding high-frequency component, which should occur
at ca. 21 MHz, is almost undetectable in the spectra (not shown). Furthermore, in the region
around 3 MHz hyperfine couplings from 3C nuclei could also contribute. This makes

uncertain the attribution of this feature to a proton line.

For Auzs(SEt)18%, the average crystallographic distance between the alkanthiolate protons and
the central gold atom increases in the order 6.27 (a-CH)in, 6.92 (B-CH)in, 7.23 (a-CH)out, and
8.26 A (B-CH)out. The (0-CH)in protons are closer to the gold cluster than the other protons
and, therefore, they should give rise to the most strongly coupled doublet. In the hypothesis
the 3 MHz line is a proton line, this could be related to the (a-CH)in, in keeping with the
aforementioned NMR results. However, the ENDOR lines of the (a-CH)in protons could be
simply undetectable, which is indeed not unusual for strongly coupled nuclei. The (B-CH)out
protons are located at the largest distance from the center of the Au core and are attributed
to the inner lines. The distances characterizing the (B-CH)in and (a-CH)out proton groups are
quite similar, in the solid state at least, and thus a direct assignment is difficult. This problem
can be addressed by simulation of the ENDOR outer, middle and inner doublets. The
spectrum of Auzs(SEt)1g? is well simulated (red line in Fig. 3.7b) by using the parameters
shown in Table 3.1, in which a ratio of 36:12 for the intensity of the outer and middle doublets
is considered. This ratio corresponds to the ratio between the nuclei (B-CH)in and (a-CH)out.
The position of the doublets also is in agreement with the crystallographic relative distances
from the central Au atom, which for this cluster are 6.92 vs 7.23 A. This allows assigning the
outer, middle and inner doublets to (B-CH)in, (0-CH)out, and (B-CH)out, respectively. Regarding
the (B-CH)out protons, the simulation provides a number, 14, that does not fully agree with
that expected, 18. For weak couplings, however, some differences are not unusual because
the ENDOR selectivity effect reduces the ENDOR line intensity, whereas the presence of the

proton-free Larmor line (a single line associated with the solvent protons) could contributes to



87

the inner doublet by increasing the line intensity.3® Depending on the prevailing effect, either

a decrease or an increase in intensity may occur.
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Fig. 3.7. Baseline-corrected *H-ENDOR spectrum (blue) and simulation (red) for Au2s(SBu)18® (a), Auzs(SEt)1e° (b)
Auzs(SPr)18° (c) and Auzs(SMePr)18° (d) in toluene at 5 K. The lines mark the outer (brown), middle (green), and inner
(black) proton ENDOR doublets.

For the other clusters, we assign the (B-CH)in and (a-CH)out doublets as for Auzs(SEt)1s°; for
(a-CH)in, the above considerations about the broad peak at 3 MHz are also valid. The

crystallographic distances of the (B-CH)in and (a-CH)out groups from the cluster's center are
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similar, i.e., 7.23 and 7.16 A (Auzs(SPr)1%), and 7.16 and 7.28 A (Auzs(SBu)1s®), respectively.
In addition to the signals already discussed, the ENDOR spectrum of Auzs(SPr)1s° is liable to
show a contribution also from the 36 (y-CH)in, whose average crystallographic distance is
8.35 A, and thus shorter than that of the (B-CH)ou protons, 8.64 A; a similar outcome is
observed for Auzs(SBu)1s® whose values are 8.12 and 8.20 A, respectively. However, we
could still simulate the spectrum of Auzs(SPr)18° well (Fig. 3.7¢) by using for the outer and
middle doublets an ENDOR intensity ratio of 24:12, which corresponds to the number of
equivalent (3-CH)in and (a-CH)out protons. Apparently, no (y-CH)in protons need to be taken
into account. In fact, according to the NMR results, the (y-CH)in protons could have a
hyperfine coupling smaller than that of the (a-CH)out protons but still detectable. However, the
room-temperature NMR data cannot be directly compared with the low-temperature ENDOR
data. At room temperature, the random motion of the alkyl chain is fast, with the (y-CH)in
atoms moving often closer to the metal core than the (B-CH)in atoms, but NMR spectroscopy
only probes the average contact shift. Electron-transfer?® and diffusion-coefficient'®
measurements provided evidence for the ligand chains being quite mobile in solution; for
example, the D values yield rvpc values smaller than the average radius of the same clusters
as calculated from the crystallographic structure. At 5 K, however, whereas the ligands'
motion is very limited by the frozen glassy solution, (y-CH)in can still be present in different
conformations. It is thus conceivable that the ENDOR doublet of the (y-CH)in protons is
associated with a wide conformational distribution (larger than that experienced by the (-
and, even more, the a-groups) and this would cause significant line broadening and thus

spreading of the signal under the outer and middle doublets.

To shed further light onto this issue, it is useful to compare the ENDOR spectra of
Auzs(SPr)1s® and Auzs(SMePr)1s® (Fig. 3.8). Whereas in the latter there are 72 (y-CH)in
protons that can contribute to the spectrum, the (B-CH)in and (B-CH)out protons are only 12
and 6, respectively, i.e., one half than those in Aus(SPr)is®. Fig. 3.8 shows that in
Auzs(SMePr)18° the ENDOR lines of the outer doublet are indeed significantly smaller than
those of Auzs(SPr)18°, and this confirms that for all clusters the outer doublet is consistently
associated with the (3-CH)in protons. The increase in the middle doublet is particularly worth
noting. This increase is attributed to a strong contribution from the (y-CH)in protons: compared

to those in Auzs(SPr)1s%, in Auzs(SMePr)18° these protons have a narrower conformational
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distribution due to the steric hindrance introduced by the second methyl group. Hindrance not
only makes these methyl groups less mobile but also the whole monolayer stiffer and thus
the MPC larger. Support to this view comes from the electrochemical determination of the D
in dicholoromethane (see Fig. 3.1) and, thus, rvec values of Auzs(SMePr)18°: they are 5.16 x
10¢ cm? st and 10.3 A, respectively, whereas for Auzs(SPr)1e° (which has the same fully
extended length but more fluid chains in the monolayer) they corresponding values are 6.15 x
106 cm? s and 8.6 A.1> The simulation of the ENDOR spectrum of Auzs(SMePr)1s° (Fig.
3.7d) was carried out as summarized in Table 3.1. The number of protons required to obtain
the best fit to the inner signals is indeed significantly larger than 6, which in this specific
cluster corresponds to the particularly small number of (B-CH)out protons. We note, however,
that the average crystallographic distance for the (y-CH)out protons in Auzs(SPr)1e® and
Auzs(SBu)1g® is 8.9 A and thus only slightly larger than for the (B-CH)ou protons. A weak
coupling is thus expected also for the (y-CH)out protons: for Auzs(SMePr)18° these protons are
particularly numerous, 36, and this could make their contribution to the inner ENDOR lines
quite significant. This hypothesis is reasonable but not quantifiable also because of the

aforementioned problems associated with weak couplings.

Intensity (a.u.)

Frequency (MHz)

Fig. 3.8. Comparison between the normalized ENDOR spectrum of Auzs(SPr)1g® (black line) and Auzs(SMePr)1g° (red line).
For comparison, the spectra were normalized for the height.

Regarding Auzs(SBu)1s® (Fig. 3.7a), the most evident new feature is that the outer lines are

higher than the middle lines. However, the number of protons causing an ENDOR line is

related to the area, not to the line height. The simulation results in a ratio of 24:12 between

the outer and middle lines, in agreement with the attribution of the outer line to (3-CH)in and
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the middle line to (a-CH)out; the outer lines are just narrower than in Auzs(SEt)i1® and
Auzs(SPr)1s°. As for Auzs(SPr)1s%, conformational distribution would make the contribution of
the (y-CH)in protons spread in the region pertaining to the outer and middle lines. As a matter
of fact, the Stokes radius of this cluster, 9.4 A, is smaller than that of the stiffer
Auzs(SMePr)18° cluster. Regarding the (B-CH)out protons, the best fit to the inner lines is
obtained by using a number of protons, 16, larger than 12. Interestingly, also for Auzs(SPr)1g°
the number is larger, 14. We believe that the reason is as already described for

Auzs(SMePr)1¢°, i.e., a non vanishingly small contribution from the (y-CH)out protons.

3.2.5 Electron-Nucleus Interaction

The isotropic coupling is proportional to the spin density on the nucleus. The simulations of
the ENDOR spectra provide both the isotropic and the anisotropic hyperfine values. The latter
are mainly related to the magnetic dipole-dipole interaction between electron and nucleus,
therefore providing geometrical information. This interaction can be described by three main
values, Txx, Tyy and Tz, called hyperfine tensor main values, which are specific for each
nucleus.®® Here, the axes x,y,z represent a main reference system whose origin is at the
center of the electron spin-distribution (in our case, the gold-cluster center). The values of Txx,
Tyy and Tzz can be obtained by averaging spatially the dipole-dipole interaction over the spin
distribution, according to the following equation (eq. 3-2), exemplified for x:

2 _nay?
Txx = _21_0 geﬂegNlBN <%>
d (3-2)

where o is the vacuum permeability, R is the electron-nucleus distance, ge is the electron g-
factor, gn is the nucleus g-factor, and PBn is the nuclear magneton. Analogous equations hold
for y and z. From these equations, it results that Txx +Tyy +Tzz = 0. If the spin-distribution is
axially symmetric with respect the z direction, then Txx= Tyy and the hyperfine tensor main
values are Txx= Tyy = -T and Tzz = 2 T. Deviation from an axially symmetric distribution leads

to a hyperfine tensor whose main values are [Txx, Tyy, Tzz] With Txx # Tyy.

Table 3.1 shows that the various proton types are consistently in the form [-T, -T, +2T],
except for (B-CH)in in Auzs(SEt)18° in which a [Tx, Tyy, Tz] form is observed, with a marked
difference between Tx and Tyy. With all cautions already discussed, if we assume that the

feature at 3 MHz is due to (a-CH)in protons, its A can be estimated to be around 15-20 MHz.
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This would be about one order of magnitude larger than the value pertaining to the (a-CH)out
protons. In this connection, it is worth recalling that DFT calculations carried out for
Au2s(SCH2CH2Ph)18° showed that the spin density at (a-CH)in is one order of magnitude
larger than at (a-CH)out.!” If we now compare the (B-CH)in and the (a-CH)out isotropic
hyperfine couplings for alkanethiolates of increasing length (Table 3.1, third column), we note
an increase in the absolute value of A, particularly in the passage from Et to Pr. This
suggests that the ligands are not completely indifferent to the spin distribution in Au2s(SR)1g°,
and thus to the SOMO structure.

Another aspect regards the sign of A. According to the theory, the isotropic hyperfine

coupling with a nucleus is given by (eq 3-3):

A=0g B. gxBy(pa —Pg) (3-3)

3

where pq is the direct spin-density and pg is the spin-polarized density.*® py is mainly
contributed by the unpaired electron in the SOMO, whereas pg is due to spin-polarization.
The latter results from the tendency of the unpaired electron to withdraw electrons with the
same spin, because of the favorable exchange interaction, and vice versa. If g is positive,
which is true for protons, then a positive A is found for a dominant direct contribution from the

SOMO, whereas a negative value is found if spin-polarization prevails.

From the simulations, we obtain the sign with respect to [Tx, Tyy, Tz], i.e., the pattern of the
doublet does not change if we were to revert both the sign of A and [Txx, Tyy, Tzz]. However, if
we assume that the anisotropic interaction is mainly dipolar, then the form of the anisotropic
tensor main values is [-T, -T, +2T] with T>0, and thus the sign of A is determined as shown in
Table 1. Consequently, a negative value in A is an indication that A is mainly determined by
spin-polarization through bonds, with a small contribution from direct spin density on the
proton nuclei from the SOMO orbital, according to eq 5-3. We can thus speculate that the
increase of |A| as one goes from Et to Bu is the result of a decreasing, positive contribution to
the hyperfine coupling from the direct spin-density of the SOMO, suggesting again that in the

Et cluster spin-density is more diffuse toward the ligands than in the Pr or Bu cases.

We can now compare these A values with those obtained from NMR measurements and the
DFT-calculated spin density values obtained previously.!®’” The ENDOR parameters in
Table 3.1 differ from those obtained from the NMR signals in two ways: (i) in ENDOR, the
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absolute values of A are significantly larger than the equivalent NMR values: 1.3-2.1 log
units, except for (B-CH)in in Au2s(SMePr)18° whose value is 3.0 log units; (ii) some of the signs
are different. Previous comparisons between the A values obtained from NMR and ENDOR
measurements carried out in solution at the same or not very different temperature provided
comparable values and the same signs for many radicals.*°® Our NMR and the ENDOR
experiments, however, refer to very different conditions. In a previous comparison of this kind
(for an iron-sulfur cluster),** similar NMR and ENDOR values were obtained, but the
possibility that a strong temperature difference could lead to different results was also
commented upon.** Additionally, we note that compared to previous investigations focusing
on quite rigid radical structures and without particularly heavy atoms, here we considered

entirely new systems composed of a gold nanocore and many flexible ligands.

To gain insights into this aspect, we performed ab initio molecular-dynamics (MD)
calculations by using the Atom Centered Density Matrix Propagation molecular dynamics
model (ADMP),*? as implemented in Gaussian 09.43 Because a converged finite-temperature
sampling is exceedingly computational costly, we resorted to use a cluster model consisting
of Au7(SCHs)s, which is paramagnetic in the neutral state (Fig. 3.9, inset). The model consists
of a 6 Au atom ring with a central gold core atom. We performed a 2 ps MD at 300 and 5 K
with a time step of 0.001 fs. Snapshots were collected every 1 fs, for which we evaluated the

isotropic Femi constant.

—— 300 K Group 1

—— 300 K Group 2
300 K Group 3
5K

Normalized Frequency Count (A.U)

2 4 0 1 2 3 4 5 6 7 8
Hyperfine Fermi Constant A (MHz)

Fig. 3.9. Distribution of A values evaluated along an ab initio MD simulation at 300 K (colored lines) and 5 K (gray bars).
Individual distributions have been normalized to have the same total area. Inset shows the Auz model used and the
assignment of the different A values according to the proton type.
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Despite its simplicity, the model contains protons with different values of A, ranging from
negative to positive values. The values for protons in the group 2 and 3 (cf. inset to Fig. 3.9)
come from the unpaired electron in the SOMO, whereas protons in groups 1 have negative
values due to spin-polarization. At 300 K, thermal motion tends to reduce spin-polarization on
group 1, whereas at 5 K there is a sharp distribution with a peak value (-0.35 MHz) more
negative than the peak value at 300 K (-0.15 MHz). This is in qualitative agreement with the
ENDOR results for (a-CH)out that show an overall decrease in the absolute value of A. Close
inspection to the MD trajectories shows that at 5 K the rotation of the methyl groups is
completely frozen in the global energy minimum, whereas at 300 K free rotations cause the
direct effect of the spin electron and spin-polarization to roughly average out. The
experimental and theoretical results thus point to the emergence, at very low temperature, of
a pronounced increase of spin-polarization. These results, therefore, bring some rationale to
the change in sign and magnitude observed by carrying out the hyperfine-coupling constant

measurements at very different temperatures.
3.3 Conclusions

We used four structurally related paramagnetic Auzs clusters to determine how spin density
and thus orbital distribution spread onto the protecting alkanethiolate ligands. The structures
of two clusters were known, whereas that of the highly symmetric Au2s(SPr)18° is described
here for the first time. *H NMR and ENDOR measurements proved to be very sensitive in
assessing how the unpaired electron interacts with progressively more distant protons, with
significant differences between the types of ligand. Simulations provided the values of the
corresponding hyperfine coupling constants. Interestingly, the experimental and DFT
calculations results point to an increase of spin-polarization at very low temperature. The
results show that the electron-proton interaction extends to the protons at the a, 3, and y
positions, with a much stronger interaction for the ligands directly connected to the Auis
icosahedral core. We thus show for the first time that orbital distribution affects atoms that
can be as far as 6 A from the icosahedral core. This information is deemed as essential
especially for properly describing the mechanisms of the many reactions already known to be
catalyzed by molecular MPCs. As a final remark, we note that the strategy and
methodologies here described are suitable to be applied to the study of other molecular
clusters (regardless of the actual metal core composition) that already are in the form of free

radicals or could generate them by electron transfer.
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3.4 Experimental section

Auzs(SEt)1s and Auzs(SBu)is were prepared as described previously.l%? The two new
clusters, Auzs(SPr)is and Auzs(SMePr)is, were synthesized and oxidized along similar lines,

as described below.
3.4.1 Chemicals.

Hydrogen tetrachloroaurate trihydrate (Aldrich, 99.9%), tetra-n-octylammonium bromide
(Aldrich, 98%), ethanethiol (Aldrich, 97%), sodium borohydride (Aldrich, 99%),
tetrahydrofuran (THF, Sigma-Aldrich, 99.9%), toluene (Sigma-Aldrich, 99.7%), diethyl ether
(Sigma-Aldrich, 99.8%), acetonitrile-ds (Aldrich, 99.8%, ds), benzene-ds (Aldrich, 99.6%, ds),
and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB, Sigma-
Aldrich, 298%) were used as received. For electrochemistry, dichloromethane (DCM, VWR,
99.8%) was freshly distilled over CaH2 and stored under an argon atmosphere. Tetra-n-
butylammonium hexafluorophosphate (Fluka, 99%) was recrystallized from ethanol. Low
conductivity water was milliQ Water pro analysis (Merck). Column chromatography was

carried out using silica gel from Macherey-Nagel (MN-Kieselgel 60 M, 230-400 mesh).
3.4.2 Synthesis of Auxs(SPr)1s and Auzs(SMeBu)s.

0.50 g (1.27 mmol) of HAuCls-3H20 was dissolved in 40 ml THF and then 0.833 g of tetra-n-
octylammonium bromide (1.52 mmol, 1.2 equiv) were added to form a red solution. After
stirring for 15 min at room temperature at moderate speed, magnetic stirring was increased to
100 rpm and then 0.460 ml (5.08 mmol, 4 equiv) of 1-propanethiol in 10 ml of THF was
added dropwise. The resulting yellow solution became colorless in ca. 30 min. Magnetic
stirring was increased to 600 rpm and a freshly prepared icy-cold aqueous solution (10 ml) of
NaBHs4 (0.48 g, 12.7 mmol, 10 equiv) was added and this caused the resulting mixture to
become black. After two days, the reaction mixture was filtered on paper and THF was
evaporated to leave a reddish-brown oily solid covered by residual H20 from aq. NaBHa4. The
water phase was removed, and the solid was dissolved in toluene and washed with water (4 x
40 ml) in a separatory funnel. Toluene was evaporated, the solid was dissolved in 50 ml of
DCM, and the resulting solution was left to rest overnight in the dark at 4C. The white
residue precipitated during this treatment was discarded and DCM was then evaporated. The

resulting oily solid was further purified by dissolving it in a mixture of diethyl ether and
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pentane to precipitate most of the residual tetraoctylammonium salt. The last traces of salt
were eliminated by washing the product a few times with icy-cold methanol. The final product,
[n-OctaN*J[Auzs(SPr)1s7], is a dark-orange brown powder. For the NMR spectroscopy
measurements, possible traces of the oxidized cluster, which could form by air oxidation
during the methanol washes, were eliminated by rinsing the product a few times with

pentane.

Oxidation of the as-prepared cluster to obtain the paramagnetic species Auzs(SPr)1® was
performed by a passage through a silica-gel chromatography column, using DCM as eluent
and compressed air as the pushing gas. Upon injection of the orange solution of the anionic
cluster in DCM into the column, the solution turned green while passing through the column.
After evaporation of the solvent, the oxidized cluster appeared as a black-brownish powder.
The cluster was further purified by washing thrice with acetonitrile, in which Auzs(SPr)1g° is
insoluble. The resulting neutral cluster Auzs(SPr)18° had the typical UV-vis behavior distinctly
different from that of the corresponding anion, as already described for, e.g., Auzs(SEt)1s.5!
The expected molecular mass was observed by using matrix-assisted laser desorption

ionization time-of-flight (MALDI-TOF) mass spectrometry.

Auzs(SPr)18° was recrystallized by adding a drop of acetonitrile to a concentrated solution of
the cluster in 1:2 toluene-pentane and leaving the solvents to evaporate for some days in the
dark at room temperature. Its structure was resolved by X-ray diffraction., as described

further

Auzs(SMePr)1s was synthesized, purified, oxidized, and characterized, for both charge states,

as already described in detail for Auzs(SPr)zs.
3.4.3 Mass spectrometry.

MALDI-TOF experiments were carried out with an Applied Biosystems 4800 MALDI-
TOF/TOF spectrometer equipped with a Nd:YAG laser operating at 355 nm. The laser-firing
rate was 200 Hz and the accelerating voltage was 25 kV. DCTB was used as the matrix. The
clusters were dissolved in dichoromethane containing DCTB to obtain 0.1 mM solutions with
a 1:400 MPC/matrix ratio. 2 pl of solution were dropcasted onto the sample plate and air-
dried before loading into MALDI-TOF. The spectra were recorded using the reflectron

positive- or negative-ion mode.
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3.4.4 Electrochemistry

The electrochemical experiments were carried out in DCM containing 0.1 M n-
tetrabutylammonium hexafluorophosphate, under an Ar atmosphere in a glass cell
thermostatted at 25 €. The working electrode was a 0.0164 cm? glassy-carbon disk, the
counter electrode was a Pt wire, and an Ag wire served as the quasi-reference electrode. The
latter was then referenced against the KCI saturated calomel electrode, SCE. We used a CHI
660c electrochemical workstation. To minimize the ohmic drop between the working and the

reference electrodes, we used the positive feedback correction.
3.4.5 NMR spectrometry

IH and '¥C NMR spectroscopy measurements were carried out on 3 mM [n-
OctaN*][Auzs(SR)187] or Auzs(SR)18° in benzene-ds (100%, 99.96% ds, Aldrich). We used a
Bruker Avance DMX-600 MHz spectrometer equipped with a 5 mm TX-1 x,y,z-gradient
powered, triple resonance inverse probe operating at 599.90 (*H NMR) or 150.07 MHz (*3C
NMR). The temperature was controlled at 298 K with a Bruker BVT-300 automatic
temperature controller. Chemical shifts are in ppm units (dl] with reference to
tetramethylsilane used as an internal standard for both 'H and **C NMR. The proton
assignments were either already known or performed by standard chemical shift correlations
and 2D correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY), and
nuclear Overhauser enhancement spectroscopy (NOESY) experiments. 13C chemical shifts
were obtained and assigned through heteronuclear multiple quantum coherence (HMQC)

correlation experiments.
3.4.6 ENDOR spectroscopy.

For ENDOR measurements, the samples consisted in 100 pl of 0.5 mM Au2s(SR)1g° in
toluene. Each solution was introduced into the EPR sample holder, a 3 (0.d.) x 2 mm (i.d.)
guartz tube, and degassed through freeze-pump-thaw cycles in a vacuum line and sealed at
low pressure (5 x 10° torr). The samples were frozen at 80 K and then introduced in the
probehead. The experiments were carried out at 5 K. *H Pulsed ENDOR measurements were
carried out with a Bruker Elexsys E580 instrument equipped with a Pulsed ENDOR dieletric
probehead and an Oxford CF935 cryostat. We used the Davies pulse sequence, with 160 ns

microwave inversion pulse and 80-160 ns pulse-sequence for electron-spin echo detection.
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The radiofrequency pulse was 8-10 ps long and amplified with a 150 W RF Bruker amplifier.
The spectra were recorded at the top of the Echo Detected EPR spectra (approximately 290
mT), with a RF scan ranging from 1 to 20 MHz, where the proton peaks were expected. The
narrow spectral range and the long microwave pulses were chosen to spot and enhance
ENDOR lines from 'H with respect to °’Au.l® ENDOR simulations were performed with a
homebuilt program running on the open-source Scilab-5.5.1 calculation package
[http://www.scilab.org]. The narrow spectral range and the long microwave pulses were

chosen to spot and enhance ENDOR lines from *H with respect to 1°’Au.
3.4.7 X-ray crystallography.

Crystallographic data for Auzs(SPr)1s® were collected at 170 K with Mo Ka radiation (A =
0.71073 A) by using an Agilent SuperNova diffractometer equipped with Atlas CCD area
detector. For data measurement and processing the CrysAlisPro software* was employed.
The intensities were corrected for absorption with analytical numeric absorption correction
method*®. The structure was solved by direct methods*® integrated in the program of Olex2.4’
Full-matrix least-squares refinements on F2 were carried out using SHELXL-2015.48 Due to a
very minor, yet significant on the gold atoms, around 95:5 positional disorder of the Auzs core
was assigned. The SPr groups were not modeled accordingly but refined with full occupancy,
yet they were constrained by “DFIX” and “ISOR” commands for reasonable geometry and
thermal motion. In addition, one carbon atom (C2) in a SPr group in the asymmetric unit was
found to be disordered over two sites and the two positions of the C2 atom (ratio 0.68:0.32)
atom were constrained to have the same anisotropic thermal motion. The H atoms were
calculated to their idealized positions with constrainted isotropic thermal factors (1.2 or 1.5
times of Ueq(C)) and refined as riding atoms. Crystal data for Auzs(SPr)1s®: black plates,
0.0144 x 0.0405 x 0.0619 mm, FW = 6276.78, Cs4H126Au25S1s, trigonal, space group R-3, a =
16.771(2) A, b =17.771(2) A, c =27.217(2) A, a =90°% B =90° y =120°% V = 7444(2) A3, Z =
3, Dc = 4.201 g/cm3, F(000) = 8139, p = 37.189 mm*, T = 170.00(10) K, 26max = 56.0° 3240
reflections, 2181 with I, > 20(lo), Rint = 0.0346, 190 parameters, 68 restraints, GoF = 0.986,
R1 = 0.0474 [lo > 20(lo)], WR2 = 0.0935 (all reflections), -2.034 < Ap < 1.608 e/A3. The
structure has been deposited to the Cambridge Crystallographic Data Centre with CCDC
number 1453036, and the data can be obtained free of charge Vvia

www.ccdc.cam.ac.uk/data_request/cif.
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3.4.8 Molecular Dynamics simulations.

Ab initio MD was carried out at the Density Functional Theory level using the generalized
gradient approximation (GGA) and the PBE exchange-correlation functional. LANL2DZ (19
valence electrons) was employed for Au atoms, and the D90 basis set was used for (S, C,

and H). All calculations were carried out with the program Gaussian 09, revision E.01.43
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Chapter 4.

Magnetic Ordering in Gold Nanoclusters

4.1. Introduction

Over the past years, knowledge of most MPCs' properties has expanded very significantly. 1
However, an important property still poorly understood is gold nanomagnetism, despite
magnetic nanoparticles and nanoclusters are of intrinsic importance and promising value in
data storage, spintronics, quantum computing, optomagnetic devices, biomedical applications,

and as magnetically recyclable nanocatalysts.’*?

Whereas bulk gold is known to be a typical diamagnetic material, upon decreasing the size
down to the nanoscale a magnetic moment appears.’® Since the first report by Hori et al.,'3
several papers described magnetic properties in gold nanoparticles, mostly thiolate MPCs
prepared according to the two-phase synthesis by Brust et al.,** but the contradictory outcome
of several of these results has been pointed out, reviewed, and discussed.”® The observed
magnetic behavior can indeed be very different. For example, Crespo et al.'> and Donnio et
al.'® observed ferromagnetism in MPCs with diameters of 1.8-2.1 nm, whereas Yamamoto and
Hori used clusters with a mean diameter of 1.9 nm and detected both superparamagnetism
and Pauli paramagnetism.'” Pauli paramagnetism, but no ferro- or superparamagnetism, was
observed by Lear and his co-workers on nanoparticles of 1.8-1.9 nm.*®20 Gréget et al.
concluded that 1.9 nm large MPCs were diamagnetic, whereas larger particles (4.4 nm) were
ferromagnetic.?* Although ferromagnetism is generally detected when the MPC size
decreases, Mufios-Marquez et al. observed ferromagnetism in 2.1 nm clusters but
diamagnetism in smaller clusters (1.4 nm).?? It has been also observed that, depending on
ligands, ~2 nm clusters may display ferromagnetism, paramagnetism, and diamagnetism.??
Ferromagnetic behavior was observed for both films formed of bare Au clusters®* and Au
nanoparticles embedded in films of titania.'* This astonishing variability in behavior is
worsened by the observation that even particles of the same batch may display very different
magnetizations. Sometimes different magnetic behaviors were observed even for samples
prepared by using the same synthetic procedures and even by the same group.® In addition to
these confusing results, some intriguing magnetic phenomena were also observed, such as

an unusual dependence of the magnetization on temperature and dimensions of the particles
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and a very high magnetic anisotropy.1625>26 Recent compilations of the different magnetic
results obtained for Au nanopatrticle or nanocluster systems, mostly ranging from 1 to 4 nm,
are available.?*?” From a theoretical viewpoint, gold magnetism has been related to a surface

effect with an important orbital contribution to the magnetic moment.?:29

Nealon et al. discussed all these topics in particular detail and their analysis converged to the
quite disappointing but nonetheless thought-provoking conclusion that nobody really knows to
what extent and why some MPCs display an intrinsic magnetism.® Since the experimental
results are often strange, discordant, and rarely reproducible, it is not surprising if a general
explanation and even a qualitative understanding of these findings is still missing. We believe
that this variegated, intriguing, and also confusing scenario is primarily due to the lack of
control of the MPCs' composition, structure, charge state, and, as we will show here,
crystallinity and morphology. Indeed, with very few exceptions to be discussed later, the
majority of measurements were performed on Au nanopatrticles lacking atomic precision (and
thus possessing only an average dimension assessed through transmission electron
microscopy images) and of undetermined charge state. Both these properties are closely
linked to the magnetism of materials: by changing the dimension and the charge state, it is
indeed possible to switch between different forms of magnetism. For example, the redox steps
associated with charging of MPCs of hundreds of Au atoms can be so closely spaced?2° that
removing or adding electrons can be easily triggered by oxygen or a mild reductant, as well as
via intercluster disproportionation-comproportionation equilibria. Depending on the
experimental conditions and material preparation, different magnetic states are thus possible.
If the cluster stoichiometry is not controlled, further uncertainty is obviously introduced, as this

increases very significantly the number of available redox couples in the whole sample.

MPCs with a gold core size of less than 1.5 nm display the same general features of
molecules.*330 Important, most molecular MPCs can be prepared in a truly atomically
monodisperse form.%? The most well known and understood of them is Auzs(SR)1s.3! Its
structure is formed of a 13 gold-atom icosahedral core stabilized by 6 -(SR)-Au-(SR)-Au-(SR)-
units (SR = thiolate).3232 Whereas anion Auzs(SR)1s~ and cation Auzs(SR)1s* are diamagnetic,
the neutral form Auzs(SR)18° is paramagnetic.343¢ For this charge state, which can be defined
very precisely through electrochemistry or controlled redox reactions,3*73 room temperature
NMR spectroscopy shows that the spin density spreads onto the first ligand atoms and causes

the corresponding resonances to undergo significant chemical shifts relative to the anionic or



105

cationic diamagnetic state.3® Continuous-wave electron paramagnetic resonance (cw-EPR)
experiments on frozen, glassy solutions show a broad peak detectable at temperatures lower
than 100 K and displaying the typical features of a doublet state.343¢ To complete the solution-
phase magnetic picture, low-temperature electron nuclear double resonance (ENDOR) could
assess the interactions of the unpaired electron with both gold®® and hydrogen nuclei.*® On the
other hand, the knowledge of the magnetism of Auzs(SR)1s° in the solid state, i.e., the physical
state which most other gold magnetism data refer to, is far less advanced. According to
superconducting quantum interference device (SQUID) magnetometry studies,
Auzs(SCH2CH2Ph)18° (hereafter, we will indicate phenylethanethiolate simply as SC2Ph) is as
paramagnetic in the solid state?’344! as in frozen solution.3335 Noteworthy, the nature of the
capping ligand cannot be ignored. We have recently shown that by using n-butanethiolate
ligands the resulting crystals are formed of a linear sequence of Auzs(SBu)is® clusters
interconnected by Au-Au bonds: overlap of the singly occupied molecular orbitals (SOMOSs) of
neighboring clusters allows coupling the individual spins with formation of an antiferromagnetic
polymer, as revealed by EPR spectroscopy.*? This result shows that possible interactions
between paramagnets in the solid state should always be taken into consideration but also

understood in terms of the crystallographic structure.

In this work, we describe the magnetic behavior of Auzs5(SC2Ph)1g® in different solid-state
forms, as assessed by EPR spectroscopy. In this connection, it is worth noting that SQUID has
been the technique of choice for most of the previously quoted studies on molecular and non-
molecular or non-atomically precise Au nanoparticles. This method allows detecting the
susceptibility of the entire sample, which may be the result of different magnetic contributions
(ferromagnetic, paramagnetic, diamagnetic, etc.). In EPR, on the other hand, only unpaired
electrons are observed and, therefore, the diamagnetic contribution, which may be very
significant, is completely removed. Moreover, different contributions to the overall
magnetization can be often separated: for instance, ferromagnetic signals can be easily
distinguished from most paramagnetic signals because they are characterized by completely
different lineshape and temperature dependencies. In the past, consistent EPR studies have
been carried out to study both molecular Auzs(SR)1s or Auzs(SR)1s doped with Pt, Pd, or Hg,
and larger non-molecular Au nanoparticles.1?20:34.36.:39.42-45 |t was also employed for studying
magnetism of gold nanorods and nanoparticles, which showed ferromagnetic signals.*%4” The

potential of the EPR approach has been evidenced particularly well through the observation of
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size-dependent signals for gold nanorods.*® In most cases, on the other hand, analogous
samples were found to be EPR-silent or showed very weak and hardly interpretable
signals.?>48 Our study takes advantage of using a cluster, Au2s(SC2Ph)1s°, whose structure in
the neutral state has been refined very recently*® and whose magnetic properties in solution
are well understood. The interactions between Au2s(SC2Ph)1° clusters in the solid state were
studied by using a combination of experimental and theoretical analyses. By carrying out a
comparative study of the magnetic behavior of samples endowed of different morphology and
crystallinity, we could detect and rationalize, for the first time, a series of magnetic behaviors.
Independent EPR and density functional theory (DFT) calculations concur in pointing to the

importance of spin-orbit (SO) coupling effects to explain the observed phenomena.

4.2. Results and discussion

Auzs(SC2Ph)1g° was prepared by oxidation of diamagnetic anion Au2s(SC2Ph)is~. By using
methodologies that we devised and described previously, the oxidation was carried out either
chromatographically®® or electrochemically.*® Each sample was meant to provide a specific
example of different crystalline order and physical state: frozen solution, film, single crystal,
immobilized single crystal, collection of 10 crystals, immobilized collection of 10 crystals,

microcrystals. Figure 4.1 shows images of these samples.
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Figure 4.1. Images of the solid samples inside the EPR tubes: (a) film, (b) single crystal, (c) microcrystals, (d) collection of
single crystals. For reference, the backgrounds are 1 mm graph papers. The single crystals were collected from those
electrocrystallized on a 0.7 mm diameter gold-wire electrode (e).

4.2.1. Film

The Auzs(SC2Ph)1g° film was prepared inside the EPR tube by evaporation of the solvent from
a dichloromethane solution. The film corresponds to a virtually amorphous solid and thus
represents the lowest crystalline degree of the solid samples investigated herein. Figure 4.2
shows the EPR spectra (in black) obtained at temperatures ranging from 5 to 160 K, together
with the corresponding simulations (in red). To evidence better the weak signals observed at

temperatures larger than 60 K, the data in Figure 1a have been multiplied by a factor of 10.
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Figure 4.2. Experimental (black) and calculated (red) cw-EPR spectra of an Auzs(SC2Ph)1s® amorphous film at different
temperatures (K), as indicated. In (a), the data have been multiplied by a factor of 10 with respect to those in (b). In (b), the

blue trace corresponds to the EPR cavity at 5 K.

Each spectrum consists in a quite broad anisotropic line that can be well simulated by
considering an ensemble of randomly oriented paramagnetic clusters with S = 1/2 and a
Zeeman interaction described by an orthorombic g-tensor with principal values (at low
temperatures) of 2.53 (x), 2.36 (y), and 1.82 (z); these values are very similar to those
previously described for Auzs(SC2Ph)1g° in frozen solutions at similar temperatures, i.e., 2.56,
2.36, and 1.82, respectively.343¢ Figure 1 shows that an increase in temperature has the main
effect of diminishing the intensity of the signal, which becomes barely detectable for
temperatures larger than 160 K. This decrease is qualitatively similar to that already observed
for the same cluster in frozen solution.®® The main difference between the two cases (Figure
4.3 shows a direct comparison of the two spectra at 10 K) is that inhomogeneous broadening
is more severe in the film than in the frozen solution. Indeed, the spectrum of the film could be
simulated only by including some distribution for the y and the z components of the g-tensor,
which correspond to the two negative peaks at 3000-4000 G; for 5 K we used fwhm (full width
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at half maximum) values of 0.28 (gy) and 0.15 (gz) for y and z, respectively, whereas even
larger fwhm values were used for higher temperatures. This distribution suggests the

presence of weak orientation-dependent interactions in the film.

EPR signal (a.u.)

1 " 1 " 1 " 1 " 1
1000 2000 3000 4000 5000
B(G)
Figure 4.3. cw-EPR spectra of Auzs(SC2Ph)1g° at 10 K. The red trace shows a 2 mM dichloromethane solution, whereas the

blue trace pertains to the film. For the sake of better comparison, the spectra were corrected for the signal of the EPR cavity

and normalized on the maximum intensity.

Insights into this aspect can be obtained from the temperature dependence of the magnetic
susceptibility (ym). For an ensemble of perfect, noninteracting paramagnets, ym is inversely
proportional to the temperature, as described by the Curie law (eq 4-1):

_NB*g2I(3+1) _C

Am
3K, T T (4-1)

where the Curie constant C is composed of the number of spins N, the Bohr magneton S, the
Landé factor g., the quantum number of the total magnetic moment J, and the Boltzmann
constant ks. The EPR signal can be integrated to obtain the corresponding EPR absorption
spectrum, and further integration yields the so-called double integrated EPR intensity (lepr);.
lepr is proportional to ym and, therefore, as long as the Curie law is obeyed, a plot of Iepr™* vs
T should be linear.

The best example of noninteracting paramagnetic MPCs is provided by clusters in a diluted
frozen solution. Analysis of the data for 2 mM Auzs(SC2Ph)1g° in frozen dichloromethane3®
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shows that in the experimentally accessible temperature range (6 - 80 K) Ierr? vs T is indeed

quite linear (r> = 0.997), as shown in Figure 4.4.
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Figure 4.4. (a) cw-EPR spectra of 2 mM Auzs(SC2Ph)1¢° in dichloromethane (black traces) at different temperatures (K), and
corresponding simulations (red traces). (b) Plot of Ierr™ (inverse of the doubly integrated EPR signal) as a function of

temperature.

In fact, the observation of a nonzero intercept at 4(1) K suggests that this system could be

better described by the Curie-Weiss law (eq 4-2)
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X =™ (4-2)

where Tc is the intercept or Curie temperature, which marks the onset of magnetic interactions
between the paramagnets. Although this Tc value is indeed very close to zero, we note that
even at 2 mM concentration in frozen solution the distance between individual clusters is not
particularly large: Auzs(SC2Ph)1g° has a radius of 13.2 A36 and a core radius of 4.9 A;32 and
therefore, the mean Au-core edge-to-edge intercluster distance is 8.4 nm, whereas the mean
Au-core edge-to-edge distance between the nearest neighbors®! is only 4.2 nm. At this
distance, a nonzero exchange coupling between the spins of neighboring clusters cannot be
completely excluded.

Figure 4.5 shows the Iepr? vs T plot for the film. Interestingly, whereas in the high temperature
range the plot is quite linear (r?> = 0.987), a net deviation from linearity occurs for T < 80 K, with
an intercept of 63(4) K. This deviation is attributed to a weak ferromagnetic interaction
between the spins of the individual clusters. The not-so-small intercept value is thus in keeping
with a non-Curie behavior caused by partial parallel alignment of the spins, as described by eq
4-2. This shows that some interactions are clearly detectable in the solid-state, despite the
structurally disordered film sample. This is indeed reasonable because the mean Au-core

edge-to-edge intercluster distance in Auzs(SC2Ph)1s films can be bracketed between 1 and 2
nm_36,49,52
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Figure 4.5. Dependence of the reciprocal of the double-integrated EPR intensity on the reciprocal of temperature. The solid
line is the linear regression of the data (black square) at the higher temperatures.
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4.2.2. Single crystals

A perfectly crystalline sample features the opposite case of an amorphous film. We used one
single crystal obtained by electrocrystallization of Au2s(SC2Ph)18°.4° Figure 4.6 shows that the
spectrum consists in a narrow signal centered at about 2500 G. As the temperature increases,
the signal becomes weaker, and virtually disappears for T > 35 K. The monocrystal signal
(peaks at 2460-2630 G) and its temperature dependence are thus very different from those
described for the amorphous film (peaks at 2700-3800 G).

EPR signal (a.u.)

1000 2000 3000 4000 5000
B(G)

Figure 4.6. Effect of temperature (K) on the cw-EPR spectra of one single crystal of Auzs(SC2Ph)1s°.

A single crystal of interacting paramagnets should be anisotropic and, therefore, one would
expect to observe relevant spectral changes in both lineshape and position upon rotation of
the EPR tube with respect to the direction of the applied magnetic field. We recorded a series
of EPR spectra after progressively rotating the tube by 90°% and the results are shown in
Figure 4.7a. Surprisingly, however, the spectrum did not change. A simple explanation of
having an isotropic system is highly unlikely because the principal g tensor values optimized
for the film and frozen-solution EPR spectra already evidenced a high degree of anisotropy.
We suspected that the observed apparent isotropic behavior was caused by a physical
reorientation of the crystal inside the tube, as expected for a ferromagnetic crystal that would
minimize its magnetic energy by aligning its anisotropy axis along the direction of the applied

field, with the result of observing the same spectrum at each orientation.
To confirm this hypothesis, we put one single crystal of similar size in an EPR tube and then
added acetonitrile, a solvent in which the cluster is insoluble. Upon cooling, MeCN freezes and

blocks the crystal from possible field-induced reorientations of the crystal. As clearly shown in
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Figure 4.7b, the spectrum recorded upon a 90°rotat ion is completely different from the original
spectrum (or, similarly, that obtained upon a 180° rotation), in full agreement with our
hypothesis. The difference between the initial states of the two samples is attributed to the
way by which the crystal gets immobilized by the frozen solvent in comparison with the free

crystal, which can optimize its position with respect to the direction of the applied field.
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Figure 4.7. Orientation dependence of the cw-EPR spectra of one single crystal of Auzs(SC2Ph)1s° uncovered (a) or covered
(b) by frozen MeCN. Within each graph, the EPR tube was rotated by 0 (blue), 90 (red), and 180°(black). T =5 K.

To test the ferromagnetism hypothesis, we carried out EPR hysteresis experiments. A typical
experiment consisted in an upward scan (from low to high fields) followed by a backward scan
carried out after a time long enough (in this specific case, 30 min) for the system to reach
equilibrium; this procedure makes the upward and the downward scans determined by the
situations attained at low or high field, respectively. The experiment also included a third,
upward scan (again, after a 30 min rest period) to check whether the first scan could be

reproduced precisely: this was always verified. Differences between the upward and backward
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spectra are caused by magnetization of the sample at high field value, and provide an
important indication of ferromagnetism.

The hysteresis experiments showed that an effect is perceivable for T < 10 K. This effect is
particularly evident at 5 K (Figure 4.8), at which the low-field signals in the upward and
downward spectra are substantially different in both intensity and lineshape; as
aforementioned, the first and the last upward scans are overlapping. These temperatures
point to an apparent anisotropy energy on the order of 0.4-0.8 meV. No evident hysteresis, on
the other hand, was detectable for the single crystal immobilized in frozen MeCN, whether by
optimizing the orientation of the sample or after rotation by 90° (Figure 4.9). This behavior can
be rationalized by considering that whereas the free single crystal can modify its orientation
and thus optimize alignment of its anisotropy axis with the applied field (which maximizes
hysteresis), in the second experiment the single crystal is blocked in a random orientation and,

therefore, any hysteresis effect is significantly reduced.

scan direction

EPR signal (a.u.)

Figure 4.8. Hysteresis cw-EPR experiment for a Au2s(SC2Ph)1s° single crystal at 5 K. The direction and trace color of the
three scans are indicated.
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EPR signal (a.u.)

EPR signal (a.u.)
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Figure 4.9. Hysteresis cw-EPR experiments for a Au2s(SC2Ph)18° single crystal in frozen MeCN at 5 K. Graph (a) and (b)
were taken at 0 and 90°rotation of the EPR tube, r espectively.

The effect of increasing the complexity of the experimental system was studied by using a
collection of 10 single crystals with dimension comparable to those of the previous samples.
Indeed, the presence of more than one crystal modifies the spectrum quite significantly. The
same is true for a similar group of crystals trapped in frozen MeCN. As observed for the
isolated single crystals, the hysteresis experiments (Figures 4.10 and 4.11) show that

differences between the upward and downward traces is evident for the free crystals but not

for the MeCN-frozen sample.



116

scan direction
—
C——
—
S
B —-——w
©
c
> rfpn——a-
(2]
Y
o
L
1000 2000 3000 4000 5000

B(G)

Figure 4.10. Hysteresis cw-EPR experiment for a group of 10 single crystals of Au2s(SC2Ph)1g° at 5 K. The direction and trace
color of the three scans are indicated.
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Figure 4.11. Hysteresis cw-EPR experiment for a group of 10 single crystals of Auzs(SC2Ph)1s® immobilized by frozen
acetonitrile at 5 K. The direction and trace color of the three scans are indicated.

Comparison of the results obtained for the solid samples clearly shows that when the

paramagnetic Auzs(SC2Ph)1g® clusters are in the crystalline state, the spins of the single
clusters are no more independent. The observed effects on the EPR spectrum are due to a

cooperative ferromagnetic ordering. These results and comparisons, including the behavior of
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the film, thus provide compelling evidence for the onset of ferromagnetic behavior, as well as
showing that the magnetic properties are very sensitive to the crystallinity and the physical
state of the sample. As will be shown subsequently, also the lineshape of these signals are

associated with the ferromagnetism of the single crystals.5?

4.2.3. Microcrystals

We then studied a sample consisting of a very large ensemble of much smaller crystals, which
will be denoted as microcrystals. This was meant to provide a sample somehow more similar
to those typically used in SQUID measurements. The EPR spectra were recorded in a
particularly wide temperature range (Figure 4.12), also because the temperature dependence

of the spectral pattern proved to be quite complex.
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Figure 4.12. Effect of temperature (K) on the cw-EPR spectra of an Au2s(SC2Ph)1s° collection of microcrystals.

For temperatures decreasing from 100 K, the signal initially broadens and shifts to lower
fields. This behavior is attributed to the onset of superparamagnetism, which is typical for
small magnetically ordered particles.®*>" In these systems, the exchange interaction and
magnetic anisotropy generate a strong temperature-dependent inner field that adds to the
applied external field. For uniaxial symmetry, the two opposite directions of the anisotropy axis
correspond to the two minima of the anisotropy energy (Ean), which is the energy barrier to

invert the direction of the magnetization. When ksT > Ean, the temperature is high enough for
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the magnetization to reverse its direction. This superparamagnetic behavior is somewhat
similar to paramagnetism, but the coupled spins give rise to a higher magnetization. For keT <
Ean, on the other hand, this magnetization flipping is hampered and the system becomes
ferromagnetic; hysteresis is then usually observed, as it will be discussed in detail in the next
paragraph. In addition to the superparamagnetic/ferromagnetic signal, the familiar
paramagnetic signal becomes perceivable starting from 40 K, at ca. 2750 G, and its intensity
progressively increases as temperature decreases, as already observed for the film and the
frozen solution. It is finally worth mentioning that, when the temperature is increased above
100 K, the superparamagnetic signal is still present but displays the peculiar behavior of
initially shifting to lower fields and then, for T > 200 K, to higher fields. This behavior is
probably associated with the thermal population of higher energy spin states. In the following,
however, we will specifically focus on the results obtained in a temperature range comparable

to that explored for the other samples.

EPR signal (a.u.)

EPR signal (a.u.)

1000 2000 3000 4000 5000
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Figure 4.13. Hysteresis cw-EPR experiments for a large collection of Auzs(SC2Ph)18° microcrystals. Panel (a) shows the
effect of decreasing the temperature from 60 to 9 K; panel (b) the corresponding temperature increase. The black and the red
traces indicate the low-to-high and high-to-low field directions, respectively.
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Figure 4.13 shows the outcome of the hysteresis experiments. At each temperature we carried
out the same sequence of three scans explained in the previous section. The third scan was
always found to overlap precisely with the first scan and thus is not shown for clarity. As the
temperature progressively decreases from 40 K (Figure 7a), the signals observed at 2000-
2700 G for the upward and the downward scans are substantially different. The main effect is
that in the downward spectra the signal is stronger and slightly shifted to higher fields. The
hysteresis experiments thus show that the microcrystals display ferromagnetic behavior.
Interestingly, hysteresis is observed at a higher temperature than for the large crystals. The
magnetic anisotropy energy Ean of the microcrystals sample can be estimated on the order of
ca. 3 meV, which is about one order of magnitude larger than the energy value observed for
the single crystal. Indeed, this result would be quite unusual because both the
magnetocrystalline and the magnetostatic anisotropy contributions to the overall magnetic
anisotropy are expected to decrease as size decreases.>® However, whereas for microcrystals
we are dealing mostly with single-domain particles with uniform magnetization, for the much
larger single crystal the magnetization is not uniform and the form of the anisotropy energy is
conceivably more complex, with several local minima.>® Indeed, the observation of very
different spectra observed upon rotation of the immobilized crystals already indicates that the
overall anisotropy of the single crystal (as well as that of a collection of large crystals) is
certainly large. The comparatively low EPR field reachable (5000 G, i.e., significantly less than
in SQUID experiments) can only rotate part of the magnetization and overcome local
anisotropies, with the result of giving rise to the small hysteresis observed. A size-controlled
difference in anisotropy energy, on the other hand, might be explained on a different basis.
Auzs(SC2Ph)1g? has only one spin s = 1/2 but the not-so-small radius of 13.2 A.3¢ This makes
the saturation magnetization low, and the magnetostatic effects should not be particularly
relevant. Simulation of the spectrum of the single crystal indicates that the surface contribution
to magnetization must be taken into account, and therefore, that the surface anisotropy also
should be important. Any surface effect is clearly even more important for the microcrystalline
sample, which includes a significant fraction of tiny crystals. An increase of the magnetic
anisotropy due to the surface effect was already observed.®® Moreover, surface effects on
magnetic moment and anisotropy have been inferred as important also for gold
nanomagnetism.®! The study of the connection between shape and magnetic properties is

receiving attention also in the context of other metal nanoparticles.5?
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The fact that hysteresis apparently becomes less evident at the lowest temperatures is an
artifact related to the rest time spent at the 5000 G. Due to the high anisotropy value
compared to the thermal energy at these temperatures, the magnetization relaxation time (7)
becomes very long. If the rest time is not sufficiently long, at the beginning of the downward
scan the magnetization has not yet completely relaxed, i.e., the sample is still experiencing a
situation somehow similar to that of the low-field equilibrium. An example of the effect of the
rest time (at 20 K), which results in a slightly larger hysteresis, is provided in Figure 4.14. At
even lower temperatures, increasing the rest time significantly becomes experimentally
unfeasible. For example, use of the Neél-Arrhenius equation, 7= 1 exp (Ean/ksT),%® and the
pertinent approximate Ean values shows that, at 10 K, the microcrystals' 7 is at least one order
of magnitude longer than for the single crystal (for which we waited 30 min). Finally, the
persistence of the paramagnetic signal of isolated clusters, partially overlapping to the

ferromagnetic signal, is attributed to the finest or the most amorphous fraction of the sample.
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Figure 4.14. Example of the effect of the rest time on the hysteresis experiment carried out at 20 K for the Auzs(SC2Ph)1g°
microcrystals. The two downward scans correspond to 30 min (red) and 60 min rest time (blue) after the upward scan (black).

An evident new spectral feature emerges upon reaching the lowest temperature explored.

Figure 4.13a shows that as T decreases the ferromagnetic signal broadens and nearly
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disappears upon reaching 15 K, whereas it sharpens abruptly at 9 K. Such a sudden change
is typical of a phase transition or some other physical change in the sample. To gain insights
into its nature, we recorded an additional set of hysteresis experiments by increasing the
temperature from 9 K (Figure 4.13b). A comparison between the plots in Figure 4.13a,b shows
that the spectra of the two sets are remarkably different. This difference could be attributed to
a phase transition,®* but this would reproduce the pattern when the experiment at the given
temperature is repeated. Instead, the memory of the phenomenon that takes place at 9 K is
evidently maintained in the subsequent experiments shown in Figure 4.13b, which indicates
that an irreversible transformation occurred. It is also worth noting that once the temperature is
> 40 K, virtually the same spectrum is observed, regardless of how that temperature was
reached. The spectra become indistinguishable (we checked it up to 290 K by repeating the
same patterns of Figure 6), essentially when hysteresis disappears. The same signal shape
obtained at 9 K is observed also after the sample is kept for one day at room temperature. It
only disappears upon physically removing, shaking and then reinserting the EPR tube into the
cavity. The most plausible explanation of the phenomenon occurring at 9 K is thus a physical
reorientation of the microcrystals, as similarly observed for the large crystal/s. The
microcrystals would thus minimize their magnetic energy by aligning their anisotropy axes with
the magnetic field, with the consequence of sharpening the signal. Once the crystals
reorganize, the resulting orientation is maintained. This phenomenon takes place only at low
temperature, because at higher temperatures the sample can minimize its energy by another
relaxation mechanism, i.e., partial alignment of the magnetization with the field. To do this, it
must overcome an energy barrier due to magnetic anisotropy. At low temperature, this barrier
is too high compared to the thermal energy and, therefore, the physical rotation mechanism

prevails.

The measurements performed on the ensemble of microcrystals show that also this sample
exhibits a ferromagnetic behavior, but in this case also a paramagnetic contribution due to
weakly interacting clusters in less crystalline zones. These results confirm further that the
observed ferromagnetic behavior is strongly affected by the physical characteristics of the
samples. In the following sections we will address possible explanations of the observed

behaviors.
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4.2.4. Theoretical analysis of the EPR data

As explained in Chapter 2, the leading factor determining the orientation of the magnetization
of a ferromagnetic particle in definite directions is the magnetic anisotropy energy.
Microscopically, for heavy elements, the anisotropy energy is mainly determined by the SO
interaction.®® The SO coupling constant for an isolated cluster can be estimated from the CW-
EPR spectra of the Auz2s(SC2Ph)1g° film, which corresponds to the solid-state situation in which
the clusters are comparatively more magnetically isolated. Thus, we developed a model by
starting from the superatom concept®® in which, for the diamagnetic anion, the highest
occupied molecular orbitals (HOMOs) are viewed as consisting of three degenerate P-type
superatomic orbitals, as detailed in Chapter 1. In fact, it was already discussed that this triple
degeneracy is not strictly applicable as one orbital is found at a higher energy than the
others;®® this was also found by taking into account the effect of ligands on the frontier
orbitals.®” Even by assuming full degeneracy, it is clear that upon removal of one electron to
form Auzs(SC2Ph)1s°, which has an effective spin S = 1/2, further orbital splitting occurs.
Degeneracy can be removed due to SO coupling® and/or distortions due to the crystal field
and the Jahn-Teller effect.*1.6°

The total Hamiltonian is then given by eq 4-3:
H = AS[L + D[3L2 - L(L +1)]+ g,BS[B + AL (B (4-3)

where the four terms are the SO, the crystal field, the spin and the orbital Zeeman
Hamiltonians (caused by the applied magnetic field), respectively; S and L are the spin and
the orbital moment operators, L and L; are the modulus and the z component operator of L, ge
is the electronic g factor, A is the spin-orbit constant, D is the axial distortion parameter, and B

is the applied magnetic field.

If the usual perturbation treatment is performed to correlate the principal values of the g
tensor, considering SO as a perturbation to crystal field, no accordance with the experimental
data is obtained: in effect, according to this treatment, g, must be equal to ge (2.0023).
Instead, the experimentally measured gxx, Qyy, and gz, all substantially differ from the free

electron ge value.

The obvious conclusion is that the perturbation theory cannot be applied in this case. Since A
is directly proportional to the nuclear charge Z, we can expect the SO energy to become more

important for heavier elements. And in effect, while for the first row transition elements the
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crystal field energy is dominant and SO can be treated as a perturbation, for the lanthanides
we observe the opposite, i.e. the energies are mainly determined by SO and perturbed by the
crystal field. For third row transition metals, such as gold, the two energies probably have
comparable magnitudes. In this case i the only right way to find the energies is the numerical
matrix diagonalization. In this way the EPR spectrum can be calculated and the simulation of
the experimental spectrum can be performed, with the superatomic spin-orbit A (for a p°®

configuration A=-§) and the crystal field D constants as fitting parameters.

To calculate the spectrum of the Auzs(SC2H4Ph)18° film, a code was written with Matlab. The
Eigen energies were found by diagonalization of the Hamiltonian matrix (equation 4-3) at

different fields corresponding to the experimental field values.

The resonance fields were obtained, which are the fields that match the EPR resonance
condition at the experimental frequency of ~9.4 GHz. Boltzmann populations were considered
and Gaussian lineshapes were used with a linewidth of 4 G. The spectrum was calculated,
considering the transitions from the ground state, weighted by the transition probabilities,

calculated as |<W1|Bx|W2>|? and the Boltzmann population differences.

Since the amorphous film consists of an ensemble of randomly oriented clusters, the

spectrum was calculated by integrating over all the possible orientations.
|(B) = L L X"[B-B (2 @]sinddIdg (4-4)

Where x’ is the single line absorption, calculated as explained above, By is resonance field,
fand gare the angles defining the orientation of the applied magnetic field with respect to the

cluster crystallographic axes.

The best fit was obtained using a ge value of 1.9, slightly lower than the usual 2.0023 value,
and this was attributed to a scalar relativistic mass effect, as explained below. The initial
values of the parameters used in the fitting process were taken from previously reported
energy splitting values. The lineshapes were best simulated by introducing a distribution of D
values (D = 0.6 = 0.4 eV), which is the equivalent of introducing a distribution of g in the

aforementioned simulations performed with the Easyspin routines.

In our superatomic model, while the lineshape is well simulated by considering only the spin-
orbit coupling and the Jahn-Teller-like distortion of the superatomic P orbitals, a slight shift of
the resonances to lower fields is observed in the calculated spectrum, with respect to the

experimental one. Such a shift can be reproduced by using a free electron g factor slightly
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lower than the usual ge=2.0023. This shift could be explained by introducing scalar relativistic
effects. Indeed, since a relatively high spin-orbit constant value was found from the
simulations, it is natural to expect that also the other relativistic effects must play an important
role for the EPR spectrum. In particular, the line shift can be explained by considering the
relativistic mass. For heavy elements (and probably more so for superatoms), the electron

velocity becomes closer to the velocity of light and the relativistic mass must be used:

m=m (4-5)

2

-,
c

which is always higher than the electron rest mass m;. because v is always lower than c. The

Bohr magneton is thus given by

e |V / V2
Hg :ﬁ 1‘§:,UB 1‘@ (4-6)

and the Zeeman Hamiltonian, determining the electron paramagnetic resonance becomes

A V2
H, = 109.B 1_g (4-7)

Thus, in the relativistic case the resonance is observed at a higher field, compared to the non-

relativistic one and this can explain the shift observed by EPR.

There are some reasons why relativistic effects, both scalar (mass-velocity) and higher order
(spin-orbit), are expected to be particularly important on the superatomic P (SOMO) electron:
first, the superatomic P orbitals mainly consist in atomic Au s orbitals and thus have a rather
high probability of being near to the Au nuclei. This allows the electrons to experience a high
nuclear charge and to acquire a high velocity (classically), which enhances the relativistic
effects. Moreover, while the SOMO (superatomic P orbitals) is essentially delocalized on the
Auiz core, the occupied orbitals below the SOMO mainly arise from the Au2(SR)s staples.
Therefore, the superatomic “nuclear” charge experienced by the unpaired SOMO electron is

not strongly screened.
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Figure 4.15. Simulations of the cw-EPR spectrum obtained at 5 K for the Auzs(SC2Ph)1s° film (black). The simulations include
SO and distortion (red), only SO (blue), and only distortion (green).

The red trace in Figure 4.15 shows the simulation of the experimental spectrum as carried out
by using both the A and the D values as fitting parameters. Using the values of these
parameters obtained from the best fitting (JA|=0.8 eV, |D|=0.6 eV) the energy values of the
splitted SOMO were calculated by means of the Hamiltonian (4-4). We find that, collectively,
SO coupling and crystal-field distortion make the energy of the three now non-degenerate
HOMOs span an overall difference of 0.26 eV, with the two lower levels splitted by 0.15 eV.
This is an interesting result indeed because it provides new relevant information regarding the
debated problem of the origin of orbital splitting upon formation of the Auzs SOMO. One view
is that this is mainly due to the SO coupling,®® while another asserts that it is a Jahn-Teller-like
distortion effect.*! In fact, according to our analysis of the EPR data, both SO coupling and
distortion contribute by comparable amounts to the overall orbital splitting. As a further matter
of fact, Figure 4.15 shows that the simulations carried out by including only the SO effect or

the crystal-field term cannot reproduce the experimental spectrum.

In order to extract some reliable quantitative information from the EPR spectra of the single

crystals, a model for the simulation of the hysteresis experiments had to be developed first.

There are two alternative ways to describe the EPR spectra of superparamagnetic systems:
the classical model,”*"® in which "macroscopic" quantities are introduced, such as the volume
of nanopatrticles, the saturation magnetization, the anisotropy energy, the demagnetizing fields
etc.. This model allows to simulate the spectral shape and its temperature dependence quite

correctly, and to get information about some important magnetic parameters and about the
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shape and the dimensions of the nanoparticles. However, the introduction of a few empirical
parameters with no clear physical meaning is necessary. The quantum mechanical model,”>76
instead, describes the resonance phenomenon starting from the Spin Hamiltonian, and using
"microscopic” parameters, such as the spin of a single center, total number of spins, zero field
splitting parameters, which quantify the system anisotropy. This model is not able to describe
some classical phenomena, such as the demagnetizing fields, but it does not require the use
of empirical parameters and allows to simulate the transition from paramagnetism to
superparamagnetism, increasing the number of interacting spins. However, there is no clue in
literature on how to describe the EPR hysteresis, intended as the difference in spectral shape
and intensity between upwards and backwards sweep. An approach to simulate this

phenomenon is suggested here.

The model developed below is based on the quantum-mechanical approach, because it can
possibly better describe what happens to systems with a few interacting spins, as in our case.
As a drawback, the use of this approach implies that, when dealing with crystals, some
macroscopic solid-state effects are necessarily neglected. Nevertheless, such effects are less
important in systems with low magnetization, such as ours (only one spin s=1/2 for each
cluster more than 1 nm large). Indeed, in this case magnetostatic effects and demagnetizing
fields are generally weaker than the single-ion (or, in our case, single-cluster) properties, and
can be reasonably neglected.

According to this approach, hysteresis is observed when the populations are not at equilibrium
during the field sweep because of the long superparamagnetic relaxation times, which are

linked to high magnetic anisotropy.

For an ensemble of strongly interacting spins, we can use the giant spin approximation,
treating our system as a single spin with S=}"si , where si is the spin of the single
paramagnetic center (an Auzs(SR)is cluster in our case, with si=1/2) and n is the number of
interacting paramagnetic centers.

So we start with writing the Spin Hamiltonian of our system:
H=gB((BE)+SDB (4-8)

Where S is the giant spin vector and D is the Zero Field Splitting tensor. The first term
represents the Zeeman interaction, which is usually approximately isotropic for ferromagnets,

while the second term is the Zero Field Splitting interaction, which in our case is due to the
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spin-orbit coupling and can be linked to the magnetic anisotropy of the system. It can be also
related to the magnetic anisotropy of the single paramagnetic centers. The axial anisotropy
term is usually assumed as to be dominant, so we can write:

H =gB(B[S) +D(S] - S(S+1)/3) (4-9)

where D is the axial Zero Field Splitting parameter. In the strong field approximation, valid if B
is much larger than the Zero Field Splitting interaction (as usually happens), we can treat the

second term as a perturbation.
The energy of a state with a certain ms (ms = -S, -S+1 ... S) with an applied field B(y) is

E. o = ~7°DM¢P,(cosd )+ hg BB ,m, (4-10)
where P2(cosf)=(3cos?6-1)/2 is the Legendre polynomial and 6 is the angle between the
applied field and the anisotropy axis.

The equilibrium population of an energy level (equal to the diagonal elements of the density

matrix) is given by

expE k,T)
Prm = ”Z“”/ : (4-11)
@)
where kg is the Boltzmann constant and Zq) is the partition function:
S
Zyy= D, eXPEyw/keT) (4-12)
m=-S

Clearly the population of each level changes when we apply a field with intensity B)#Bq): the

relationship between the two equilibrium populations is
Pty = Pry(2)00 XPOILBABMS )2 ) 12, (4-13)

with AB=B1)-B(2). Once a non-equilibrium population is obtained, the relaxation processes
restore the equilibrium population with a characteristic time 7. Therefore, if we change the
applied field before equilibrium is reached, we first have a non-equilibrium population which

can be expressed as a function of time in the following way:
prrg(Z) = (prrg Leg lonnS (2)eq) EXp (—t/T )+ lomS (2)eq (4'14)
Substituting (4-13) into (4-14) we obtain:

P2y = (pmS(Z),eq exp(ig SABmMy )Z(z) /Z(l) ~ P, 2 )exp H/T »* P, (24 (4-15)
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and dividing by pms2)eq We define the Hysteresis-polarization function 2 as:

o ,
N, =— =[exp(hg SABM)Z,,) 1Z,,— L]exp Et/r 7+ (14-16)

m(2).eq

As the sweeping velocity is given by the field shift in a certain amount of time, we have:
t =|AB|/ v, (14-17)
and therefore we can write (4-16) as
M, =[exp(ig BABM)Z ,, 1 Z 1~ Lexp €|AB|/1v,,, 1+ 1 (4-18)
Going on with the field sweep, applying a B(s), one finds in a similar way:
Py = (P 2) ~ P, ) €XP C[BB]/ TV )+ o 1
Py = (T 2B, 2100 = P, 330) EXP OB/ Vo )+ o 31

prrg(Z),eq - pms(3),eq exp(hg[a’ABmS )Z(s) /Z(z) (4‘19)
P = (I 2P, (3)eq exp(:gSABMy )Z(s) /Z(z)_ P, 3 )exp HABVTVscan) * P (3)eq

yo)
M, =—2E = (N, exp(hg BABM, 2, 1Z )~ 1) exp t]AB] /v, I 1

my(3).eq

Thus, we find for a general applied Bn) field:

Pr(n |
n, = . mO = (M, exptig BABM )2, 1Z,,, — D) exp €AB|/1v,, (4-20)
m(n).eq

with

n= BlA_BB” (4-21)

and lNMi=1 by definition, since we assume to start the field sweep from an equilibrium situation.

This equation can be computationally solved in order to find lNn for every applied field.

In this treatment, 7 must still be defined. For this aim, the relaxation processes must be

considered slightly more in detail.

The energy levels are graphically represented in Fig. 4.16. We observe that they are
characterized by an energy maximum, which represents the anisotropy energy barrier to
overcome in order to reach the equilibrium. When no external magnetic field is applied the
curve is a symmetrical parabola (E(ms)= E(-ms), Fig. 4.16a). When the B field is applied, the
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energy levels on one side are lowered, while those on the other side are raised, so the

populations of the ms states are changed and the energy maximum is shifted (Fig. 4.16b).

(a) * Energy (b) T Energy
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Fig. 4.16. Energy vs ms diagram (a) with no applied field and (b) with an applied B field (from 57)

The energy maximum can be obtained by differentiating (4-10) and equaling the derivative to

zero:
O(I?E:]:) _ ahzDran’z(c%srTzﬁ]’S )+ hgBBym, _ 0 (4-22)
We obtain
Myna = (95B,) (2| D|P,(cos?)) (4-23)
and
Enax = (798B,)? / (4|D| P,(cos? ) (4-24)
Therefore, the energy barrier which a spin in an ms level must overcome is given by:
AE,, = (hgfB,)? I (4|D| P, (cosd )+ h”Dm?ZP, (cos? ) g BB ,ym, (4-25)

If we assume that superparamagnetic relaxation is mainly a thermally activated process (as is
usually the case), and the relaxation rate mainly depends on the probability to overcome the

anisotropy energy barrier, we can apply the Néel-Arrhenius law:

AE
T=T7,ex o 4-26
° p( kBT j ( )

and subsituting (4-25) into (4-26):
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hgBB,)? | (4|D| P, (cos? )i+ h””D’P, (co® ¥ 1gsB
r:roexpi( 9/3B,)" | (4|D| P, (cos? ))+ "D, (co¥ ) g3 mmsJ -27)
KT
o is usually assumed to be weakly dependent on temperature.
Regarding the lineshape, instead of the usual Lorentzian or Gaussian functions, the following

solution of the Landau-Lifshitz equation was used, which better describes the spin dynamics

of a perfect soft ferromagnet:

o [(B5+a2)B%+8;] @28)
”[(B— B,)" B2 +A§Bz}[(8+ B,)’ B§+A§Bﬂ

For the single crystal spectra, the anisotropy axis was supposed to be parallel to the applied

magnetic field, as explained before, and the spectrum is given by

1(B) = mSZiS)( "(B) Py eq(B) B (B) = Oy 419 (B) P o1 B)IW, (4-29)
where
B =B, - (2m, +1)Dn
9B
=7 (4-30)

W, =S(S+1)-my(ms +1)
The simulations of the monocrystal spectra recorded at 5 K, based on this model are shown in

Fig. 4.17.
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Figure 4.17. Simulations of the spectrum of the single crystal: the two components used for the simulations (left); simulations
of the upwards and downwards field sweep (right).
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The single crystal spectra could be simulated by two components with different values of
magnetization, g factor and magnetic anisotropy, attributed to bulk and surface magnetization,
as already observed in literature for analogous systems.>® The values of the magnetic
anisotropy parameters and the total spins were relatively low (S1=8, D:=8,5 MHz, S2=6, D,=5
MHz) This can be explained by considering the fact that with EPR hysteresis experiments we
measure only local anisotropy barriers, overcome by only part of the magnetization. Indeed, in
contrast with the typical magnetometry hysteresis experiment, here we apply the magnetic
field only in one direction (only positive fields) and the fields are not very high. Instead the g

values of both components were remarkably high (g1=2.79, g2=2.7).

The model used for the simulations successfully reproduces the experimental temperature
and orientation dependence of the hysteresis: with the best fitting parameters for the
monocrystal, the hysteresis decreases significantly when the temperature and the angle
between the anisotropy axis and the applied magnetic field are increased, virtually
disappearing at T=10 K and &90°

These simulations also allowed to evaluate the effect of the SO coupling in the Auzs(SC2Ph)1g°
crystals. In the previous paragraph, we determined a remarkable effect of the SO coupling in
amorphous films. For ferromagnetic crystals the g value can be used to obtain similar
information. From the simulations we obtained a mean g value of 2.745. The remarkable
deviation from the free electron ge value of 2.0023 indicates a high orbital moment and a
substantial contribution of SO effects. Indeed, only large SO couplings allow the orbital
moment not to be quenched by the crystal field. The ratio between the orbital and the spin
moments can be calculated, using the Kittel equation:’®

Ho_9-2

4-31
R (4-31)

For our system, this ratio is 0.37. It is worth mentioning that the importance of the orbital
contribution to the observed magnetism is a feature that was already observed for large Au

nanoparticles.?®

4.2.5. DFT calculations
DFT simulations were performed to draw further insights into the magnetic properties of
Auzs(SR)1s and quantify to what extent magnetism is affected by the interplay of factors

including spin-orbit coupling, Jahn-Teller symmetry breaking, and crystal assembly (i.e., the
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difference between the single cluster and its assembly in the crystal). To disentangle these
effects, three different structural models were considered for the neutral Auz2s(SR)1s species:
two of them consist of individual Au2s(SCHs)is clusters, one where the Au2s(SC)is core was
taken from the experimental crystal data*® (adding and relaxing H atoms as needed) and a
second one where the geometry of anionic Auzs(SCHs)is~ was fully relaxed at the DFT/PBEO
level, and a third model of 4 Au2s(SC2Ph)1g° clusters in the unit cell. Hereafter, these models
are denoted as Auzs(SCHz)ws%-crystal, Auzs(SCHs)is%-anion, and Auzs(SC2Ph)isl-crystal,
respectively. Transforming Auzs(SC2Ph)1g° into Auzs(SCH3)18° is a convenient way of reducing
computational effort, and the comparison between the Auzs(SCHz)is%-crystal and the
Auzs(SC2Ph)1s°-crystal models will assess the effect of this commonly used approximation.
The Jahn-Teller symmetry breaking is absent in the anionic Auzs(SCH3)1s~, which is an
electronic closed-shell species, and thus the comparison between the Auzs(SCH3)18°-crystal
and the Auzs(SCHs)is%-anion models helps quantify Jahn-Teller effects. The NWChem
package’’ was employed to simulate individual MPCs by using the hybrid B3LYP’® exchange-
correlation (xc) DFT functional at the scalar relativistic level or by treating the SO coupling
effects within the zeroth-order relativistic approximation (ZORA)’® and the van Wullen
formalism.& To the best of our knowledge, this is the first time that a hybrid xc-functional and
SO coupling are simultaneously employed to describe an MPC. The OPENMX package8!
using the Local Density Approximation (LDA)®? was used for the solid-state non-spin-collinear
calculations.

The orbital scheme predicted by these simulations is summarized in Figure 4.18. In the
absence of Jahn-Teller symmetry breaking, the geometry of the Au2s(SCHs)ig®-anion model
approximately corresponds to an S6 point symmetry group that presents triply degenerate
superatomic 1P orbitals, although in the anion, as already noted,?%¢ a residual splitting
between two higher-lying and one lower-lying orbital is present (~0.04 eV). Switching to the
neutral species and introducing cluster deformation due to the Jahn-Teller effect in the
Auzs(SCH3)18°-crystal model completely lifts the degeneracy of the 1P orbitals, leaving a
higher-lying SOMO, a HOMO-1 lower in energy by 0.04 eV, and a HOMO-2 further lower in
energy by 0.09 eV. SO coupling increases further the orbital splitting by bringing the first and
the second energy gaps to 0.12 and 0.15 eV, respectively. Due to SO coupling and Jahn-Teller

effects, the three HOMOs are found to span an overall energy difference of 0.27 eV and the
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splitting between the two lower levels to be 0.15 eV, in excellent agreement with the EPR
derived values of 0.26 eV and 0.15 eV.

anion geometry crystal geometry crystal geometry

J-T SOC % }
i P 0.12
b g < hpH T
\_1.P— ™ ﬁ
HOMO

Figure 4.18. Diagram of DFT/B3LYP HOMO orbital energies (eV) in Auzs(SCH3)1s° systems. From left to right: Auzs(SCHs)1g°
at the scalar-relativistic level in the Auzs(SCHs)1g®-anion geometry, Auzs(SCHs)1e° at the scalar-relativistic level in the
Auzs(SCH3)18°-crystal geometry, which includes Jahn-Teller (J-T) effects, Auzs(SCHz3)18° including SO coupling (SOC) in the
Auzs(SCHs)18°-crystal geometry. Below, comparison with the values obtained from the “superatomic” simulation of the EPR

spectrum.

NS
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Figure 4.19. Schematic depiction of the direction and magnitude of atomic spins (green arrows) in the putative spin global
minimum (the spins on the Au atoms are not shown as they would be out of scale). The image shows the unit cell as seen
from direction c;*° all clusters but for the central one are thus incomplete. The color codes are: the color codes are Au =
yellow, S =red, C = grey. Au and S atoms and bonds are rendered as ball and stick, whereas C is rendered as stick style. H

atoms have been removed for clarity.
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Non-spin-collinear DFT/LDA calculations were performed on the Au2s(SC2Ph)ig%-crystal
model. Calculations in which spin modulus and orientation were relaxed starting from several
initial orientations were first conducted to determine the preferential magnetization axis, which
turns out to be the z-axis with a total spin component of 3.59 /& and a total orbital component
of 1.25 s per unit cell. This corresponds to a predicted ratio p/ps of 0.35, in excellent
agreement with the value calculated from the single-crystal spectrum simulation, 0.37. The
direction and magnitude of atomic spins in the energetically most stable ferromagnetic solution
so derived are schematically depicted in Figure 4.19. Noteworthy, the spin density is mostly
located on Au atoms, but also extends on S and on both aliphatic and aromatic carbons. An
exponentially decreasing delocalization of the spin moment from the Au/S MPC framework
onto both aliphatic and aromatic C atoms has been noted and studied before.®® Here we find
that spin polarization is induced also on the phenyl groups, as shown in the form of the small
arrows displayed on the rings in Figure 4.19; this long-range effect is likely due to a solid-state
proximity effect by adjacent S atoms. This finding would thus rationalize the experimentally
observed magnetism in the solid-state and its subtle dependence on crystallinity as due to the
presence of oriented spin moments on neighboring Testacked phenyl residues.3 We were not
able to locate the barrier for spin reorientation and thus the anisotropy energy. It is, however,
worth mentioning that in our calculations we found another spin local minimum in which the
magnetic moment is oriented along the x-axis (see Figure 4.18) with a total spin component
per unit cell of 2.02 /s and a total orbital component per unit cell of 0.37 15, nearly degenerate

in energy with the spin global minimum.

4.3. Conclusions.

Magnetometry techniques are generally used to study the magnetic properties of materials,
but have failed to provide coherent results for Au MPCs. The most important cause of
discrepancy in previous studies was undoubtedly the lack of precise control on MPC
stoichiometry and charge state. Interestingly, even for a controlled MPC such as paramagnetic
Auzs(SC2Ph)1s°, SQUID was unable to detect magnetic behaviors other than simple
paramagnetism. Here we employ the more molecular experimental approach based on EPR
spectroscopy, which allows separating different contributions to the magnetic susceptibility by

focusing on clearly distinguishable signals and eliminating diamagnetic contributions.
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By using samples meant to provide a range of specific examples of crystalline orders and
physical states, we could detect paramagnetism, superparamagnetism, and ferromagnetism,
as well as evidence physical reorganization of the samples as a function of the applied field.
Besides rationalizing relevant phenomenological aspects, we carried out theoretical analyses.
Simulations of the EPR spectra based on the superatom model showed that both SO coupling
and crystal-field distortions play a role in determining the EPR properties of Auzs(SC2Ph)1g° in
the solid state. The excellent agreement of the experimentally derived effects brought about by
SO and crystal splitting, as well as the ratio between orbital and spin moments, with the
outcome of complex first-principles simulations unequivocally supports the soundness of the
present analysis. Calculations point to proximity effects in the solid state as the origin of

magnetic interactions and the reason for their crucial dependence upon crystallinity.

We believe that this study provides a key to understand conflicting magnetic behaviors in solid
MPC samples. Together with our previous findings concerning ligand-induced
antiferromagnetic behavior in Auzs clusters,*? it is now clear that several factors should be
considered for effectively controlling the magnetic behavior of MPCs. As also discussed in the
Introduction, for larger MPCs of unknown structure and possibly variable charge states the
situation is more complex and probably definable only on a statistical basis. Regardless, the
results here described for Au2s(SC2Ph)18° could pave the way to enable controlled magnetism-

related applications of gold MPCs, especially those based on the use of molecular MPCs.
4.4. Experimental section
4.4.1. Auzs(SC2Ph)1g° synthesis.

The synthesis of Auz2s(SC2Ph)1s was carried out in tetrahydrofuran. The details are as already
described,® except for the addition of tetra-n-octylammonium (nOctsN*) bromide, prior to the
reduction steps, to the THF solution containing HAuCls-3H20. The cluster was prepared as
[NOctaN*][Auzs(SC2Ph)1s7] and purified by dissolving it in a mixture of diethyl ether (to
precipitate most of the residual tetraoctylammonium salt), and by washing the product,

obtained by evaporation of diethyl ether, with icy-cold methanol.
4.4.2. Preparation of the Film.

A sample of the so-prepared [nOctaN*][Au2s(SC2Ph)1s7] was quantitatively oxidized to form
Auzs(SC2Ph)1s° by passage through a silica-gel chromatography column under aerobic

conditions.>® 4.0 mg of Au2s(SC2Ph)18° was dissolved in 1 ml dichloromethane, and injected
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into an EPR tube. The solvent was evaporated with a stream of nitrogen to leave an

amorphous colored film covering the bottom wall of the tubing.
4.4.3. Preparation of the Single Cystals.

Large single crystals were prepared by electrocrystallization.*® The experiments were carried
out with a CHI 660c electrochemical workstation, under an Ar atmosphere in an air-tight glass
electrochemical cell, at room temperature, and using 20 ml MeCN containing 0.1 M tetra-n-
butylammonium hexafluorophosphate as the solvent-electrolyte system. The working
electrode was a 0.75 mm diameter, 15 mm long gold wire and the counter-electrode was a Pt
plate inserted into a glass holder separated from the analyte solution with a G3 glass frit and a
plug of electrolyte-saturated methylcellulose gel.®* The electrolysis was carried out at a
constant current of 200 nA. The one-electron electrooxidation of 4.82 x 10> M Au2s(SC2Ph)1s~
was carried out until 8% of the anion was still present in solution. Electrogenerated
Auzs5(SC2Ph)1g° is insoluble in MeCN and nicely deposits onto the electrode body to form a
forest of single crystals. The single crystals were collected from the electrocrystallization
experiment that led to the image shown in Figure 4.1. All pictures were taken with a Firefly

GT800 High Precision Video Microscope.
4.4.4. Electron Paramagnetic Resonance.

The crystalline Auzs(SCPh)18° samples, either one single crystal or a few crystals or many
microcrystals, were introduced into 1.9 mm i.d. - 3.0 mm o.d. (used for the film and the
microcrystals) or 2.9 mm i.d. - 3.9 mm o.d. (for all other samples) quartz tubes. The tubes
containing the film or crystals were degassed by several freeze—pump-thaw cycles and sealed
off under vacuum (5 x 107 Torr). X band cw-EPR spectra were recorded with a Bruker
Elexsys E580 spectrometer equipped with a dielectric probehead. The temperature was
controlled by a helium-continuous flow cryostat (Oxford CF935) and a variable-temperature
controller unit (Oxford ITC-4). When the desired temperature was reached, the samples were
thermalized before carrying out the actual experiments. All experimental data were collected
under nonsaturating microwave conditions (microwave power: Pmw = 150 yW or lower). A
modulation frequency of 100 kHz and amplitude (peak-to-peak) of 1 G were used for all
spectra. The field scan rate was 47.68 G s'. Simulation of EPR spectra was carried out by
using the Matlab 7.12 software platform. The ferromagnetic and the paramagnetic signals

were simulated with ad hoc written codes based on the models developed in this paper. The
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standard g-tensor-based simulations were performed using routines from the EasySpin
toolbox.®
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Chapter 5.
Magnetic properties of 1D cluster chains modulated

by alkyl ligand chain length

5.1. Introduction

As the results reported in Chapter 3 show, the type and length of ligands protecting the
Auzs clusters are very important for the magnetic properties of isolated clusters in
solution.! Moreover, our investigation of the magnetic properties of Auzs(SC2H4Ph)°,
discussed in the previous chapter, demonstrates that the nature and strength of the
intercluster exchange interactions in the solid state are also strongly dependent on the
ligands.? There we showed that Auzs crystals are ferromagnetic and that the appearance
of ferromagnetism is likely determined by the stacking of the phenyl rings. Moreover, a few
years ago it was discovered by our group® that, when protected by 18 n-butanethiolate
(SBu) ligands, in the solid state Auzs forms linear 1D chains of antiferromagnetically
coupled clusters, while still being paramagnetic in solution. Single crystal X-ray
crystallography analysis has shown that the clusters are connected by single Au-Au bonds
and that a twist-and-lock mechanism between neighboring clusters and capping ligands is
responsible for the formation of the polymer (Figure 5.1). A comparison with the
Auzs(SEt)1s cluster (Et = ethyl) solid state structure, obtained in a previous investigation,*
showed that this mechanism is possible only with ligands of a certain well-defined length.
Intuitively, one could expect that the formation of 1D chains must be even more favored
for shorter and thus less hindered ligands, such as EtSH. However, when the cluster is
protected with this ligand, it remains monomeric in the solid-state conditions. This

suggests that a minimum ligand length is required for the polymers to form.

‘, -t.‘ v ‘1'! ; , v ‘F4';’

% &4 -’
Wy TR w"‘% SR
“-1‘_’ Ay )y AR

Figure 5.1. A fragment of a one-dimensional chain of clusters from the structure of Au2s(SCasHo)1s crystal. The blue and
green arrows indicate up and down spins respectively.
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The antiferromagnetic coupling of the clusters in these 1D chains was experimentally
demonstrated by EPR. The CW-EPR spectra of Au2s(SBu)1g crystals gave completely
different spectra, compared to those observed with other ligands, consisting of a broad,
quite symmetric line, with no resonance shift with temperature, as opposed to the highly
anisotropic paramagnetic signal of the amorphous films or the superparamagnetically
shifted signal of the Au2s(SC2H4Ph)18° microcrystals. More importantly, by performing the
double integration and plotting the reciprocal of the integrals vs T, a peculiar trend was
observed, in which the integrals, and consequently the susceptibility proportional to them,
decreases with decreasing temperature. This is the opposite of what is observed for both
paramagnetic and ferromagnetic materials and indicates an antiferromagnetic behavior
instead. As explained in the introduction, for ferromagnets the exchange coupling constant
J is positive and therefore the fundamental state consists in parallel spins and maximum
magnetization. The higher energy states are characterized by progressively increasing
number of antiparallel spins. Consequently, the magnetization decreases by increasing
the temperature. On the contrary, for antiferromagnets J is negative. This implies
preferentially antiparallel spin alignment and a consequent increase of magnetization with
increasing temperature.

The double integrals vs T plot was fitted by the Bonner-Fisher function, which derives from
a series expansion of the solution of the Ising Hamiltonian for 1D systems, which will be
discussed later. An exchange coupling constant equal to 28 meV was obtained in this
way, in full agreement with the DFT-calculated value of 27 meV. The same DFT
calculations, based on the XRD structure, also successfully predicted an antiferromagnetic
minimum energy state for the Auzs(CaHo)18° cluster. The calculations also predicted that,
by decreasing the intercluster distance, the non-magnetic (antiferromagnetic) state is
further stabilized, while for longer distances the magnetic state becomes more stable. This
trend must still be verified experimentally and is one of the aims of the work presented in
this chapter. Thus, we decided to systematically investigate the ligand dependence of

intercluster exchange interactions on alkyl chain length in the solid state.

The new fascinating monodimensional systems just described pave the way to many
possible applications, in particular in the field of spintronics. Spintronics is a fast-growing
technological and scientific field, which has the aim of developing electronics based on the
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control of electron spin, instead of electron charge, on which traditional electronics is
based.> ® The urge of developing this new kind of electronics is due to the fact that at
present transistors and other components of electronic devices has reached nanoscale
dimensions and further reducing their size would lead to some serious issues. For
instance, increased scorching heat would make the circuits hardly operable. Spintronics
could overcome the first problem, since the use of spin currents imply much less heat
dissipation. Additionally, spintronic devices exhibit several advantages, compared to
traditional electronics, which make them very promising in this field. Some of these are:
lower power consumption, increased compactness, faster spin manipulation, compared to
charge manipulation, leading to increased read and write speed, long spin lifetime (of the
order of nanoseconds).® Another very important feature offered by spintronics is the
possibility of combining logic and storage functionalities in a single device. Indeed,
information can be stored as one of the two possible spin orientations and this storage is

non-volatile. This opens the way to using the spins as g-bits in quantum computers.’

Spin lifetime is very important in spintronics, as it determines how long the spin currents
can travel and how much time is available for its manipulation. For this aim, the concept of
spin-scattering length is of particular importance. It is defined as the distance covered by a
spin-polarized electron, before it undergoes scattering processes, which change its spin
orientation. Obviously, longer spin-scattering lengths are required for an efficient control of
spin-currents. Experimentally, it was observed that this quantity varies widely for different
materials, ranging from nanometers in the case of transition metals to micrometers for
semiconductors. For this reason, semiconductor materials seem to be more suitable for
spintronic applications.

Spin lifetime can also be increased by controlling spin relaxation processes, which as
explained in the introduction, lead to the loss of spin polarization. This can be done, for
example by suitably changing the structure and morphology of the material used for the
construction of the spintronic device. It was shown recently in several studies,?® that spin
lifetime is considerably longer in semiconductor spin nanowires, compared to the
corresponding bulk/film materials.

Another important issue in the field of spintronics is the efficient control of spin currents.
Obviously, spins can be efficiently controlled by magnetic fields, but this method has some
drawbacks: it is energetically very expensive and hardly scalable. Therefore, the use of
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magnetic fields is being progressively abandoned and great efforts are spent to achieve
an efficient manipulation of electron spins by electric fields.!%'? The idea of independent
spin and charge control is very appealing, however some issues regarding the all-electrical
injection, transport, control and detection of spin-polarized currents still must be solved.
Several methods have been developed, most of which exploit the spin-orbit coupling,
which was introduced in Chapter 2. For example, applied voltages can be used to modify
the spin-orbit interactions of the material, thus modifying the magnetic anisotropy (mainly
determined by the spin-orbit interaction, as explained in Chapter 2) and rotating the
magnetization to a new minimum energy orientation.*3

Many of the most commonly used methods, which utilize electrical field for magnetic
storage, rely on the current-induced spin transfer torque (STT).'* This phenomenon is also
based on spin-orbit interaction and consists in the angular momentum transfer from the
carrier (current) spin angular momentum to the magnetization angular momentum.
Spin-polarized currents can be also manipulated by using the Rashba effect:'® it is due to
a spin-orbit like interaction and consists in the rotation of the quantization axis in a system
with broken symmetry, achieved by an electric field.

Another phenomenon often used to electrically manipulate the spins is the Spin Hall effect
(SHE), also originating from the spin-orbit interaction.'®1’ In this case, spin and charge
currents are coupled in such a way, that an electric current induces a transverse spin
current and vice versa.

A relatively new, but very promising field is antiferromagnetic spintronics. Generally,
antiferromagnetic order is much more common than the ferromagnetic order, therefore
managing to employ antiferromagnets in spintronics would open the field to a huge
amount of new possibilities. It was shown in several studies 82! that some of the
phenomena used in spintronics, which often require the presence of a ferromagnet, can
be successfully exploited also by using antiferromagnetic materials.

Since antiferromagnetic materials give rise to very low spontaneous magnetic fields, they
generate virtually no stray fields, avoiding the problem of possible magnetic interference
between nearby devices. Moreover, for the same reason, the magnetic storage based on
antiferromagnets is particularly stable, robust and not affected by possible external
magnetic perturbations.

Therefore, antiferromagnetic materials are particularly suitable for storing, writing and
reading information in spintronic and quantum computing devices. Moreover, they can be
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used as efficient spin-current transmitters, spin current generators and SHE spin injectors.

From the short overview reported above, one can easily see the reasons why Au2s(SR)1s
clusters, in particular antiferromagnetic 1D polymers of these clusters can be considered
particularly suitable for spintronic applications. First of all, they have the right and highly
controlled nanometric size, which allows them to be used for building tiny spintronic
devices. Second, they show a semiconductor behavior in the solid state, therefore a
higher spin lifetime is expected, compared to the more common metal devices. Third, as
we saw in Chapter 3, they are characterized by a high spin-orbit coupling constant, which
can allow an efficient electrical control of electron spins in this material, by using the many
different phenomena reported above. In addition, the formation of linear chains of clusters
can suppress spin relaxation, leading to even longer spin lifetimes. Moreover, the
presence of antiferromagnetic and ferromagnetic orderings with relatively high exchange
coupling constants allows the use of these materials also at high temperatures, near to
room temperature. Finally, being molecular systems, they can be chemically tuned in a
highly controlled and fine way to obtain the desired properties. For example, as we saw,
intercluster interaction can be efficiently modulated by simply changing the protecting
ligands.

In addition to their huge applicative potential, the 1D antiferromagnetic chains are very
interesting from the theoretical point of view: indeed they constitute quasi-ideal physical
systems on which the predictions of fundamental physical theories can be experimentally
verified. The simplest model for 1D chains of exchange-coupled spins is the Ising model,

which will be explained below.

In this chapter, an EPR study on a series of Auzs(SR)is clusters protected with alkyl
ligands of different length is reported. The aim of this work was to investigate the ability of
the clusters to form 1D chains and the dependence of the exchange interaction on the
ligands length. The understanding of this dependence would allow to tune the exchange
interactions in order to obtain the desired magnetic properties. We also studied the
resulting magnetic and optical properties, such as spin relaxation and photoinduced

electron transfer.
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5.2. Results and discussion

The CW-EPR measurements were performed on a series of Auzs neutral clusters
protected with alkyl ligands of different length, specifically Auzs(CzH7)1s, Auzs(CaHo)is,
Auzs(CsH11)1s and Auzs(C7H1s)1s (which hereafter will be called respectively C3, C4, C5, C7).
As already done for the Auzs(C2H4Ph)is cluster (see Chapter 4), we studied different solid-
state samples for each ligand: polycrystalline samples and amorphous films prepared by
solvent evaporation. This was done in order to investigate the effect of crystal order and
possible 1D chains formation on the intercluster interactions and on the overall magnetic
and optical properties. Additionally, a polycrystalline Auzs(C2H4)1s (C2) sample, prepared
by slow solvent evaporation was studied.

5.2.1. Amorphous films.

In analogy with the procedure followed for Au2s(C2Hs4Ph)1s, we started with the
investigation of amorphous films. The spectra were recorded at different temperatures,
from 5 K to 80 K. At higher temperatures the signals become very weak and broad,
therefore their integration would not be reliable. All the films studied so far apparently show
only the usual paramagnetic signal, which we already observed for the Au2s(C2H4Ph)is
(subsequently called C2Ph). However, the intensity of the signals and the temperature
dependence of the double integrals is different for different ligands, as will be shown
subsequently. Just by visually comparing the spectra of the different films, reported in Figure
5.2, it can be seen that the C7 film signal shows a remarkably lower intensity, with respect to the

other films, although the total amount of clusters in the films was the same.

150



151

mc4
mC5
mC7

3

)

>

@

c

g

c _va

o

o

L

L 1 L 1 L 1 L
1000 2000 3000 4000 5000

B(G)

Figure 5.2. CW-EPR spectra of Auzs(SCsHo)1s, Auzs(SCsHi1)1s and Auzs(SC7H1s)18 amorphous films at 5 K.

The spectra of the four films at different temperatures with the corresponding simulations
are reported in Figure 5.3. For the C3 film, the paramagnetic component alone was
sufficient to satisfactorily simulate the spectra. As for the other films, in spite of the fact
that no other signal, apart from the paramagnetic one was detected by the visual analysis
of the spectra, the simulations revealed that the spectra are far more complex than it
seemed. Indeed, the C4, C5 and C7 spectra could not be well simulated with the
paramagnetic signal alone, not even changing the parameters with respect to those used
for the simulations of the C2Ph film. The best fit was obtained when two components were
used for the simulations: one characterized by parameters very close to those of C2Ph,
corresponding to the isolated paramagnets and one broader and even more anisotropic
component, presumably corresponding to interacting clusters. Additional information was
obtained from the double integration of the signals and from the analysis of the
temperature dependence of the integrals. As we have already seen previously, the double
integrals are proportional to the magnetic susceptibility and thus allow deducing the nature
and the intensity of the magnetic interactions taking place in the analyzed system, through

the analysis of Curie-like plots (Figure 5.4).
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Figure 5.4. CW-EPR experimental (black) and calculated (red) spectra of Au2s(SCzH7)1s (a), Auzs(SCaHo)1s
(b), Auzs(SCsHa11)1s () and Auzs(SCrH1s)1s (d) amorphous films at different T.

Starting from the shortest ligands, i.e. the C3 clusters, the paramagnetic signal shows a
plot very similar to the one we reported for C2Ph: a linear Curie-like temperature
dependence with a positive non-zero intercept is observed at higher temperature, while a
deviation from linearity takes place below 40 K. The intercept calculated from a linear fit of
the high temperature values is of 36 K. The fact that this value, corresponding to the
Weiss parameter in the Curie-Weiss approach, is positive, shows that ferromagnetic-like
intercluster interactions take place in the film, with lower intensity (lower exchange
constant J) compared to C2Ph. It must be noted, that this effect can be due to both
ferromagnetic exchange and dipolar interactions, both leading to a partial parallel
alignment of the magnetic moments.

Concerning the C4 film, the integrals of the paramagnetic component showed a similar
Curie-Weiss plot, with a similar intercept value (29 K). The integrals of the second
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component are not very reliable, because of its broad linewidth, low intensity and to the
fact that it is completely overlapped to the paramagnetic signal. However, an approximate
trend could still be extracted, which shows an opposite temperature dependence,
compared to the first component. Indeed, its relative weight with respect to the
paramagnetic component increases with lowering the temperature, which is an indication
of the fact that this signal is due to antiferromagnetically interacting clusters (as explained
in Chapter 2 and in the introduction to this Chapter).

The C5 film shows the same features of C4, although the presumably antiferromagnetic
signal contribution is higher. The same trend is observed also for the temperature
dependence of the C7 spectra, suggesting that this cluster can give antiferromagnetic
couplings as well, in spite of the longer ligand length. Surprisingly, the relative weight of
the antiferromagnetic component in this case is even higher than for C5.

The presence of the antiferromagnetic component in the spectra of the three films was
attributed to the fact that the samples are not perfectly amorphous: the clusters partially
crystallize, forming aggregates in which they are magnetically coupled. This explains also
the low intensity of the signals in the C7 film spectra: a significant fraction of the clusters is
antiferromagnetically coupled, giving rise to an intrinsically weak antiferromagnetic signal,
superimposed to the paramagnetic one. The resulting intensity is therefore comparatively

low.
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The parameters obtained from the simulations and from the linear fit of the temperature

dependence of the double integrals (at high temperature) are summarized in Table 5.1. As

already mentioned, the parameters used for the simulation of the paramagnetic

component are very close to those used previously for C2Ph film and all the Auzs clusters

in solution.

However, the gx value is slightly different for the different ligands. Moreover, for

all the films, the gx value moderately decreases at higher temperatures, which can be

seen as a

is another

line shift and narrowing, usually observed for superparamagnetic systems. This

indication of the fact that weak ferromagnetic interactions between the clusters

can possibly take place, as already observed for C2Ph.
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Table 5.1. Paramaters obtained from the simulation of amorphous films at 5 K and the intercept (Tc) obtained from the
linear fitting of the high temperature double integrated spectra.

Ligand\parameter paramagnetic component antiferromagnetic component
8x 8y 8z A 8x 8y 8z A Tc
c3 249 | 2.38 | 1.82 25 - - - - 36
c4 249 | 2.38 | 1.82 25 248 | 2.46 | 1.85 155 29
Cc5 2,51 | 2.38 | 1.82 25 248 | 2.46 | 1.85 155 33
C7 2.54 | 2.38 | 1.82 25 2.28 | 2.06 | 1.95 155 17

The linear fits of the high temperature paramagnetic region of the Curie-Weiss plots show
(Figure 5.4) that C3, C4 and C5 films are all characterized by similar intercept values,
corresponding to a Curie temperature of about 30 K. This value is approximately one half
of the value obtained for C2Ph (see chapter 4). This shows that, even in an amorphous
film with no crystalline and magnetic order, the interactions between the clusters are
strongly mediated by the ligands. Specifically, as in the crystals, the ferromagnetic
interaction is probably favored by the stacking of the phenyl rings also for the films.
Nevertheless, it must be noted that, in these experiments less experimental points were
available at high temperature, compared to the C2Ph case because the signal fades
above 80 K. Therefore, the obtained values used for the comparison could be somewhat
underestimated. In any case, the comparison of the three films with the C7 film, the
analysis of which was performed on the same number of experimental points, confirms the
importance of the ligands for the intercluster interactions in these systems. Indeed, the
Curie temperature for C7 is much smaller than for the other shorter ligands. This means
that with such long ligands, in an amorphous environment, the intercluster distance is

higher, giving rise to weaker magnetic interactions.

5.2.2. Antiferromagnetic crystals.

We then turned to the crystalline samples, which we supposed, considering our previous
studies on C2Ph and C4, to be magnetically ordered. We started by studying longer
ligands, i.e. C5 and C7 (Figures 5.5 and 5.7). From some preliminary XRD data we knew
that C5 forms linear 1D chains, just like C4, but with a smaller distance between the
neighbor clusters inside a chain. For this reason, we expected C5 to be antiferromagnetic,
and possibly even more antiferromagnetic (with a higher, more negative, J) than C4. An

indication of the possible antiferromagnetism of C5 was also provided by the
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measurements on C5 amorphous films, reported in the previous paragraph.

j 80 K

EPR intensity (a.u.)

1000 2000 3000 4000 5000
B (G)

Figure 5.5. CW-EPR experimental (black) and calculated (red) spectra of Auzs(SCsHu11)1s electrocrystallized

crystals at different temperatures.

Actually, the spectra of the C5 crystals (Figure 5.5) show broad signals reminding those of
C4. Some narrow features superimposed to the broad signal are observed, due to a few
larger crystals. Moreover, some features of the paramagnetic signal are visible, which
suggest the incomplete crystallization of the clusters. Due to the complexity of the
spectrum, reflecting the heterogeneity of the sample, precise simulations are prohibitive.
Nevertheless, the spectra corresponding to each temperature were approximately
simulated, trying to fit the broadest component, and the signals were double-integrated. In
this way, an estimated temperature dependence of the susceptibility was determined. The
principal values of the g tensor extracted from the simulations are similar to those used for
the simulation of the films (gx=2.53 gy=2.38, g-=1.82), but the linewidth is considerably
higher A=55.
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Figure 5.6. Reciprocal of the double integrals of the CW-EPR spectra of Auzs(SCsHui1)1s crystals.

As can be seen in Figure 5.6, the susceptibility, estimated by the double integrals,
increases with decreasing temperature, as commonly observed for paramagnets.
However, the Curie linear dependence is not followed, and an irregularity around 15 K is
observed. These observations are in agreement with the presumed heterogeneity of the
sample and indicate that probably for the C5 crystal samples, like for the film, both
paramagnetic and antiferromagnetic components are present, due to the amorphous and
crystalline regions respectively. This would be also in accordance with the fact that the g
factors are similar to those of the paramagnetic films. An alternative (or complementary)
hypothesis can be suggested, which demonstrates that in reality also the
antiferromagnetic signal intensity can increase with decreasing temperature in certain
cases. This explanation is based on the Monte Carlo simulations, which use the

aforementioned Ising model, and which will be illustrated in the following paragraph.

Concerning the C7 clusters, the same amount of C7 crystals give much weaker signals,
compared to the C5 sample (Fig. 5.7). This can be possibly due to a stronger
antiferromagnetic interaction (higher J). Moreover, just by a visual inspection of the
spectra, it can be clearly seen that the signal intensity decreases at lower temperature,

which is in agreement with the strong antiferromagnetism hypothesis.
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Figure 5.7. CW-EPR experimental (black) and calculated (red) spectra of Auzs(SC7H1s)1s electrocrystallized
crystals at different temperatures.

The spectra were satisfactorily simulated with the following parameters, which in this case
are significantly different from those obtained for the paramagnetic films: (gx=2.60 gy=2.25
9-=1.75, A=40).

The plot of the reciprocal of the double integrated simulated signals vs temperature is
reported in Figure 5.8. The graph clearly shows that a minimum is present at 10 K. This is
a typical plot for an antiferromagnet with a Néel temperature of 10 K. In agreement with
this, a linear fit of the high temperature points, corresponding to the paramagnetic region,
give a slightly negative intercept on the x axis, corresponding to a negative Weiss

parameter, typical of antiferromagnets.
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Figure 5.8. Reciprocal of the double integrals of the CW-EPR spectra of Auzs(SC7His)1s crystals.

5.2.2. Ferromagnetic crystals.

We then continued by studying the clusters protected with shorter ligands, propanethiolate
and ethanethiolate, which is the shortest ligand ever used so far to protect Auzs clusters.
From the single crystal XRD structures we knew that these clusters don’'t form linear
polymers in the solid state. Therefore, our aim was to understand if exchange interactions
are still present for such short ligands and whether these interactions are ferromagnetic or
antiferromagnetic. For C3 crystals, which were obtained by electrocrystallization, we
observed one relatively broad signal at about 2800 G appearing below 20 K (Figure 5.9).
By comparison with the corresponding spectra of the amorphous film, it is clear that this
signal is quite different from the usual paramagnetic signal, although a contribution of the
latter can not be completely ruled out. Differently from the antiferromagnetic samples, i.e.
C4 and C7, the signal intensity increases with decreasing temperatures, indicating that
most likely the crystals are not antiferromagnetic. More importantly, the signal shows a
small, but evident low-field superparamagnetic shift at low temperatures (between 15 and
5 K) indicating a ferromagnetic interaction between the clusters, as for C2Ph, but with a

much lower anisotropy energy.
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Figure 5.9. CW-EPR spectra of Auzs(SCsH7)1s crystals at different T. The arrow shows the superparamagnetic shift.

Regarding the C2 clusters, due to their poor stability, we did not manage to obtain crystals by
electrocrystallization so far, as for the other crystals presented above, but only by slow
evaporation. These crystals gave a complex spectrum, which is very similar to the
spectrum observed for C2Ph small crystals, consisting in a superposition of a
superparamagnetic signal, due to the crystalline, ferromagnetically ordered fraction and
the usual paramagnetic signal at low temperature, due to the amorphous fraction (Fig.
5.10). The superparamagnetic contribution is significantly lower, compared to the
spectrum of the C2Ph polycrystalline sample, but it can still be clearly identified from the
remarkable low field shift at low temperatures. It is noteworthy that also the high

temperature resonance shifts strongly resemble those observed for C2Ph.
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Figure 5.10. CW-EPR spectra of Auzs(SC2Hs)1s (left) and, for comparison, Auzs(SC2H4Ph)1s (right) crystals at different T.

Besides showing the ferromagnetism of C2 and C3, these measurements demostrate
once again the ability of the electrocrystallization technique to give higher quality crystalline
material, compared to the crystals obtained by other methods. In effect, for the
electrocrystallized crystals, the paramagnetic signal, due to the amorphous fraction of the
sample, was absent or relatively weak. Instead, it always constituted a relevant

contribution to the spectra of all the other samples.

In addition to the reported CW-EPR spectra, some preliminary power saturation studies
were performed on both crystalline and film samples of the aforementioned clusters in
order to investigate the dependence of spin relaxation on the morphology and
dimensionality of the system. As explained in the introduction to this chapter, spin
relaxation is of paramount importance for possible spintronic applications of these
materials, as it determines the spin lifetime. Obtaining high spin lifetimes is crucial for an
efficient control of spin currents. Trial experiments performed on C5 clusters are reported
in Figure 5.11. The saturation curves were recorded at different fields and temperatures.
As observed in Figure 5.11, in which the saturation curves for the C5 crystals and film are
reported, saturation takes place at much lower MW power for crystals, compared to the

film, which corresponds to slower relaxation times (see Chapter 2). Apparently, for the film
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the curve is given by a superposition of a fast and a slow saturating component, the
former being due to the crystalline and the latter to the amorphous fraction. The same
components supposedly contribute also to the curve of the crystals, but in that case the
fast component prevails. First of all, these measurements definitely prove that both the
EPR spectra of crystals and film consist of two components, corresponding to a crystalline
and an amorphous fraction of the sample. Moreover, most importantly, the significant
difference of spin relaxation rates between the amorphous film and the crystalline samples

shows that the formation of 1D linear chains of clusters efficiently suppresses relaxation,

as was hypothesized in the introduction to this chapter.
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Figure 5.11. Power saturation curves for Auzs(SCsHu1)1s crystals (left) and amorphous film (right) recorded at 10 K at a
field of 2000 G.

5.2.4. Monte-Carlo Ising simulations.
As mentioned in the previous paragraph, simulations and integration of the C5 signals at

different temperatures shows an increase of susceptibility with decreasing temperature,
which is the contrary of what is expected for antiferromagnetic chains and of what we
experimentally observed for C4 and C7. However, we know from recent XRD data that C5
clusters form linear chains, just like C4. The intercluster Au-Au distance for C5 is even
smaller than for C4, therefore C5 is most likely even more antiferromagnetic than C4. This
discrepancy could be explained by the presence of paramagnetic signals due to the poorly
crystallized fraction of the sample, overlapping to the antiferromagnetic signal. The
paramagnetic signal intensity is higher compared to the antiferromagnetic one and

increases at lower temperatures, therefore an overall increase of the double integrals can

be predicted.
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Here we suggest a different explanation of this trend, which shows that the
antiferromagnetic signal intensity can also increase with decreasing temperature. Monte
Carlo simulations were performed using the Metropolis algorithm to simulate the
temperature dependence of the magnetization in antiferromagnetic cluster chains and give
a hint for a possible explanation of the temperature dependence of C5.%? The Ising model
was used for the simulations, valid for 1D exchange-coupled systems. The Ising

Hamiltonian is the following:

H=-3>00,-9u4B> 0, (5-1)
(i) j

where J is the exchange coupling constant and o is the spin discrete variable. The
simulations were performed by using the following algorithm: the system was initialized by
producing a 100x1 vector with a random configuration of spin orientations, expressed by 1
and -1 values. The field was set to 3000 G, which corresponds to the average field
intensity used in EPR measurements. A J constant of -26 meV was used (the value
obtained for C4 crystals). Then a number of iterations were performed in each of which
the energies were calculated, according to equation (5-1). Only exchange interactions
between nearest neighbors were considered. Once the interaction energy AE is

calculated, the spin flip is performed, consisting in changing the value from 1 to -1 or

p= exp(—%) (5-2)

A large number of iterations were performed (specifically 5000), until equilibrium is

viceversa, with probability

reached. Then the overall magnetization of the system was calculated by summing up all
the spin values. The same operation was performed several times (200) for different
temperatures and the average values for each temperature were calculated.

The preliminary simulations show that, while the magnetization actually decreases with
decreasing temperature (Figure 5.12) in a high temperature range, under a certain
temperature it starts increasing again, giving a possible explanation for the temperature

dependence of C5 susceptibility.
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Figure 5.12. Magnetization vs T obtained from trial Monte-Carlo simulations for an Ising 1D antiferromagnetic chain of
s=1/2 clusters.

5.2.2. Photoinduced electron transfer.

The results presented so far evidenced that ligands and crystallinity, and in particular the
formation of linear 1D chains, strongly affect the magnetic properties of Auzs clusters
protected with linear alkyl ligands. Subsequently we were interested in investigating other
physical properties of the clusters, which could possibly be influenced by the polymeric
solid-state structure and by the length of the protecting ligands. Thus, we turned to study
the photoinduced behavior of a series of Auzs clusters, both in the solid state and in frozen
solution, expecting to observe some effect of the aforementioned properties on electron
transfer. Eventually, our aim was to obtain a picture of the interplay between the latter and

the magnetic, optical and structural properties of these systems.

The measurements were performed on two antiferromagnetic samples, i.e. C4 and C5, in
toluene solution and in the crystalline state. These samples were chosen in order to
investigate the intercluster distance dependence of the photoinduced electron transfer
with and without the linear polymers. The samples were irradiated with a polychromatic
visible light lamp. The spectra before, during and after irradiation were recorded (Figure
5.13). At 5 K a significant decrease of the paramagnetic signal intensity was observed for
all the samples both in solution and in the solid state for the spectra acquired during the
irradiation. The spectra recorded after the light was switched off were instead identical to

those before the illumination. The observed decrease of the paramagnetic signal was
164



165

attributed to the photoinduced electron transfer process between two clusters. In this
process we start from two paramagnetic clusters and the electron transfer between the
two leads to the reversible formation of two diamagnetic clusters, one positively and one

negatively charged. This obviously gives rise to a decrease of the EPR signal intensity.
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Figure 5.13. CW-EPR spectra of C4 crystals (a) and frozen solution (b) recorded at 5 K before (black), during (red) and
after (black) optical irradiation.

Subsequently, in order to investigate the dynamics and the mechanism of this process
more in depth, the kinetic traces were recorded, consisting in the intensity of the EPR line
maximum vs time right after switching on and switching off the irradiation (Figures 5.14,
5.15). The time traces were fitted by suitable functions (exponential, biexponential or
sigmoidal), depending on the sample. It is observed that the kinetics are much slower in
solution, compared to the solid state (for instance, in the case of C4: Tcryst=4 S, Tsol=40 S).
This is most probably an effect of the intercluster distance: from a simple calculation
performed in Chapter 4, it turns out that the clusters are about an order of magnitude
nearer in the crystals than in solution. This possibly implies a slower electron transfer in
solution, compared to the crystals. Moreover, both in the solid state and in solution the
kinetics for C4 are much slower than for C5 (for crystals 1cs=0,2 s, Tcs=4 S), which is also a
distance effect: indeed, according to the XRD structures, the mean intercluster distance
along a chain is smaller in C5, compared to C4. Finally, it is noteworthy that the relaxation
of the clusters in solutions after the light is turned off doesn’t follow the exponential law, as
for the kinetics during the irradiation, but a sigmoidal, implying that two different
mechanisms are involved in the two processes. The fitting values are summarized in
Table 5.2.
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Figure 5.14. EPR intensity of signals of C5 crystals (left) and frozen solution (right) vs time after the irradiation is
switched on (above) and off (below).

Table 5.2. Time constants T obtained from the exponential and biexponential fittings of the time variation of the

maximum intensity of the spectra of C4 and C5 crystals and frozen solutions after the irradiation is switched on and off.

C4 crystals | C4 frozen solution | C5 crystals C5 frozen solution
lightON 45;1 74; 8 0.17 1.2
lightOFF 3.2 - 0.17 -

Recently we started to investigate the electron transfer properties between Auzs and other
materials. Thus, we produced a hybrid material, consisting in negatively charged C3
clusters, in the form of an octylammonium salt, adsorbed on TiO2 nanoparticles with the
aim of studying the possible electron transfer between the two compounds. In particular,
we were interested in the photoinduced electron transfer reported in literature?® for such
kind of material, which is of particular importance in the field of photovoltaics. Details on
the sample preparation are available in the experimental part. The first spectra of the
sample recorded both with and without illumination 48 hours after the preparation gave the
typical spectrum of TiO2, with the characteristic defects signals around 3500 G (figure

5.16).
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Figure 5.16. CW-EPR spectrum of TiO2 nanoparicles with adsorbed C3(-) clusters, recorded at 30 K right after the
sample preparation and showing the typical defects signals around 3500 G.

These defects are mostly due to various nitrogen species, often present in the commercial
titania as impurities or intentionally introduced by N-doping and are of no particular interest
for the aims of this study. Additional detailed information on these signals can be found in
literature.?® After leaving the sample in the dark at room temperature for other 48 hours,
additionally to the signals due to TiO2, a low field signal appears below 3000 G,
remarkably broader than the N-defects signals. Moreover, the measurements performed
at variable temperature (Figure 5.17) showed that this signal exhibits a remarkable
resonance shift with lowering the temperature, from 2800 G at 30 K to 2300 G at 5 K. As
observed previously for C2Ph(0), C2(0) and C3(0) crystals, this shift is associated with a
superparamagnetic behavior, typical of small ferromagnetic particles. First of all, this
clearly demonstrates that electron transfer from cluster to titania took place and that this
process is slow, irreversible and probably independent on optical irradiation with visible
light. Surprisingly, this also shows that TiO2 in some way promotes the formation of
ferromagnetically coupled aggregates of paramagnetic C3 clusters, which we already
know to interact ferromagnetically in electrocrystallized crystals. Even more curiously, in
these aggregates the magnetic anisotropy is higher compared to the C3(0) crystals we
studied before, since the superparamagnetic shift is more evident and is observed at

higher temperatures. This may be due to the different dimensions or shape of the crystals.
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Ferromagnetism was confirmed by the presence of hysteresis at 30K (Figure 5.18).
Hysteresis appears at nearly the same temperature as for C2Ph, but is much weaker. It is
remarkable that in this case pure and highly ordered ferromagnetic systems are produced,
since no residual paramagnetic signal is visible. This is very surprising, since the
paramagnetic signal was still present even in apparently crystalline samples, such as
C2Ph and C2 crystals. In summary, these results show that TiO2 nanoparticles promote

both the oxidation and the aggregation of Auzs clusters, which form purely ferromagnetic

systems.

po=

R

Figure 5.17. CW-EPR spectra of Auzs(SCsH7)1s” adsorbed on TiO2 nanoparicles at different temperatures. The TiO2

nitrogen defects are evidenced in green, while the superparamagnetic signal of Au25 aggregates is in blue.
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Figure 5.18. Hysteresis of the Auzs(SCsH7)1s™/ TiO2 system at 30 K, evidenced by the upwards (black) and downwards
(red) scans (right) of the CW-EPR spectrum

5.3. Conclusions.
The investigations reported in this chapter show that the formation of linear 1D chains in

the crystalline samples gives rise to very different magnetic properties of the Auzs clusters,

compared to those typical of the amorphous state and that these properties can be
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modulated by changing the length of the ligands. While, regardless the ligand used, all the
amorphous film samples are essentially paramagnetic, with weak ferromagnetic
interactions arising at low temperature (below 40 K in all cases), in the crystalline samples
the situation is more complex. Longer ligands (C4, C5, C7) allow the formation of 1D
chains, due to the twist-lock mechanism, and thus give rise to antiferromagnetic
interactions between neighboring clusters inside a chain. The polymers are not formed
with shorter ligands (C2, C3) and in this case the clusters interact ferromagnetically.
These interactions are remarkably stronger than in the amorphous films, because of the
crystalline and magnetic ordering, but are generally weaker, compared to the case of the
C2Ph ligands, extensively discussed in Chapter 4. These findings suggest that the twist-
lock mechanism leading to the formation of 1D chains is closely linked to the flexibility of
long alkyl chains, while the intercluster ferromagnetic interactions are enhanced by the
stacking of phenyl rings. Moreover, we showed that also the magnetic relaxation is
affected by the formation of polymeric cluster chains: relaxation is significantly slower in
crystals, with respect to the amorphous films. This is most likely due to the reduced
dimensionality of the system. We also investigated the response of these systems to
optical photoexcitation. These measurements showed a photoinduced electron transfer,
taking place both in the crystalline state and in frozen solution, which is also influenced by
both the ligands and the aggregation state. Electron transfer between Auzs clusters and
TiO2 nanoparticles was also demonstrated, leading to the formation of ferromagnetic
aggregates. All these results underline the great scientific and technological interest of
these systems, particularly of the linear 1D chains, opening the way to possible

applications in spintronics, quantum computing and magneto-optical devices.

5.4. Experimental section.

The synthesis, electrocrystallization and film deposition of the clusters were performed
following the procedures described in the previous chapters. The hybrid
Auzs(SC3H7)18/TiO2 material was prepared by simply leaving 20 mg of TiO2 powder
immersed in a 3 mM toluene solution of (OctaN)*Au2s(SCsH7)1s” for 72 h. The solution was
stirred and sonicated approximately every 4 h. The solvent was left to evaporate
completely and the procedure was repeated another time, until the powder assumed a
grey color, indicating that the cluster was successfully adsorbed. The instrumental settings

and parameters used for the EPR measurements were the same reported in Chapter 4.
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Chapter 6.

Intrinsic Exchange Reactivity of the Inner and

Outer Ligands in Au 25(SR)1s Clusters

6.1 Introduction

As reported in Chapter 1, the study of the properties of gold nanoclusters protected by
thiolate monolayers is a fast-pace growing research area in nanosciences and
nanotechnologies.’® In applications, such as sensing, catalysis and biomedicine,*® the
nature and number of functional groups displayed by the monolayer play an essential role
in driving the action and performance of the MPC. Proper functionalization, on the other
hand, requires implementing strategies suitable to prepare the sought MPCs in a
controlled fashion.® This can be achieved by carrying out the MPC synthesis directly from
a mixture of appropriate thiols, via reactions of reactive groups present on the outermost
part of the capping monolayer, or by taking advantage of ligand-place exchange reactions.
In the latter, the thiolates of preformed MPCs are exchanged with exogenous thiols, a
pathway opened several years ago by the Murray's group.” Exchange reactions are
particularly useful, e.g., to introduce expensive/less easily available thiols, when the target
thiols carry groups that are unstable during the reducing, direct-synthesis conditions, or
when solubility issues would prevent controlling the MPCs' size in direct syntheses. An
early study,® later confirmed by further investigations on better defined MPCs,*? already
identified that these reactions proceed by an associative mechanism where the
exchanged ligands are released as thiols. A similar conclusion was later reached also by
density functional theory calculations.11?2 Because of the number of thiolates protecting
the native MPC, ligand place exchange typically leads to polysubstitution,31* partially
controllable by adjustment of reaction conditions such as time and relative concentrations.
Separation of the substituted clusters requires high-performance liquid
chromatography.*>'® The fact that for clusters larger than 2 nm the starting MPC is not
monodisperse with atomic precision further complicates the preparation and analysis of

the ligand-exchanged clusters.
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As described in the previous chapters, Auzs(SR)is is a particularly stable molecular MPC
with a metal core diameter of only 1 nm.% 17 It also is fully representative of the general
properties of this class of ultrasmall MPCs, such as the presence of a HOMO-LUMO
gap®®, a very distinct electrochemical behavior,*31°% and charge-dependent magnetic
properties that can be nicely evidenced by NMR?® and electron paramagnetic
resonance.?%?? Auzs(SR)1s thus provides an ideal candidate for exploring fine details of the
ligand place-exchange reactions under fully controlled conditions. It has been already
used to provide the first information on the kinetics of ligand exchange on a well-defined
molecular cluster,%23 its native ligands were exchanged to affect its electrochemical
behavior,?42% its monolayer could be fully exchanged,?*?® the single-crystal X-ray
crystallographic structure of an exchanged Auzs(SR)is cluster (by two ligands) has been
described.?’

In this chapter, the results of a study are reported aimed to obtain molecular insights into
the kinetics of ligand place-exchange reactions. As described in Chapters 1 and 3, due to
the presence of six equivalent staples, surrounding a central 13 Au atoms icosahedral
core, the 18 ligands of Auzs(SR)1s split into two families of 6 outer and 12 inner ligands, a
feature maintained as one goes from phenylethanethiol' down to ethanethiol, the shortest
thiol ever used.?® This suggests that the protecting thiolates are bound to gold with
different energy and thus that reactivity could, in principle, be different. The objective of
this study was to assess if and to what extent the ligands belonging to these two families
are exchanged with intrinsically different rates. The results reported so far in literature on
this subject are quite contradictory. Computational studies predicted a preferential
exchange in the inner position.?® This is in agreement with most of the experimental
results, based mainly on single crystal XRD.3%:3! However, at least one other study, carried
out by means of NMR spectroscopy, states the opposite, i.e. that the outer ligands
exchange rate is higher.3? These inconsistent outcome points out that the ligand exchange
reactions are probably more complex than it was assumed and that several factors must
be considered for an accurate description, such as the statistical factors and the ligand-

dependence of the process.

To make the reactive sites of the monolayer as accessible as possible to the incoming
thiols, we prepared the cluster Auzs(SPr)is, whose single-crystal X-ray crystallographic
structure is described in Chapter 3. The kinetic study was carried out by taking advantage

of precise control of the cluster charge state and full knowledge of the 'H NMR
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spectroscopy behavior for each ligand family. Analysis of the kinetic data highlighted a
remarkable site- and thiol-dependent exchange, but also the importance of taking into

account statistical factors

6.2 Results and discussion

6.2.1. Preliminary NMR and MALDI analyses

The synthesis of the Auzs(SR)is cluster was carried out in tetrahydrofuran as already
described for similar clusters.®® The as-prepared diamagnetic, anionic cluster was
quantitatively oxidized to its neutral paramagnetic form via a column chromatography
method.?® The rationale of using a paramagnetic cluster is that most of the 'H NMR
resonances undergo a significant downfield shift compared to the diamagnetic form. This,
together with the use of short thiols for preparing the MPC and performing the exchange
(see below), was thus strategic to make the NMR pattern span across a much wider
chemical-shift range than for the corresponding diamagnetic cluster, thereby allowing for
good separation of the peaks to be studied during the ligand-place exchange reaction and

thus precision in the kinetic analysis.

Figure 6.1. (a) Projection showing the X-ray crystal structure of Auzs(SPr)1s. Au = yellow, S =red, C = gray, H = white.
For clarity, the icosahedral core (yellow), one of the staples (blue), and the corresponding inner- (red) and outer-ligands
(green) have been highlighted. Also shown is a comparison between the space-filling models of (b) Auzs(SPr)1s and (c)

Auzs(SEt)1s.
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Auzs(SPr)1s could be prepared in very pure form and easily crystallized. As for the other
known Au2s(SR)1s structures,?7:2834 the 25 gold atoms can be regarded as forming two
shells (Figure 6.1): an inner icosahedral core, consisting of a central Au atom with 12 Au
atoms directly interacting with it, and an outer shell of 12 Au atoms protected by thiolate
groups to form staple-like structures. The space-filling model (Figures 6.1b), shown in
comparison with that of Auzs(SEt)is (Figure 6.1c),?® illustrates the important aspect that
because of the short ligand employed and independently of the ligand site, all sulfur atoms

are indeed easily accessible to exogenous thiols.

For the exchange reactions, we used ethanethiol (EtSH), 3-mercaptopropionic acid methyl
ester (PESH) and ter-butylthiol (tBuSH). EtSH was meant to compare the NMR spectra of
the exchanged clusters to that of Au2s(SEt)18.2° PESH was chosen to provide a prototype
of ligand that could eventually be activated for carrying out functionalization reactions.
Both thiols avoid introducing structural factors that could cause specific interactions
between neighboring ligands (other than van der Waals) within the monolayer. Moreover,
to gain insights into a possible ligand-length effect, whereas one of the thiols was chosen
to be a bit shorter than PrSH, the other was a bit longer. tBuSH instead was chosen as a
bulky ligand in order to study the influence of sterical hindrance and inter-ligand
interactions on ligand exchange reactions kinetics. Figure 6.2 compares the 'H NMR
spectra of Auzs(SPr)is, Auzs(SEt)is, PrSH, and EtSH in benzene-ds. In paramagnetic
Auzs(SR)1s, the *H NMR behavior of the ligands is very sensitive to the specific position
occupied in the MPC.?° Figure 6.1a shows that, whereas in the 6 outer ligands the sulfur
atom is bound to two Au atoms of the outer shell, in the 12 inner ligands one of the two S-
Au bonds involves one of the icosahedron Au atoms. The effect of the unpaired electron is
particularly felt by the resonances closer to the icosahedral gold core, i.e., those of the
groups in the positions a, B and y of the inner ligands and the position a of the outer
ligands.® The spectra of both Au2s(SPr)is and Auzs(SEt)1s display the inner- and outer-
ligand resonances in a precise 2:1 ratio. The only peak not shown in Figure 6.2 is the very
broad (a-CHz)in resonance (25 ) that occurs at about 25 ppm for both Au2s(SPr)i1s and
Auzs(SEt)is. Figure 6.2 highlights that some resonances of the clusters and free thiols are
particularly well separated. A similar comparison can be made for Auzs(SPr)1s, PESH and
tBuSH.
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EtSH

oyt ﬁin

Figure 6.2. Comparison of 1H NMR spectra of free EtSH and PrSH ligands (green and red respectively), Auzs(SEt)1s and

Auzs(SPr)1s clusters (blue and black respectively).

The exchange reactions were carried out using 2 equiv of thiol with respect to the
concentration of Auzs(SPr)1s, 3 mM, in benzene. The reactions were quenched after 1, 4 or
18h. Because the two exogenous thiols and PrSH are very volatile, the reactions could be
easily quenched by quick, simultaneous rotary evaporation of solvent and thiols, to leave
only the exchanged cluster as a solid. Just before quenching, a tiny fraction of the reaction
solution was collected and checked by UV-vis spectroscopy. This allowed us to verify that
the concentration of Auzs did not change during the experiments, within 1%, and therefore,
that in the selected experimental conditions the cluster integrity was maintained
quantitatively. Small changes of the UV-vis spectrum were observed only for the tBuSH-

exchanged cluster, as will be discussed later.

The solids were analyzed by matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry under conditions suitable to avoid fragmentation of the
clusters. Figure 6.3 shows a comparison between the mass spectra obtained after
exchange with PESH and EtSH after 1, 4 and 18 h.
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Figure 6.3. MALDI-TOF spectra of Auzs(SPr)1s partially exchanged with PESH after 1 h (a), 4 h (c) and 18 h (e) and with
EtSH after 1 h (b), 4 h (d) and 18 h (f).

The spectra show a progressive increase of polysubstitution. For example, after 1h the
mean numbers of ligands exchanged are 0 (55%), 1 (35%), 2 (8%) and 4 (2%), after 4 h
they are 0 (30%),1 (38%), 2 (22%), 3 (7%) and 4 (3%), whereas after 18 h they are 0
(20%),1 (35%), 2 (27%), 3 (13%), 4 (3%) and 5 (2%), which correspond to an average of
ca. 1.5 equivalents exchanged. A similar trend is observed for PESH, although after 18 h
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the extent of exchange is larger, corresponding to 1.7 equivalents (Figure 6.3f). For tBuSH

instead, the amount of ligand exchanged after 18 hours is significantly smaller, being

equal to about 0.7 (Figure 6.4). Moreover, additional regularly spaced peaks appear at

higher masses of the MALDI spectrum, which cannot be assigned to a simply ligand-

exchanged Au25 cluster. This feature will be addressed in more detail further on.
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Figure 6.4. MALDI-TOF spectra of Auzs(SPr)1s partially exchanged with tBuSH after 4 h (a) and 18 h (b).

6.2.2. NMR monitoring of ligand exchange and signals attribution

For the NMR kinetic study, the ligand exchange reactions were carried out directly in the
NMR tube and the reactions were monitored in real time by NMR. Figure 6.5 illustrates the

time evolution of most NMR resonances during the exchange with 2 equiv EtSH.
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Figure 6.5. Evolution of a portion of the NMR spectra during the ligand exchange reaction of Auzs(SPr)1s with EtSH (from

red to violet).

Comparison with the spectra of Auzs(SPr)is and Auzs(SEt)s illustrates the decrease of the
peaks related to the inner and outer ligands of the native MPC and the growth of the
corresponding peaks typical of Auzs(SEt)is. Interestingly, the position of the peaks does
not change remarkably. Nevertheless, some Au2s(SPr)is signals slightly broaden and
become more asymmetric (Figure 6.6). This phenomenon can be ascribed to the
appearance of new peaks, slightly shifted with respect to the original ones. These peaks
are due to the change of the chemical environment around the -SPr ligands as the
exchange reaction goes on: the -SPr ligands interact with the newly introduced -SEt
ligands and this changes the chemical shift of the corresponding signals. This effect is

even more evident for PESH and tBuSH, as will be discussed later.
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Figure 6.6. Modification of Auzs(SPr)1s -out signal with the proceeding ligand exchange with EtSH (from yellow to

violet).

No further peaks are detected in the spectra relative to clusters exchanged with EtSH
(and PESH, discussed further). On the contrary, some additional peaks, not related to the
Au25 cluster or free ligands, appear when the reaction is carried out with tBuSH, as will be
seen later. Concerning the free thiol ligands, a progressive disappearance of the
resonances of free EtSH, and the corresponding increase of the peaks related to freed

PrSH are observed.

To monitor accurately the extent of the exchange reaction, two couples of corresponding
resonances for the endogenous and exogenous ligands are particularly suited for EtSH:
for the inner ligands (SPr and SEt), (B-CH2)in (6 3.29) and (B-CHz3)in (0 4.12); for the outer
ligands, (B-CHz2)out (6 1.73) and (B-CHs)out (© 1.19). Also the signals of the two free ligands
were monitored: B for EtSH (& 0.95) and y for PrSH (® 0.72). In the case of signal

overlaps, these were corrected by subtracting suitably weighted integrals of clean signals.

While the NMR resonances of Auzs(SPr)1s were already identified previously (see Chapter
3), this was not the case for signals of PESH and tBuSH bond to the cluster. Therefore,
first of all, the identification of the signals and their attribution to the corresponding proton

groups had to be performed.
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The signals of the PESH ligands bond to the cluster were identified by an accurate
analysis of the evolution of all the signals visible in the 1D *H spectra recorded during the
reaction (Figure 6.7) and the 2D COSY (Figure 6.8) and TOCSY (Figure 6.10) spectra.

SPF (y-in) Prsu (p)  -SPr fr-out) | PrSH (1)

PESH [1) PrsH SPr (B-out) SH (PESH). 5Hr':P=5HJ If|

| L 399
| ! 380’
257
| T
i I 13¢'
i 70

26'

(]

B(ppm)
Figure 6.7. Evolution of a portion of the NMR spectra during the ligand exchange reaction of Auzs(SPr)1s with PESH

(from red to violet).

Concerning the out-a signal at 5 ppm, other three signals partially overlapping to it appear
as the reaction proceeds, one at lower and two at higher fields (Figure 6.8a). While the
out-a signal of the pure Auzs(SPr)is cluster decreases, as expected, the other three signals

increase during the reaction.

From the COSY spectrum in Figure 6.8 we see that the two signals at both sides of the -
SPr out-a signal correlate with the -SPr out-3 signal. They are attributed to -SPr out-a
protons of partially exchanged Au2s(SPr)1s, interacting with nearby ester ligands, similarly
to what was observed for the cluster partially exchanged with EtSH. However, whereas for
the latter it appears only as a line broadening and distortion, here the two new peaks are
more separated and can be distinctly observed, indicating a stronger interaction between
adjacent ligands. Instead, the signal at higher field (5.2 ppm) correlates with another signal

at about 2.45 ppm, which doesn’t appear in the pure Auzs(SPr)is spectrum (Figure 6.8).
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Therefore, these two signals are attributed respectively to out-a and out-f -PESH protons

bond to the cluster.
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Figure 6.8. Evolution of the 1D NMR -SPr out-a (a), -SPr out-B (b); portion of the COSY spectrum of Au,s(SPr)1s partially
exchanged with 2 equiv. of PESH after 18 hours (c).

The -SPr out-B signal at 1.69 ppm, originally a sextet, decreases, broadens and becomes
more complex during the exchange reaction (Figure 6.9). This is also due to the —SPr
ligands interacting with the bonded ester ligands, as for the correlated -SPr out-a signal

and for the cluster exchanged with EtSH.
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Figure 6.9. Evolution of Auzs(SPr)1s B-out signal with the proceeding ligand exchange with PESH (from red to violet).

These attributions were also confirmed by TOCSY (Fig. 6.10): whereas the signals
attributed to —PrSH out-a bond to the cluster show two correlations, with out-g and out-y,
the signal attributed to the out-a ester protons shows only one correlation with out-a

protons. This is in agreement with the fact that PESH ligands have no y protons.
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Figure 6.10. Portion of the TOCSY spectrum of Auzs(SPr)1s partially exchanged with PESH (with 2 equiv. after 18 hours).
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Concerning the group of resonances around 3.4 ppm (Figure 6.11), while the -SPr in-p
signal decreases in time, a shoulder appears at a slightly higher field (about 3.43 ppm)
and then increases as the reaction goes on. It was attributed to the in-B protons of the

ester bond to the cluster.

At lower fields (at about 3.2 ppm), together with the -OCHjs signal of the free ester, there is
a group of signals appearing and increasing in time. These resonances can be attributed
to the -OCHs protons of the ester ligand bond to the cluster and interacting with other

ligands next to it. It is most probably due to an overlap of out and in -OCHs protons.

3.245 3,235 3.225 3.215 3.205 3.195 3.185 11475

5(ppm) 3.290 3.270 3.250 3.230 3210 3.190

S(ppm)

Figure 6.11. Time evolution of the signals of Auzs(SPr)1s partially exchanged with PESH around 3.2-3.4 ppm with the
proceeding of the reaction (from red to violet): -SPr in-B (a), -PES in-g (b) and -OCHz in and out (c).
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In summary, the attributions for the PESH ligand bonded to the cluster are the following:
5.2 ppm - out-a; 2.45 ppm: out-B; 3.43 ppm - in-B; 3.2 ppm - -OCHs. The out-a signal is
most likely overlapping to the out-a signal of -SPr, as it happens for all the other ligands.
For the kinetic analysis, the out-B (-PES) and out- (-SPr) signals were used for the outer
ligands, as well as the in-y (-PES) and the y resonance of the PrSH free ligand. The
overlapping signals were corrected by means of proper subtractions, as in the case of
EtSH.

In Figure 6.12 the evolution of some selected resonances during the exchange with tBuSH
is illustrated. For the identification of the signals of the signals of tBuSH bond to the

cluster, HMQC and HMBC spectroscopies were used (Fig. 6.13).
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Figure 6.12. Evolution of a portion of the NMR spectra during the ligand exchange reaction of Auzs(SPr)1s with tBuSH

(from red to violet) The signal corresponding to a possible by-product is marked by an asterisk.

It is clear from the HMQC spectrum of Auzs(SPr)1s partially exchanged with tBuSH (blue)
that there is a signal (apparently a singlet) overlapping to the Auzs(SPr)1s out-3 resonance,
at 1.7 ppm (*H), 44 ppm (*3C). Since this signal apparently increases during the exchange

187



188

process, and since there is no such correlation in the Au2s(SPr)1s HMQC spectrum (red), it
is attributed to the tert-butylthiol bonded to the cluster.

This is confirmed by the HMBC spectrum (Fig. 6.13), in which the correlation of the tBu
proton group (6=1.7 ppm) with the alfa carbon is observed (6=62 ppm). This attribution is
compatible with the fact that the correlation does not appear in the HMQC spectrum, since
there are no directly bond protons, and in the spectra of the pristine Auzs(SPr)1s cluster, in

which there is no quaternary carbon.
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Figure 6.13. Portion of the HMQC (a) and HMBC (b) spectra of Auzs(SPr)1s partially exchanged with tBuSH (with 2 equiv.
after 18 hours).

The inner -tBuS signals were not identified from the 1D and 2D NMR spectra. This is an

indication of the fact that probably this ligand does not exchange in the inner position.

Another feature of the 1D *H NMR spectra is the presence of two signals at both sides of
the -SPr in-a (4.93 ppm) in-B (3.39 ppm) and in-y (1.03 ppm) resonances (Fig. 6.14).
These signals increase during the exchange process, and thus they can be attributed to
partially exchanged Au(SCsHv)is cluster. They are due to the same proton group (-SPr in-y
and in-a) with slightly different chemical shifts due to the presence of the sterically
hindered -StBu ligands near to it, in particular, most probably to dipolar interactions with
the near tBu protons. A shoulder at 3.5 ppm, near to -SPr in-B signal, growing as the

188



189

exchange reaction goes on, is most likely due to the same phenomenon. A similar but
much less pronounced effect was observed for the exchange with EtSH and PESH as
well.
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Figure 6.14. Modification of the out-a, out-f and in-y -SPr signals of Auzs(SPr)is partially exchanged with BuSH with the

proceeding of the reaction (from red to violet) due to the interactions with adjacent ligands.

As aforementioned, in this case several signals appear and vary during the reaction, which
are not associated to Auzs clusters or free ligands, such as the group of resonances
around 1.45 ppm, marked with an asterisk in figure 6.12. These signals are most probably
due to the formation of new species, different from Auzs, whose presence was already
evidenced by the MALDI spectra.

After the signals assignment, the following resonances were chosen for the kinetic
analysis: out- (-StBu) and out-y (-SPr) and the usual y signal of the PrSH free ligand. The
signals relative to the inner ligands were not analysed, since, as already mentioned, their

integrals do not decrease during the reaction.

6.2.3. Kinetic analysis of the NMR and MALDI data.

For the kinetic analysis, we used a model in which all possible substitution patterns are
considered. This procedure is thus based on considering each cluster of the family
Au2s(SPr)"12.n(SPI)%%.m (SR)"(SR)tm, where the subscripts "in" and "out" have the usual
meaning, n =0, 1,... 12, and m = 0, 1,...6. The total number of species in solution is thus

given by the two thiols, PrSH and the exogenous thiol RSH, and 91 possible MPCs. All
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exchange reactions are considered as second-order reactions (first order in both the MPC
and the thiol) and reversible, with rate constants that depend on the exchange site (in or
out) and the specific thiol, but not on the extent of exchange. Hence, we define the
following rate-constant values: (kin)etsH, (Kin)prsH, (Kout)etsn, and (Kout)prsn. The first few

reactions, exemplifying the whole set of reactions considered are the following:

Aum[PT’s]mﬂ (Prs:jourﬁ + EtSH = Auzs[Prsjmniprsjoursigtsjm + PrSH

Kiy = Kingesis K-1 = Kincprsina

Aty (PrS) 12 (PTS) guee + EtSH = AUy (Pr5) 15 (P15) 505 (ELS) oy + PrSH
k+1 = kour(Er.‘-‘H}l k—l = kﬂut(Pr.‘-‘H}l

Ao (PT5) 011 (PTS) ose(ELS); + EtSH = Ao (PTS) 10 (PTS) pse(EtS) ;s + PrSH
Ky = kaurl:ErEH}E k_y = kﬂur(PrEH}Z

Au:s[Prsjmuip""sjnursigtgjm + EtSH = Au,g [.F‘T‘S'j]mll(F'T‘Sj ourE(Et‘gjin [Etsjpur + PrSH

Ki1 = Kourtzesinn o1 = Kour(prsn

Au:E(PT"Sjinu [PTS)GE:E(EtS:]EH + Et5H ;L‘quzs(PT"sz'nn (Pr5) ues (EtS);n (EtS) + Pr5H

ot
k+1 = kour[Er.‘-‘H}l k—l = kﬂut(Pr.‘-‘H}l
Aoz (PrS);n10(PTS) s (EtS);, + EtSH = Ao (PT5) ;12 (PTS) paipa (ELS);,, (ELS) 4pen + PrSH

Ky = kaurl:ErEH}E k_y = kﬂur(PrEH}Z

where k+1 and k-1 are the kinetic constants of the direct and reverse reactions respectively.
Importantly, our kinetic model takes into account the statistical factor. This is because the
probability of exchanging an endogenous ligand decreases as more exogenous thiol is
introduced into the monolayer. The probability of exchanging the i-th ligand is equal to
(12+1-i)/12 for the inner and to (6+1-i)/6 for the outer ligands. Within the formalism
introduced above: for i>1, kini=[(13-1)/12]kin 1, kout i=[(7-1)/6]kin 1. FOr example, the probability
of exchanging the forth ligand of the same ligand type decreases to 9/12 (inner ligands) or
3/6 (outer ligands) of the value corresponding to the first substitution. A set of differential
equations describing the time variation of the concentration of the 93 species was written
and solved with a Matlab code written ad hoc. The time variations of the integrals of NMR
resonances corresponding to inner and outer cluster-bond ligands were fitted and the

aforementioned kinetic constants were thus obtained. The so-determined k values were
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then used to fit the variation of the triplets of the methyl groups of free exogenous
(decreasing) and endogenous (increasing) ligands. We note that these resonances alone
could not be used for the kinetic analysis because they do not discriminate the specific
ligand type causing their change in time. Whereas the NMR signals corresponding to the
thiolates are sensitive to the ligand type, MALDI-TOF is not. However, whereas NMR only
shows the average extent of exchange, MALDI-TOF provides insights into the actual
distribution of exchanged clusters. We thus used the relative MALDI-TOF intensities to
test whether the observed k values could be validated in terms of reproducing the poly-
substitution pattern as a function of time. This comparison was used as an indication of
the validity of our model to describe the kinetics of ligand-place exchange for the specific

reaction

For the exchange reaction with PESH, we were able to fit the kinetic traces of all the

chosen signals with one set of kinetic constants (Figure 6.15).
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Figure 6.15. Time evolution of normalized integrals of NMR —SPr out-3, -SPr in-y, -PES out-f3 and PrSH y signals (black

dots) with corresponding simulations (red lines).

191



192

Moreover, the results were perfectly consistent with the MALDI data. Using the kinetic
constants obtained from the fitting of the NMR integrals vs time, the fractions of each of
the polysubstituted clusters were calculated, as well as the fraction of the reacted ligand.
The values calculated in such way are in perfect agreement with those obtained from the

MALDI spectra, as shown in Figure 6.16.
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Figure 6.16. Comparison of the polyexchange patterns from MALDI and simulations, based on NMR-derived kinetic
constants, after 1 h (a), 4 h (b) and 18 h (c) and of the fraction of ligand entered during the exchange reaction with

PESH (d). The numbers indicate the number of exchanged ligands.

Instead, some incongruences were encountered for the reaction with EtSH. Since this
reaction turned out to be slower, in was carried out for a longer time, compared to the
reaction with PESH, in order to reach the equilibrium. For the exchange with this ligand,
the kinetic traces of SPr-in and SPr-out could not be well simulated by the ligand
exchange mechanism we considered. In fact, as shown in Fig. 6.17, the integrals of these

signals indefinitely increase at long reaction times, from about 20000 s on. Moreover, the
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evolution of these signals is not in accordance with other NMR signals (SEt-in, SEt-out
and the -CHs signals of the free EtSH and PrSH ligands). These signals are also affected
by another anomaly: their decrease at the beginning of the reaction appears to be much
faster than the variation of both the —SEt and the free ligands. Also the agreement with the
MALDI data is somewhat worse, compared to the PESH kinetics (Figure 6.19).

These two phenomena can not be explained in the framework of a simple ligand
exchange process, without invoking any other chemical or physical phenomenon affecting
the concentration of the species or the signal intensities. Indeed, according to the
associative mechanism we hypothesized, which perfectly describes the reaction with
PESH, one would expect all the signals to change with the same rate and eventually reach

equilibrium at the same time.
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in-B (h) signals (black dots) with corresponding simulations (red lines).

There are different possible explanations for the unusual behavior of these signals: the
first one is that ligand exchange follows a different mechanism, possibly competitive with
the associative one. This could be a dissociative mechanism, which is in contrast with the
more commonly accepted associative mechanism hypothesis. Since the model used for
the simulations is based on the latter, our approach would not allow to satisfactorily
reproduce the reaction kinetics. Moreover, a dissociative mechanism can lead to the
formation of by-products or intermediates, whose NMR signals may overlap to those of
Auzs(SPr)1s and whose concentration change during the reaction, thus altering the kinetic

traces.

A possible mechanism is suggested here, which could rationalize the much faster
experimental decrease of the cluster -SPr signals, compared to the increase of the cluster
—SEt signals. This can not be explained with a purely associative second order

mechanism assumed in our simulations, in which case the two rates must be
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approximately equal and is one of the reasons why the experimental data could not be

well reproduced.

This mechanism is based on the one suggested by Murray et al.3® to explain the ligand
exchange kinetics they observed for larger Au MPCs (with a core diameter of about 1-2
nm) in presence of oxygen and it involves a reactive Au(SR)* intermediate. Recently metal
exchange was observed for Auzs(SR)is, suggesting that this mechanism is possible for

these clusters as well.38

Al (SR) 15 = AU,(SR) 17+ AU(SR)’
Au(SR)" +R'SH = Au(SR)" +RH
AU, (SR) 1, + AU(SR)" = AUL(R)

The first step is a dissociation. However, it is not the PrSH ligand to dissociate, but the
Au(SPr)* complex, which does not contribute to the PrSH signal. PrSH and EtSH are only
involved in the second step instead and this is in agreement with the fact that their rates

are equal.

A simulation (Figure 6.18) performed assuming one ligand exchange with this mechanism
actually shows that the decrease rate of -SPr is higher than —SEt decrease rate, while the
rates of the free thiols PrSH and EtSH are approximately equal, in accordance with the

experimental data.
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Figure 6.18. Calculated time evolution of —SEt, -SPr (a), EtSH and PrSH (b) concentrations based on the dissociative

mechanism explained in the text, considering the exchange of one single ligand.
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Another possible reason for the appearance of the drifts is the following: the unexpected
variations of the integrals is not due to the concentration changes, but to the variation of
the intrinsic integral of the single proton. This could be due to the changes of electron and
spin density around the ligand protons, which can lead to variations of relaxation times,

which in turn determine changes in linewidth and intensity (see Chapter 2).

None of the two hypotheses can be completely ruled out. Therefore, both these

phenomena can contribute to the observed discrepancies.

To overcome these problems, the drifts were empirically corrected and the kinetic analysis
was limited to 4 hours for the most critical signals. For such short times, the effects

described above should be negligible.

o o o o o o
B N N w w B
o o o S a S

fraction of polyexchanged cluster
5

fraction of polyexchanged cluster

o
=)
o

o
o
<3

NMR MALDI NMR MALDI

L EEE EtSH NMR
[ EtSH MALDI

o o
N w

o
-
fraction of entered ligands

fraction of polyexchanged cluster

0,0
NMR MALDI 1h 4h 8h

C d

Figure 6.19. Comparison of the polyexchange patterns from MALDI and simulations, based on NMR-derived kinetic
constants, after 1 h (a), 4 h (b) and 18 h (c) and of the fraction of ligand entered during the exchange reaction with EtSH

(d). The numbers indicate the number of exchanged ligands.
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Despite these corrections, the fitting of the different kinetic traces is still not as good as in
the case if PESH. In particular, the experimental traces corresponding to the Au2s(SPr)1s
signals are still not well reproduced. Moreover, the comparison with the MALDI data shows
that the kinetic analysis based on NMR slightly overestimates the reacted fraction of the
ligand (Figure 6.19). This again demonstrates that to satisfactorily describe the reaction in
this case, other phenomena must be taken into account, such as those described above,
i.e. the variation of nuclear magnetic relaxation or another exchange mechanism. This
overestimation also suggests that the -SEt signals are probably affected by the drifts as
well. For these reasons, the kinetic constants obtained for this reaction are somewhat
approximate. Nevertheless, they can still be used for comparative analysis, and, in

particular, to compare the exchange rates of inner and outer positions.

Concerning the kinetics with tBuSH, we observed a completely different situation: as
mentioned before, a group of unidentified signals appears while the reaction goes on.
From the in-depth analysis of the 2D HMQC and HMBC spectra, it turns out that these
signals are not associated to the exchanged Auzs cluster. They are therefore most
probably due to reaction intermediates or by-products, possibly corresponding to different
clusters, other than Auzs. The decomposition of the Au core and the formation of other
products is also suggested by the changes in the UV-vis spectrum of the exchanged
cluster, compared to the pristine one (Figure 6.20). These variations were not observed for
the other two reactions: after the exchange with both EtSH and PESH the UV-vis spectra

were identical to those recorded before the reaction.
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Figure 6.20. UV-vis absorption spectra of Auzs(SPr)1s before (black) and after (red) 18 hours of ligand exchange reaction
with 2 eq. of tBuSH.

Furthermore, an additional and most striking evidence of the formation of new clusters,
different from Auzs(SR)1s, comes from the MALDI spectrum: After 18 h of exchange, a
series of peaks appear at high masses, which cannot be assigned to a Au25 cluster (Fig.
6.4b). The first, strongest peak is around 6340 m/z and the mass separation between

neighboring peaks is 14.03, which corresponds to MWEetsH — MWprsH.

The reason for the instability of the Auzs(SR)1s cluster with tBuSH is probably the steric
hindrance of this ligand. Indeed, tBuSH is likely too much hindered to stabilize Au2s(SR)1s
when several such ligands are bonded, because of interactions between neighboring
ligands, which we experimentally observed by NMR to be stronger in this case, compared
to the other two ligands. However, it can possibly better stabilize other Au clusters, which
are formed during the reaction. This is in agreement with some previous studies,
suggesting that tert-butyl and similar bulky ligands with quaternary alkyls do not stabilize
well Auzs(SR)1s clusters. Indeed, it was shown that, adopting the procedure typically used
for the synthesis of Au2s(SR)is clusters, Au23(SR)is clusters form instead if tBuSH or
similar bulky ligands are used.3’3 It was shown, both experimentally and theoretically, that
clusters protected with bulky ligands are characterized by a much higher structural and
stoichiometric freedom, compared to those protected by slim alkyl chains.®® The
calculation of the masses corresponding to the possible stoichiometries compatible with
the masses determined by MALDI allows us to tentatively suggest that Au2s(SR)16 is

formed, with one, two and three PrSH ligands substituted by tBuSH. This stoichiometry
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seems quite reasonable, since this cluster is characterized by a lower ligand/metal ratio,

compared to Auzs(SR)1s. The ligands are therefore expected to be more distanced and the

steric hindrance would not prevent the cluster stabilization.
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Another feature which can be immediately predicted from the visual inspection of the
experimental data (Figure 6.21) is that exchange in the inner position does not seem to
take place for this ligand. Indeed, while the integrals of the outer ligands decrease as the
reaction goes on, the ones due to the inner ligands do not. Instead they exhibit a slight
linear drift, probably due to the same causes already discussed for PESH. The drift was

corrected for the cluster signals and the analysis was limited to a few, selected signals,
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which do not overlap with any other product or by-product signal and are therefore the

most reliable.
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Figure 6.22. Comparison of the polyexchange patterns from MALDI and simulations, based on NMR-derived kinetic
constants, after 4 h (a) and 18 h (b) and of the fraction of ligand entered during the exchange reaction with tBuSH (c).

The numbers indicate the number of exchanged ligands.

As could be expected, for tBuSH the agreement with MALDI is even poorer, than for EtSH:
in this case NMR highly overestimates the reaction degree (Figure 6.22). This is
reasonable, since, as just shown, not only ligand exchange takes place, but the species
present in solution also react to give rise to different by-products, detected both by MALDI
and NMR. Since the MALDI measurements were performed on the quenched solutions,

we can not exclude that these reactions were completed in the solid state.
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Table 6.1. Kinetic constants obtained from the simulations of the ligand exchange reactions with PESH, EtSH and

tBuSH. For PrSH the kinetic constants for the three reactions are reported.

PrSH PrSH PrSH

PESH (reaction with PESH) EtSH | (reaction with EtSH) | tBuSH | (reaction with tBuSH)
Kin 0.0030 0.0040 0.0021 0.0060 0.0003 0.006
kot | 0.0014 0.0024 0.0022 0.0034 0.0015 0.003

The kinetic constants obtained for the three reactions are summarized in Table 6.1. The
data show that for PESH and EtSH the exchange rate of the inner ligands is twice the rate
of the outer ligands. For EtSH the two rates are nearly identical. The fact that the inner
and outer rates are virtually the same for the shortest thiol and are remarkably different for
longer alkyl chains suggests that the selectivity is associated with the length of the ligand.
This indicates, in turn, that the different reactivity of the two sites is mainly due to steric
factors. It is conceivable that the inner and outer sites are equally accessible for short
ligands, but the faster exchange in the inner position for longer ligands may seem
surprising, as one could think that the inner position is less accessible than the outer one.
However, the fact that the inner exchange is favored is in agreement with several
previously reported results.?®3031 |ndeed the inner site turned out to be more solvent-
accessible, and so an associative mechanism is expected to lead to a preferential
exchange in this position. The fact that the two rates are equal for the exchange with EtSH
is in agreement with the possible contribution of a dissociative mechanism, which we
considered as a possible alternative pathway. Moreover, the exchange kinetics of EtSH is
slightly slower, compared to the reaction with PESH. This could be also linked to the

different mechanisms involved in the two cases.

Instead, as already anticipated, the kinetic analysis for tBuSH showed that virtually only
the outer position is involved in the ligand exchange. The high outer-site selectivity can be
ascribed to the remarkable steric hindrance of tBuSH, which is too bulky to access the
inner positions. This is confirmed by the stronger interactions between the adjacent
ligands, evidenced by stronger and more separated satellite signals, compared to the
other two exchange reactions. It must be stressed, that, as just showed for PESH and
PrSH, ligands with relatively long, but not bulky, alkyl chains preferentially exchange at the

inner position.
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6.3 Conclusions

We assessed the kinetics of ligand place-exchange reactions as a function of the ligand
site and of the length and bulkiness of the thiolate. The endogenous protecting thiolate
was chosen to be short to make all 18 sulfur atoms of Au2s(SPr)1s easily accessible by
exogenous thiols. The selected exogenous thiols were of different length and steric
hindrance, in order to study these kinds of effects on the ligand exchange reactions.
Instrumental to this study has been the knowledge of the X-ray crystallographic structures
of the clusters, the precise understanding of the NMR behavior of the paramagnetic Auzs
clusters, and the validation of the observed rate-constant values via a strict comparison

between the NMR and the mass-spectrometry results.

By taking into account the statistic factors in the exchange process, we were able to study
the intrinsic reactivity of the inner and outer ligand positions and to understand the

influence of other factors, such as the steric hindrance.

We showed that generally the inner ligands exchange significantly faster than the outer
ligands and that this difference is sensitive to ligand length and steric hindrance. Very
short ligands enter in the inner and outer positions with nearly equal rate. For longer linear
chains, instead, the inner positions are more accessible than the outer sites and this gives
rise to twice as large kinetic constant values. On the contrary, using an extremely hindered
ligand, such as tBuSH, virtually only the outer ligands are exchanged. This study clearly
shows that the steric hindrance of the protecting ligands strongly affects the ligand
exchange kinetics in a non-trivial way. Ligand length and ligand hindrance have, therefore,
opposite effects on the site selectivity. Moreover, we show that an associative ligand
exchange mechanism describes very well reactions with thiols of intermediate length, such
as PESH. Instead, different competitive mechanisms appear to take place both for very
short (EtSH) and very bulky ligands (tBuSH). For the latter, reactions involving the metal

core must be taken into account.

6.4 Experimental section
6.4.1 NMR spectroscopy.
Auzs(SPr)1s was prepared using an approach previously described (Chapter 3). *H and 3C
NMR spectra were obtained at 3 mM MPC concentration in benzene-ds (100%, 99.96%

ds, Aldrich) We used a Bruker Avance DMX-600 MHz spectrometer equipped with a 5 mm
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TX-1 Xx,y,z-gradient powered, triple resonance inverse probe operating at 599.90 and
150.07 MHz, respectively. To ensure a complete relaxation for all the resonances, integral
values for the proton spectra were obtained by a pre-scan delay of 10 s. the temperature
was controlled at 25.0 £ 0.1 € with a Bruker BVT-300 automatic temperature controller.
Chemical shifts are in ppm units (0 with reference to tetramethylsilane. The proton
assignments were performed by chemical shift correlations and 2D correlation
spectroscopy (COSY) and total correlation spectroscopy (TOCSY) experiments. 13C
chemical shift values were obtained and assigned through 2D-heteronuclear correlation
experiments (heteronuclear multiple quantum coherence, HMQC and heteronuclear

multiple bond coherence, HMBC).

6.4.2 Mass Spectrometry.

MALDI-TOF mass spectra were obtained with an Applied Biosystems 4800 MALDI-
TOF/TOF spectrometer equipped with a Nd:YAG laser operating at 355 nm. The laser
firing rate was 200 Hz and the accelerating voltage was 25 kV. Trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) was used as the matrix. The
laser pulse intensity was kept at threshold values to avoid fragmentation of the clusters.

The clusters were dissolved in benzene containing the matrix, DCTB, to obtain 0.1 mM
solutions with a 1:400 MPC/matrix ratio. 2 pl of solution were dropcasted onto the sample
plate and air-dried before loading into MALDI-TOF. The spectra were recorded using the

reflectron positive-ion mode. As a standard, we used Auzs(SC2H4Ph)is, which has a MW of
7394.
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