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Abstract

In the past few years, the interest in the study of atomically precise metal
nanoclusters has grown very significantly. Main reasons are the refined
techniques nowadays available for controlling their structure and composition,
their often-intriguing properties, and the possibility to tailor them for specific
applications. This Thesis aims at providing new tools to synthesize, control,
modify, and characterize thiolate-protected gold nanoclusters. The focus of the
research is on the thiolate-protected Auz2s(SR)1s cluster, which is considered by
many the true benchmark system for the study of atomically precise nanoclusters.
Due to quantum-confinement effects, these nanoclusters have discrete electron-
energy states, and this causes the emergence of molecular properties, such as a
HOMO-LUMO gap, distinct optical and redox behavior, and magnetism.
Additionally, the composition of the metal part and/or the capping monolayer can
be modified to make the cluster exhibit specific, sometimes unexpected
properties.

The goal of this research is to show that by performing controlled modifications
of the cluster core and protecting monolayer, one can indeed introduce new
properties, and thereby, explore new frontiers for possible applications of these
nanosystems. From the viewpoint of the metal, Au25(SR)1s was modified by
introducing one-single foreign metal atom. The synthetic, purification,
modification, and characterization procedures were refined to explore new ways
for achieving proper understanding of the structure of the doped molecular
cluster. Particular emphasis has been put on the NMR characterization of the
products, a still unexplored yet very powerful tool to localize the position of the
doping metal. It is shown that the actual position of the doping metal changes
depending on the element.

The effect of Auzs doping is then explored from the viewpoint of the generation
and detection of singlet oxygen, which is an area of tremendous interest for the
treatment of cancer via photodynamic therapy. Metal nanoclusters exhibit

discrete optical transitions and have sufficiently long-lived triplet excited states.



This makes them react quite efficiently with triplet ground-state oxygen to form
singlet excited-state oxygen. Here we show that by proper tuning of the cluster
composition (doping metals and ligands), these nanosystems can be made to
exhibit the same singlet-oxygen photosensitization performance of systems
currently used in the medical practice.

We discovered an intriguing transformation of Auzs core. This can be
considered as a fusion reaction that consists in the spontaneous transformation
of two Auzs5(SR)1s clusters to form Auss(SR)24, which is another benchmark gold
nanocluster. The radical nature of Au2s(SR)1s° appears to play an important role
in this bimolecular reaction that, importantly, does not require addition of
exogenous thiols or other co-reactants. This is indeed a very unexpected result
that could modify our view about the relative stability of molecular gold
nanoclusters.

After exploring core modifications, we also investigated strategies to carry out
chemical reactions, namely polymerization, directly on the cluster monolayer.
Proper functionalization of the nanocluster, that is, capping the cluster with
different thiolates, relies on the possibility of either preparing the cluster directly,
starting from a mixture of appropriate thiols, or taking advantage of ligand-place
exchange reactions, in which the native thiolates present in preformed clusters
are partially exchanged with other thiols. In this Thesis, we have implemented
experimental conditions for controlling ligand-place exchange reactions on
Au2s(SR)1s with the goal of introducing functional groups suitable to react with a
specific monomer. After polymerization, a polylysine protected Auzs cluster could

be prepared.
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Chapter 1. Introduction

1.1 From Gold Nanoparticles to Gold Nanoclusters

Research on colloidal gold nanoparticles dates back to the work by Michael
Faraday who published a paper about the study of a gold colloid prepared by the
reaction of aqueous HAuUCIs and phosphorus (in ether).’

HAuCls + P — Au(sol)

In the following years, there were many efforts both from a synthetic viewpoint,
particularly to achieve a precise dimensional control of the colloidal particles, and
a theoretical perspective, to understand their outstanding stability, peculiar
optical properties, structure, etc. In 1908, Mie published an important work? in
which he successfully modeled the optical behavior of colloidal gold
nanoparticles by solving the Maxwell equations. Among synthetic achievements,
the method described by Zsigmondy for hydrosol formation by reduction of
HAuCls with formaldehyde is worth mentioning.® During the following decades, a
large amount of new physicochemical properties and applications of fine gold
particles were described, such as 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 over the preparation of
nanoparticles and a deeper understating of their structures and properties. The
amount of research carried out over the last two decades is enormous.
Nonetheless, there is still a lot to be done from the viewpoint of synthetic control,
analytical characterization, study of the fundamental properties, and theoretical
modeling. One of the major issues the researchers always had to deal with is the
dimensional control of gold nanoparticles. Before the '30s, 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 for

some applications. These methods, however, were largely substituted when



transmission electron microscopy (TEM) was introduced.'>'* In addition to
accurately measuring the particles dimensions, TEM microscopy also provides
detailed information on their shape and, in some cases, crystalline structure.'®

The ultimate goal was to obtain truly "monodisperse" nanoparticles, in which
the dimensions could be controlled at the atomic level and where all 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."®17 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 the larger
and less well defined gold nanoparticles.’® The term “cluster” indicates the
presence of metal-metal bonds and structures different from the usual structure
of bulk gold, and usually applies to objects smaller than the common
nanoparticles.

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 crystallography with additional information
provided by nuclear magnetic resonance (NMR) spectroscopy. Electrochemistry
and UV-visible spectroscopy provide information on the energy levels of these
systems.’®2" To be stable, the gold clusters must be protected by a molecular
monolayer.’®'® These clusters are indeed often referred to as monolayer-
protected clusters (MPCs). The most commonly used protecting ligands are
thiolates, mainly because of the remarkable strength of the gold-sulfur bond.

Au MPCs are of paramount importance from the viewpoint of both applications
and fundamental science. Regarding the latter, they help to increase our

understanding of the properties of gold nanoparticles, including the larger ones.



In this field, some peculiar features are indeed still poorly understood and
important questions remain unanswered. First, the structure of the dynamic
protecting monolayer is not completely clear. Particularly, 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 comprehension of the transition from the metallic behavior of larger
nanoparticles to the molecular behavior peculiar of small clusters is still missing,
though research in this field is very active.??> 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 unclear: questions 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, especially ultrasmall MPCs, could potentially
contribute to answering all these important questions. The first atomically defined
monolayer-protected cluster dates back to as far as 1969. It was a Au11 cluster
protected with phosphine and thiocyanate ligands, specifically Au11(PPh3)7(SCN)s,
prepared by Mason and his coworkers.?8 In the following decades, several other
gold clusters were described, such as Auss{P(CsHs)3}12Cls, synthesized in 1981
by the Schmid group.?” An important step for the development and understanding
of this field was the publication by Nuzzo and Allara of a study in which they
described the formation of a self-assembled monolayer on a gold surface.?®2° In
1994, Brust et al. developed an innovative method for the synthesis of thiolate-
protected Au nanoparticles,3® which became a real breakthrough in 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 large amount of structures

and properties being continuously discovered.18-20.30



Concerning the theoretical aspects, a turning point in the understanding of the
properties of Au MPCs was the groundbreaking study by Walter et al.3' that
showed that the electronic properties of many MPCs can be successfully
described by the superatom concept. Using this model, the authors 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 later synthesized.

1.2 The Benchmark Gold Nanocluster: Auzs5(SR)1s

Since the structure of the first atomically precise Au nanocluster entirely
protected by thiolates, Au102(SR)44, was reported,®? the quest for preparing and
characterizing new nanoclusters underwent spread rapidly worldwide. Up to now,
more than 40 monothiolated Au nanoclusters with an atomically precise structure
have been reported, such as Auis, Au2o, Au21, Auzs, Au24, Auzs, Auzs, Auso, Auss,
Auses, Auss, Auso, Ausz, Auas, Auasa, Ausg, Aus2, Auso, Aug2, Autoz2, Au1o3, Au13o,
Au13s, Au144?®3% Aume, Auze, and Au279.3*%” In addition, several other
monodispersed Au nanoclusters were also synthesized, though their crystal
structures could not be solved.*'%872 Among these atomically precise
nanoclusters of well-defined structure, Au2s5(SR)1s and its several derivatives hold
a very special place in the nanocluster field (Scheme 1.1). The reasons for this
are the early discovery, the ease by which they can be prepared, their general
high stability and ease of functionalization, and their interesting applications.”37°
Through many years of efforts and developments, the physicochemical
properties of Auzs(SR)1s have been investigated, including catalytic, optical,

electrochemical, chiral, and magnetic properties.'821.23.76-80



Scheme 1.1. Summary of the Au nanoclusters (protected by thiolates) with
atomically precise structures. (From ref. 32, 35, 37-49, 55, 57, 64-67, 169, 189)

Moreover, as depicted in Scheme 1.2, Auzs(SR)1s and its several
functionalized derivatives simulate great interest not only in theoretical research,
but also for practical applications. For instance, the available crystal structure of
the Au2s(SR)1s permits the correlation of its catalytic activity with the atomically
precise structure.8’ Furthermore, due to the high biocompatibility, good
photostability, and low toxicity, hydrophilic Au2s(SR)1s nanoclusters are highly
promising candidates for applications in the biological field, such as cell labeling,

phototherapy, and biosensing.82-86
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Scheme 1.2. Syntheses, properties, and applications of the Au2s5(SR)1s
nanocluster. (From ref. 189)



1.2.1 Synthetic Methods

Despite the remarkably aforementioned progresses that have been made in
the syntheses of Au2s(SR)1s, the synthetic procedures often suffer from the
formation of other nanocluster sizes, and thus the yield of Au2s5(SR)1s can be
quite low;8”%0 Au2s(SR)1s can be separated from these mixtures by using several
techniques, such as liquid-phase extraction and high performance liquid
chromatography.®'-%3 In this context, the possibility of achieving a high-yield and
high-purity in the synthesis of Au2s(SR)1s has been an important target. In 2008,
the Jin group devised a kinetically controlled, thermodynamically selective
strategy (Scheme 3a.),®® which was mainly related to the Brust-Schiffrin two-
phase method.3* Not long after, in 2010, the Murray group presented a one-
phase (tetrahydrofuran, THF) synthetic method for preparing the monodisperse
[TOAJ*[Auz2s(SR)18]™ in high yield (~ 50 % vyield, based on Au source in HAuCls)
(Scheme 3b.).8* They synthesized Auzs nanoclusters protected by various thiols.
The successful preparations of these Au2s(SR)18™ nanoclusters highlighted the

benefits of this synthetic procedure.
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Scheme 1.3. Schematic illustration for the formation of Au2s(SC2H4Ph)1s
nanocluster by (a) kinetically controlled, thermodynamically selective two-phase
strategy (Jin Group) and (b) one-phase and in-situ synthetic method (Murray
Group). (From ref. 74 and 75)



1.2.2 Different Charge State of Au25(SR)1s

The Au2s5(SR)1s™ nanocluster, which contains 25 gold atoms and 18 capping
ligands, is an 8e~ system that corresponds to a noble gas-like 'S2'"Ps superatom
electron configuration.’® The electron configuration of Au2s5(SR)1s can be
modified from the 'S2'Ps, to the 'S2'Ps and 'S2'P4 configuration as one goes
from Au2s(SR)1s™ to Auzs(SR)18° and Auzs(SR)1s*, respectively. It should be noted
that in the aforementioned preparations Au2s5(SR)1s is obtained as an anion;
TOABFr (tetraoctylammonium bromide) is added as a phase transfer agent (two-
phase method) and, notably, provides the countercation.’®> The Maran group
synthesized Au2s(SC2H4Ph)1s (hereafter, we will indicate the number of carbon
atoms of the alkyl chain simply as Cn: e.g., SC2H4Ph will be denoted as SC2Ph)
in its -1 and 0 charge states and oxidized them with bis(pentafluorobenzoyl)
peroxide to form the corresponding cation.* NMR results of these three
nanoclusters nicely match the corresponding structures, which shows the
presence of two different ligand populations in the capping monolayer. In addition,
the similar NMR patterns of Au2s nanoclusters with +1 and -1 charge states
showed that also Au2s(SC2Ph)1s* is a diamagnetic species. In 2013, the Maran
group synthesized Au2s(SC2Ph)1s® and studied its reduction or oxidation, in
dichloromethane (DCM) containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAH), to a series of charge states, -2, -1, +1, +2, and +3,
under cyclic voltammetry (CV) or differential pulse voltammetry (DPV) conditions
(Fig. 12).%5 Concerning the lifetime of the various oxidation states, the order is
Au25(SR)18%~ (4 ms) < Au2s(SR)18%* (20 ms) < Au2s(SR)18?* (0.33 s) (Figure 1.1).
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Figure 1.1. DPV evidencing the different charge states (-2, -1, 0, +1, +2, +3
charge states) and lifetimes of Au2s(SR)1s nanocluster in DCM/0.1 M TBAH.
(From ref. 95)

The physicochemical properties are determined by the structures of the
nanoclusters. Accordingly, the Au2s nanoclusters with different charge states
should have differently electronic structure and show slightly different properties.
Tofanelli et al. reported the crystal structures of Au2s(SR)1s in its -1, 0, and +1
charge states, in which the differences between oxidation state, structure, and
magnetism were described in terms of first-order Jahn-Teller distortions.®: " The
noble gas-like configuration ('S2'Ps) is at the basis of the Au2s(SR)1s”
diamagnetism and comparatively high thermal stability. As to Au2s(SR)1s°, which
has a 'S2'Ps superatom electron configuration, the unpaired 1p electron is the
origin of its paramagnetism. Larger distortions are observed in Au2s(SR)1s*
compared with Auzs nanoclusters with 0 or -1 charge states, which is caused by
the unoccupied P orbital. It should be noted, however, that similar conclusions
were previously described by the Maran group as a consequence of in-depth
studies on the reorganization energies affecting the relevant electrochemical

processes.% 111

1.2.3 Crystallography of Au25(SR)1s

Au2s5(SR)1s nanocluster has an icosahedral Au1s core (the Au12 icosahedron
contains a central Au atom) and this core is capped by six pairs of Auz2(SR)3
staple motifs to form a core-shell system (Figure 1.2a.-c. and Figure 1.3). These
six Au2(SR)s staple motifs are all in the “V-shape” semi-ring configuration (Figure
1.2b.). It should be noted that the icosahedron possesses 20 triangular faces.
Except for the 12 faces on the icosahedral Au1s kernel capped by the staple

motifs, eight Aus faces of the icosahedron are uncapped (Figure 1.2d.).
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Figure 1.2. Structural anatomy of Au2s5(SR)1s nanocluster. (a) Icosahedral Au1s
core. (b) Six pairs of Au2(SR)s staple motifs. (c) Core-shell structure of
Au2s5(SR)1s, in ball-and-stick rendering. (d) Core-shell structure of Auzs(SR)1s, in

with space-fill rendering mode. (e) Overall structure of Au2s(SR)1s.
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Figure 1.3. Structural anatomy of Auzs5(SR)1s nanocluster. (From ref. 99)

In 2014, the Maran group reported the synthesis and crystal structure of
Au25(SC2)18°.%° Black crystals of this nanocluster were obtained by vapor
diffusion of diisopropyl ether into a toluene solution of Au2s5(SC2)1s°. Using the
same method, the crystal structure of polymeric [Au2s5(SC4)1s]n has also been
obtained.’ Very recently, the Maran group also reported an electro-
crystallization strategy to prepare the crystals of nanoclusters in large quantity
and very high quality (Figure 4).192 Electrocrystallization was tested to obtain the



crystals of a series of Au25(SR)1s nanoclusters. With this strategy, a new
polymeric structure could be evidenced for [Au25(SC5)1s]n and unprecedentedly
pure Auzs(SC2Ph)+g° crystals.

Figure 1.4. Different shapes of crystals of Au25(SC5)18°, Au25(SC4)1s°, and
Au2s(SC2Ph)1g® nanoclusters covering the electrode surface, as prepared by the
electrocrystallization strategy. (From ref. 102)

Our group found that the paramagnetic Au2s(SC4)18° could self-assemble into
a linear polymer of nanoclusters connected via single Au-Au aurophilic bonds
and stabilized by proper orientation of the staples and dispersion interactions
between the SC4 ligands of neighboring clusters (Figure 1.5a.). The
intermolecular Au-Au bond distance was found to be 3.152 A, similar to the
average Au-Au bond distances of core-shell Au-motif Au (Figure 1.5b). However,
for Auzs capped by SC2 or SC2Ph ligands, no polymerization was observed,
which implies that too short or sterically hindered ligands are not suitable for
stabilizing the 1D polymer composed by a regular sequence of nanoclusters (see
Figure 1.5c for the crystal packing mode of unassembled Auzs protected by SC2

ligands).%



Figure 1.5. Structural/Packing-mode comparison of Auzs with different charge
states or capped ligands. (a, b) Self-assembled Au2s5(SC4)18° nanoclusters with
via single Au-Au bonds to compose a linear polymer. (c) Un-assembled

Au25(SC2)18° nanoclusters. (From ref. 96)

1.3 Modification of Properties: Doping, Ligand Exchange and
Transformation

Up to now, various strategies have been developed to modify the properties of
gold nanoclusters, such as: (i) capping the metal core surface with different types
of ligands to modify the protecting monolayer, such as by ligand exchange
reactions; 93105 (ii) doping the cluster with other metal atoms to modify the
metallic part of the nanocluster,'%197 and (iii) using transformation reaction

aimed to modify the core size of nanoclusters.**

1.3.1 Doping and Alloy



Recently, research has also been focusing on the selective doping of metal
nanoclusters through introduction of foreign-metal atoms. This is a very important
area for both fundamental (e.g., modification of the electronic properties) and
applied (e.g., catalysis) purposes. Modification of the metal composition has
been studied for several clusters, but most research has focused on Au2s5(SR)1s,
which is an atomically precise cluster that has been long considered a
convenient benchmark system for understanding properties and devising

applications of gold nanoclusters.

Au-Ag Doping

When Ag atoms are doped into Aun(SR)m nanoclusters, the dopant atoms tend
to distribute on the metal-thiolate interface, instead of the cluster center, as
demonstrated by the crystal structures of AgxAuzs—x(SR)1s and AgxAuszs-xSR)24
reported by Kumara et al.’%1%° Xiang et al. recently reported the X-ray structure
of Au1sAg3(SCeH11)14, in which the three Ag dopants are located in the middle
layer of the nine-atom hcp three-layer structure.''® Molina and Tlahuice-Flores'""
theoretically analyzed the structures and chiroptical properties of thiolated
Au1s-xAgx clusters and found that doping with more than four Ag atoms results in
enhancement of the HOMO-LUMO peak’s oscillator strength. Heavy doping of
Au2s(SR)18 with Ag (up to ~20 Ag atoms) was also reported by Li et al.,’? in
which the Ag dopants were located in both the icosahedron and staples.

The bimetallic Au-Ag nanoclusters in which the Ag dopants were preferentially
located in the inner core were found to exhibit weaker CD signals than the
nondoped gold nanoclusters.''® This effect was explained in terms of the multiple
geometrical isomers of bimetallic nanoclusters because an increased number of
possible configurations gives an average in the CD response with positive and
negative bands of different optical isomers being somewhat averaged out.

Doping gold nanoclusters with silver also can dramatically enhance the
luminescence. One example is the rod-shaped [Au2s-xAgx(PPh3)10(SC2H4Ph)sCl2]
2* (quantum yield, QY = 40 - 60%).'” This extraordinary QY was obtained by
site-specific doping of [Auzs(PPhs)10(SC2H4Ph)sCl2]?* (QY = 0.1%) with 13 silver



atoms, whereas doping of less than 13 atoms did not induce a high
luminescence. Silver doping into Au2s(SR)1s was found to exhibit largely
enhanced hyperpolarizabilities  since the doping eliminates the

centrosymmetry.113.114

Au-Pt/ Pd Doping

The very first example of an atomically precise bimetallic cluster, Au24Pd(SR)1s,
was synthesized by the Murray group,''® which was further examined by
Tsukuda and collaborators''” in greater detail. Negishi et al. obtained pure
Au24Pd(SR)1s nanoclusters by chromatographic isolation and concluded that the
dopant site is in the icosahedral center on the basis of experimental and
theoretical results.''® Qian et al. also obtained pure Au24Pd(SR)1s and observed
Au3z7Pd(SR)24 and AuzePd2(SR)24 in mass spectrometry analysis.'®

Pt doping into gold nanoclusters is particularly challenging in terms of
characterization because of the very similar masses and electron-scattering
capabilities of Pt and Au.'? X-ray absorption spectroscopy was used to probe
the Pt position in the mono-Pt-doped, Au24Pt(SR)1s nanocluster.’?! Kwak et al.'2?
recently investigated the six-electron configurations of native neutral
Au24M(SR)18° (M = Pd, Pt) nanoclusters and revealed an oblate shape of the
Au12M kernel due to Jahn-Teller distortion of the 6e configuration, whereas the
8e system has no distortion. The optical absorption spectrum of Au24Pd(SR)1s is
similar to that of the undoped cluster, but the corresponding spectrum of
Au24Pt(SR)1s differs dramatically from that of the undoped cluster. Such a trend is
also reflected in the transient spectra and ultrafast relaxation dynamics of
Au24M(SR)1s (M = Pd, Pt, R= C2Ph) clusters.'?3

Negishi et al. used HPLC to isolate Au24Pd(SR)1s with high purity. Figure 1.6
shows the MALDI-MS of the isolated Au24Pd(SR)1s cluster and its monometallic
analogue Au2s(SR)1s, which differs by mass units. From a detailed structural
analysis, it was inferred that the Pd atom sits in the central position of the

icosahedral core and that the alloy cluster has an enhanced stability compared to



the Au2s(SR)1s cluster. The position of Pd was further confirmed from the recent

crystal structure of Au2aPd(SR)1s cluster (inset of Figure 1.6).124

a] AUL5(SC1Hz5)
; *
m
> * |
‘@
& |
= ; Pd,Au, (SC,.H.:).
RS
(=] T

|

3

T‘-T L '-l L P C PO |
4000 6000 8000 10000

Mass Number (m/z)
Figure 1.6. Negative-ion MALDI mass spectra of Auzs cluster and PdAuz4 cluster
separated by HPLC. Inset shows the recent crystal structure of Au24Pd(PET)1s.
(From ref. 124)

The Aga4 structure (vide infra) was shown to be quite different from that of the
same size Au44(SR)2s nanocluster. Thus, it was thought that Ag nanoclusters
might follow quite different structural rules than gold nanoclusters. However, the
structures of Ag2s5(SR)1s87'2% and monodoped Ag24M(SR)182~ nanoclusters (M = Pd,
Pt)'?6 were subsequently found to be essentially identical to that of
Au25(SR)18.4142 Thus, the extent to which the Agn(SR)m and Aun(SR)m systems
behave differently still remains to be clarified.

Xie et al. developed Au2s and Au2s4Pd cluster-based catalysts supported on
multiwalled carbon nanotubes.'?” Their study shows that single Pd atom doping
can significantly improve the catalytic performance. In subsequent works, the
Blirgi group systematically studied the racemization,’?® effect of Pd doping,'?®
and other aspects.80 130. 131 The gold-thiolate interface was deemed to be flexible.
The activation energy for the racemization of one enantiomer into the other was
experimentally determined to be ~28 kcal/mol, which is quite low. Palladium
doping in the 38-atom nanocluster was found to further reduce the activation

energy to ~20 kcal/mol, but the anisotropy factor remained the same. The



chirality of the Auss core was also found to transfer to the achiral -SC2Ph ligand,
resulting in a chiral conformation of the ligand, as evidenced by the observation

of strong vibrational circular dichroism (VCD) signals of the surface ligands.

Au-Cu Doping

Cu doping is another special example. Gottlieb et al. synthesized the CuxAuzs-
x(SR)18 nanocluster in-situ and determined the Cu-doping atoms by MALDI-TOF
mass spectrometry. It is suggested that no more than four Au atoms can be
substituted by Cu atoms. Interestingly, a time-dependent de-alloying process was
observed. In other word, the stability of CuxAu2sx(SR)1s is far weaker than that of
the Au2s(SR)1s nanoclusters.’™2133 |n 2015, Hartman et al.’3 theoretically
analyzed the energetics and optical spectra of Au2s-xCux(SH)1s~ and compared
the three unique sites for the Cu dopant.

The number of Ag or Cu atoms doped into the clusters is typically a distribution
that can be controlled to some degree by changing the initial ratio of gold and
silver salts in the synthesis. Zhu and co-workers'® recently reported a metal-
exchange method for the synthesis of Au2s5-xCux(SR)1s, Au2s-xAgx(SR)1s,
Au24Cd(SR)1s, and Au24Hg(SR)1s through reactions of Au25(SR)1s with
metal—-thiolate complexes of Cu(ll), Ag(l), Cd(ll), and Hg(ll), respectively, as
opposed to common salt precursors such as CuClz and AgNOs. Their results
indicated that the exchange between gold sites in the cluster structure and the
incoming heterometal atoms does not necessarily follow the metal nobility order

(i.e., galvanic sequence).

Au-Cd/ Hg/ Ir Doping

For Au24Cd(SR)1s, the Cd dopant was described to be located at the center of
the 13-atom icosahedral core.'® In a related study, however, the Wu group
reported that the Hg dopant in Au24Hg(SR)1s is surprisingly located in the staple,
whereas Cd goes on the icosahedron.'® Auzs could be transformed into alloy
clusters composed of three different metals, with the general formula
AgxAu24-xM(SR)1s (M = Cd, Hg)'®"'3% Pradeep and his co-workers found that



besides reacting with Ag44(SR)32 and Ag2s5(SR)1s nanoclusters, Auzs5(SR)1s
nanocluster could also react with Iro(SR)s to generate the bi-metallic Auzzlrs
nanocluster. DFT calculations were performed to understand the favorable
geometry of the Auz2Ir3(SR)1s nanocluster, where the first Ir atom prefers to
occupy the central position of the Au2s(SR)1s nanocluster, whereas the second
and third Ir atoms will metal-exchange the Au atoms on the surface of the
icosahedral Au+2lr kernel, generating the center-doped Au22Ir3(SR)1s

nanocluster.139

General considerations on Doping

Substituting one or more gold atoms with heteroatom(s) of other metal
elements, such as Pd, Pt, Ag, and Cu, provides an exciting opportunity to tune
the electronic, optical, and catalytic properties of nanoclusters and also to gain a
deeper understanding of the stability and other aspects of nanoclusters.40.141
Interesting questions include how many heteroatoms can be doped into the
parent cluster and how/where these heteroatoms are distributed.'40-142

Determining the doping sites of heterometal atoms will provide fundamental
insight into the alloying and intermetallic properties of gold-based nanoclusters.
Besides the aforementioned foreign-metal atoms, theoretical work suggests the
compatibility of magnetic elements such as Fe, Co, and Ni in the cluster
structures.'#314 |n the bulk state, gold—cobalt can indeed be made, but attempts
to prepare alloy nanoclusters have not been successful. New synthetic strategies
should, therefore, be devised. Magnetic-metal doping would be interesting to
gain more insights into clusters' magnetism, as well as spin coupling.

The dopant position, as well as the proximity of two dopants, was found to
influence the electronic structure. Fortunelli, Stener, Dass and their co-workers
studied the enhancing effects of doping and ligand on the optical absorption of
Au and Au-Ag nanoclusters.'5146 Bimetallic nanostructures,’’ especially
clusters, are of tremendous interest, particularly in the field of catalysis, because

of their distinct properties from their corresponding monometallic counterparts.’4®



So far, the synthetic strategies for alloying Au2sxMx(SR)1s nanoclusters can be
classified into two classes: (i) in-situ synthesis through reducing the mixture of
Au-SR and M-SR complexes; (ii) doping the templated Au2s(SR)1s nanocluster
with heteroatom complexes. The early in-situ syntheses of alloyed Auzs-xMx(SR)1s
nanoclusters are almost entirely based on the synthetic method used to prepare
the monometallic Au2s(SR)1s nanoclusters. Different methods, such as UV-vis,
MALDI-MS, ESI-MS, CV, DPV, X-ray crystallography, have been utilized to
understand whether the alloy process occurred or not and how many
heteroatoms were alloyed into the Au2s(SR)1s nanocluster.

Up to the present, the alloying based on the template of Au2s5(SR)1s has been
achieved for Ag, Pt, Pd, Cu, Hg, Cd, and Ir. DFT calculations have also been
performed on the heteroatoms of Ge, Sn, Pb, Zn, Ni, Fe, Co, and Rh. The
reaction conditions, including solvent, temperature, oxygen, reaction time, and
stirring speed, are all significant in preparing the alloy nanoclusters with different
composition and stability. Future work is expected to gather more insights into
the alloy effect on the electronic structures and physicochemical properties. In
addition, the preferential doping site of each heteroatom should be further
analyzed, also to provide guidelines for improving the synthetic methods.
Furthermore, alloying Au2s(SR)1s with new types of metals, such as Ni, Zn and Fe,
could lead to make novel functional nanoclusters for practical applications.

Controlled doping and the use of the ensuing clusters are indeed an important
part of my Thesis. In Chapter 2, | describe a study focused on providing new
insights and perspectives into this general problem and describing a possible
experimental methodology to understand the actual doping location. The power
of NMR spectroscopy and associated isotopic effects will be especially
highlighted. In Chapter 3, | describe the singlet-oxygen photosensitizing behavior
of a series of Au2s5(SR)1s™ and monodoped Au2sM(SR)1s (M = Cd, Hg) clusters.
The analysis was extended to monodoped clusters because the electrochemical
and optical behaviors of these clusters show significant differences that are

related to the relative energies of the corresponding highest occupied and lowest



unoccupied molecular orbitals (HOMO and LUMO). As we will see, these aspects

are crucial to determine the efficiency of photosensitization.

1.3.2 Ligand Exchange

Nanoclusters with functionalized ligands (e.g., bearing -NH2, -COOH,
polymerizable groups, or signal reporters) are particularly important for sensing
and other applications. Functionalization can be achieved by carrying out the
synthesis directly from a mixture of appropriate thiols'®-15" or via reactions of
reactive groups present on the outermost part of the capping monolayer. The
best method, however, is to take advantage of thiolate-ligand place-exchange
reactions. In the latter, thiolates of preformed nanoclusters are exchanged with
exogenous thiols, a modification path implemented several years ago by the
Murray 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 conditions typical of the widely employed Brust-
Schiffrin type direct synthesis approach,3® or when solubility issues would prevent
controlling the cluster size in direct syntheses, such as when hydrophilic
terminated thiols are employed in organic solvents and cause precipitation of the
so-formed hydrophilic transient clusters. These concepts have been discussed in
good detail.%3-1% Ligand exchange is also the most suitable and convenient way
to incorporate desired properties such as FRET, chirality, etc., in a given
monolayer protected noble metal cluster.’®-%0 The general idea of ligand
exchange is to keep the cluster core intact while the shell is modified. Besides
modifying the monolayer, ligand exchange also provides a platform for
thoroughly analyzing the intermolecular reaction process on the nanocluster
surface.

In 2005, Shichibu et al. reported the large-scale synthesis of Au2s(SG)1s from
phosphine stabilized Au11 nanocluster with ligand exchange method.’®" The
Pradeep group has also shown several exchange possibilities and incorporation
of diverse properties in the Auzs cluster.'2163 However, ligand exchange can

result in an increase of the core size, as it was demonstrated by Shichibu et al.'®"



For Au11 cluster; whose ligand exchange led to the formation of the most stable
Auzs cluster. After that, the Burgi group reported the ligand exchange on
Au2s5(SC2Ph)1s with two chiral ligands R/ S-BINAS and NILC/ NIDC (where the R/
S-BINAS represents R/ S-1,1’-binaphthyl-2,2’-dithiol; the NILC/ NIDC represents
N-isobutyryl-L-cysteine/ N-isobutyryl-D-cysteine).’®® In 2012, on the basis of the
crystal structure of Au102(SPh-p-COOH)44, Ackerson and co-workers identified
the ligand-exchange site, that is, the site that would be first to be subject to ligand
exchange. Their results indicated that the incoming p-BBT (para-bromobenzene
thiol) first attacks the top/bottom sites along the Cs axis of the Au1o2 cluster,
mapped out by the crystal structure of the exchanged nanocluster (Figure 1.7), in
which two of the 22 symmetry-unique p-MBA ligand sites were found to be
partially exchanged to p-BBT during a 5-min exchange reaction. In terms of the
site-specificity mechanism, the involved surface Au atom sites were found to be
accessible to solvent; hence, these sites were first attacked by the incoming thiol
molecules. Based on the experimental results, further DFT calculations
suggested a more detailed pathway for the thiol-for- thiol exchange

mechanism. 164

Figure 1.7. X-ray structure of a partially exchanged Au1o2(p-MBA)s0(p-BBT )4
cluster (p-MBA = para-mercaptobenzoic acid, p-BBT = para-bromobenzene thiol)

with p-BBT as the incoming ligand. (From ref. 164)

In 2013, The Zhu group demonstrated ligand exchange of Au2s5(SR)1s with
selenol and obtained Au2s(SePh)1s and Au1s(SePh)14.1%5 The Negishi group has

carried out extensive work on the high-resolution reverse-phase HPLC isolation



of ligand- exchanged nanocluster isomers (Scheme 1.4).153.166.167 They further
isolated coordination isomers by HPLC; for example, the chromatogram of
Pd@Au24(SR)17(SR')1 showed that the major isomer corresponds to the SR’
ligand being at the inner site of the dimer staple, whereas the minor isomer

shows the SR’ ligand being at the external site (Figure 1.8).

mobile phase:
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Scheme 1.4. Chromatographic Isolation of Ligand Isomers. (From ref. 153)
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Figure 1.8. HPLC isolation of nanoclusters with different ligand compositions.
MALDI mass spectra of isolated species of Pdi1Au24(SC12H25)18-n(SBB)n
according to n, where SBB = SCH2Ph-'Bu. (From ref. 166)

Niihori et al.’™3 showed the precise isolation of ligand exchanged clusters
taking PdAu24(SR)1s as an example. Each individual species of composition
PdAu24(SR1)18-n(SR2)n (n =0, 1, 2, ..., 18) was isolated using gradient HPLC. The



corresponding chromatograms are displayed in Figure 1.9a. The mobile phase
was systemically varied from pure MeOH to THF. The numbers 10, 20, 30, 40,
and 50 in Figure 1.8a refer to the time (in minutes) taken for the mobile phase to
become 100% THF, starting from pure MeOH. The corresponding mass spectral
feature (Figure 1.9b) also shows an envelope similar to that of the HPLC
chromatogram (Figure 1.9c). Each of these clusters was isolated and
characterized using MALDI-MS. Recently, the Negishi group carried out an
extensive study of the separation and isolation of alloy clusters, such as
Au24Pd(SR1)18-x(SR2)x and Au24Pd(SR1)18-x(SeRz)x (SR1, SR2 = thiolate; SeR2 =
selenolate).'®® Precise isolation after ligand exchange reaction opens up the

possibility of individual structure analysis of clusters.
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Figure 1.9. (a) Chromatograms of PdAu24(SC12H25)18-n(SBB)n (n = 6-16) at
different gradient programs. (b and c) Comparative MALDI mass spectra in
negative mode (b) and chromatogram (c) of PdAu24(SC12H25)18-n(SBB)n (n = 6-16)

obtained using a gradient program, respectively. (From ref. 153)
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In 2014, Ackerson and co-workers further determined the initial exchange site
on the small nanocluster Au2s(SR)1s.'%® A pair of oppositely distributed ligands
was found to be exchanged to p-BBT; again, these sites were the Au atoms most
exposed to solvent, consistent with the Au1o2 case as well as an associative
ligand-exchange mechanism. The Ackerson group reacted the Au2s5(SC6)1s
nanocluster with 5-fold molar excess of p-bromobenzenethiol (pBBT), and the
ligand-exchange process was stopped when reacted for 7 min. The crystal

structure of the resulting Au2s(SC)16(pBBT)2 illustrated that the two ligand-



exchange position was on the symmetric sites and bonded to the most solvent-
exposed Au atom in the structure (Figure 1.10). This work was the first to
describe on as a structural basis the outcome of a ligand exchange process on
the Auz2s(SR)1s nanocluster and to show that the ligand exchange on Au2s(SR)1s
nanocluster is a stepwise process.'%® Of note, in 2014, Hutchison and co-workers
found that the ligand-exchange from Au11 to Au2s5(SG)1s could be achieved by
using Au11(PPh)7Cls. As to [Au11(PPhs)sCl2]Cl, the products yielded only small
nanoclusters relative to Auzs(SG)+s (Figure 1.10).170
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Figure 1.10. Resultants of ligand exchanging the Au11(PPh):Cls and
[Au11(PPh3)sCl2]Cl with GSH. (From ref. 170)

In 2015, Theoretical work on ligand exchange by Aikens and co-workers found
that the most favorable ligand exchange takes place between terminal -SH units
and staple gold atoms.’”! Pengo et al. performed a kinetic analysis of the place
exchange reaction on the Au2s5(SC2Ph)1g® cluster using 4-fluorobenzylthiol and
other substituted arylthiols and revealed that the selectivity for the inner and
outer positions of the dimeric staples can be modulated by using incoming thiols
with different structures.'? The Aikens group theoretically investigated the
kinetics of the ligand-exchange process based on the structure of Au2s(SR)1s
(where SR = SC1), and three possible ligand exchange sites were proposed.’”®

Based on the results of '"H NMR, the Murray group reported the second-order



rate constants for associative ligand exchanges in Au2s5(S6)1s nanoclusters with
different charge states, and concluded that the electron depletion retarded the
ligand exchange.'”® In 2016, Negishi and co-workers systematically performed
the ligand exchange on the Au2s5(SC2Ph)1s nanocluster with HSePh or (TePh):2
ligands.'* A broadening and red shift of the optical absorption bands was
observed, also accompanied by the increasing substitution of the native SR
ligands with SeR or TeR ligands."* Very recently, Blirgi and co-workers
investigated the factors that influence the ligand exchange process in the
reaction of Au2s5(SR)1s nanocluster with excess different thiol ligands and
demonstrated that the thiolate monolayer of Au2s nanoclusters has a dynamic
nature.’”®

In general, ESI-MS works well with aqueous soluble gold clusters as they are
easily ionizable, whereas for organic soluble clusters this technique is not well-
suited. Lately, several new methodologies have been implemented to overcome
these problems. Researchers have shown that ionization efficiency can be
improved by adding external ionizing agents such as cesium acetate (CsOAc).'"®
Ligand exchange with an ionizable ligand is another way to obtain good mass
spectral features.8% 116 Negishi et al.’”” introduced an oxidation (by Ce(SOa)2) or
a reduction (by NaBHa4) process to improve the ionizing capacity by enhancing
the charge state of the Au25(SR)1s cluster (see Figure 1.11).
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Figure 1.11. Scheme of positively and negatively charged Au2s(SR)1s cluster

synthesis from neutral Auzs(SR)1s cluster. (From ref. 177)



Graphene, which contains carboxylic acid groups, was further functionalized to
form thiolated graphene that was used in a ligand exchange reaction to generate
a composite with gold clusters. The composite was purified by the phase transfer
method. The optical properties of the composite exhibited the features of the
cluster as well as those of graphene. Interestingly, the cluster fluorescence was
only quenched when a high concentration of the thiolated graphene was used for
the exchange process. A variety of nanocomposites can be generated by varying
the functional groups, length, and properties of the linker molecules. Such
composites can be used in several applications such as bioimaging,'’®
biosensors,3': 179 antibacterial activity, 8 etc.

Chirality can also be induced to an achiral cluster through ligand exchange
with chiral ligands.'®' Yao et al.'® achieved chirality in monolayer protected silver
clusters by introducing chiral thiols. Dolamic et al. have shown that an intrinsically
chiral gold cluster, Auss(2-PET)24(2-PET = 2-phenylethylthiolate), can transfer its
handedness to an achiral molecule (2-PET) adsorbed on its surface.'

In chapter 5, we will discuss the effects of ligand exchange reactions on the

modification of the properties of Au2s(SR)1s nanoclusters.

1.3.3 Transformation: Fusion

Recent research has revealed that nanoclusters are commonly composed of a
kernel and a surface-protecting shell (or staple-like metal-ligand motifs).
Understanding the kernel configuration and its evolution is one of the central topics in
nanoscience research. Several basic kernel units have been observed, such as the
M4, M13 and M4 polyhedrons (where, M = metal atom). Among them, the tetrahedral
M4 and icosahedral M+3 units are the most common ones, and as such they have
been used as building blocks to construct larger kemel structures via various fusion
or aggregation modes, including the vertex- and face-sharing mode, the double-
strand and alternate single-strand growth, and cyclic fusion of units, as well as the
fcc-based cubic growth pattern.’® The identification of the kernel growth pathways
has led to a deeper understanding of the evolution of electronic structure and optic

properties.



Among the basic structural units of the kernel, the Au1s cuboctahedron,
icosahedron, and decahedron are quite often observed. An important question is
the growth of such building blocks into larger structures. In the following
subsections, we summarize a few modes that have been observed
experimentally, including the fusion, interpenetration, shell-by-shell, layer-by-
layer, and Aus tetrahedron-based vertex-sharing growth modes. We note that the
following discussion is based on structural aspects and that the growth modes
might not necessarily reflect the real growth mechanisms of nanoclusters in the
solution phase. Nevertheless, experimentally, fusion growth seems to occur in
the conversion of Au11 to Auzs rod nanoclusters,’® as well as the synthesis of
linear triicosahedral Aus7 nanoclusters,’® with both being protected by mixed
ligands (phosphines and thiolates).

The Auss(SR)24 nanocluster has a Auzs kernel, which can be viewed as two
Au13 icosahedra fused together by sharing a common Aus face (Figure 1.12).52
The fusion of the two icosahedra occurs along the Cs axis of the icosahedron.
The resultant Auzs rod is structurally strengthened by three monomeric staples at
the waist (Figure 1.12); then, the top icosahedron is further capped by three
dimeric staples that are arranged in a rotary fashion, resembling a triblade
“‘propeller”. Similarly, another three staples are arranged on the bottom
icosahedron, but the bottom propeller is rotated by ~60° relative to the top one,
forming a staggered dual-propeller configuration. The entire cluster is chiral
because of the rotary arrangement of the dimeric staples, even though the Auzs

kernel is achiral.
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Figure 1.12. Total structure of Auss(SC2Ph)24. (Top) Auz2s biicosahedral kernel
and (bottom) positions of dimeric staple Au2(SR)s and monomeric staple Au(SR)2
on the kernel, as well as the two enantiomers. Yellow, sulfur; other colors, Au.
The carbon tails (-SC2Ph) are omitted for clarity. (From ref. 52)

The Auz0(SR)16 structure (R = -Ph-'Bu) exhibits a bitetrahedral Auz kernel,
which can be viewed as two Aus building blocks fused together by vertex sharing
(Figure 13).8 Recently, a sharp transiton from non-metallic Au2s6(SR)so to
plasmonic Au279(SR)s4 has been revealed.'®” The unique properties of metal
nanoclusters endow them with great potential for applications in catalysis, bioimaging,
chemical sensing, and so on. Since the structures of nanoclusters exhibit certain
patterns,? it is highly desirable to explore the structure—property correlation and thus

understand the size evolution.
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Figure 1.13. Anatomy of the structure of the Au20(SPh-'Bu)is nanocluster. The
Aurz kernel is protected by an octameric ring motif and then by monomers (front
and back of the kernel) and one trimer (top of the kernel). Carbon groups are

omitted for clarity.

The 13-atom icosahedral structure (M13) is a ubiquitous structural unit, which is
composed of a center and a 12-atom shell of icosahedral geometry (Figure 1.14).
Such a M3 kernel was reported in many works, e.g. the Au13(dppe)sCl23* cluster
(where, dppe = 1,2-bis(diphenylphosphino) ethane).’® A rod-like bi-icosahedral
Auzs(PPhs)10(SR)sCl22* nanocluster (R = C2 or C2Ph) has also been successfully
synthesized and characterized.'®2% The Au kernel structure is

constructed via vertex sharing of two Au1s units (i.e., 13+13—-1=25). More interestingly,



another icosahedron-based structure has recently been unveiled, with its formula
being Aus7(PPh3)10(SC2Ph)10Cl2*, in which the core comprises three Auis building

blocks that are linearly assembled together via vertex-sharing.'8

it e |
WO 40 E00 GO0 TOO 20 B0 1000
Wavelength (nm)

Figure 1.14. Kernel evolution in the Au1s-Auzs-Aus7 series (a); UV-vis-NIR
spectra of the Ausz (b) and Auzs and Au1s (c) nanoclusters (insets: spectra on the

photon energy scale). (From ref. 186)

Transformation of clusters from one to the other presents new examples of
chemistry at the nanometer length scale. It is likely that these reactions produce
new examples of nanochemistry. The science of clusters is becoming analogous
to that of molecules. Intercluster chemistry has shown several examples, and
they suggest that the science of clusters is similar to that of simple molecules.
Clusters with their cores and ligands act as single entities in these
transformations. This new category of chemistry is distinctly different from that of
the ligands and the cores which have been probed in more detail.

In chapter 4, we demonstrate that it is possible to transform Au2s(SR)1s directly
into Auss(SR)24 by just dissolving the former at relatively high concentration in an

inert solvent.

1.4 Aims and Outline of the Thesis
In this Thesis, | focused on the modification of the external and internal

structures of Auzs(SR)1s with the goal of obtaining new gold nanoclusters and/or



understanding the effect of these modifications on the fundamental properties of

Au2s(SR)1s. Chapters 2-5 focus on a series of aspects.

Chapter 2. Metal Doping of Au2s(SR)1s™ : Insights and Hindsights.

The study of the structures and properties of atomically precise gold
nanoclusters is the object of active research worldwide. Recently, research has
been also focusing on the doping of metal nanoclusters through introduction of
noble metals, such as platinum, and less noble metals, such as cadmium and
mercury. Previous studies, which relied extensively on the use of mass
spectrometry and single crystal X-ray crystallography, led to assign the location
where each of these foreign-metal atoms go. Our study provides new insights
into this topic and, particularly, compelling evidence about the actual position of
the selected metal atoms M = Pt, Pd, Hg, and Cd in the structure of Au24M(SR)1s°.
To make sure that the results were not dependent on the thiolate, for SR we used
both butanethiolate and phenylethanethiolate. The clusters were prepared
according to different literature procedures that were supposed to lead to
different doping positions. Use of NMR spectroscopy and isotope effects, with the
support of mass spectrometry, electrochemistry, and single crystal X-ray
crystallography, led us to confirm that noble metals indeed dope the cluster at its
central position, whereas no matter how the doping reaction is conducted and the
nature of the ligand, the position of both Cd and Hg is always on the icosahedron
shell, rather than at the central or staple position, as often reported. Our results
not only provide a reassessment of previous conclusions, but also highlight the
importance of NMR spectroscopy studies and cast doubts on drawing

conclusions mostly based on single crystal X-ray crystallography.

Chapter 3. Understanding and Controlling the Efficiency of Au24sM(SR)1s
Nanoclusters as Singlet-Oxygen Photosensitizers.

Singlet oxygen, '02, can be generated by suitable photosensitizers, that is,
molecules that can be photoexcited and their triplet excited states used to cause

the 302 — 'Oz transition by energy transfer. These molecules, on the other hand,



also act as quenchers of '0O2 and thus make its lifetime shorter than allowed by
the specific solvent. We studied the photosensitizer behavior of a series of
molecular Au24M(SR)1s clusters, where R = n-CsHz (C3), n-C4Hg (C4), and
C2H4Ph (C2Ph), and M = Au, Hg, and Cd. For detection, we used time-resolved
electron paramagnetic resonance (TREPR). Upon nanosecond photoexcitation of
the cluster, a triplet state is eventually formed, followed by energy exchange with
302 to generate '02. In TREPR, the presence of '0: is detected very sensitively
with a nitroxide radical probe. 'Oz induces in the latter populations of the radical
spin sublevels that differ significantly from those at thermal equilibrium. This spin
polarization is detected as a transient signal that depends on the effective '02
lifetime in the given experimental conditions. For all clusters, the transients
detected in toluene at 240 K obeyed a single-exponential decay law. This
allowed us to determine 'O: lifetimes ranging from a minimum of 2.71
(Au25(SC4)18”) to a maximum of 27.9 us (Au24Cd(SC2Ph)1g®). The different
activity of these clusters was also confirmed by studying the reaction of
photosensitized 02 with 9,10-diphenylanthracene. We found that: (i) the cluster's
excited state responsible for the activation of triplet oxygen is a triplet state; (ii) a
more positive potential for the oxidation of the cluster is matched by a longer 'O2
lifetime; (iii) proper design of the cluster yields results analogous to those of
tetraphenylporphirin (102 lifetime of 28.2 us), which is a well-known reference
photosensitizer. Kinetic analysis led to important insights into the mechanism of
the quenching of 'O2 by gold nanoclusters, how to control it, and why properly

doped gold nanoclusters may perform very well in 'O2 photosensitization.

Chapter 4. Gold Fusion: From Au2s5(SR)1s to Auss(SR)z24, the Most Unexpected
Transformation of a Very Stable Nanocluster

The study of the molecular cluster Au2s5(SR)1s has provided a wealth of
fundamental insights into the properties of clusters protected by thiolated ligands
(SR). This is also because this cluster has been particularly stable under a
number of experimental conditions. Very unexpectedly, we found that

paramagnetic Auzs(SR)1s° undergoes a spontaneous bimolecular fusion to form



another benchmark gold nanocluster, Auss(SR)24. We tested this reaction with a
series of Auzs clusters. The fusion was confirmed and characterized by UV-vis
absorption spectroscopy, ESI mass spectrometry, 'H and '*C NMR spectroscopy,
and electrochemistry. NMR evidences the presence of four types of ligand and,
for the same proton type, double signals caused by the diastereotopicity arising
from the chirality of the capping shell. This effect propagates up to the third
carbon atom along the ligand chain. Electrochemistry provides a particularly
convenient way to study the evolution process and determine the fusion rate
constant, which decreases as the ligand length increases. No reaction is
observed for the anionic clusters, whereas the radical nature of Au2s(SR)1g®
appears to play an important role. This transformation of a stable cluster into a
larger stable cluster without addition of any co-reagent also features the bottom-
up assembly of the Au1s building block in solution. This very unexpected result

could modify our view of the relative stability of molecular gold nanoclusters.

Chapter 5. Ligand Exchange and Polymerization Reaction on Au2s5(SR)1s

This part of the research aims at decorating the Au2s monolayer with
polymerizable groups to investigate the effect of this modified monolayer on the
cluster's optical properties. After synthetizing the proper ligand, exchange
reactions were carried out and the resulting cluster characterized. The extent of
exchange was controlled by adjusting the relative concentrations of the cluster
and exogenous ligand. The reaction was monitored by UV-vis absorption and
MALDI-TOF mass spectroscopy. After polymerization, the resulting nanocluster

exhibits an SPR-like band that grows until it reaches a maximum after a few days.
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Chapter 2. Metal Doping of Aux5(SR)1s™: Insights
and Hindsights*

* Published: Fei, W.; Antonello, S.; Dainese, T.; Dolmella, A.; Lahtinen, M.; Rissanen, K.; Venzo, A.; Maran,
F. Metal Doping of Auzs(SR)1s” Clusters: Insights and Hindsights. J. Am. Chem. Soc. 2019, 141, 16033-
16045.

2.1 Introduction

Many thiolate-protected gold nanoclusters, especially those sufficiently small
(typically, less than ca. 144 atoms) to display electrochemical,! optical,> and
magnetic®> molecular properties, can be prepared with atomic precision.*>
Recently, research has also been focusing on the selective doping of metal
nanoclusters through introduction of foreign-metal atoms.’® This is a very
important area for both fundamental and applied (e.g., catalysis) purposes.
Modification of the metal composition has been studied for several clusters, but
most research has focused on Au2s5(SR)1s, which is an atomically precise cluster
that has been long considered a convenient benchmark system for
understanding properties and devising applications of gold nanoclusters.%.!1

Controlled doping of Au2s5(SR)1s™ has been carried out with the noble metals
platinum'?'¢ and palladium,’#'%1® and less noble metals, such as cadmium?°-22
and mercury,’®20-23 also because of the ease by which monodoping could be
achieved with these metals as opposed to, say, copper and silver.® Mass
spectrometry and single crystal X-ray crystallography were extensively employed
to interpret the doping results and, particularly, assign the specific locations
where these single foreign-metal atoms go. The platinum-doped clusters were
prepared by direct synthesis, i.e., by reacting a mixture of tetrachloroauric and
hexachloroplatinic acids with a given thiol, followed by sodium borohydride
reduction.’>'® The same procedure was applied to palladium'16-19 and
mercury.’™ Cadmium?>22 and mercury?>?® were introduced into preformed
Au2s(SR)1s™, and studied from several viewpoints. Regarding cadmium, Wu and
co-workers reported that when the metal source is a salt, Cd(NOs)2, doping

occurs on the icosahedron.?® The analysis of the data pertaining to



Au24Cd(SC2Ph)18° (SC2Ph = phenylethanethiolate; hereafter, we will indicate the
number of carbon atoms of the alkyl chain simply as Cn) relied on X-ray
crystallography and theoretical calculations of the experimental UV-vis-NIR
spectrum, in comparison with the corresponding mercury monodoped cluster
Au24Hg(SC2Ph)18° and the pertinent matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry fragmentation patterns. The latter
also was obtained using a salt as the metal source, Hg(NOz3)2.2® Interestingly, the
two very similar syntheses led to doping at different positions: whereas Cd
would go on the icosahedron,?! for Hg the X-ray single-crystal diffraction results
were interpreted to indicate that one of the staple Au atoms is replaced by Hg.
Theoretical simulations of the experimental UV-vis-NIR spectrum, and the
MALDI-TOF mass-spectrometry, thermogravimetric analysis, and electro-
chemical results provided further support to this conclusion.?® Further work used
this conclusion to understand what happens when Ag is used to dope a
preformed Au2sHg(SC2Ph)1g® cluster.?* For both Au2sHg(SC2Ph)1s® and the so-
formed trimetallic cluster, the NMR results were taken as a further indication that
Hg atom most probably occupies a staple position.

Cadmium and mercury were introduced by the Zhu group into preformed
Auzs5(SC2Ph)1s™ by using a different approach in which the metal is added to the
cluster solution as a thiolate, Cd(SC2Ph)2 or Hg(SC2Ph)2.2° For Cd, single-
crystal X-ray crystallographic data indicated that doping occurred at the central
position. As to Hg, the cluster was concluded to have the same structure due to
the same valence, NMR spectrum, and the loss of the same M1Aus fragment in
MALDI-TOF mass spectrometry. NMR was used only to rule out the possible
presence of the tetraoctylammonium countercation, present in the native
Au2s5(SC2Ph)+s™ solution. As for the metal-salt studies,?!2324 the NMR spectrum
showed a complex pattern. The outcome of the stepwise formation of trimetallic
clusters, MAgxAu24x(SC2Ph)1s, was interpreted®® on the basis of the afore-
mentioned conclusions on the central position eventually occupied by Cd or Hg.?°
Some doped clusters were prepared with ligands other than phenylethanethiol. In
particular, Thanthirige et al. prepared Au2sM(SC6)1s° (M = Pt, Hg) clusters by



direct synthesis. Analysis of the MALDI-TOF mass spectrometry and X-ray
photoelectron (XPS) spectra led to conclude that for both metals the doping
occurred at the central position.'”® The preparation and other properties of
Au24M(SC6)18° (M = Pt, Pd) were described by the Lee and Jiang groups in a
previous publication.’ Negishi et al. used dodecanethiol to prepare
Au24Pd(SC12)18° and concluded, on the basis of experiments and density-
functional theory (DFT) calculations that Pd occupies the center of the core.’”18
In a recent review article,® Zhu and co-workers concluded that "Doping specific
number of heterometal atoms into specific positions of the nanocluster template
is still one of the most challenging tasks in the nanofield." We could not agree
more. Indeed, now the question is: How can we assign the specific position
where these foreign-metal atoms actually go to? This is not just a problem per se,
but also has far-reaching consequences because the results described above
are consistently taken as the starting point for other investigations, whether
related to different clusters or applications, as discussed in several review
articles.>7-911.2528 Here we address this problem by specifically focusing on the
doping with Pt, Pd, Cd, and Hg atoms to form the corresponding Au24sM(SR)1g®
clusters. As aforementioned, conclusions on the specific location of the foreign-
metal atom have been drawn mostly on the basis of the interpretation of single-
crystal X-ray crystallography and MALDI-TOF mass spectrometry data,
sometimes with the support of DFT calculations, and results from XPS and UV-
vis absorption spectroscopy. The structure of Au2s(SR)1s, whether in the anionic
or neutral form,2®-3" is maintained in Au2aM(SR)1g?,16:1920.21.23 gand shows that
there are three possible positions for the M atom: center (c), icosahedron (i), and
staples (s) (Figure 2.1a); whereas there is only one central atom, the other

positions are of 12-fold equivalency.



Figure 2.1. (a) Structure of Au2s(SR)18%~ showing the three position types that
can be occupied upon metal monodoping: central (blue), icosahedron (pink), and
staple (green). The gold (yellow) and sulfur (red) atoms are shown, whereas the
carbonaceous part of the ligands is omitted for clarity. (b) Structure of
Auzs(SR)18%~ showing the carbons (gray), hydrogens (white), and terminal groups

(black) for both ligand types of one of the six staples.

Theoretical calculations have been performed to predict or explain the position
of the heteroatom upon monometal doping, even ahead of substantial
experimental work. Earlier DFT calculations by Jiang and Dai pointed to Cd and
Hg as stable when in the center position.>> On the other hand, other DFT
calculations carried out by Walter and Moseler predicted that Pd should be more
stable when at the center, whereas for Cd the lowest energy isomer is at the
icosahedron, rather than elsewhere.? In a recent study, Taylor and Mpourmpakis
used®* their thermodynamic stability model (TSM), which attributes structure
stability to a balance between the chemical potentials of the metal atoms in the
core and the protecting shell,® to describe doping effects on nanoclusters. The
TSM predictions were concluded to be in excellent agreement with experiments.
The case of Hg is particularly interesting. As we saw, Hg has been described as
being at the center'>?° or in a staple position,?® with the latter considered3* as
more likely and in agreement with the TSM. Although the icosahedral position,
Hg(i), resulted close to the 95% prediction interval, a better proximity of the Hg(s)
to the parity line (in a plot between shell-to-core bond energy and the metal-core
cohesive energy) was seen as providing the first theoretical rationalization for the

experimental observation of the Hg(s) position in Au2sHg(SR)18°. Regarding Cd,



which was also described that, depending of the synthetic method, could occupy
two positions, center?° or icosahedron,?! the TSM results pointed to Cd(c) doping
as being closer to the parity line than Cd(i) doping; thus, the authors also
suggested that the latter could be potentially transformed into the former under
proper experimental stimulus. Very recently, the Aikens group used DFT to study
the doping process in a few clusters, including Au24M(SR)18.3® Whereas group X
dopants (Pd, Pt) resulted stable when at the central position, for dopants in
groups Xl- XllI (and thus also for Cd and Hg, group Xll) the icosahedral position
was found thermodynamically preferable mainly due to group theory and
relativistic effects. As to the staple position compared to the central position,
whereas for Cd the former has a slightly lower energy, for Hg the results point to
Hg(c) as being quite more stable than Hg(s).

With the exception of Pt and Pd, for which there is no doubt that the direct
synthesis yields a cluster monodoped at its central position, it is thus clear that
for Cd and Hg available experimental data provide a number of opposite
conclusions, possibly related to the specific synthetic method. DFT calculations
have provided hints on this topic, though some analyses appear to be in contrast
at least to some experimental conclusions. Here we use NMR spectroscopy,
electrochemistry, MALDI-TOF, and single-crystal X-ray crystallography of each
sample to demonstrate that in several cases the conclusions reached on the
actual position of Cd and Hg atoms need to be drastically revised. Our study
includes: (i) clusters protected by SC4 (Pt, Pd, Cd, Hg) and the SC2Ph (Cd, Hg)
as the ligands; (ii) direct synthesis (Pt, Pd) and indirect synthetic methods, that is,
metal exchange on both Au2s(SR)1s™ (Cd, Hg) and Au24Cd(SR)18° (Hg); (iii) for Cd
and Hg we used both the metal salt and the metal thiolate methods. This study is
meant to provide new insights and perspectives into this general problem, and
describe a possible experimental methodology to understand the actual doping
location. The power of NMR spectroscopy and associated isotopic effects are
especially highlighted. These results call for a warning about the reliability of
conclusions based on mass-spectrometry fragmentation patterns and, especially,

X-ray crystallography of doped clusters.



2.2 Results and Discussion
2.2.1 Synthesis

Au24Pt(SC4)18° was prepared by reacting a solution of HAuCls and H2PtCls with
the given thiol, followed by addition of NaBHa.'? Au24Pt(SC4)1s° could be purified
from the main co-product, Au2s(SR)18~, according to the procedure described by
Qian et al.,’? in which H202 is used to cause degradation of the undoped cluster
through multiple oxidation processes. For reasons that will be discussed in the X-
ray crystallography section, we used n-butanethiol. The synthesis of
Au24Pt(SC4)18° was carried out according to a very similar protocol, but for the
use of Na2PdCls in place of H2PtCls. Two Au2s(SR)1s™ clusters (R = C4, C2Ph),
which were prepared as already described,?”-*® were allowed to react with
Cd(NO3)2 or Hg(NOs)2, as described by the Wu group,?’?® and Cd(SR)2 or
Hg(SR)2, as described by the Zhu group.?® These reactions are described in
detail in the Experimental Section; we found that the same protocol works well for
both C4 and C2Ph. In addition to using Cd(NOs)2 for making the thiolate, we
used CdClz, and the reactions went equally well. This check was expedient to
then carry out the exchange reactions on Au2s(SR)1s™ clusters with ""3Cd(SR)z2.
Finally, on the two Au24Cd(SR)1s® clusters we exchanged Cd with Hg, as
described by the Wu group for R = C2Ph.2" The clusters were carefully purified,
recrystallized, and only afterward each sample batch was used for the NMR
spectroscopy, UV-vis absorption spectroscopy (Figure 2.2 shows the SC4 series,
whereas Figure 2.13 shows the SC2Ph series), MALDI-TOF mass spectroscopy,
cyclic voltammetry (CV), and differential pulse voltammetry (DPV)
measurements. The synthetic methods used only yielded monodoped clusters.
Most of them were also studied by single crystal X-ray crystallography. To check
the quality of the results further, some of the crystals studied at the University of

Jyvaskyla were also studied at the University of Padova.

2.2.2 Au24Pt(SC4)1s® and Au24Pd(SC4)1s°



For both platinum and palladium, the direct synthesis of Au24aM(SR)18° (R =
C2Ph, C6, C12) has been consistently described to yield clusters doped at the
center.’?'® For R = C4, we followed the same synthetic and purification protocol
described for platinum by Qian et al.'? and adapted for palladium by Kwak et
al..’ MALDI-TOF mass spectrometry clearly indicated that the purified clusters
only contain one foreign-metal atom, as shown in Figure 2.14 for Au24Pt(SC4)1s°,
and no contamination from residual Au2s(SC4)1s™ or Auzs(SC4)1g°.

The NMR behaviors of Au24Pt(SC4)1s® and Au24Pd(SC4)1s° were studied in
CsDs, at 1.5-2.1 mM concentration of the cluster, and the chemical shifts (5) are
referred to tetramethylsilane; these conditions were the same also for all other
clusters studied. Beside the monodimensional "H NMR spectra, the clusters were
studied by 'H, 'H-homonuclear correlation spectroscopy (COSY) and 'H, '3C-
heteronuclear multiple quantum coherence (HMQC) spectroscopy. The 2D
spectra, whose analysis allowed assigning all resonances, are provided in
Figures 2.15-2.17, whereas Table 2.1 gathers all chemical shift values.
Au24Pt(SC4)18° and Au24Pd(SC4)18° are diamagnetic, neutral species'® and are
thus directly comparable with the diamagnetic anion [Au2s5(SC4)1s7](n-OctaN)*
(where n-Oct stands for norm-octyl), whose NMR data3"3 are also provided in
Table 2.1.

Auzs and monodoped clusters are known to share the same structural features:
a central Au atom, 12 Au atoms forming an icosahedron, and an external shell
composed of six—(SR)in—Au—(SR) out —Au—(SR) in — double staples. Each staple
consists of two inner thiolates (in) and one outer thiolate (out) (Figure 1b). The
term inner indicates that the two SR groups also bind to the icosahedron Au
atoms, whereas outer indicates that the SR group is at the outmost position of
the double staple. In [Auzs(SC4)1s7] (n-OctaN)*,37:38 the two ligand types have
different & values, well-defined signals (corresponding to the methylene groups in
positions a, B, and y with respect to sulfur, and the methyl group in position d),
and for the same resonance the integrals are in the 2:1 ratio expected for the 12
inner and 6 outer ligands. The spectra of Au24Pt(SC4)18° and Au24Pd(SC4)1g°

exhibit exactly the same general features, but for slightly different chemical-shift



values (Table 2.1). Figure 3 shows the comparison between the Pt-doped and
the undoped clusters. This behavior clearly indicates that the symmetry of the
ligands of the parent Au2s(SC4)1s~ cluster is preserved upon monodoping, as
also discussed for R = C2Ph by Qian et al.’? and later by Tian et al.’® For both Pt
and Pd, the "H NMR spectra of Au2sM(SC4)1g° can thus be taken as representing
the blueprint of the typical "uncomplicated" NMR behavior expected for a

Au24M(SC4)1¢° cluster doped in its central position.
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Figure 2.3. 'H NMR spectra of (a) [n-OctsN*][Aus(SC4)1s7] and (b)
Au24Pt(SC4)18°. The peaks marked with a star pertain to n-OctsN*. Both samples
were in CsDs at 25 °C.

2.2.3 Au24Hg(SC4)1s°

The mercury-doped clusters were prepared according to three previously
published methods (for C2Ph), i.e., by the (i) Au-exchange reaction of
Au2s(SC4)18~ with Hg(SR)2 (Wang et al.)?° and (ii) Hg(NOs)2 (Liao et al.),>® and by
the (iii) Cd-exchange reaction of Au24Cd(SC4)1s° with Hg(NOs)2 (Yao et al.).?
After purification and recrystallization, all three methods led to obtain very pure
Au24Hg(SC4)18° samples. The UV-vis absorption spectroscopy and MALDI-TOF
spectra are shown in Figures 2.2 and 2.18, respectively.

We first consider the Au24Hg(SC4)18° sample prepared from Hg(SR)2. Figure
2.4 shows its '"H NMR spectrum and identification of the signals, as achieved by
analysis of the COSY and total correlation spectroscopy (TOCSY) spectra
(Figures 2.19 and 2.20); the integrals, carried out in the ranges indicated, are in a
2:1 ratio, as expected for the inner relative to the outer resonances. Figure 2.4
clearly shows that for this cluster the ligand symmetry is completely removed.
Table 2.2 gathers all 'H and '3C chemical shifts. Perturbations from the simple
pattern exhibited by the undoped cluster (Figure 2.3a) are seen for all
resonances and are especially evident for the inner ligands and the protons

nearer to the cluster core. It is noteworthy that signal complexity is observed



even for the &-(CHs)out proton resonance, which, being the most distant from the
core, in all gold nanocluster previously investigated® has always been the least
sensitive to core size, charge, magnetic state, and environmental effects. The a-
(CH2)in and a-(CHz)out resonances, which are at 4.07-3.78 and 3.15-3.05 ppm,
respectively, exhibit particularly complex patterns. In particular, one of the a-
(CH2)in triplets (with an integral value corresponding to one ligand) is clearly
separated from the others. It is also worth noticing that this lack of symmetry
does not induce diastereotopic effects in the ligands, as opposed to what found
for achiral ligands in the presence of interligand interactions and/or when the
staple arrangement is chiral (Auss(SR)24° and Au144(SR)60°).4%42 Regarding the
complexity of the proton signals for both the inner and outer ligands (see below),
a quite similar behavior is also exhibited by the corresponding '3C resonances
and 3C chemical shift values (HMQC experiments, Figure 2.21). In particular, for
one of a-(CHz2)in carbons, which corresponds to the isolated 'H triplet at 4.055
ppm, the 3C chemical shift value is distinctly smaller (37.25 ppm) than the similar
values shown by the other 11 ligands (39.01-38.79 ppm). A few differences are
also detected for the B-(CH2)in, y-(CH2)in, and &-(CH3)in 3C resonances. Small
differences are also present in the a-(CH2)out and y-(CH2)out resonances, whereas

B-(CH2)out and 6-(CHs)out appear isochronous.
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spectral region (experiment and simulation) pertaining to 11 a-(CH2)in resonances.

Integrals refer to the number of protons.

Regarding the number of different inner ligands detectable in the 'H NMR
spectrum, we took advantage of the net separation of the a-(CH2)in triplet at
4.055 ppm to simulate the cumulative signal pertaining to the remaining 11 inner
resonances. By using the intensity of the isolated triplet as the starting point, we
generated the convoluted signal by assigning and optimizing the chemical shifts
of the 11 triplets. The indent in Figure 2.4 shows the satisfactory outcome of the
simulation. The individual chemical shifts (the number of isochronous signals is
given in parenthesis) are at 3.883 (1), 3.862 (2), 3.834 (1), 3.823 (4), 3.805 (1),
3.798 (1), and 3.794 (1) ppm.

A very similar set of results was obtained by analysis of the TOCSY spectrum
(Figure 2.20): 3.883 (1), 3.854 (2), 3.818 (3), 3.808 (3), 3.786 (2) ppm. Despite
small differences between the two methods, these results show that the
perturbation caused by replacing one single Au atom with Hg generates at least
6 subgroups in the a-(CH2)in resonances. Regarding the a-(CH2)out triplets,
analysis of the TOCSY spectrum shows that the complex signal at ca. 3.1 ppm is
composed by 6 distinguishable triplets: 3.147 (1), 3.134 (1), 3.129 (1), 3.109 (1),
3.087 (1), and 3.053 (1) ppm. It is noteworthy that the effect of Hg is so strong
that even all other inner and outer resonance types are affected. The 'H and '3C
data are collected in Table 2.2.

Overall, these results clearly show that Hg cannot be located in the center of
the cluster, as previously proposed for R = C2Ph.2° On the other hand, the above
NMR data cannot conclude whether Hg is in one of the icosahedral vertexes or
one of the staples.

The second sample investigated was prepared from Hg(NOs)2, according to
the method described by Liao et al..?® It should be recalled that this method was
described to yield an Hg(s) doped cluster, though starting from a different ligand
(R = C2Ph). The 'H NMR spectrum (Figure 2.22), associated 2D spectra, and



integral values of recrystallized cluster are identical to those just described for the
first sample.

In the third synthetic method, we prepared Au24Cd(SC4)1¢° (thiolate method, as
described in the next section) and then reacted it with Hg(NOs)2 according to the
protocol described for R = C2Ph by the Wu group.?' The reaction proceeded
rapidly (<10 min) and efficiently (90% yield). Once again, the '"H NMR spectrum
of the crystalline product turned out to be identical to those recorded for the other
two samples (Figure 2.22). The spectrum of this specific sample was also tested
for stability and found to be perfectly reproducible after 4 weeks at 10 °C.

It is finally noteworthy that all three samples gave the same fragmentation
pattern in MALDI-TOF mass spectrometry (Figure 2.18) and identical UV-vis
absorption spectra (Figure 2.2). Their electrochemical behavior will be discussed
later.

As NMR is an extremely sensitive tool to detect even minor differences in
molecular properties and chemical environment effects,® the results obtained for
the three samples allow us to conclude that: (i) the specific synthetic approach,
including the indirect method, does not yield clusters doped at different positions;
(i) mercury does not dope the cluster at the central position. At this stage,
whether the three identical samples consist of Hg(s) or Hg(i) remains to be

understood.

2.2.4 Au24Cd(SC4)1s°

The cadmium-doped clusters were prepared in three ways. The first two
methods are based on the use of (i) Cd(SR)2, obtained upon reaction of
Cd(NOz)2 with the thiol (Wang et al.),?° or (ii) Cd(NO3)2 (Yao et al.).?'. The third
approach consists in using CdClz or ""3CdCl2 (instead of Cd(NOs)2) to make the
thiolate. Figure 2.5a shows the typical 'H NMR spectrum of the purified,
recrystallized cluster obtained according to the Cd(NOs)2 method. Regardless of
the synthetic procedure, however, the "H NMR spectra are identical (Figure 2.23).
As for the Hg case, the '"H NMR spectra show that the ligand symmetry is

removed. The various signal types (position along the ligand chain and ligand



type) were attributed through TOCSY analysis. The a-(CH2)in and a-(CHz2)out
resonances at 3.93-3.67 and 3.16-3.03 ppm, respectively, exhibit a complex
pattern qualitatively similar to that of the Hg-doped clusters. Main differences are:
(i) one of the a-(CH2)in is separated from the others but is seen at higher fields (at
3.716 ppm); (ii) the separation of one of the a-(CH2)out resonances (at 3.052 ppm)

is more evident than for the Hg case. The integrals (Figure 5a) of the various
inner and outer resonances are also in a 2:1 ratio.
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Figure 2.5. (a) '"H-NMR spectrum of 2.1 mM Au24Cd(SC4)1° prepared from
Cd(NOs3)2 in CeDs at 25 °C. Integrals refer to the number of protons. Graphs (b)
and (c) refer to the a-(CHz)in and a-(CHz2)out regions, respectively, for 2.1 mM
Au24Cd(SC4)18° (red) and 2.1 mM Au24''3Cd(SC4)1s° (blue); the latter was
prepared using the thiolate obtained from 13CdCl..

The 'H and '3C data (Table 2.3) show very similar patterns as observed for the
Hg-doped clusters. According to the TOCSY spectrum, the 12 a-(CHz)in triplets
are at 3.865 (2), 3.834 (6), 3.826 (2), 3.803 (1), and 3.716 (1) ppm, whereas the



6 a-(CH2)out triplets are at 3.126 (1), 3.122 (1), 3.108 (3), and 3.052 (1) ppm.
Differences are also seen along the ligand chain for both inner and outer ligands.
Regarding *C, some differences are seen for a-(CH2)in (Wwhereas 11 ligands are
at 38.2 £ 0.2 ppm, the isolated ligand in at 34.15 ppm), B-(CHz2)in, 8-(CH3)in, a-
(CH2)out, and B-(CHz)out; for y(CH2)in, y-(CH2) out , and &-(CHs)out, differences are
undetectable or within experimental error.

We also note that the NMR pattern of the Cd-doped clusters does not show
any diastereotopic effect, i.e., the protons of each CHz in each ligand type and
ligand subgroup are equivalent (as already noted for the Hg-doped cluster). It is
finally worth stressing that all three samples gave the same fragmentation pattern
in MALDI-TOF mass spectrometry (Figure 2.24) and identical UV-vis absorption
spectra (Figure 2.2). The electrochemical behavior will be discussed later.

To conclude, analysis of the three Au24Cd(SC4)18° samples shows that: (i)
independently of the synthetic method doping always occurs at the same position
and (ii) this position is not at the center of the cluster.

The question now is: is Cd on the icosahedron, as inferred by Wu and co-
workers for SC2Ph,?! or in one of the staples? To address this problem, we
resorted to carry out the Cd(SR)2 synthesis by starting from '"3CdCl.. Whereas
the natural abundance of ''3Cd in Cd samples is 12.23%, enriched '3Cd
samples contain 95% of this spin 1/2 isotope. A point-by-point comparison
between the 'H NMR spectra of Au24'"3Cd(SC4)18° and Au24Cd(SC4)18° (both
obtained from the thiolate method) shows (Figure 2.25) that the effect of the
isotopic enrichment is observed only for the signal at 3.716 ppm, while the rest of
the spectrum is completely unchanged. Figure 2.5b shows a detail of the only
change detected. In particular, the small bumps around the isolated a-(CH2)in
triplet of Au24Cd(SC4)1s° are significantly enhanced in Au24'"*Cd(SC4)1s°, in
agreement with the ca. 8-fold isotopic enrichment. Conversely, the isolated and
the other 5 convoluted a-(CHz)out triplets are identical (Figure 2.5c).

'H-"H homodecoupling experiments were carried out by applying a standard
pulse sequence. Decoupling was performed at the frequency of the B-(CHz2)in

signal (2.173 ppm) that exhibits a scalar correlation with the isolated a-(CHz2)in



signal at 3.716 ppm. Figure 2.6 shows the main details of the effects observed
for the Au24''3Cd(SC4)18° and Au24Cd(SC4)1s® samples. As expected on the
basis of the 'H-"'3Cd coupling, whereas the enriched cluster shows a doublet
(Figures 2.6a), the latter yields a singlet (Figure 2.6b), though accompanied by
traces of a doublet (due to the presence of ''3Cd and '"'Cd, which is another spin
1/2 isotope with a natural abundance of 12.80%). The doublet in Figure 6a allows
determining a 3J('H-''3Cd) coupling constant of 14.3(0.1) Hz. For both
Au24'3Cd(SC4)18° and Au24Cd(SC4)18°, the same pulse sequence applied to the
isolated B-(CH2)out signal (1.719 ppm), which correlates with the corresponding
isolated a-(CHz)out signal at 3.052 ppm, transforms the latter into a sharp singlet,
as could be anticipated on the basis of the uncomplicated shape of this triplet
(Figures 2.6¢c,d). The slightly different position of the peaks in the decoupled
spectra is due to the Bloch—Siegert shift, which causes resonances to move
away from the decoupling frequency.

Figure 2.7a shows two models of the possible positions occupied by Cd. For
Cd(s), the bond sequence from Cd to the a-(CH2)in and a-(CH2)out protons is the
same, H-C-S-Cd, whereas for Cd(i) the distance from the a-(CHz)out protons is
larger by two bonds (H-C-S-Au-S-Cd bond sequence) than for the a-(CH2)in
protons. It is thus conceivable that for Cd(i) doping only the a-(CH2)in protons are
affected, as the experiments indeed indicate. On the other hand, if the exchange
yields Cd(s), '"3Cd would have affected both the a-(CHz2)in and a-(CH2)out protons

with equal probability, which is in contrast to the experimental outcome.
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Figure 2.6. '"H NMR spectra of 2.1 mM Au24'"3Cd(SC4)1° (a,c) and 2.1 mM
Au24Cd(SC4)18° (b,d) focusing on the a-(CH2)in (a,b) and a-(CHz2)out (c,d) regions.
The spectra are shown before (blue traces) and after 'H-"H homodecoupling (red
traces). CsDs, 25 °C.
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Figure 2.7. (a) Models of the possible positions occupied by Cd. (b) Karplus-like
correlation of the 3J("H-1"3Cd) coupling constant as a function of the dihedral
angle X?. The Newman projection of the investigated bond sequence illustrates
the relationship between the X? and 6 dihedral angles. The areas highlighted in
yellow show the regions where the average 3J('H-''3Cd) coupling constant

values are compatible with the experimentally determined J value.

To gain more quantitative insights into this aspect, we propose the use of a
Karplus-type correlation, which was originally developed to describe the dihedral
angle dependence of three bond 'H-'H coupling.#® In 1994, Vas8ak and co-
workers could demonstrate that a Karplus-type correlation describes nicely also
the dihedral angle dependence of the three bond "'3Cd-'H coupling, as obtained
from HMQC data for Cd-substituted metalloproteins in comparison with the
crystal structure data.***> The correlation was observed for the cysteine H-C-S-
Cd dihedral angle. The same group could previously demonstrate that the Cd-
derivative is isostructural with the native protein.*® Vasak and co-workers
concluded that although heteronuclear couplings involving heavy nuclei generally
depend on orbital angular momentum, electron-nucleus dipole-dipole interaction,
and Fermi contact contributions, for Cd-substituted metalloproteins the dihedral
angle is the principal determinant of the Fermi contact term and the dominant
variable. Figure 2.7b, which is adapted from the original work, 444547 jllustrates
the dependence of the 3J('H-'"3Cd) coupling constant on the dihedral angle 6,
3J("H-113Cd) = 36 (cos?6) -13 (cos 6) +1, with r? = 98.7% and confidence limits of
ca. 10 Hz; tetrahedral geometry around CP is assumed. More precisely, Figure
2.7b shows the correlation as a function of X2, which refers to the dihedral angle
with respect to the B carbon atom. The inset to Figure 2.7b shows the Newman
projection of the bond sequence and defines the relationship between the
dihedral angles 6 and X?, where 6 relates to H a (one of the two a-(CH2)n
protons). The correlation shows that a coupling constant should be detected no
matter the magnitude of 6 or X?, as at least one of the two protons (H2 and HP)

always provides a finite coupling value. Regarding our Cd-doped clusters, the



Karplus-type correlation thus confirms that for the hypothetical Cd(s) some
coupling with the a-(CHz)out protons should be observed as well as with the a-
(CH2)in protons. This is not seen.

Let us now focus on the only resonance a-(CHz)in affected by the presence of
13Cd. Figure 2.7b shows that very few X? regions (in yellow; for symmetry, only
the range from 0 to 180° needs to be considered), which determine the 3J('H-
113Cd) coupling constant values, provide average 3J('H-'13Cd) coupling constant
values compatible with the experimentally determined J value of 14.3 Hz, at least
within a prudential uncertainty of ca. +3 Hz: 0-13 ° (J = 16.5 + 17.2 Hz) and 128-
143° (J = 17.2 + 11.3 Hz). For steric reasons, however, the latter is the only
plausible region. The reliability of this conclusion will be addressed for
Au24Cd(SC2Ph)1g°.

2.2.5 Au24Cd(SC2Ph)1s° and Au24Hg(SC2Ph)1s°

The results and conclusions so far reached regard the butanethiolate-protected
clusters and thus the question arises as to whether they are extendable to other
ligands, also considering that the seminal works carried out by the groups of Zhu
and Wu on Cd- and Hg-doping focused on the phenylethanethiolate ligand.
Indeed, since Donkers et al. described the first synthesis and isolation of Auzs
protected by phenylethanethiolate ligands*® (Note: this cluster was originally
believed to be Auss(SC2Ph)24), followed some years later by the actual
crystallographic structure determination of [Au25(SC2Ph)1s”] (n-OctaN)*,29:30
phenylethanethiolate has been adopted by many research groups as sort of a
reference ligand. We thus studied the Cd- and Hg-doping of [Au25(SC2Ph)1s7] (n-
OctsN)* according to the same sequence of reactions and tests already
described for the SC4 ligand.

Au24Cd(SC2Ph)1g® was prepared according to the Cd(SC2Ph)2,2° Cd(NO3)2,%!
and the CdCl2 (or '3CdCl2) - thiolate methods. As for the SC4 ligand, the
corresponding MALDI-TOF (Figure 2.26) and UV-vis absorption spectroscopy
spectra (Figure 2.13) show no differences. The 'H NMR spectra of the
Au24Cd(SC2Ph)1s® sample obtained from Cd(SC2Ph). (blue) and



Au24"3Cd(SC2Ph)1g° (red) are shown in Figure 2.8. The perfect overlap of the
spectra in Figure 2.8 (but for the feature magnified in the inset, as discussed
below) and Figure 2.28, which pertain to the three samples, confirms that
preparing this doped cluster with the thiolate,?° the salt,?! or the CdCl2 - thiolate
method produces the very same result. A previously reported spectrum (CD2Clz,
Cd(SR)2 synthesis) shows similar features (Figure 2.19 in reference 20), whereas

no NMR data were provided in the other report on Cd doping.?’
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Figure 2.8. Full overlap of the 'TH NMR spectra of 2.2 mM Au24Cd(SC2Ph)+g®
(blue) and 2.2 mM Au24'"3Cd(SC2Ph)1g® (red) in CesDs at 25 °C (region of the

aliphatic C-H signals). The inset highlights the effect of isotopic enrichment on

the isolated a-(CH2)in resonance. The star marks a solvent impurity (methanol).

The spectrum shows that the ligand symmetry is disrupted, which, once again,
is inconsistent with Cd(c) doping.?°® The COSY spectrum (Figure 2.27) allows
attributing (Table 2.4) the complex signal at 4.0-3.8 ppm (integral corresponding
to 11 ligands) to 22 a-(CH2)in protons, the slightly distorted triplet at 3.722 ppm to
the twelfth a-(CH2)in ligand, and the multiplet at 3.43-3.21 ppm to the 24 B-(CH2)in
protons. The a-(CHz)in signal at 3.722 ppm correlates with the B-(CHz)in triplet at
3.287 ppm. The resonances corresponding to the 6 outer ligands appear as a
complex multiplet of a-(CH2)out resonances centered at 3.17 (10 protons)

followed by one additional triplet at 3.031 ppm (2 protons), and a series of largely



overlapped B-(CHz2)out triplets at 3.0-2.9 ppm (10 protons, five ligands) followed
by one additional triplet (2 protons) at 2.820 ppm. The a-(CH2)out and B-(CH2)out
triplets at 3.031 and 2.820 ppm correlate and thus belong to the same ligand.
Careful analysis of the COSY spectrum, which was acquired during a particularly
long time frame, allows distinguishing 12 nonisochronous inner ligands and 6
outer ligands (Table 2.4), which confirms on a quantitative basis the profound
effect of Cd-doping on the ligand symmetry. Regarding the 3C resonances, the
values are pretty much isochronous (for the same position and ligand type), but
for small differences for the isolated inner and outer signals.

The observation of an isolated triplet for both the inner and outer ligands is
compatible with both Cd(i) and, intuitively, even more for Cd(s), as in this case
both the a-(CH2)out and B-(CHz)out resonances are significantly affected. Can this
be taken as the proof that the staple position is preferable? To clarify the position
of the Cd atom, we followed the same procedure used for SC4. First, we checked
that the reaction with CdCl2 proceeds smoothly and then used '"*CdCl2 to
prepare Au24""3Cd(SC2Ph)1s°. Figure 2.8 shows that only the isolated a-(CHz)in is
affected by '3Cd, while the rest of the 'H NMR spectrum is perfectly
superimposable to that of Au24Cd(SC2Ph)1s°. The inset of Figure 2.8 shows the
detail of this effect. Decoupling was carried out for both Au24'"*Cd(SC2Ph)1g° and
Au24Cd(SC2Ph)18%, and the effects on both a-(CH2)in and a-(CH2)out Were tested.
As expected on the basis of the 'TH NMR spectra, the only effect is on the
isolated a-(CH2)in resonance (Figure 2.29). Not only the effect is qualitatively the
same as described for SC4, but also the 3J('H-1"3Cd) coupling constant is quite
similar, 13.6(0.2) Hz. As observed for Au24Cd(SC2Ph)+s® (Figure 2.6), a trace of
the a-(CH2)in doublet obtained upon decoupling could be detected also in the
Au24Cd(SC2Ph)18° sample. These results confirm that the Cd dopant is on the
icosahedron, as demonstrated above for the C4 cluster and originally suggested
by Wu and co-workers for the C2Ph cluster.?’

According to the correlation between the 3J('H-'13Cd) coupling constant and
the H-C-S-Cd dihedral angle,*344 the virtually identical coupling constants

determined experimentally for the SC4 and SC2Ph ligands point to very similar



H-C-S-Cd dihedral angles. As described later, we could obtain the structures of
both  Au24Cd(SC4)1s® and Au24Cd(SC2Ph)1s® by single-crystal X-ray
crystallography. Whereas the former is affected by intercluster interactions, the
latter refers to unbounded clusters. Au2aCd(SC2Ph)1s® thus provides an ideal
case to test on quantitative grounds the validity of the 3J('H-'"3Cd) coupling
constant correlation, which was originally described for metalloproteins, also for
gold nanoclusters. According to the correlation, the experimentally determined J
value corresponds (within ca. 3 Hz) to plausible angle X? values of 130 + 145° (J
= 16.6 + 10.6 Hz). In the structure of Au24Cd(SC2Ph)s°, we find that the average
CB-Co-S-Cd dihedral angle X? is 149°; similar values can be obtained from the
structures published by Wang et al., 150°,2° and Yao et al., 133°.2' These figures
yield an average X? of 144°, which is indeed in excellent agreement with the
estimated range, also considering the usual limits of comparing solid- to solution-
phase results.

Au24Hg(SC2Ph)1g® was also prepared in three ways: (i) metal exchange on
Au2s5(SC2Ph)1s~ with Hg(SC2Ph)2?° and Hg(NO3)2,%® and metal exchange on
preformed Au24Cd(SC2Ph)1g® with Hg(NO3)2.2' After purification and
recrystallization, the three Au24Hg(SC2Ph)1g° samples were characterized by UV-
vis absorption spectroscopy (Figure 2.13), electrochemistry (see next section),
and MALDI-TOF mass spectrometry, which gave the same fragmentation pattern
(Figure 2.30).

The three Au24Hg(SC2Ph)1s° samples exhibit identical '"H NMR spectra, even
from the viewpoint of minor features (Figure 2.31 allows appreciating the perfect
correspondence of the three spectra). The typical 'H NMR pattern of
Au24Hg(SC2Ph)18° is exemplified in Figure 2.9a, which pertains to the sample
obtained upon metal exchange on a preformed Au24Cd(SC2Ph)1s® cluster.
Please note that whereas the Hg(NOs)2 synthesis is supposed to yield Hg(s),?3
for the double exchange we purposely used Au24Cd(SC2Ph)1g® obtained using
Cd(SR)q, as this sample is that supposed to produce Cd(c).?°
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Figure 2.9. '"H NMR spectrum of 2.2 mM Au24Hg(SC2Ph)1g® (aliphatic C-H

signals) obtained from Hg(SC2Ph)2 (blue trace) or after exchange on a

32 3.0

preformed Au24Cd(SC2Ph)g® cluster (red trace). The integrals and ligand types

are indicated. The asterisk marks a solvent impurity (methanol).

The 'H NMR spectrum exhibits four groups of peaks. Assignments were
carried out through COSY measurements (Figure 2.32), and the corresponding
'H and 3C chemical shifts are provided in Table 2.5. As for Au24Cd(SC2Ph)1g°,
the inner resonances a-(CHz2)in and B-(CH2)in are clearly separated from the two
outer resonances a-(CHz)out and B-(CHz)out. For both a-(CH2)in and a-(CHz)out,
one of the triplets is well separated from the others. As for SC4, the isolated a-
(CH2)in signal is downfield with respect to the group of the remaining 11 ligands,
whereas it is upfield for the outer ligands. The COSY analysis of the a-(CHz2)in
and a-(CH2)out resonances allowed estimating the presence of each of the 12 and
6 ligands, respectively. Nonisochronous signals are also detected for the
corresponding B-(CH2)in and B-(CHz)out resonances. As to '3C, the signals are
isochronous, with a few exceptions. Once again, the number of clearly
distinguishable resonances and isochronous signals witnesses the significant
loss of symmetry undergone upon Hg-doping. It is worth noticing that the 'H
NMR spectra obtained for Au24Hg(SC2Ph)1s® (Figure 2.28 in reference 24 and
Figure 2.19 in reference 20) show very similar features (our data were obtained

in CeDs, whereas those published data pertain to CD2Cl2), though they were not



specifically discussed. Overall, the NMR analysis shows that the Hg atom cannot
be at the central position of the cluster, as previously hypothesized.?°

As to its actual position, we argued that the fast Hg exchange on a preformed
Au24Cd(SC2Ph)1g° cluster occurs on the icosahedron as well, i.e., directly on the
site occupied by Cd(i), rather than involving a complicate molecular
rearrangements where first Hg exchanges Cd(i) and then switches position with
the nearby Au(s) atom. To gain insights into this problem, we applied the same
decoupling sequence used for the Cd-doped clusters. The goal was to detect a
possible 3J('H-'"°Hg) coupling by relying on the fact that '®*Hg has a natural
abundance of 16.94% and is a spin 1/2 isotope. Assuming that a Karplus-type
correlation is valid also for the three-bond system H-C-S-Hg, one would expect to
see some 3J('H-19°Hg) coupling only for a-(CH2)in or both a-(CH2)in and a-(CHz2)out
for Hg(i) and Hg(s), respectively. Radiating the corresponding B-(CH2)in signal
(assessed via TOCSY) transforms the a-(CHz2)n signal into a singlet
accompanied by a doublet (Figure 2.33a) that allows calculating a 3J('H-'9°Hg)
coupling constant of 36 Hz. Conversely, radiating the 3-(CH2)out signal transforms
the corresponding isolated a-(CHz)out signal into an uncomplicated singlet (Figure
2.33b). We also applied the same decoupling analysis to the isolated a-(CH2)in
signal of Au2aHg(SC4)1s°, obtained the same outcome, and calculated the very
similar value of 37 Hz (Figure 2.10), whereas no effect was detected for the
isolated a-(CH2)out resonance. Although to the best of our knowledge a Karplus-
like dependence has never been observed for '%°Hg, it is conceivable that a
periodic dependence such as that found for S3J('H-'13Cd)*45 should be
qualitatively valid also for of the 3J('H-'"®Hg) coupling. The virtually identical
values determined for C2Ph and C4 would thus point to very similar average
dihedral angles, as determined for the Cd-doped clusters. Most important, these
results provide compelling evidence that Hg-doping, whether performed directly
on Au2s5(SR)1s™ or indirectly on Au2aCd(SR)1s°, consistently yields Hg(i), rather
than Hg(s).?®
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Figure 2.10. '"H NMR spectra of 2.1 mM Au24Hg(SC4)18°, focusing on the
isolated a-(CH2)in region before (blue) and after (red) 'H-'H homodecoupling at
the frequency of the corresponding B-(CH2)in signal. The two spectra are

vertically shifted for clarity and the arrows mark the doublet. CsDs, 25 °C.

To conclude, NMR demonstrates that both Cd and Hg are exchanged on the
icosahedron, no matter the synthetic method employed or the nature of the
ligand. It should be also noted that the MALDI-TOF mass spectra of the samples
obtained for each doped clusters are identical (Figures 2.18, 2.24, 2.26 and 2.30).
As either foreign-metal atom is on the icosahedron, differences in the
fragmentation patterns observed between the Hg and Cd doped clusters should
not to be taken as indicating a different doping position.?® Rather, they just reflect
the effect of the specific doping element, as also supported by the similar
fragmentation patterns exhibited for the same doping metal by the SC4 and
SC2Ph protected clusters.

2.2.6 Electrochemistry of Au2aM(SR)1s

The electrochemical measurements were carried out in dichloromethane (DCM)
containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAH), using a
glassy carbon (GC) microdisk electrode. Figure 2.11a compares the DPV
behavior of Au24aM(SR)1s for M = Au, Pt, Cd, and Hg. Figure 11b shows the DPV
behavior of the Au24M(S2CPh)1s samples (M = Au, Cd, Hg). As expected, for



both the Hg- and Cd-doped clusters the various samples exhibit exactly the same
DPV pattern and formal potential (E°) values. This is exemplified for both ligands
in Figure 2.34, which shows the DPVs of the Hg samples obtained with the
Hg(NO:s)z, thiolate, and Cd exchange methods.

The DPVs of Au2saHg(SC4)18° and Au24Cd(SC4)1s° are qualitatively similar to
that of Au2s(SC4)18”. The doped clusters undergo two successive one-electron
oxidations (E°1 and E®) at 0.364 and 0.684 V, Au2sHg(SC4)1s°, and 0.332 and
0.636 V, Au24Cd(SC4)18°. In the timescale of voltammetry experiments, both
processes are reversible. Further oxidation processes are detectable at more
positive potentials, though with formation of chemically labile species. The E° for
the first peak of these doped clusters is more positive than that of Au2s5(SC4 )18~
(E°1 = -0.188, E°2 = 0.139 V, respectively)*® by 0.552 and 0.520 V, respectively.
For Au2sHg(SC2Ph)18? (E°1 = 0.451, E°2 = 0.703 V) and Au24Cd(SC2Ph)1s® (E°1 =
0.430, E*2 = 0.668 V) similar considerations apply. With respect to
Au2s(SC2Ph)1s™ (E°1 = —=0.077, E°2 = 0.226 V),>° the positive shifts of E°1 are
0.528 and 0.507 V, respectively. For both Hg and Cd, this remarkable positive
shift was already observed.?351

Regarding the first reduction peak, which for Au24Hg(SC4)18° and
Au24Cd(SC4)18° occurs at —1.23 and -1.39 V, respectively, the formation of the
anion is chemically irreversible. For the latter, increasing the CV potential scan
rate (v) allows to detect reversibility, and therefore, determine an E° value of -
1.38 V. We described this procedure in detail for a series of Au2s5(SR)1s
clusters.595253 The electrochemical gap of Au24Cd(SC4)1® can thus be
calculated from the E° difference between the +1/0 and 0/-1 redox couples. The
corresponding HOMO-LUMO gap can then be estimated by subtracting the
charging-energy contribution, obtained from the E° difference between the +2/+1
and +1/0 states.>* The value so-obtained, 1.41 eV, is in very good agreement
with the HOMO-LUMO gap of 1.37 eV estimated from the onset of optical
absorption (Figure 2.2). For Au24Cd(SC2Ph)1s° we observed the same behavior,
and this allows calculating an E° value of —=1.26 V for the 0/-1 redox couple. The
HOMO-LUMO gap is thus estimated to be 1.46 eV, to be compared with that



obtained from the optical spectrum (Figure 2.13), 1.41 eV and the value of 1.4
(0.1) eV obtained by time-resolved spectroscopic analysis.?

For both SC4 and SC2Ph ligands, the analysis of the reduction of the Hg-
doped clusters is more complicated because the voltammetric peak exhibits
features that suggest interaction with the electrode surface. Furthermore, for both
Hg-doped clusters the peak is irreversible also at high v values (up to 50 V s™).
However, at low temperature (-45 °C) and high v some reversibility is detectable,
which allows estimating E°. By comparing this result with the corresponding E°
determined at the same temperature for Au2s(SC2Ph)1s~, the E° values of the two
Au24Hg(SR)18° clusters at 25 °C could be estimated. Calculation of the HOMO-
LUMO gap yields 1.28 (SC4) and 1.29 (SC2Ph), respectively; these gaps are
thus slightly smaller than those electrochemically determined for Au2s5(SC4)1s”
and Au2s5(SC2Ph)1s™, 1.30 and 1.34 eV, respectively.*>> A very recent time-
resolved spectroscopy analysis led for Au24Hg(SC2Ph)1® and Au2s5(SC2Ph)1s™ to
the similar values of 1.2 (0.1) and 1.3 (0.1) eV, respectively.??> Very recent
calculations provided a similar decrease in the HOMO-LUMO gap energy on
going from Cd to Hg, as well as valuable insights into the electronic effects

introduced by dopants.36
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Figure 2.11. Comparison between the DPV curves for (top to bottom): (a)
Au2s(SC4)18~, Au24Pt(SC4)18°, Au24Cd(SC4)18°, and Au24Hg(SC4)18°%; (b)
Au2s5(SC2Ph)1s™, Au24Cd(SC2Ph)1s°, and Au24Hg(SC2Ph)1g%. Glassy-carbon
electrode, DCM/0.1 M TBAH, 25 °C.

The DPV of Au24Pt(SC4)1s® clearly points to a different orbital-energy
distribution. It shows two pairs of peaks corresponding to the formation of the

mono- and dication on the positive-going scan (E° of 0.475 and 0. 853 V), and



the mono- and dianion on the negative-going scan (E° of -0.287 and -0.622 V).
Each of these charge states is chemically stable. For this cluster, a HOMO-
LUMO gap of 0.384 eV can be estimated from the electrochemical data (for the
charging energy correction, we used the potential difference calculated for the
two oxidation peaks, 0.378 V) is much lower than for the other clusters
investigated. A previous electrochemical analysis carried out on Au2sPt(SC6)1s®
yielded the similar value of 0.34 eV.'* With SC4, however, we fail to detect the
large potential difference reported for the E°1 of Au2s(SC6)1s™ and the first
reduction peak of Au24Pt(SC6)18°."

Overall, some of our electrochemical data essentially confirm previous
electrochemical conclusions on the position occupied by Pt upon Auzs -doping'
and the effect of Hg-doping.?® Most important, however, they provide further
compelling evidence that Hg- and Cd-doping always occur on the same metal

site, no matter the ligand and how metal exchange is carried out.

2.2.7 Single Crystal X-Ray Crystallography

We could solve the structure of most of the clusters, sometimes also as the
result of different syntheses and in two laboratories, as specified: Au24Pt(SC4)1g°
(Padova), Au24Hg(SC4)18° (from Hg(SC4)2, Jyvaskyla), Au24Cd(SC4)1g° (from
Cd(NOs3)2, Jyvaskyld), Au2aCd(SC4)1s® (from Cd(SC4)2, Jyvaskyla),
Au24Hg(SC2Ph)18° (from Hg(NOs)2, Padova and Jyvéaskyla), Au24Hg(SC2Ph)1g°
(from Hg(NOs)2 + Au2sCd(SC2Ph)1s°, Padova and Jyvaskyld), and
Au24Cd(SC2Ph)18° (from Cd(SC4)2, Jyvaskyld). Here we will focus on the most
salient aspects, whereas full discussion on these results is provided in the
Supporting Information.

For both Au2sHg(SC4)1s® and Au2aCd(SC4)1s°, the structure shows the very
same features discovered for Auzs(SC4)1s° (this cluster is a neutral radical)3” and
Au2s5(SC5)18%:3° (i) the clusters form linear polymers of interconnected clusters; (ii)
the connecting staples form S-Au-Au-S dihedral angles of nearly 90° (for both
Hg- and Cd-doping, 81-85°); (iii) the neighboring clusters are connected via

aurophilic Au-Au bonds. Formation of the polymers is thus granted by a twist-



and-lock mechanism®’ in which the orientation of the alkyl chains and their van
der Waals interaction opens up two opposite sides of the Au-S-Au staples and
favor a closer approach between neighboring clusters, thereby causing formation
of an intercluster Au-Au aurophilic bond. In the doped clusters, this bond has a
similar length, 3.09 A (Hg- doping) and 3.10 A (Cd-doping), as found in
Au2s(SC4)18° (3.15 A) 37 and Au2s(SC5)18° (2.98 + 3.03 A).%° These results thus
point to the importance of the alkanethiolate ligand, and show that formation of
the intercluster aurophilic bond is possible regardless of the magnetic state of the
cluster: in fact, as opposed to Au2s(SC4)1s°, both the Hg- and Cd-doped clusters
are diamagnetic, as evinced from the NMR results and previously shown for
Au24Hg(SC2Ph)18° by electron paramagnetic resonance.?

With that being said, we note that Au24Pt(SC4)18°, which was purposely
prepared with the SC4 ligand, does not form polymers. Its structure does not
show any rotation of the staples, which remains virtually parallel, and shows a
relatively large minimum intercluster Au-Au distance of 3.88 A. This is as
previously observed for, say, Au25(SC2)1s?, which shows a minimum intercluster
Au-Au distance of 4.12 A5 and Au2s5(SC3)18°.38 Overall, this may suggest that
electronic factors may also play a role in determining the different behavior
observed for Au24Pt(SC4)1s°.

Crystallographic analysis alone is not distinctive enough for determining the
positions of these doping metals with reliable accuracy. This is due to the very
small electron-density differences between Au and the Pt, Hg, and Cd metals,
especially for Pt and Hg that differ from Au by only one electron. Thus, an Au site
substituted by Hg or Pt should show an electron density higher or lower than that
of Au by only 1.2%, respectively. This figure will be significantly lowered if the
doping metal is disordered over two or more locations (~0.1% difference when all
12 icosahedral sites are partially but evenly occupied; even less if distribution
also involves the staples) and/or if the quality of the crystal is less than ideal. This
implies that for these clusters small differences in electron densities cannot be
determined reliably even with the highest quality data obtained by the modern in-

house diffractometers. However, thorough analysis of the structure of the Cd



doped clusters (the electron-density difference between Cd and Au is ~60%)
using several data sets with the highest possible data quality (data redundancy of
5) allowed us to refine the structure of the Cd-doped cluster quite satisfactorily.
Consistently with the NMR analysis, refinement indicated that Cd is most likely
disorderly located on the icosahedral sites instead of the center or staples. For
the Hg and Pt doped Au2aM(SC4)1s° clusters, on the other hand, the electron-
density difference is just too small to draw similar conclusions.

Regarding the SC2Ph-protected clusters, Au2sHg(SC2Ph)s® and
Au24Cd(SC2Ph)18° show exactly the same structure, where the orientation of the
ligands with respect to plane of the staple is always of the up-down-up type
(Figure 2.12). This is, therefore, identical to the ligand orientation seen in
Au2s(SC2Ph)18°,39 though different from that observed in Au2s5(SC2Ph)s~, which
is always of the up-down-down type.3'32 Finally, we checked the two structures
of Au24Hg(SC2Ph)1g® obtained upon metal exchange in either Au2s(SC2Ph)1s™ or
Au24Cd(SC2Ph)1g%, and found they are identical. Further discussion on the SC4-

and SC2Ph-protected clusters is provided in the Supporting Information.

Figure 2.12. Overlap of the structures of the Hg- and Cd-doped clusters with that
of Au2s5(SC2Ph)18°.3° The Au/M-S core units are shown on the left-hand side
(ligands removed), whereas the full clusters are shown on the right-hand side
(metal core units are faded, for clarity) to evidence full overlapping of the ligands
(mixed colors). The color codes are: red = Hg-doped cluster (from Hg(NO3)2),
blue = Hg-doped cluster (from Hg(SC2Ph)2), green = Cd-doped cluster, and
yellow = Auzs(SC2Ph)+s°.



2.3 Conclusions

This study was meant to obtain insights into the monodoping of Au2s(SR)1s”
clusters with foreign metal atoms. Accurate selection of chemicals, NMR analysis,
electrochemical data, and critical analysis of crystallographic data allowed us to
highlight hindsights into the challenge of understanding where the foreign-metal
atoms are eventually located in the cluster structure, and how to characterize
these quite elusive nanosystems. Using the NMR results obtained for
Au24Pt(SC4)18° and Au24Pd(SC4)18° as a reference for the behavior expected
when the cluster is doped in its central position, we show that Cd- and Hg-doping
does not occur at the central position.?° We also show that the Cd-doping mode
is not different from that of Hg-doping, as opposed to what previously
concluded.?'?® Rather, we find that both Cd- and Hg-doping occurs in one of the
icosahedral positions, independently of the specific ligand. Equally important, we
demonstrate that the metal-exchange doping methods so-far developed always
yield the very same species. Besides being important from a fundamental
viewpoint, these results are also liable to impact applications of doped clusters,
e.g., in catalysis, which is a promising growing area of research for atomically
precise metal clusters.% This is because proper understanding of the doping site
affects the analysis of the catalytic mechanism.>! Finally, we provide a warning
about reaching conclusions on the doping site on the basis of different
fragmentation patterns in mass spectra, and especially, single-crystal X-ray
crystallography results. We also hope that these new insights will be useful for

theoreticians as a sound experimental basis to refine their calculation models.

2.1 Experimental Section

The Au2s5(SC4)1s~ and Au2s(SC2Ph)1s™ clusters were prepared and purified as
already described.®#?> Full details on chemicals and the preparation of
Au24Pt(SC4)1¢°, Au24Pd(SC4)1s°, Au24Hg(SC4)18°, Au24Cd(SC4)1s°,
Au24Hg(SC2Ph)18%, and Au24Cd(SC2Ph)1s® are described in the Supporting

Information.



The UV-vis absorption spectra of the clusters were obtained in DCM with a
Thermo Scientific Evolution 60S spectrophotometer. The spectra were recorded
with a spectral resolution of 0.5 nm. The samples were at 0.2 mM concentration
in 1 mm cuvettes. MALDI-TOF mass spectrometry 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 KkV. trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene] malononitrile (DCTB) was used as the matrix. Depending on the
experiment, the instrument was calibrated with Au2s5(SC4)18° or Au2s(SC2Ph)1s°.
The clusters were dissolved in DCM containing DCTB to obtain 0.1 mM solutions
with a 1:400 nanocluster/matrix ratio. A 5 pl solution was drop cast onto the
sample plate and air-dried. All spectra were recorded using the reflector positive-
ion mode.

The electrochemical experiments were carried out under an Ar atmosphere, in
a glass cell at room temperature, unless otherwise stated. The solvent-electrolyte
system was DCM containing 0.1 M TBAH. The working electrode was a glassy
carbon microdisk (9.1 x 10* cm?), prepared and activated as already
described.5” As a quasi-reference electrode, we used a silver wire, which was
kept in a tube filled with the same electrolyte solution and separated from the
main compartment by a Vycor frit. Its calibration was performed by addition of
ferrocene at the end of the experiments; in DCM/0.1 M TBAH, the
ferricenium/ferrocene redox couple has E° = 0.460 V against the KCI saturated
calomel electrode (SCE). All potential values are reported against SCE. The
counter-electrode was a Pt wire. We used a CHI 660c electrochemical
workstation. In CV, we used the positive feedback correction to minimize the
ohmic drop between the working and the reference electrodes. For DPV, we
used peak amplitude of 50 mV, pulse width of 0.05 s, 2 mV increments per cycle,
and pulse period of 0.1 s.

'"H and 3C NMR spectra were obtained on a Bruker Avance DMX-600 MHz
spectrometer operating at 599.90 and 150.61 MHz, respectively, and equipped

with a 5 mm TX-1 inverse probe powered by field gradients along the x, y, z-axes.



The probe temperature was controlled (x0.1 °C) with a Bruker BVT3000
temperature controller. The chemical shift (8) values are given as ppm downfield
from internal tetramethylsilane, for both "H and '3C nuclei. To ensure a complete
relaxation for all the resonances, the integrals of the proton spectra were
obtained using a pre-scan delay of 10 s. All measurements were carried out in
benzene-ds. The proton assignments were performed by COSY or TOCSY,
whereas the 3C chemical shift values were obtained from HMQC experiments.
("H-'H) homodecoupling experiments were performed with the standard zghd
pulse sequence provided in the Bruker library.

Single-crystal X-ray data for the metal doped Au24sM(SR)1g® clusters were
collected either with a Rigaku Oxford Diffraction SuperNova dual-source X-ray
diffractometer using hi-flux Mo and Cu micro-focus sources (Mo Kq; A = 0.71073
A and Cu Kq; A = 1.54184 A) and an Atlas CCD detector (University of Jyvaskyla),
and/or with an Oxford Diffraction Xcalibur Gemini diffractometer with Mo-radiation
and Eos CCD detector (University of Padova). Data collection, reduction
processes, and analytical numeric absorption corrections by multifaceted crystal
models and/or empirical absorption correction using spherical harmonics, were
all carried out using the program CrysAlisPro (v. 39.46).58 Structures were solved
by direct methods with program SHELXT 59 and refined by full-matrix least-
squares on F? by SHELXL 60 in the OLEX 2 (v. 1.2.10) program.®'

2.4 Supporting Information
2.4.1 Chemicals and Methods

HAuCl4-3H20 (Aldrich, 99.9%), Na2PdCls (Sigma-Aldrich, 299.99%), Hg(NOs3)2
(Sigma-Aldrich, 299.99%), Cd(NOs)2 (Carlo Erba Reagents, 99%), CdCl2 (Sigma-
Aldrich, 99.99%), "3CdCl2 (Trace Sciences International Inc., enriched 95%+),
tetra-n-octylammonium bromide (Aldrich, 98%), n-butanethiol (Aldrich, 99.8%),
phenylethanethiol (Aldrich, 99.8%), NaBH4 (Aldrich, 99%), tetrahydrofuran (THF,
Sigma-Aldrich, 99.9%), toluene (Sigma-Aldrich, 99.7%), diethyl ether (Sigma-
Aldrich, 99.8%), methanol (Aldrich, 99.8%), H2PtCls-xH20 (Alfa Aesar, 99.9%),
trimethylamine (Sigma-Aldrich, 299.5%), trans-2-[3-(4-tert-butylphenyl)-2-methyl-



2-propenylidene] malononitrile (DCTB, Sigma-Aldrich, 298%), and benzene-ds
(Aldrich or Eurisotop, 99.96%, ds) were used as received. For electrochemistry,
dichloromethane (DCM anhydrous, Sigma-Aldrich, 299.8%) was stored under an
argon atmosphere. n-BuNPFe (Fluka, 99%) was recrystallized from ethanol. Low
conductivity water was miliQ Water pro analysis (Merck). Column
chromatography was carried out using silica gel from Macherey-Nagel (MN-
Kieselgel 60 M, 230-400 mesh).

2.4.2 Synthesis of Au24M(SC4)15° (M = Pt, Pd)

Both Au24Pt(SC4)18° and Au24Pd(SC4)1s°® were synthesized and purified
according to the procedures reported by Qian et al.'> and Kwak et al.,"* with
some modifications. H2PtCle:xH20 (41 mg, 0.1 mmol), HAuCls-3H20 (157 mg,
0.4 mmol), and TOABr (317 mg, 0.58 mmol) were dissolved in 15 mL of THF in a
250 mL flask. After vigorous stirring for 1 h, the color of the solution changed
from yellow to dark red. n-Butanethiol (0.27 mL, 2.5 mmol) was added without
changing the stirring speed, and after 15 min the color of the solution changed
from dark red to faint yellow. NaBH4 (190 mg, 5 mmol) dissolved in 6 mL of cold
water was then added at once. After stirring for 5 h, THF was rotary evaporated
to leave a black oily solid covered by the aqueous phase, which was decanted.
The oily solid was dissolved in 20 mL toluene and washed with water (5 x 20 mL)
in a separatory funnel to remove water-soluble impurities. Toluene was rotary
evaporated, the resulting product was thoroughly washed with a 4:1 methanol-
water mixture (5 x 20 mL), and then collected by centrifugation. A mixture of
Au25(SC4)18™ and Au24Pt(SC4)1s° was obtained through repeated extractions with
acetone (5 x 10 mL). Subsequently, the cluster mixture was dissolved in 10 mL
DCM, and 5 mL H202 solution (30%) was added under vigorous stirring to
oxidatively destroy Au2s(SC4)1s~. After 1.5 hour, DCM was evaporated, and the
aqueous phase was decanted. The so-obtained crude product was washed with
acetonitrile (5 x 10 mL) and methanol (5 x 10 mL). Au24Pt(SC4)1s° was extracted
three times with a 2:1 DCM-acetonitrile solution, then the product was further

purified by silica-gel column chromatography using a 1:5 DCM-hexane solution.



Crystals could be obtained from a 1:5 pentane-ethanol solution after 2-3 days at
10 °C. Au24Pd(SC4)18° was synthesized and purified in a very similar way, but for
the use of Na2PdCls (29 mg, 0.1 mmol).

2.4.3 Synthesis of Au24Hg(SC4)1s°
Thiolate Method.

Hg(NOs3)2 (324.6 mg, 1 mmol) was dissolved in 5 mL methanol. A solution of
butanethiol (0.54 mL, 5 mmol) and triethylamine (2 mL, 15 mmol) in 5 mL
methanol was then added under vigorous stirring. After 1 h, the solvent was
evaporated. The so-obtained white precipitate was washed with H20 (5 x 10 mL)
and methanol (5 x 10 mL), to obtain Hg(SC4)2 as a white powder.
Au24Hg(SC4)18° was synthesized according to the procedure described by the
Zhu group,?® with some modifications. 10 mg Au2s5(SC4)1s~ was dissolved in 5 mL
toluene at r.t., and then 2 mg Hg(SC4)2 was added to the solution under vigorous
stirring. The reaction was allowed to proceed for 20 min. The organic layer was
separated from excess HgQ(SC4): and the solution evaporated to dryness.
Au24Hg(SC4)18° was extracted with pentane. Crystals of the Au24Hg(SC4)1g®
could be obtained from a pentane, toluene, and ethanol solution after 3-5 days at
r.t..

Salt Method.

The clusters were synthesized according to the procedure reported by Wu
and his coworkers with some modifications.?3 Au2s5(SC4)1s~ (10 mg, 0.0014 mmol)
was dissolved in 100 mL acetonitrile at r.t.. 1 Equiv Hg(NO3s)2 (0.05 M, aqueous
solution) was added under vigorous stirring at r.t.. After 50 min, stirring was
interrupted and the mixture was left as such overnight. A black precipitate formed.
The crude product was washed with acetonitrile (3 x 5 mL) and methanol (3 x 5
mL) to remove impurities and excess Au2s5(SC4)1s~. Crystals of the
Au24Hg(SC4)18° could be obtained from a toluene, pentane, and ethanol mixture
after 3-5 days at r.t.. Crystallization was repeated 5 times.

Exchange Method.



The cluster was synthesized according to the procedure described by Wu and
his coworkers, with some modifications.?' Au24Cd(SC4)18° (10 mg, 0.0016 mmol)
was dissolved in 1 mL THF, and 1 equivalent of Hg(NOs)2 (0.05 M, aqueous
solution) was added without stirring. The reaction was left to proceed for 10-15
min, during which the color of the mixture changed from dark green to brownish
red. UV-vis spectroscopy was used to monitor the progress of the reaction. Most
THF was then removed. After addition of 10 mL methanol, a precipitate formed.
The crude product was washed with water (3 x 5 mL) and methanol (3 x 5 mL),
to remove impurities. Crystals of Au2aHg(SC4)1s® could be obtained from a

toluene, pentane, and ethanol mixture after 3-5 days at r.t..

2.4.4 Synthesis of Au24Cd(SC4)1s°
Thiolate Method.

Cd(NOs)2 (308.47 mg, 1 mmol) was dissolved in 5 mL methanol. The rest of
the procedure is as already described for Hg(SC4)2. Cd(SC4)2 was also obtained
by starting from CdCl2 or "'3CdCl2 (183.32 mg, 1 mmol) in 5 mL of methanol.
Regardless of the method, Cd(SC4). was obtained as a white powder.
Au24Cd(SC4)18° was prepared according to the method reported by Zhu and co-
workers,?% with some modifications. 10 mg Au25(SC4)1s~ was dissolved in 5 mL
toluene at 55 °C. 0.2 mg aliquots of Cd(SC4)2 were added (as a powder) to the
solution every hour, for a total of 10 times. The reaction was carried out for no
less than 50 h. The solution was then centrifuged to separate the excess
Cd(SC4)2, and evaporated to dryness. The product was extracted with pentane.
Crystals of Au24Cd(SC4)1s° could be obtained from a toluene, pentane, and
ethanol solution after 3-5 days at r.t..

Salt Method.

The cluster was synthesized according to the procedure reported by Wu and
his coworkers,?’ with some modifications. Au2s5(SC4)1s~ (10 mg, 0.0014 mmol)
was dissolved in 100 mL acetonitrile at 50 °C. 10 mL acetonitrile containing
Cd(NOs3)2 (8.8 mg, 0.0286 mmol) was then added with vigorous stirring at 50 °C.

After 50 min, the solution was left to rest in the fridge overnight. Some black solid



precipitated. The crude product was washed with acetonitrile (3 x 5 mL) and
methanol (3 x 5 mL) to remove impurities and excess Au2s5(SC4)1s™. Crystals of
Au24Cd(SC4)18° could be obtained from a toluene, pentane, and ethanol solution

after 3-5 days at r.t.. This procedure was repeated 5-8 times.

2.4.5 Synthesis of Au24Hg(SC2Ph)1s°
Thiolate, Salt, and Exchange Methods.

Each method was based on the same procedure already described for SC4,
but for the use of Au2s5(SC2Ph)1s™ and phenylethanethiol instead of Au2s5(SC4)1s~
and n-butanethiol. Crystals of Au24Hg(SC2Ph)1s® could be obtained from a

toluene-acetonitrile solution after 1-2 days at r.t..

2.1.1 Synthesis of Au2aCd(SC2Ph)1s°
Thiolate Method.

Cd(NOs)2 (308.47 mg, 1 mmol) was dissolved in 5 mL methanol. To this
vigorously stirred solution, phenylethanethiol (0.67 mL, 5 mmol) and triethylamine
(2 mL, 15 mmol) in 5 mL methanol was added. After 1 h, white solids precipitated.
The mixture was centrifuged, and the solvent removed. The white precipitate was
washed with H20 (5 x 10 mL) and methanol (5 x 10 mL) to obtain Cd(SC2Ph)2
as a white powder. A similar procedure was employed for CdCl2 and ''3CdClz.
Au24Cd(SC2Ph)1g° was synthesized according to the procedure described by the
Zhu group,?° with some modifications. 10 mg A Au2s(SC2Ph)1s~ was dissolved in
5 mL of toluene at 55 °C. Cd(SC2Ph). was added as described for Cd(SC4)2,
and the reaction was carried out as already described for Au24Cd(SC4)18°. The
final product was extracted with 1:1 DCM-acetonitrile. Crystals of
Au24Cd(SC2Ph)1s° were obtained from a solution of toluene, acetonitrile, and
methanol after 7-10 days at r.t..

Salt Method.

This reaction was carried out as already described for Au24Cd(SC4)1¢°, but for

the use of Au25(SC2Ph)1s™ and phenylethanethiol instead of Au2s5(SC4)1s~ and n-



butanethiol. Crystals of Au24Cd(SC2Ph)1s® were obtained from a solution of

toluene, acetonitrile, and methanol after 7-10 days at r.t..

2.4.6 Figures 2.13-2.33
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Figure 2.13. UV-vis absorption spectra of all SC2Ph samples (0.2 mM) in CH2Clz.
For the sake of better comparison, the curves have been shifted vertically. The

dashed lines mark the corresponding zero absorbance.
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Figure 2.14. MALDI-TOF mass spectrum of Au24Pt(SC4)1g°. The inset shows the

calculated (red) and experimental (green) isotopic pattern.
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Figures 2.15. COSY spectrum of 2.1 mM Au24Pt(SC4)1g° in CeDs at 25 °C.
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Figure 2.16. HMQC spectrum of 2.1 mM Au24Pt(SC4)18° in CeDs at 25 °C.
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Figures 2.17. COSY spectrum of 1.5 mM Au24Pd(SC4)1g° in CeDs at 25 °C.
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Figure 2.18. MALDI-TOF spectra of Au24Hg(SC4)18° prepared according to three
different methods.
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Figures 2.19. COSY spectrum of 2.1 mM Au24Hg(SC4)1s° in CeDe at 25 °C.
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Figure 2.20. TOCSY spectrum of 2.1 mM Au24Hg(SC4)18% in CeDs at 25 °C.
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Figure 2.21. HMQC spectrum of 2.1 mM Au24Hg(SC4)18° in CsDs at 25 °C.
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Figure 2.22. "H NMR of the three Au24Hg(SC4)1s° samples in CeDs at 25 °C.
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Figure 2.23. '"H NMR of the three Au24Cd(SC4)18° samples in CeDs at 25 °C. The

asterisks mark a solvent impurity (pentane).
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Figure 2.24. MALDI-TOF spectra of Au24Cd(SC4)1s° prepared according to three
different methods.
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Figure 2.25. '"H NMR spectra of 2.1 mM Au24Cd(SC4)18° (top) and 2.1 mM
Au24"13Cd(SC4)1g° (bottom) in CeDe at 25 °C. The samples were prepared from
Cd(NOs3)2 and "3Cd(SC4), respectively.
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Figure 2.26. MALDI-TOF spectra of Au2sCd(SC2Ph)1s® prepared according to

three different methods.
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Figure 2.27. COSY spectrum of 2.2 mM Au24Cd(SC2Ph)1g% in CeDs at 25 °C.
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Figure 2.28. 'H NMR of the various Au24Cd(SC2Ph)1s® samples. The asterisk

marks a solvent impurity (methanol).
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Figure 2.29. "H NMR spectra of 2.2 mM Au24'3Cd(SC2Ph)1g° focusing on the a-
(CH2)in (a) and a-(CH2)out (b) regions. The spectra are shown before (blue traces)

and after "H-"H homodecoupling (red traces). CsDs, 25 °C.
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Figure 2.30. MALDI-TOF spectra of Au24Hg(SC2Ph)1s° prepared according to

three different methods.
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Figure 2.31. "H NMR of the three Au24Hg(SC2Ph)1s® samples in CeDs at 25 °C.

The asterisk marks a solvent impurity (methanol).
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Figure 2.32. COSY spectrum of 2.2 mM Au24Hg(SC2Ph)1g% in CeDs at 25 °C.
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Figure 2.33. '"H NMR spectra of 2.2 mM Au24Hg(SC2Ph)1® focusing on the
isolated a-(CH2)in (left) and a-(CH2)out regions (right) before (blue) and after (red)

"H-"H homodecoupling at the frequency of the corresponding B-(CH2) signals.



CeDs, 25 °C. In graph on the right-hand side, the two spectra have been vertically
shifted, for clarity, and the circles mark the doublet.
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Figure 2.34. Comparison between the DPV curves of: (a) Au24Hg(SC4)s°
obtained according to (top to bottom) the Hg(NO3s)2, Hg(SC4)2, and the exchange
on Au24Cd(SC4)18® methods. (b) Au2sHg(SC2Ph)1s%: same sequence as in (a).
Glassy-carbon electrode, DCM/0.1 M TBAH, 25 °C.

2.4.7 Tables 2.1-2.5

Table 2.1. 'H and "*C NMR chemical shifts for Au2s(SC4)1s~, Au24Pt(SC4)1¢°, and
Au24Pd(SC4)18° in CsDe.



Cluster Ligand Type Nucleus | a-CH | B-CH y-CH 0-CH
| H 3.933 |2.207 |1.732 |1.072
n
3C 38.10 |40.98 |22.71 |13.78
Auzs(SC4)18”
out H 3.226 |1.912 |1.485 |0.881
u
3C 38.92 |31.57 |2185 |14.37
I H 4241 |2.252 |1.683 |1.049
n
3C 37.47 |40.79 |28.82 |14.47
Au24Pt(SC4)1g°
out H 3.090 |1.757 |1.348 |[0.775
u
3C 34.42 | 3747 |2211 |13.87
I H 3.830 |2.118 |1.667 |1.035
n
3C 37.86 |39.85 |22.72 |14.45
Au24Pd(SC4)1g°
out H 3.089 |1.716 |1.351 |0.777
u
3C 3443 |37.55 |2214 |13.93
a From reference 38.
Table 2.2. 'H and "*C NMR chemical shifts for Au2aHg(SC4)1s° in CeDes.
_ Isochronous
Ligand Type | Nucleus ) a-CH B-CH y-CH 0-CH
Signals
1 4.055 2.239 1.672 1.067
1 3.883 2.217 1.681 1.058
Y 2 3.854 2.204 1.671 1.041
3 3.818 2.204 1.669 1.034
3 3.808 2.155 1.681 1.018
In 2 3.786 2.146 1.646 1.025
1 37.25 40.06 23.04 14.85
1 39.01 39.76 23.04 14.85
3C 2 38.98 39.67 23.04 14.85
3 38.91 39.67 23.04 14.78
3 38.88 39.67 23.04 14.84




2 38.79 39.67 22.96 14.82
1 3.147 1.765 1.382 0.802
1 3.134 1.786 1.382 0.800
Y 1 3.129 1.785 1.360 0.790
1 3.109 1.774 1.350 0.782
1 3.087 1.771 1.350 0.774
1 3.053 1.761 1.342 0.774
out 1 34.71 37.71 22.71 14.28
1 34.49 37.71 22.71 14.28
. 1 34.49 37.71 22.56 14.28
1 34.43 37.71 22.54 14.28
1 34.41 37.71 22.51 14.28
1 34.41 37.71 22.51 14.28
Table 2.3. 'H and "*C NMR chemical shifts for Au24Cd(SC4)1s° in CeDe.
Ligand Type | Nucleus 'sochronous a-CH B-CH y-CH 6-CH
Signals
2 3.865 2.234 1.660 1.070
6 3.834 2.166 1.658 1.016
H 2 3.826 2171 1.658 1.035
1 3.803 2.183 1.628 1.024
1 3.716 2173 1.634 1.013
n 2 38.43 39.58 22.36 14.33
6 38.33 38.96 22.36 14.18
3C 2 38.07 39.02 22.36 14.20
1 38.06 38.93 22.36 14.13
1 34.15 39.01 22.36 14.10
out Y 1 3.126 1.778 1.350 0.785
1 3.122 1.786 1.354 0.795




3 3.108 1.788 1.357 0.788
1 3.052 1.719 1.321 0.768
1 33.71 36.95 21.93 13.69
- 3 33.63 36.95 21.93 13.68
1 33.72 36.95 21.93 13.62
1 34.30 36.85 21.86 13.51
Table 24. 'H and '®C NMR chemical shifts (aliphatic groups) for
Au24Cd(SC2Ph)18° in CsDe.
Ligand Type Nucleus Isochronous a-CH B-CH
Signals
1 3.929 3.259
1 3.927 3.261
1 3.923 3.248
1 3.922 3.239
1 3.919 3.252
H 1 3.903 3.320
1 3.897 3.322
1 3.895 3.301
1 3.895 3.298
n 1 3.876 3.361
1 3.872 3.384
1 3.722 3.273
1 39.5 43.0
1 39.5 43.0
. 1 39.5 43.0
1 39.5 43.0
1 39.5 43.0
1 39.5 42.9




1 394 429
1 394 429
1 394 429
1 394 429
1 394 429
1 35.60 40.42
1 3.179 2.941
1 3.175 2.917
1 3.172 2.986
H
1 3.168 2.968
1 3.165 2.960
1 3.032 2.820
Out
1 35.3 41.2
1 35.3 41.2
1 35.3 41.2
13C
1 35.3 41.2
1 35.3 41.2
1 35.62 40.55

Table 2.5. 'H and "3C NMR chemical shifts for Au2saHg(SC2Ph)1s° in CeDe.

Ligand Type Nucleus Is.ochronous a-CH B-CH
Signals
1 4.081 3.342
1 3.949 3.286
1 3.940 3.312

In H 1 3.936 3.383
1 3.928 3.337
1 3.915 3.359
1 3.901 3.264




1 3.897 3.247
1 3.886 3.291
1 3.875 3.324
1 3.863 3.397
1 3.849 3.265
1 37.6 42.9
1 39.4 42.9
1 39.4 42.9
1 39.4 42.9
1 39.4 42.9
- 1 39.4 42.9
1 39.4 42.9
1 39.4 42.9
1 39.4 42.9
1 39.4 42.9
1 39.4 42.9
1 39.4 35.4
1 3.181 2.904
1 3.175 2.928
H 1 3.168 2.981
1 3.166 2.960
1 3.122 2.951
out 1 3.075 2.902
1 35.2 411
1 35.2 41.1
- 1 35.2 41.1
1 35.2 41.1
1 43.2 41.1
1 35.3 41.1




2.4.8 X-Ray Crystallography, Figures 2.35-2.40, and Tables 2.6-2.7

Single-crystal X-ray data for all metal doped Au2aM(SR)1s° clusters, except for
Au24Pt(SC4)18°, were collected at the University of Jyvaskyla with a Rigaku
Oxford Diffraction SuperNova dual-source X-ray diffractometer at -153 °C using
either hi-flux Mo or Cu micro-focus sources (Mo Kq, A = 0.71073 A and Cu Kq, A =
1.54184 A) and an Atlas CCD detector. X-ray data for Au24Pt(SC4)1s°, and further
data for Au24Hg(SC2Ph)1s® were collected at the University of Padova with
Oxford Diffraction Xcalibur Gemini diffractometer at 21 °C using graphite—
monochromated Mo-radiation (Mo Kq, A = 0.71073 A) and an Eos CCD detector.
Data collection, reduction processes, and analytical numeric absorption
corrections by multifaceted crystal models (empirical absorption correction using
spherical harmonics was applied for the Pt-doped cluster), were all carried out
using the program CrysAlisPro (v. 171.39.46).58 Structures were solved by direct
methods with program SHELXT S8 and refined using SHELXL S9 least-squares
full-matrix minimization on |F|? within the OLEX 2 (v. 1.2.10) program.8’ Thermal
displacement factors of all non-hydrogen atoms were refined anisotropically,
whereas the hydrogen atoms were calculated isotropically and refined as riding
atoms with U iso parameters 1.2-1.5 times of their host atoms. Occupancies of
disordered ligands were determined using free variables in the refinement.

As suggested by the other characterization methods used in this study, atomic
positions of the foreign-metal metal atoms (Cd or Hg) were set identical (EXYZ
command) with a fixed 1/12 (0.0833) occupancy to each of the 12 icosahedron
Au sites. Their thermal parameters were set to refine as the (EADP command) to
that of the paired (PART 1 and 2) Au atom, in order to afford fully converged
refinement. In addition to the atom substitution disorder, structural disorder was
occasionally observed for sulfur and staple Au atoms. Those were conventionally
handled with free variables. The slightly high residual electron densities on some
of the structures were partly caused by the somewhat nonideal correction for
absorption, despite the best possible correction method (analytical multi-facet)
was applied. Heavily absorbing crystals (y/mm-' varied from 44 to 60) were

measured with Cu-radiation. The noteworthy advantage of using Cu- over Mo-



radiation is its significantly enhanced detection sensitivity for the lighter elements,
particularly on complexes including heavy elements. Secondly, by Cu-radiation
data collection time can substantially be shortened for large crystal structures.
For all Au24aM(SR)18° clusters, but for Au2aPt(SC4)1s°, two or three parallel full
data sets and consequent structure analyses were carried out using different
crystals. To further improve representativeness of the crystallographic analysis,
some of the crystals of the same crystallization batch were analyzed in parallel at
the University of Padova.

Crystallographic data for the metal doped Au2aM(SR)1® (M = Pt, Hg, Cd)
clusters are shown in Tables 2.6 and 2.7, at the end of this section, and the
structures are illustrated in Figures 2.35 — 2.40. Au24Pt(SC4)1s° crystallizes in
triclinic crystal system P-1 having half a cluster in an asymmetric unit with a
volume of 3010 A3. The Hg and Cd monodoped Au24M(SR)1e® clusters,
regardless of the synthetic method (for Cd, we analyzed the crystals obtained
from both the Cd(NO3)2 and Cd(SC4)2 methods), also crystallize in the same P-1
space group but with larger unit-cell settings (V = 5860 A%). Noteworthy, both
Au24Hg(SC4)18° and Au24Cd(SC4)18° are ordered as 1-dimensional polymers
running along the (011) lattice direction. The asymmetric unit of the polymeric
cluster consists of two halves of the Au clusters that are connected via a single
Au-Au aurophilic bond (between Au13-Au14 atoms, ~3.1 A). Geometry, bond
distances and angles of the cluster cores are closely similar in all these
structures (Figure 2.35), which show an icosahedral framework of 12 metal
atoms that surround a central metal atom, 12 Au atoms at staple sites, and 18
thiolate ligands.

As indicated by the NMR studies, monodoping with Pt, Hg, and Cd (two
exchange methods) yields substitution at the center for Pt and on one of the
icosahedral sites in the case of Hg and Cd. Thorough structural analysis of
Au24Cd(SC4)18° (electron density difference of Cd to Au is ~60 %) using several
data sets with the highest possible data quality (data redundancy of 5) allowed us
to refine the structure in an especially satisfactory manner. The Cd atom was

found to be most likely disorderly located on the icosahedral sites instead of the



center or staple positions. On the other hand, Hg and Pt differ from Au by only
one electron. As explained in the main text, for these clusters the electron-
density difference is thus just too small to draw conclusions as safely as for Cd.
Therefore, for these doped systems the position of the foreign metal was set in
the structures according to the observations made by NMR analysis, that is, Pt in
the center of the core and Hg disordered by 1/12 occupancy over 12 possible

icosahedral sites (similarly to the case of the Cd-doped cluster).

Figure 2.35. Au/M-S cores of foreign-metal monodoped Au2sM(SC4)1s° (M = Pt,
Hg, Cd): (a) Pt (silver) in the center position and (b) Hg (cyan), (c) Cd (purple;
obtained via the Cd(NOs)2 method), and (d) Cd (purple; obtained via the
Cd(SC4)2 method) all having the doping metal disordered over 12 icosahedral Au

sites.

In Au24Pt(SC4)1g° (Figure 2.36a), the orientation of butanethiolate ligands, in
relation to the plane via atoms S9, S8, S4, Pt, S4, S8 and S9 (Figure 2.36d), is
four consecutive ligands below (Figure 2.36d, blue-colored ligands in the order
S1, S4, S9 and S8) and the next four above (green-colored ligands in the order
S1, S4, S9 and S8) the plane in a clockwise order. A similar plane can be defined
across the two other staple directions: for the second plane, the ligand
arrangement is equivalent to the first one, whereas in the direction of the third
plane, the ligands alternate above and below the plane in a sequence of four

ligands and then next four ligands below and above, in an opposite order.
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Figure 2.36. Partial views of the metal doped Au24sM(SC4)1g° structures. (a)
Isolated cluster unit of Au2aPt(SC4)18°, (b) polymeric Au24Hg(SC4)18°, (c)
polymeric Au24Cd(SC4)18° (the structure is representative for both Cd-doping
methods), (d) orientation of the ligands (green above and blue below) in
Au24Pt(SC4)18° and (e) the polymeric clusters. Disordered Au/M positions of
Au/Hg and Au/Cd are evidenced by cyan and purple colors, respectively. Ligand
disorder, hydrogen atoms, and for (d) and (e) all Au atoms except for those in the

staples are omitted for the clarity.

On the polymeric Hg and Cd doped clusters (Figures 2.36b, ¢, and e), the
ligands are oriented in relation to the plane (via atoms S9, S7, S8, Au(center), S7,

S8, S9) by consecutively alternating above (S1 and S9, green) and below (S8



and S7, blue) the plane in a clockwise order, and then alternating in opposite
below and above order (S1 and S9 below, S8 and S7 above). A similar ligand
arrangement is found also for the other two plane directions. The packing of the
clusters in the crystal lattices is exemplified in Figure 2.37. In the molecular
packing of the Pt doped cluster, the metallic core units are distinctively isolated
by the ligands forming the organic medium between the metallic cores in all three
cell dimensions. In the Hg and Cd doped 1-D polymers the chains of clusters run
along the (011) lattice direction and are isolated by the ligands on two remaining

cell axis directions.

a)
Figure 2.37. Molecular packing of (a) Pt doped along the a-axis, and the Hg (or
Cd) doped Au2aM(SC4)1¢° clusters along the (b) b- and (c) (011) lattice direction.

Hydrogen atoms are removed for clarity.

All Hg and Cd doped Au2sM(SC2Ph)1s° clusters (phenylethylthiolate ligands)
crystallize in the same orthorhombic crystal system with Pccn symmetry and
have a half molecule in an asymmetric unit (Table 2.7). The core units of the
three doped clusters are identical showing icosahedral shape along with 12 Au
atoms on the staples and one in the center (Figure 2.38), i.e., in keeping with the
aforementioned structures and to various Au2aM(SC2Ph)1g° clusters (M = Au, Pt,
Hg, Cd) reported in the literature.6. 19. 20, 21, 23, 39, 62 Ag discussed above and
according to the NMR analysis, for the final structure models the positions of Hg
and Cd atoms were placed evenly disordered over 12 icosahedral Au sites
(Figure 2.38). The ligand orientations in these three clusters follow that found for

Au2s(SC2Ph)+g0,3% 62 that is, ligands pointing alternately above and below the



planes (Figures S27 and S28a: e.g. S9, S8 S7, Au(center), S7, S9 and S8).
Molecular packing of the clusters is exemplified in Figure 2.40b. Clusters pack in
orthogonal way showing apparent rows of molecules along the c-axis that are

somewhat more apart along the a- and b-axes.
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Figure 2.38. Au/M-S cores of metal doped Au24M(SC2Ph)1s® (M = Hg or Cd)
clusters: (a) Au2sHg(SC2Ph)1g® (Hg(NO3)2 method), (b) Au2Hg(SC2Ph)1g°
(Hg(NOs3)2 exchange on Au2aCd(SC2Ph)1s?), and (c) Au2sCd(SC2Ph)s®
(Cd(SC2Ph)2 method). Hg and Cd atoms are disordered over 12 icosahedral Au
sites and are shown by cyan and purple color, respectively.

Figure 2.39. Partial views of Au2aM(SC2Ph)1s® Au clusters. All three SC2Ph
clusters are isostructural, as can be exemplified by (a) the Hg-doped cluster
(Hg(NOs3)2 method). Further structural similarity is revealed by overlapping the
structures of the Hg and Cd doped clusters with that of Au2s5(SC2Ph)1g°.3
Structure (b) shows the Au/M-S core units and structure (c) the full clusters (core
units are faded for clarity). The color codes are: red = Hg-doped cluster (from
Hg(NO3)2), blue = Hg-doped cluster (from Hg(NO3z)2 + Au24Cd(SC2Ph)1g%), green
= Cd-doped cluster, and yellow = Au2s5(SC2Ph)1g°.



b)

Figure 2.40. a) Ligand orientation (green above and blue below), and molecular

packing b) along the a-axis and c) c-axis can be exemplified for all
Au24M(SC2Ph)1g° clusters by the Hg-doped cluster (Hg(NO3)2 method). Hydrogen

atoms and for a) all Au atoms, except for those on the staple sites, are removed

for clarity.

Table 2.6. Crystallographic data for Au24Pt(SC4)

18%, Au24Hg(SC4)18° [from

Hg(SC4)2], Au24aCd(SC4)18° [from Cd(NOs)2] and Au24Cd(SC4)1s° [from Cd(SC4)2].

Au24Pt(SC4)18® | Au24Hg(SC4)18° | Au24aCd(SC4)18® | Au24Cd(SC4)18°
CCDC no. 1938192 1938193 1938194 1938195
Empirical formula Cr2H162AU24PtS 18 | C72H162AU24HgS 18 | C72H162AU24CdS18 | C72H162AU24CdS 18
Formula weight 6527.37 6532.87 6444.68 6444.68
Temperature/K 293.8(4) 120.01(10) 120.01(10) 120.00 (10)
Crystal system triclinic triclinic triclinic triclinic
Space group P-1 P-1 P -1 P -1
alA 13.2398(4) 16.2584(2) 16.2635(2) 16.2535(2)
b/A 15.4546(5) 17.3297(3) 17.3283(2) 17.3097(2)
c/A 16.4064(5) 25.0056(4) 25.0097(3) 25.0233(3)
a/° 80.144(3) 107.6140(10) 107.5800(10) 107.5790(10)
p/° 71.118(3) 91.3950(10) 91.3370(10) 91.4000(10)
y/° 71.938(3) 117.1740(10) 117.2220(10) 117.2510(10)
Volume/A3 3010.46(18) 5863.11(17) 5865.40(13) 5855.45(13)
z 1 2 2 2
Pcalcg/cm? 3.600 3.700 3.649 3.655




p/mm-"

30.604

60.324

59.438

59.539

F(000)

2856.0

5716.0

5652.0

5652.0

Crystal size/mm3

0.8 x0.12 x 0.08

0.442 x 0.051 x
0.04

0.223 x 0.06 x
0.03

0.195 x 0.102 x
0.061

o MoKa (A = | CuKa (A = | CuKa (A = | CuKa (A =

Radiation

0.71073) 1.54184) 1.54184) 1.54184)
20 range for data

5.22 to 56.784 6.126 to 143.994 | 5.96 to 144 5.966 to 143.98
collection/®

17 <h<17,-19|-20<h 20, -21 |-20 £ h =20, -21 |-20 £ h <19, -21
Index ranges <k<20, -21<1|<k<21,-30<s1<|<k=<21,-30<I=<|<k<21,-30=1<

<21 30 30 30
Reflections collected 57646 134803 141581 98087

13325 23033 23069 23013
Independent reflections [Rnt = 0.1228, | [Rnt = 0.0726, | [Rnt = 0.0773, | [Rint = 0.0570,

Rsigma = 0.1101] Rsigma = 0.0392] Rsigma = 0.0385] Rsigma = 0.0430]
Data/restraints/parameters | 13325/401/551 23033/12/1040 23069/52/1058 23013/137/1043
Goodness-of-fit on F? 1.058 1.040 1.026 1.039

R1 = 0.0672, | R1 = 0.0396, wR2 | R1 = 0.0399, wR2 | R1 = 0.0481, wR2
Final R indexes [I>=20 (1)]

wR2 = 0.1425 =0.1040 =0.1043 =0.1275

Ri1 = 0.1242, | R1 = 0.0437, wR2 | R1 = 0.0432, wR2 | R1 = 0.0520, wR2
Final R indexes [all data]

wR2 =0.1752 =0.1075 =0.1075 =0.1322
Largest diff. peak/hole/

4.76/-4.89 2.04/-3.39 2.93/-2.84 4.59/-3.21

e A3

Table 2.7. Crystallographic data for Au24Hg(SC2Ph)1g® [from Hg(NO3z)2],
Au24Hg(SC2Ph)1g° [from Hg(NOs3)2 exchange on Au24Cd(SC2Ph)%, and
Au24Cd(SC2Ph)1g° [from Cd(SC2Ph)z].

Au24Hg(SC2Ph)1g°

Au24Hg(SC2Ph)1g°

Au24Cd(SC2Ph)1g®

CCDC no.

1938196

1938197

1938198




Empirical formula

C144H162Au24HgS 18

C144H162AU24HgS 18

C144H162AU24CdS18

Formula weight

7397.59

7397.59

7309.40

Temperature/K

120.01(10)

120.01(10)

120.00 (10)

Crystal system

orthorhombic

orthorhombic

orthorhombic

Space group Pccn Pccn Pccn
alA 31.2563(11) 31.2914(4) 31.3135(5)
b/A 26.9439(5) 27.0095(3) 27.0073(3)
c/A 18.4570(5) 18.5163(2) 18.5226(2)
a/® 90 90 90
p/° 90 90 90
y/° 90 90 90
Volume/A3 15543.9(7) 15649.3(3) 15664.4(3)
4 4 4 4
Pcalcg/cm? 3.161 3.140 3.099
p/mm-1t 23.817 23.657 44 677
F(000) 13160.0 13160.0 13032.0
0.199 x 0.115 x 0.16 x 0.088 x
Crystal size/mm3 0.3 x0.17 x 0.03
0.02 0.013
o MoKa (A = | MoKa (A = | CuKa (A =
Radiation
0.71073) 0.71073) 1.54184)
20 range for data
) 3.734 to 58.608 3.726 to 57 4.32 to 146.97
collection/®

Index ranges

-34 <h <40, -36 <
k<23,-24<1<20

-40<h<31,-35<
k<36,-24<|<21

-38<h=<37,-32<
k<33, -22<1=<21

Reflections collected 46697 71320 61448
18174 19473 15745
Independent reflections [Rnt = 0.0940, | [Rnt = 0.0579,|[Rnt = 0.0738,
Rsigma = 0.1498] Rsigma = 0.0459] Rsigma = 0.0587]
Data/restraints/parameters | 18174/33/483 19473/7/822 15745/29/763
Goodness-of-fit on F? 1.136 1.235 1.055




Final R indexes [I>=20 (1)]

R1 = 0.0824, wR>
=0.1301

R1 = 0.0407, wR2
=0.0797

R1 = 0.0559, wR2
=0.1446

Final R indexes [all data]

R1 = 0.1395, wR2
=0.1504

R1 = 0.0497, wR2
=0.0826

R1 = 0.0651, wR2
=0.1512

Largest diff. peak/hole/

2.99/-3.05

1.75/-1.81

2.31/-2.27

e A3
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Chapter 3. Understanding and Controlling the
Efficiency of Au24M(SR)1s Nanoclusters as Singlet-

Oxygen Photosensitizers

3.1 Introduction

Singlet oxygen, '0O2, is the first excited state ('Ag) of molecular oxygen.
Depending on the experimental conditions, its lifetime can span orders of
magnitude.’® 02 eventually converts to ground-state triplet oxygen (3Zg7), 302.
Because singlet oxygen is significantly more reactive than triplet oxygen, it finds
uses in several applications, especially organic synthesis, photocatalysis, and
nanomedicine (photodynamic therapy).*®° Singlet oxygen'%'? can be produced by
direct excitation, although the 302—'02 is a spin-forbidden transition with a very
low absorption coefficient. A more efficient way to generate singlet oxygen is by
using photosensitizers.’®'3 The sensitizer is photoexcited to its singlet state,
undergoes intersystem crossing (ISC) to form the excited triplet state, and then
transfers energy to triplet oxygen to yield '02; the last step is efficient because
the overall angular moment is now conserved. Suitable photosensitizers are
molecules that exhibit a sufficiently high value of the excited triplet-state energy
(the 3Z4™ to 'Ag excitation energy, Eexc, is 94 kJ mol'), a high quantum yield for
ISC, and a long triplet lifetime. On the other hand, it has been long acknowledged
that the sensitizer and/or products of its photoreactions can also quench singlet
oxygen by converting it back to 302.''% These quenching reactions may
significantly diminish the 'O: lifetime and, consequently, affect the overall
efficiency of the photosensitization process. An ideal photosensitizer should,
therefore, maximize generation efficiency and minimize deactivation. This is not,
however, an easy task to achieve.°

The detection of singlet oxygen in fluid solution is routinely carried out with
optical specific probe of singlet oxygen is the 1275 nm '02—302 phospho-
rescence, particularly when it is monitored in a time-resolved experiment. To

overcome the low-sensitivity limitations, several approaches have been proposed,



mostly relying on the introduction of a fluorescent probe activated by energy
transfer from '02. For example, phthalocyanines, naphthalocyanines, and
porphyrazines exhibit strong delayed luminescence upon energy transfer from
two 102."¢ This luminescence is emitted in the visible-light region and its quantum
yield exceeds that of 'O2 phosphorescence by 2-4 orders of magnitude. These
molecules, however, are also good sensitizers for the formation of 02, thereby
complicating detection. Chemical traps have also been extensively employed."”
Singlet oxygen rapidly and irreversibly reacts with aromatic compounds to yield
endoperoxides that do not fluoresce and whose absorption spectrum differs
significantly from that of the original molecule. However, chemical traps may also
be reactive toward other reactive oxygen species. Because of the difficulties
associated with direct detection and indirect methods, alternative approaches for
the detection of '02 generated by photosensitizers are thus sought.

Possible photosensitizer candidates that meet several of the aforementioned
requirements are atomically precise gold nanoclusters, Aun(SR)m (Where SR =
thiolate). Nowadays, many of these clusters can be prepared in a very pure,
controlled state.'® This implies full molecular control on structure and properties,
which cannot be achieved with the larger gold nanoparticles. Because the
electronic structure and thus the optical properties of these clusters depend on
the values of n and m, ultrasmall gold nanoclusters might be, in principle,
optimized for efficient production of '02. So far, the research in this field has been
quite limited,-3" with very few examples describing the behavior of truly
atomically precise gold nanoclusters. This is the case of Auzs(SR)1s, which is a
stable cluster that shows distinct electrochemical,® optical,’® and magnetic
features,>3¢ and is consistently considered the benchmark system for
understanding and controlling many properties of gold nanoclusters.3’38
Kawasaki et al. were the first to describe the formation of singlet oxygen using
Au2s(SR)18 (HSR = phenylethanethiol or captopril) as photosensitizer.’® The
photosensitization was detected optically and with chemical quenchers.
Ausg(SC2H4Ph)24°, another well-established molecular cluster, was found to be

significantly less efficient. More recently, Ho-Wu et al. compared the



photosensitization efficiency of Auzs, Agsz2, Aui44, larger gold nanoparticles, and a
conventional dye photosensitizer.?° This study, which was carried out with indirect
optical methods (1,3-diphenylisobenzofuran quencher), concluded that Au1s4
provides the most efficient system. A size dependence order of Au144 > Auss >
Auzs was observed for the aerobic oxidation of D-Glucose on carbon-supported
clusters.3' The efficiency of '0O2 generation using AussS2(SAdm)zo (SAdm =
adamantanethiolate) nanoclusters was found to be higher than that of
Au2s(SC2H4Ph)187.32 The ultrasonic activation of Au2s(Captopril)1s to generate '0O2
was also demonstrated.33

Here we describe the photosensitizing behavior of a series of Auzs(SR)1s™,
where R = n-CsH7 (C3), n-C4He (C4), spectroscopies. The most and C2H4Ph
(C2Ph) (hereafter, we will indicate the number of carbon atoms of the alkyl chain
simply as Cn), and monodoped Au2sM(SR)1s (M = Cd, HQ) clusters (Figure 3.1).
Besides studying the effect of the protecting ligand, the analysis was extended to
monodoped clusters because their optical and especially electrochemical
behaviors show significant differences from those of the undoped clusters.*®
Regarding detection, we relied on continuous-wave and, especially, time-
resolved electron paramagnetic resonance techniques (CWEPR and TREPR,
respectively). TREPR spectroscopy provides an efficient and sensitive method to
detect even very low concentrations of '0O2 generated by photosensitization in
solution.4%4' Moreover, TREPR is selective toward singlet oxygen, which is
unequivocally detected and identified, while other reactive oxygen species are
not revealed. As we will show, TREPR allowed us to characterize in detail the
photosensitization behavior of the investigated clusters, and could confirm that
the cluster's excited state responsible for the activation of triplet oxygen is indeed
a triplet. Most notably, we found that proper design of the redox properties of the
cluster yields results comparable to those of tetraphenylporphirin (TPP), which is
a well-known reference photosensitizer.'® Finally, we obtained important insights
into the '02 quenching mechanism by gold nanoclusters, how to control it, and
why properly doped gold nanoclusters may perform so well in 'O2

photosensitization.
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Figure 3.1. (a) Typical structure of the Au24sM(SR)1s nanocluster. One of the
icosahedron positions (pink) corresponds to M (M = Au, Hg, Cd). The gold
(yellow) and sulfur (red) atoms are shown, whereas the carbonaceous part of the
ligands is omitted for clarity. (a) Structure of Au2s(SC3)1° showing the C (gray)
and H atoms (white) for both inner (in) and outer (out) ligand types of one of the

six staples.

3.2 Results and Discussion
3.2.1 '02 photosensitization with TREPR detection

TREPR spectroscopy is especially suitable to study the kinetics of
photogenerated paramagnetic species exhibiting lifetimes ranging from few to
several hundred ps.*? In particular, TREPR detection of 'O2 is based on the
radical triplet pair (RTP) mechanism.*® Triplet quenching by a stable free radical,
such as a nitroxide (which is a doublet, 2R, and exhibits three, very similar
CWEPR signals due to the hyperfine interaction of the unpaired electron with the
N nucleus), induces populations of the radical spin sublevels of the latter that
differ significantly from those at thermal equilibrium. This phenomenon, which is
commonly referred to as chemically induced dynamic electron polarization,** can
be sensitively detected by TREPR in the form of transient intensities of the EPR
signals associated with the radical probe. Importantly, polarization may be also
caused by a singlet state, as in the case of 102.4546

Briefly, photoexcitation of the sensitizer fundamental singlet state ('PS) yields a
singlet excited state ('PS*) that is quickly converted into a triplet state (3PS*) via

ISC. In the absence of oxygen, the excited triplet state undergoes quenching by



interaction with a nitroxide radical, and polarized emissive TREPR signals are
observed. The emissive polarization is interpreted according to the quartet-
precursor RTP (Q-RTP) theory,*” as described by eq 1:

(1) %PS*+2R — > 'PS+2R*|
where ?R*| indicates the emissive spin polarization generated in 2R by the
quenching of the 3PS* state. Radicals, on the other hand, are also able to quench
singlet states, though now the spin polarization is opposite to that just described:
in an air-saturated solution of a nitroxide and a triplet sensitizer, a reinforced
absorptive polarization for the signals of the nitroxide is indeed expected. This
absorptive character of the polarization is a consequence of the initial energy
exchange of the triplet state of the sensitizer by triplet oxygen to form '02 (eq 2),
which then polarizes the radical ?R (eq 3):

(2) °PS*+302 — > 'PS+'02

(3) '02+°R — - 302+2R*
where ?R*t now refers to the radical in which reinforced absorptive spin
polarization is generated. This mechanism is the equivalent of the doublet-
precursor RTP (D-RTP) theory,*® the only difference being that now the nitroxide
interacts with a singlet, rather than a triplet state. Very important, the magnitude
of this net absorptive spin polarization is extraordinarily large even for traces of
singlet oxygen.46

All clusters were prepared and characterized by mass spectrometry, NMR
spectroscopy, and UV-vis spectroscopy as described previously.3%48-50 Special
care was paid on controlling properly the charge state.?'%> TREPR experiments
were carried out in toluene at 240 K, and refer to 1 mM cluster and 0.5 mM
2,2,6,6-tetramethyl-4-oxo-1-piperidinyloxy (TEMPONE), unless otherwise stated.
In TREPR, a laser pulse (we used 4 ns at 532 nm) triggers the aforementioned
photochemical reaction/s and eventually generates the polarized paramagnetic
species (°R*1 or 2R*|). The ensuing EPR transient is recorded at the given value
of the magnetic field (B). This procedure is applied by scanning B until the entire
field range is covered. The sequence is then repeated many times, and the

corresponding series of transients is averaged. The resulting TREPR spectrum is



usually displayed in a 3D form (Figure 3.2), where the TREPR intensity is plotted
as a function of B and time (f). No field modulation is applied and thus the
observed signals do not exhibit the derivative shape typical of the corresponding
CWEPR spectra (Figure 3.3c, d).

Figure 3.2a shows the spectrum obtained using Au2s5(SC3)1s~ as the
photosensitizer under aerobic conditions. The TREPR spectrum of TEMPONE
consists in three signals of equal intensity that decay in a few ps. The polarized
TREPR signals show the net absorptive character expected when the overall
photosensitization process (excitation, ISC, and energy transfer) is efficient and
followed by step 3. In the control experiment carried out in the absence of oxygen,
only emissive polarization is observed (Figure 3.2b). According to the Q-RTP
mechanism, the emissive polarized transient spectra are consistent with the
direct interaction of the nitroxide with the triplet state of Au2s(SR)1s™. The extent of
emissive polarization strongly depends on the quantum yield of the latter and the
actual lifetime of the cluster triplet state. In this connection, the different time
scales of the transients in the two plots of Figure 3.2 are worth noticing. These
results already allow us to draw a very important conclusion. So far,
photoexcitation of clusters has been generically described as generating excited
states, as no conclusive evidence about the formation of an excited triplet state
could be gathered. In the first report on singlet oxygen generation by
photoexcited Au clusters, the term triplet state was used for the very same
reason that the photoexcited cluster was generating '02."® On the other hand,
singlet oxygen may form in several different ways.>? In the present context, the
TREPR results observed under anaerobic conditions definitely prove that, indeed,
photoexcitation of Au2s(SR)1s8~ eventually leads to an excited triplet state, as the
polarized emissive signals can only be generated when the nitroxide exchange

energy with a triplet state.4®
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Figure 3.2. TREPR surfaces recorded for 0.5 mM TEMPONE and 1 mM

Au2s5(SC3)1s~ in (a) air-saturated and (b) deaerated toluene solution at 240 K.
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Figure 3.3. Inversion recovery curves for a toluene solution of 0.5 mM
TEMPONE and 1 mM Au2s5(SC3)1s~ (black) under anaerobic (trace a) and aerobic
conditions (trace b), with the corresponding exponential fits to the data (red: for
both curves, r» = 1.000). The CWEPR spectra refer to the corresponding

anaerobic (c) and aerobic conditions (d).

3.2.2 Analysis of the 02 Lifetime and Validation of the TREPR Method.

The decay kinetics depends on several parameters. In a deaerated solution,
the decay of the emission-polarized signals (Figure 3.2b) is determined by the
lifetime of the cluster triplet state and the characteristic magnetic-relaxation times

of the nitroxide, T1 and T2.5 T1, which is the spin-lattice longitudinal relaxation



time, can be determined independently, by pulsed EPR inversion recovery
experiments (Figure 3.3, trace a), to be 499.1(0.6) ns. In the absence of the
cluster, we obtained the virtually identical value of 501.8(0.7) ns (r? = 1.000). T2
is the transverse spin-spin relaxation time, and could be estimated to be
0.43(0.01) us from the reciprocal of the full-width-at-half-height of the integral of
the CWEPR spectrum shown in Figure 3.3c, as illustrated in Figure 3.12. In
deaerated solution, the reciprocal of the TREPR decay rate-constant value
obtained from the emission data (Figure 3.13) is 0.45(0.01) us (» = 0.983), and
therefore, is comparable to the relaxation parameters of TEMPONE. These
results point to the TEMPONE spin relaxation as a particularly relevant factor
determining the TREPR decay kinetics, and thus imply that the lifetime of the
cluster triplet state should be shorter than ~ 0.3 ps.

In the presence of air, the CWEPR spectrum of TEMPONE shows broader
peaks (Figure 3.3d). The T1 measured by pulsed EPR inversion recovery
experiments in the presence of Au2s5(SC3)1s~ (Figure 3.3b) is now only 64(0.2) ns
(? = 1.000), that is, about one order of magnitude shorter than the T1 determined
under anaerobic conditions. Similarly, T2 decreases from 0.43 to 0.04 us. These
effects are caused by the known interaction of TEMPONE with triplet oxygen.5®
Under aerobic conditions, the decay of the TREPR signals also depends on the
singlet-oxygen lifetime. A scheme of the general process is provided in the inset
of Figure 3.4. The average of the TREPR transients (Figure 3.4) can be fit to
single exponential (r? = 0.969) yielding an observed decay rate constant (ka) of
3.02 x 10% s*', which corresponds to a lifetime (ra) of 3.31(0.05) us. 7a is thus
nearly two orders of magnitude longer than the corresponding T1 value, and this
indicates that now the observed decay of spin polarization is only controlled by
the 102 lifetime. In other words, while the polarized signals decay on the T1 time
scale, there is still some singlet oxygen in solution that continuously contributes
to generate further polarization in the TEMPONE molecules. Under these
conditions, the decay of the TREPR signal lifetime can thus be used to calculate

the singlet-oxygen lifetime.
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Figure 3.4. TREPR (normalized) transient observed for 0.5 mM TEMPONE and
1 mM Au2s5(SC3)1s” in toluene under aerobic conditions (black) at 240 K. The red

curve is the exponential fit to the data. The inset provides a schematic

representation of the TREPR detection of 'O2 generation through photoexcitation

of the cluster.

In any given experimental condition, the observed 'Oz lifetime is determined by
the species present in solution.'® In the absence of solutes other than oxygen, on
the other hand, the intrinsic 'O2 decay pseudo-first order rate constant (kaS) only
depends on the solvent (S) through two terms (eq 4):

(4)  kaS = kn[S] + kiS]
where knr and k- refer to the nonradiative and radiative components,
respectively.'®% From available data obtained in toluene as a function of
temperature, we calculate for the intrinsic lifetime of 'Oz (728) at 240 K the values
of 31.757 and 34.6 us.*® These figures are significantly longer than the value of
3.31 ps obtained with the TEMPONE/Au25(SC3)1s~ system, and therefore, show
that in our experimental conditions significant quenching of singlet oxygen must
take place. Comparison of 7a with 728 (hereafter, we will refer to the most recent
determination, 34.6 us)® yields a relative 7a decrease of 100(7aS - 7a)/7aS = 90.4%.

Besides the solvent, there are two possible candidates as quenchers:
TEMPONE and the cluster itself. To address this issue, we carried out further
experiments. The majority of photosensitizers currently employed in

photodynamic therapy are cyclic tetrapyrrolic structures, such as porphyrin



derivatives.%® It is thus instructive to compare the polarized signals observed for
Au2s5(SC3)1s~ with those obtained for tetraphenylporphyrin (TPP), which is a well-
known reference photosensitizer, yet showing some quenching of '02.%5° TPP was
used at the same concentration of the cluster (1 mM) and qualitatively gave the
same TREPR spectrum, but for the two differences that the signal intensity at its
maximum is ~3 times larger than for Au2s(SC3)1s™ and, particularly important, the
decay is much slower (Figure 3.5). It should be noted that for t < 0.5 ps the
presence of a negative spike indicates that a (small) fraction of the amount of the
TPP molecules in their triplet excited state (for TPP, the fraction of singlet excited
state species that undergo radiationless decay to form the triplet excited state is
&1 = 0.71;%0 in the presence of oxygen, this value is expected to increase
slightly)®' reacts with TEMPONE according to the Q-RTP theory (eq 1). The fact
that the TREPR intensity maximum is attained in 1.5-2 pys, indicates that the
majority of the TPP triplet reacts with 302 within less than 1 ys. This is in keeping
with a lifetime of 196 ns measured for the TPP triplet state in toluene at room

temperature.5?
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Figure 3.5. TREPR transients observed under aerobic conditions for samples of
1 mM TPP and 0.5 (black) or 0.1 mM (blue) TEMPONE in toluene at 240 K. The

corresponding exponential fits to the data are in red.

Best fit of the decay data obtained for t > 3 us gives ka = 3.54 x 10* s' (2 =
0.999), corresponding to a lifetime 7a of 28.2(0.1) ps. This shows that TPP is, as



expected, a very good photosensitizer. Comparison of this 7a value with 7aS,
however, evidences a relative 1 decrease of 18.5%. To obtain information on a
possible effect of TEMPONE as a quencher, we carried out further TPP
photosensitization experiments in which the TEMPONE concentration was varied,
as exemplified by the two traces in Figure 3.5. We obtained: [TEMPONE] = 0.2
mM, ka = 3.36 x 10* s', 1a = 29.8(0.4); (([TEMPONE] = 0.1 mM, ka = 3.66 x 10* s
', 1a = 27.4 (0.6). The very similar 7a values, therefore, show that under our
experimental conditions the TEMPONE concentration does not affect the
observed '0: lifetime. Besides confirming that indeed TPP acts as a quencher,
these results also indicate that despite the intense TREPR signals, TEMPONE
polarization must involve a very small amount of the 'Oz present in solution.
These tests validated the TREPR methodology and indicated that 0.5 mM
TEMPONE could be consistently used with no detectable effect on the 02
lifetime. The experiments described below were carried out under these

conditions.

3.2.3 Tuning the Photosensitizing Properties of Au2s Nanoclusters.

The TREPR data confirm that Au2s(SR)1s™ can be used as a photosensitizer.'?
They also show that the 'Oz lifetime measured in the presence of Au25(SC3)1s is
much shorter than the 725 value. The cluster is, therefore, a good sensitizer but
also a good quencher, as observed for many sensitizers.'® We will now
specifically focus on this aspect. The decay of singlet-oxygen can proceed by
physical quenching, leading to deactivation of 'O2, and chemical reactions, in
which 'Oz irreversibly reacts with some other species in solution.”® In the
presence of a generic molecule (M) capable of quenching or chemically reacting
with 'Oz, eq 4 must include further terms (eq 5):"%:5

(5)  ka = knr[S] + k[S] + ko[M] + ker[M]
where kq and kcr are the second-order rate constants referring to the quenching
and chemical reaction components, respectively. The gold nanoclusters do not
react chemically with '02. Although Au2s5(SR)1s™ may react with 'O2 by electron

transfer (ET), the effect of this reaction is detected only on a much longer time



scale. For example, we found that flashing a Au25(SC4)1s~ sample (by using the
same pulse sequence as in the TREPR experiments) in the presence of oxygen
for 2 h transforms 8.8% of the anion into the corresponding neutral cluster
(Figure S3). We can now thus focus only on the physical quenching paths, which
consist in the first three terms in eq 5. Physical quenching is the consequence of
interactions with the solvent (terms knr and kr) and solute/s (term kq). For many
solvents, including toluene, knr is dominant over k:.'° As to knr, solvent molecules
deactivate singlet oxygen by electronic-vibrational energy transfer and by
perturbing singlet oxygen with the result of facilitating its transition to 302.125 An
effective physical quenching route is also attributed to the formation of a charge-
transfer (CT) complex between singlet oxygen and the photosensitizer.'%6364 The
resulting exciplex is a bimolecular excited state that can be described as a
resonance of the excited and full ET states. The exciplex implies a partial (8) CT
and its formation is especially favored when the photosensitizer is a good
electron-donating compound® This is a condition that applies particularly well to
Au2s(SR)1s™ clusters, whose formal potential (E°) values (Au2s(SR)18%/Au2s(SR)18
redox couple) are, compared with usual photosensitizers,'® exceptionally low. In
dichloromethane (DCM) containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAH), which is the solvent/electrolyte system generally
used to study and compare the electrochemical behavior of metal nanoclusters,3*
the E° of, e.g., the Au25(SC3)18%/Au25(SC3)18™ redox couple is -0.171 V (298 K,
potentials versus the saturated calomel electrode, SCE),*® whereas that of the
02/02 ~ is -0.85 V (this work). Exciplex formation favors ISC%4%7 by providing a
spin-orbit coupling contribution that helps overcoming the spin constrain
associated with the '02—302 transition.®®

The easiest way to tune the properties of Auzs is to change the capping ligands.
Whereas this change does not affect the structure and the absorption
spectrum,'®%° other properties, especially the electrochemical potentials,®*7° may
change appreciably. Finally, the ligands provide a nanoenvironment surrounding
the cluster core that determines the effective dielectric constant’® and porosity of

the capping monolayer,®® and these factors may exert an influence on the



quenching mechanisms of the excited states and ultimately the effective singlet-
oxygen lifetime. To gain insights into this aspect, we compared the outcome of
TREPR measurements carried out on Auzs clusters capped by SC3, SC4, and
SC2Ph thiolates. The ligand choice was primarily dictated by their ability to
change the E° of the Au2s(SR)18%Au2s(SR)1s~ redox couples quite
significantly.”®"1

Auzs5(SC4)1s~ and Auzs(SC2Ph)1s~ display TREPR surfaces similar to
Auzs5(SC3)18”. Figure 3.6 compares the reinforced absorptive-polarized transient
signals observed upon 'O2 photosensitization by Au2s(SC4)1s~, Au25(SC3)18~, and
Auzs5(SC2Ph)1s™ (red, black, and blue traces, respectively). The growth of the
polarized signals occurs within 1 us (that is, a bit faster than for TPP) and the
maximum signal intensities are very similar, pointing to similar photosensitization
efficiency (in Figure 3.6 the intensities are normalized for the sake of better
comparison of the transients). Monoexponential fit to the decay data reveals
small, yet clearly detectable differences in the value of ka, which increases in the
order Auzs(SC2Ph)1s™ (2.17 x 10° s!, 2 = 0.990) < Au25(SC3)1s™ (3.02 x 10° s, 12
= 0.974) < Au25(SC4)18™ (3.69 x 10° s*1, 2 = 0.986); the corresponding lifetimes 1a
are 4.61(0.05), 3.31(0.05), and 2.71(0.04) us, respectively. This order indeed
matches that of the decreasing E°s of the anionic clusters (DCM/0.1 M TBAH,
298 K, E vs SCE), which are -0.077, -0.171, and -0.188 V, respectively.”07"
These data point to the ease of oxidation (smaller E° value) as an important
factor enhancing the cluster quenching ability, and are thus in keeping with the

effect noted for other sensitizer families.?
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Figure 3.6. TREPR (normalized) transients and corresponding exponential fits to
the data for air-saturated toluene solutions of 0.5 mM TEMPONE and 1 mM
Au2s5(SC4)1s™ (red), Auzs(SC3)1s™ (black), and Au2s(SC2Ph)1s™ (blue). Temperature
= 240 K.

3.2.4 Tuning the Photosensitizing Properties of Auz2s Nanoclusters through
Metal Doping.

Overall, these results evidence a detectable effect of the cluster oxidation
potential on the singlet-oxygen decay kinetics, and thus confirm an active role of
the cluster also as a quencher. With alkanethiolate ligands, however, the
potentials cannot be changed substantially.3*"® A more substantial way to modify
the physicochemical properties of gold nanoclusters is by doping their core with
other metals. We thus focused on modifying Au2s5(SC4)1s~ to prepare the
corresponding Au24sM(SC4)1g° clusters, with M = Hg, Cd. For these metals,
monodoping is conveniently accomplished by carrying out the metal exchange on
a preformed Auzs(SR)1s” cluster by using a salt or thiolate of the exogenous
metal.3%71-74 We focused on these two metals because they both dope the cluster
on one of the icosahedron positions, as we could demonstrate very recently.3®
While in their neutral state, the resulting Au24aM(SC4)18° clusters are diamagnetic
and thus match the same magnetic state of anion Au2s(SC4)1s™.

Monodoping affects the HOMO-LUMO gap. The values that can be estimated
from the electrochemical peaks are:3%7° Au, 1.30 eV; Hg, 1.28 eV; Cd, 1.41 eV.
Similar differences are found for the optical bandgaps.3®"® These differences are
indeed noteworthy because, for example, a progressive change in the number of
carbon atoms from 2 to 12 in Au25(SCn)1s does not affect the HOMO-LUMO gap,
which remains constant at 1.30 eV.”? Besides these differences, Hg and Cd
doping affects the electrochemical potentials very significantly. In particular, the
first oxidation of the Au24M(SC4)1s clusters occurs (E° values) at -0.188 (Au),
+0.364 (Hg), and +0.332 V (Cd).* In electrochemical terms, a positive shift of the

first oxidation step by more than 0.5 V is indeed massive.
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Figure 3.7. Comparison of the TREPR transients and corresponding exponential
fit to the data for air-saturated toluene solutions of 0.5 mM TEMPONE and 1 mM
Au24Hg(SC4)18° (black), Au24Cd(SC4)1s® (blue), and Auzs5(SC4)1s~ (red).
Temperature = 240 K.

Hg doping induces remarkable changes in the TREPR transients (Figure 7,
black trace). First, in Au24Hg(SC4)18° the photosensitization efficiency is about
two thirds that of Au2s5(SC4)1s~ (red trace). This decrease may be caused by a
shorter triplet lifetime, a less efficient cluster-to-oxygen energy transfer to form
singlet oxygen, or a lower quantum yield for the formation of the triplet. In this
context, an important piece of information is provided in a recent study by Zhu et
al. about the excited-state lifetime of similar (R = C2Ph) clusters, as the values
determined for Au24Hg(SC2Ph)1s® and Au2s(SC2Ph)1s~ are 50 and 100 ns,
respectively.”> The observed TREPR intensities are indeed in rather good
agreement with this ratio, and therefore, we may arguably conclude that the
efficiency of singlet-oxygen generation is mainly determined by the cluster triplet
lifetime. Regarding the hypothesis of a less efficient cluster-to-oxygen energy
transfer, we note that the HOMO-LUMO gap of Au2sHg(SC4)1g® (1.28 eV) is
slightly smaller than for Au2s5(SC2Ph)1s~ (1.30 eV): the same should be true also
for the corresponding triplet states and this may affect the cluster-oxygen energy
transfer, although to a very small extent. Finally, ISC in the cluster should occur
on the low ns timescale and very efficiently (®r = 0.87), as evaluated by Wen et

al. for films of BSA-protected Auzs clusters.”®



The most important effect brought about by the introduction of a single Hg
atom, however, is to increase the singlet-oxygen lifetime by more than one order
of magnitude: 19.5(0.2) (ka= 5.13 x 10* s1, > = 0.990) vs 2.71 ps (ka = 3.69 x
10% s'), which indicates that the mechanism of 'O2 quenching is much less
efficient than for the corresponding Auzs cluster. Still, compared with the
reference 1S of 34.6 ys, the relative 7a decrease is quite significant: 43.6%.

To make the cluster even more performing, the foreign-metal atom should
minimize quenching effects without losing the photosensitization efficiency or
possibly even increasing it with respect to Au2s. The doped cluster should,
therefore, exhibit electrochemical properties similar to those of Au24Hg(SC4)18°, a
more significant population of the photogenerated triplet state, and ultimately,
allow for a longer 'Oz lifetime. A cluster that satisfies these requirements is
Au24Cd(SC4)18°, as it is almost as resistant toward oxidation than Au24Hg(SC4)+g°
(0.332 V vs + 0.364 V), its HOMO-LUMO gap is the largest of the three SC4
clusters, and according to Zhou et al.”' its excited-state lifetime (in supposedly
aerated solution) is 200 ns (R = C2Ph), i.e., two and four times longer than those
of Au25(SC2Ph)1s™ and Au24Hg(SC2Ph)1s%, respectively. In this regard, it is worth
mentioning that TREPR (emission decay lifetime of 0.44(0.01) us, r» = 0.988)
points to a higher limit of ~0.3 us for the lifetime of the triplet of Au24Cd(SC4)1g°
under anaerobic conditions (Figure 3.15), as already noted and discussed for
Au2s5(SC3)18~. These general expectations of better performance are fully met:
use of the Cd-doped cluster yields a longer singlet-oxygen lifetime (ka = 4.31 x
104 s, 2 = 0.999, 1A = 23.2(0.09) us) than Au24Hg(SC4)18%, a smaller relative 1a
decrease (32.9%), and a more significant photosensitization efficiency (Figure
3.7, blue trace). In particular, the maximum intensity of the TREPR signals is ~1.5
times larger than that observed for Au25(SC4)1s~ and more than two times larger
than that of Au2aHg(SC4)18°. The photosensitization efficiency of Au24Cd(SC4)1°
is significant also in comparison with the TPP photosensitizer, as the TREPR
signal intensity of the former is ~1/2 that of TPP. That the amount of triplet excited

state obtained from Au24Cd(SC4)18° is quite significant is also supported by the



presence of the negative spike for t < 0.5 us, which, as already commented upon
for TPP, is attributed to the Q-RTP component (eq 1).
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Figure 3.8. Comparison between the DPV curves (oxidation region) of
Au2s5(SC4)18™, Au2s(SC3)18~, Au2s5(SC2Ph)1s”, Au24Cd(SC4)18°, Au24Hg(SC4)1s°,
Au24Cd(SC2Ph)18%, and TPP. Glassy carbon electrode, DCM/0.1 M TBAH, 25 °C.

Finally, we tested the Cd-doped cluster that has an even more positive
oxidation potential, Au24Cd(SC2Ph)1g%, whose E° is 0.430 V (vs 0.332 V for
Au24Cd(SC4)18°).3° The DPV curves (oxidation region) of all clusters investigated
and TPP are gathered in Figure 3.8. Also for this cluster we estimate (Figure
3.16: TREPR emission decay lifetime of 0.44(0.01) us, r» = 0.989) a higher limit



of ~0.3 us for its triplet lifetime under anaerobic conditions. Indeed, the
photosensitization outcome further improves (Figure 3.9, blue trace), as the
observed singlet-oxygen lifetime is even longer (ka= 3.58 x 10* s', > = 0.997, 1a
= 27.9(0.25) ps). In particular, this 7a value and the relative 7a decrease, 19.3%,
are virtually identical to those of TPP (Figure 3.9, black trace), 28.2(0.1) ys and
18.5%, though the latter is more difficult to oxidize by as much as 0.563 V(Figure
3.8). Besides the redox potentials, a comparison between the aforementioned
estimated lifetime values (aerobic vs anaerobic conditions) obtained for the Cd-
doped clusters and TPP (whose triplet-state lifetime in the absence of oxygen
increases by orders of magnitude)'®®? shows that despite the much shorter
intrinsic lifetime of their triplet state, the Cd-doped clusters are perfectly fine to

accomplish the 'O2 photosensitization job very efficiently.
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Figure 3.9. TREPR transients and corresponding exponential fit to the data for
air-saturated toluene solutions of 0.5 mM TEMPONE and 1 mM
Au24Cd(SC2Ph)18° (blue) and TPP (black). Temperature = 240 K

3.2.5 Chemical Quenching.

To compare further the performance of doped and undoped clusters, we
performed photosensitization experiments in the presence of 9,10-
diphenylanthracene (DPA), which reacts with singlet oxygen to yield the
endoperoxide 9,10-diphenyl-9,10-epidioxyanthracene (DPA-O2) with rate

constants on the order of 10®° M- s'.77 Its formation can be conveniently



monitored through the decrease in the excitation and fluorescence spectra of
DPA. Figure 3.10 compares the fluorescence spectra of DPA in air-saturated
toluene (at room temperature) containing the photosensitizer Au24Cd(SC4)1g°
(panel a) or Au2s(SC4)1s~ (panel b) before and after 10 min pulsed irradiation
(carried out as in the TREPR experiments) with a 532 nm laser at 240 K (for
details, see Experimental section).

For Au24Cd(SC4)1s%, the strong emission band of DPA at ~430 nm (excitation
at 360 nm) is markedly quenched (by 56.9%), which confirms its particular
efficiency as a photosensitizer. Instead, when Au25(SC4)1s™ is used as
photosensitizer, only 13.6% quenching of the DPA emission is observed at ~430
nm. The different behavior of the two clusters is also quantitatively detected in
the excitation spectra obtained at 450 nm: Au24Cd(SC4)1s° causes a strong
decrease of the absorption band of DPA (56.9%), whereas the variation is much
less significant for Auz2s(SC4)1s~ (11.0%) (Figures 3.17 and 3.18). The absorption
spectra of the solutions of the two clusters, which only show the optical features
of the nanoclusters because its concentration is 100 times larger than that of
DPA (the molar extinction coefficients of DPA,’”® Au24Cd(SC4)1s®, and
Au25(SC4)18™ are 1.4 x 10* M- cm™ (372.5 nm), 4.68 x 10* M-" cm - (398 nm)
and 4.58 x 10* M-' cm ' (401 nm), respectively), exhibit no differences before
and after laser irradiation (Figures 3.19 and 3.20), thereby pointing to their
photostability (no change of the spectrum associated with cluster oxidation) in the
given experimental conditions. These results thus show that Au24Cd(SC4)1¢° is a
significantly better photosensitizer than Au2s(SC4)1s™, in full agreement with the
TREPR results.
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Figure 10. Emission spectra (Aexc = 360 nm) of 1.3 x 10> mM DPA in aerated
toluene containing 0.13 mM (a) Au24Cd(SC4)18° or (b) Auzs(SC4)1s™. The spectra

correspond to before (black) and after 10 min irradiation (red) at 532 nm at 240 K.

The spectra were obtained at room temperature.

3.2.6 Mechanism of Physical Quenching by Au Nanoclusters.

The sequence of the observed 1a values is in very good agreement with the

cluster oxidation potentials (Figure 3.11).
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Figure 3.11. Dependence of the '02 quenching rate constant ka on the formal

potentials for the oxidation of the clusters. The dashed line shows the linear fit to

the data.

Due to the aforementioned reasons, eq 5 can be effectively simplified to eq 6:



(6) ka=knlS] + kq[M]
kq can thus be obtained from the ka value determined experimentally and the
knd[S] term, which can be calculated from literature data®® to be 2.89 x 10* s at
240 K. According to the CT-ISC mechanism, the quenching process involving 102

and the molecular Au nanocluster (M) can be summarized by eqs 7-9:
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There, ki and k- are the diffusion rate constants for the formation and
dissociation of the caged species, kct and k-t are the forward and backward rate
constants of the transfer of a partial charge & between the caged '02,M species,
and kisc is the rate constant for ISC in the exciplex.

Reactions 10 and 11 can be seen as competitive to the sequence 8-9 in
quenching 'O2: whereas keer and krer are the forward and backward rate
constants for the oxidation of the cluster by 'Oz (that is, the possibility of
recrossing to the excited donor surface included), k-er is the backward rate
constants for the ET between M and 302 (that is, charge recombination). It should
be noted that eqs 7-11 are generically written for two neutral species. Whereas
this is valid for the doped clusters, for Au2s(SR)1s~ the negative charge of the
cluster must be taken into account in egs 7-11. The fact that the cluster may carry
a charge does not prevent the formation of the exciplex, as shown very recently
for a cationic excited state acceptor.”® Charge-transfer activation of oxygen by

both anionic and neutral gold nanoclusters has been described.8%8' Very recent



mass spectrometry results would indeed point to an effective interaction of
oxygen and Auzs(SC2Ph)1s™, at least in DCM.82
We first focus on the quenching caused by the irreversible ISC inside the
solvent cage (the competition by the ET path, eqs 10 and 11, will be discussed
later). Applying the steady-state approximation to the encounter complex and the
singlet exciplex leads to the following expression (eq 12) for the kq term in eq. 5:
— kd
I ky ko A G °cr
(e

We start by considering Au2s(SC4)1s~, which exhibits the less positive oxidation

potential and the fastest quenching rate, and then we will discuss the differences
caused by making the cluster oxidation more difficult. For this cluster, ka = 3.69 x
10° s'. The term kq[M] can be obtained from eq 6 by subtracting the rate
constant for the intrinsic 02 lifetime (1aS = 34.6 us, kaS = knfS] = 2.89 x 10* s7).
Hence, a value of kq = 3.40 x 108 M-'s" is calculated by taking into account that
[M] =1 mM.

The diffusion rate constant kq is calculated with the Smoluchowski equation, kq
= 4pNa(Do + Dw) (ro + nv), where Na is the Avogadro number, and ro and ru are
the radii of O2 (1.73 A)'© and Au2s5(SC4)1s~ (9.4 A)70 As to the diffusion
coefficients, Do can be estimated from a correlation with the solvent viscosity 7,
D = (2.6 x 107) 1%3;8 use of 1.39 centipoise for the toluene's viscosity at 240 K8
yields Do = 2.1 x 10 cm? s™'. For the much larger cluster, the use of the Stokes-
Einstein equation (D = ksT/61177rm, where kgis the Boltzmann constant) is licit and
yields Dm = 1.35 x 10 cm? s™'. Hence, k4 = 1.9 x 10'% M-! s”'. The equilibrium
constant for cage formation (Kd¢) can be calculated according to the Debye
equation,®-8 which for the specific case is Kd = 4TTNa(ro + nv)?6r/1000. By using
for &r the typical value of ~1 A8 K¢ and k-4 are calculated to be 0.94 M and 2
x 1010 -1, respectively.

The equilibrium constant Kct, and thus AG°cr, is unknown. However, AG°cr,
which refers to the transfer of the charge fraction &, is conceivably related to

AG°eT,"® which refers to the full ET between the cluster and singlet oxygen (eq



10). ket may be similarly estimated (eq 13) using a Marcus expression for the
activation free energy AG?cr (eq 14). The process is considered as adiabatic and
thus occurring at contact distance between singlet oxygen and the cluster, as
supported by recent results.0-82

(13) ket = Z exp[-AG7cT/RT]

(14) AG#ct = AGo*ct [1+ (AG°cT/4AGo*cT))?

Z is estimated (eq 15) by taking into account the role of solvent friction in
determining the rate of crossing the barrier.8

(15) Z=%(ﬁinéc7f)1 with TL=€?:TD and rD=4kBl7fs
There, 1 is the longitudinal relaxation time, 1o is the Debye relaxation, and &s and
€~ are the static and high-frequency permittivities. For toluene at 240 K, n. was
estimated from the linear temperature dependence of the two permittivities®® and
using for the average molecular radius of toluene, r, the value obtained from its
density.

AGocT is the intrinsic barrier, that is, the value of AG#ct at zero driving force. In
analogy to the ET intrinsic barrier (AGo”et), AGo*ct can be seen as composed of
a solvent reorganization term, AGos*ct, and an inner component, AGo,#ct, which
describes the molecular deformation of bond lengths and bond angles of the
reacting system. For a full ET/®28 AGo*er can be calculated from the
homogeneous self-exchange (AGo*eT)hom.ex Values of the two redox couples (here,
M*/M and '02/02"), that is (eq 16):

(16) AGo™eT = [(AG0o*ET)hom,ex,M++M + (AGO*ET)hom,ex,02/02--]/2

The two (AGo*eT)homex Values can be estimated from the corresponding
standard heterogeneous rate constants through equation 17:%°

(17) (AGo"ET)net = 2.391 + 0.528 (AG0*ET)hom,ex

For the cluster, we use the electrochemical (AGoeT)net = 0.222 eV, which was
obtained in DCM/0.1 M TBAH, at 298 K from the standard heterogeneous rate
constant,?® using k°net = Zel exp[-(AGo”eT)net/ RT] With Zei = (RT/2TTM)"? (M = molar
mass). For '02/02"~ and under the assumption that the intrinsic barriers of
102/02"~ and 202/O2"" are the same, we obtained (AGo”eT)net = 0.408 eV by cyclic-



voltammetry analysis of the oxygen reduction peak, as described in the
Experimental. The solvent intrinsic barrier AGo,s*er depends on both solvent and
temperature through the Pekar factor, gop! - €57, where &op is the optical (usually
taken as n?, where n = refractive index) dielectric constant, whereas the inner
component AGo,”er can be considered as essentially independent. The
corresponding solvent intrinsic barrier values, were obtained from the empirical
equation (AGos*eT)het = 0.604/r (were r = molecular radius).®® (AGo,#eT)net is thus
obtained by subtracting (AGos?eT)net from the intrinsic barrier. For both species,
we use a heuristic approach in which (AGo”et)net is transformed into a
toluene/240 K intrinsic barrier by using the same (AGo,#eT)net value and the
(AGos™eT)net corrected for the ratio between the appropriate Pekar factors (using
the temperature dependence of €op and ¢ in toluene). Use of eqs 17 and then 16
yields for the 'O2/Au2s5(SC4)1s~ system a value of AGo"etr = 0.18 eV. It is worth
mentioning that for DCM at 298 K, AGo”et is much larger (0.40 eV): this reflects
the fact that the very low polarity of toluene makes the solvent reorganization
term very small, with the result that the already significant inner reorganization of
Auzs clusters®-7191 and possibly oxygen®? becomes largely dominant (~94%).

Both kct and Kcr require calculating AG°er and how to relate it to AG°cr.
Additionally, kct requires converting AGo?et into AGo”ct. For 'O2 quenching AG°ct
is usually taken as a fraction f of AG°et,'° to account for the partial character & of
ET in the formation of the exciplex. AG°eT can be estimated according to Rehm
and Weller,23% using eq 18. Because the process here considered involves a
neutral and a charged species, '02/Au2s(SC4)1s™, the Coulombic term associated
with formation of charges is zero (the full ET process is a charge shift). In eq 18,
the actual charge of the cluster is explicit.

(18) AG°eT = nFE°(M'/M") - nFE°(O2/027") -Eexc

There, n is the number of exchanged electrons (for a full ET, n = 1), F is the
Faraday constant, E°(M’/M~) and E°(O2/027") are the formal potentials of the
M°/M~ and oxygen/superoxide redox couples, respectively. Eexc = 94 kJ mol' is
the 3%, to 'Ag excitation energy (the entropy difference between the ground and

excited states is neglected). Eq 18 (also including the Coulombic term) provides



a reasonable estimate of AG°ert: using the powerful phase-modulated
voltammetry technique,®® Jones and Fox% found that the actual excited-state
redox potentials are roughly consistent with the estimates from the Rehm-Weller
approach. In the present case, the excited species, '02, is the same for all
clusters and thus any error would be systematic. E°('02/027") will be taken as
E°(O2/027") - Eexcd/F = -0.850 + 0.975 = 0.125 V (DCM/0.1 M TBAH). The E°
values of the clusters refer to DCM, whose dielectric constant (¢ = 9.1, or 12.5 if
the presence of the supporting electrolyte is included)’ is not much larger than
that of toluene (¢ = 2.4). This is a mild approximation, especially if one considers
that these calculations are generally performed using E° values obtained in polar
solvents,’ such as acetonitrile (¢ = 37.5), which introduces a quite severe
approximation when used for processes carried out in low-polarity solvents. It
should be also noted that due to the presence of the permeable monolayer
protecting the cluster,?® the effective dielectric constant (eeff) experienced by the
gold core and the nearby oxygen molecule is (i) smaller than that of DCM (for
SC3, we estimated ¢ef = 7.7)7° and, for the same reason, (ii) slightly larger than
that of toluene, 2.4, as the ligands provide a intrinsic contribution to gerr of 3-3.6.7°
This kind of nanoenvironment is obviously not encountered for common
sensitizers.

As to the fraction f of AG T, it has been proposed that & ~ f'/2, as inferred from
experimental trends involving neutral donors.’® Because of the charge here
involved, however, we will use a linear dependence in which & simply replaces n
=1in eq 18. Hence:

(19) AG°ct = 6F[E°(M'/M") - E°('02/027)]

Regarding the conversion of AGo”et into AGo*ct, we consider that AGo*eT is the
sum of AGoser and AGo,7er. The former depends on the square of the
exchanged charge (the electron). The latter arguably follows a similar
dependence: the ET takes to a new equilibrium position of the relevant nuclei,
and the inner reorganization is described as a parabolic function of the nuclear

displacement. AGo*cT can thus be estimated as AGo*ct ~ 6°AGo7ET.



At this point, kct can be obtained from the appropriate preexponential factor
(eqs 13 and 15, with Z = 9.47 x 10° s™), provided a reasonable & value is used
for eq 19. & is, in fact, unknown. We will follow an approach similar to that used
for other series of photosensitizers.'06667 |n ETs, the transfer coefficient a is
introduced to describe how the activation free energy responds to changes in the
reaction driving force, that is, a = dAG#er/dAG et = -RTdInket/dAG°er. Because
of the quadratic expression relating AG”et to AG°eT, a is expected to be 0.5 at
zero driving force.8” We will focus on the three Auzs clusters, which are self-
consistent in terms of cluster charge. The corresponding driving forces for ET (eq
18) range from -0.312 (SC4) and -0.201 (SC2Ph) eV, that is, these processes are
exergonic yet not too far from AG°t = 0. The corresponding logkq vs AG°eT
provides a slope corresponding to the very small a value of 0.10. Adjusting 0 in
eq 19, shows that a ~ 0.5 is obtained when & = 0.2. This corresponds to AG°ct
values ranging from -0.06 to -0.04 eV. This value of & is indeed quite similar to
values previously proposed for 02 quenching by other photosensitizers,0-66.67
although we should note that 6 should decrease as the reaction free energy
becomes more positive,”® which is the actual situation valid for all other
photosensitizers (due to the much more positive oxidation potentials) so far
used.®

The use of 6 = 0.2, allows defining all remaining quantities in eq 12. Hence, an
experimental rate constant (SC4) of kq = 3.40 x 108 M-'s™', corresponds to AG°ct
= -0.06 eV, ket = 59 x 10° s, and ksc = 3.9 x 10% s'. For common
photosensitizers, ISC is also a fast process, with rate constant values estimated
to be ~5 x 10° s' and mildly increasing as the CT process becomes more
favored.®® Despite the several inputs and assumptions, this kinetic analysis would
point to the same CT-ISC mechanism proposed for 'O2 quenching by other
photosensitizers.

On the other hand, Auzs clusters provide unprecedented negative free energies
for ET. This situation may indeed make the reactions 10,11 competitive to
reactions 8,9. Indeed, we already noted that for long times some oxidation of the

Au2s5(SC4)1s™ cluster takes place, which point to the occurrence of reaction 10.



The quantities already estimated, allow us to estimate this possible competition.
The resulting relevant rate constants are ket = 5.9 x 108 s!, ket = 9.0 x 10° s,
Both ETs can be considered as irreversible because the corresponding k-peT and
ket are 1.6 x 102 and 1.1 x 10 s, respectively, and thus escape from the cage
is much faster. The process described in eq 11, which is essentially rate limited
by keet, corresponds to an ET-induced ISC, that is, is the equivalent of eq 9.
Because of the many assumptions involved, all these rate-constant values
should be considered only as estimates. A comparison with the actual kq
(assuming that only eqs 7 and 10 are kinetically relevant) indeed shows that kpet
is overestimated. For example, a slight increase of the intrinsic barrier for the ET
in eq 10 by, say, 0.04 eV, would decrease kret by a factor of ~5. However, it is
quite interesting that the ET path of eqs 7,10, and 11 provides a rate comparable
to the observed quenching rate. Most probably, the mechanism involves a
competition of the two paths.

A final comment regards the spin constrains. For the complete ET pathway, the
triplet-singlet spin transition rate is particularly important for the overall quenching
rate constant. Indeed, spin-forbidden transitions can be 4-6 orders of magnitude
slower than the corresponding allowed transition,®” and this may affect the back
ET in eq 11. Both species are radical and, thus, while in the cage exchange
interaction between them takes place, giving rise to non-degenerate singlet and
triplet states (spin-correlated radical pair). In our case, the singlet state has a
higher energy and, as the precursor is a singlet ('Oz2), it is initially more populated.
Although a more extensive analysis could be carried out®” and the back ET rate
constant should be considered as an upper limit, the rate is still large enough to
make 302 formation very probable, with some competition from cage dissociation
in eq 10. Overall, we thus conclude that for Au2s clusters both quenching
mechanisms are competitive.

For the doped clusters, there is no competition by eqs 10,11, as the ET is
unfavored, with keet dropping by orders of magnitude. Determining the value of
kisc, however, is very complicated because AG°ct in eq 19 requires adding the

Coulombic term, as two opposite charges form. In principle, this correction could



be performed according to Rhem-Weller,®3% which consider this term as
negative (stabilization of the opposite charges). However, this view has been
recently shown to be incorrect for photoinduced ETs. Due to desolvation, the free
energies of contact radical ion pairs are 0.06 eV higher (instead of lower by -0.06
eV) in acetonitrile than those of the solvated radical ions.®® This difference should
increase further in low-polarity solvents. Using eq 12 to estimate kisc, therefore,
would introduce further, significant approximations. Indeed, whereas the effect on
kisc may be small,?¢ the effect on kct should be more relevant. To conclude, we
believe that the issue of the Coulombic term would require more extensive
investigation and analysis based on a larger series of neutral clusters, including
further estimates of 6 as a function of the resulting CT free energy.

Regardless, the sequence of the observed 7a values illustrated in Figure 3.11
demonstrates that the Au2s clusters can be good photosensitizers and their
efficiently as singlet oxygen quencher can be nicely modulated through proper
changes of ligands and doping metals. We expect that an even more positive E°
would allow us to obtain even better results, and possibly reach the physiological
limit of 725 = 34.6 s, i.e., no physical quenching by the cluster. According to
Figure 3.11, whose linear fit has the good r? value of 0.990, the "ideal" cluster
should have an oxidation potential at least more positive than ~0.49 V. This target
is indeed reachable through proper selection of the ligands to cap a cluster of the
Au24Cd(SR)18° family, which appears to have the longest triplet lifetime, as we

already discussed.

3.3 Experimental Section

The syntheses of the undoped and doped clusters were carried out as
described previously.39:48-0

For the CWEPR measurements, we used a continuous wave Bruker ER200D
X-band spectrometer. The spectra were recorded with 100 KHz field modulation,
20 dB of 200 mW microwave power, 0.10 mT modulation amplitude, 10.24 ms
time constant, and 81.92 ms conversion time. The sample solutions were placed

in a 4 mm outer-diameter (0.d.) quartz tubes. To remove oxygen from the



samples, the solutions were carefully degassed by several freeze-pump-thaw
cycles, and sealed under vacuum conditions (1072 Torr).

For the TREPR measurements, a pulsed laser beam from a Nd:YAG laser
(Quantel Brilliant, pulse length 5 ns, pulse energy 5 mJ, pulse repetition rate 20
Hz) was used for the optical excitation of the samples at 532 nm. At this
wavelength, the absorption of all Au24M(SR)1s clusters is significantly larger than
for nitroxides. The measurements were carried out by using a Bruker ER200D
(X-band) spectrometer with an extended detection bandwidth (6 MHz), disabling
the magnetic field modulation, and working in a direct detection mode. The
temperature of the sample inside the EPR cylindrical cavity (8 mm optical
access) was controlled to 240 K by a variable-temperature nitrogen flow system.
The time-dependent EPR signals were digitized using a digital oscilloscope
(LeCroy Model LT344) with a maximum acquisition rate of 500 megasample/s
synchronized with the laser pulse. The time resolution of the instrument was
~150 ns. Data collection was performed with a personal computer and software
that allowed controlling the magnetic field and setting the digital oscilloscope.
Typically, 300 transient signals were averaged at on-resonance conditions and
subtracted from those accumulated off-resonance to eliminate the background
signal induced by the laser pulse. A complete two-dimensional data set that
shows the EPR signal as a function of both time and magnetic field consists
typically of a set of transient signals, containing 500 points each, recorded at 128
different magnetic field positions. The 500 x 128 matrix gave a two-dimensional
time/field data set from which the transient spectra were extracted.

The inversion recovery EPR experiments were performed using a pulsed
Bruker ER580 X-band spectrometer. The solutions of the samples were placed in
3 mm o.d. quartz tubes. A two-pulse inversion recovery pulse sequence was
used. In this experiment the direction of the net magnetization of TEMPONE is
initially switched by a 11 pulse from +z to —z. After a variable delay time ¢, a /2
pulse brings the magnetization to the xy plane and a free induction decay (FID)
signal is detected. By plotting the FID amplitude vs t, one obtains the inversion

recovery curve, which represents the recovery of the inverted z component of the



magnetization to the thermal equilibrium. The initial time interval t between the
first 1T pulse and second /2 pulse was 200 ns. The 11/2 pulse length of 32 ns
was chosen to avoid spin diffusion phenomena, after checking that the recovery
curves did not change by further increasing the pulse length. The field value was
set at the maximum of the central hyperfine line of the integrated CW-EPR
spectrum of TEMPONE (corresponding to the O value in the first derivative
spectrum). The inversion recovery curve was obtained plotting the area of the
FID vs the time interval. We recorded 1024 points corresponding to different ¢t
values, with a time step At of 4 ns. 300 FIDs were recorded and averaged for
each t value. A time delay of 1500 ps was set between each pulse sequence to
allow the full recovery of magnetization. To obtain the T1 value, a single
exponential function was fit to the FID amplitude vs. t curves.

The UV-vis absorption spectra of the clusters were obtained in toluene with a
Thermo Scientific Evolution 60S spectrophotometer. The spectra were recorded
with a spectral resolution of 0.5 nm. The samples were either diluted to 0.2 mM
(photostability experiments related to the TREPR experimental conditions) or
used as such (0.13 mM, excitation/emission experiments) in 1 mm cuvettes. The
extent of oxidation was determined through analysis of the derivative UV-vis
spectrum at 390 nm.%’

Emission spectra were recorded at room temperature in aerated toluene
solutions in 1-mm quartz cuvettes with a FluoroMax-3 spectrofluorometer
(HORIBA). A front-face configuration (tilted angle of 60°) was used to acquire the
emission spectra and an average of average of three independent
measurements was performed for each sample. The concentration of
Au2s5(SC4)18~ and Au24Cd(SC4)1s° was adjusted by using the absorbance
spectrum and the pertinent molar extinction coefficient, that is, 4.58 x 10* M-'cm-’
(398 nm) and 4.68 x 10* M-' cm™! (401 nm) respectively. Each experiment was
carried out by using a freshly prepared 300 pl toluene solution of 1 mM
nanocluster and 0.01 mM DPA in a 3 mm o.d., 2 mm inner diameter EPR glass
tube. The sample was cooled to 240 K and irradiated with the Nd:YAG laser used

for the TREPR experiments at a wavelength of 532 nm for 10 min. The solution



was let to reach room temperature and was then diluted (30 ul in 200 ul toluene)
in a 1 mm optical-path length quartz cuvette before recording the absorption,
emission and excitation spectra. Dilution was meant to minimize the inner filter
effects due to the strong absorbance of the nanoclusters in the same optical
region of the DPA emission, i.e., 400-500 nm. The optical measurements were
recorded 30 min after the laser irradiation.

The DPV and CV measurements were carried out in DCM/0.1 M TBAH, under
an Ar atmosphere, in a glass cell, at 25 °C. For DPV we used a CHI 660c
electrochemical workstation, whereas for the electrode kinetics CV experiments
we used an EG&G-PARC 173/179 potentiostat-digital coulometer, an EG&G-
PARC 175 universal programmer, and a Nicolet 3091 12-bit resolution digital
oscilloscope. The working electrode was a glassy carbon microdisk (9.1 x 10+
cm?), prepared and activated as already described.®® The counter-electrode was
a Pt wire. A silver wire, which was kept in a tube filled with the same electrolyte
solution and separated from the main compartment by a Vycor frit, served as a
quasi-reference electrode. At the end of the experiments, its potential was
calibrated after addition of ferrocene, as the ferricenium/ferrocene redox couple
has E° = 0.460 V (SCE) in DCM/0.1 M TBAH. All potential values are reported
against SCE. Standard DPV parameters were employed: peak amplitude = 50
mV, pulse width = 0.05 s, increments per cycle = 2 mV, pulse period = 0.1 s. For
CV, we applied the positive feedback correction to minimize the ohmic drop
between the working and the reference electrodes. The standard heterogeneous
rate constant, k°net, for oxygen reduction on a glassy carbon electrode was
determined by analysis of the CVs obtained at various scan rates (v). In
DCM/TBAH 0.1 M the separation between the cathodic and anodic peak
potentials is large also at low v values (e.g., 0.228 V at 0.2 V s™) pointing to a
small k°net value. The latter was determined by digital simulation of the
experimental CVs. For digital simulation, we used the DigiSim 3.03 software,

using a step size of 1 mV and an exponential expansion factor of 0.5.

3.4 Supporting Information



Chemicals. HAuCls-3H20 (Aldrich, 99.9%), Hg(NOs)2 (Sigma-Aldrich, 299.99%),
Cd(NOs3)2 (Carlo Erba Reagents, 99%), tetra-n-octylammonium bromide (Aldrich,
98%), n-propanethiol (Aldrich, 99%), n-butanethiol (Aldrich, 99%),
phenylethanethiol (Aldrich, *99%), NaBHa4 (Aldrich, 99%), tetrahydrofuran (THF,
Sigma-Aldrich, 99.9%), toluene (Sigma-Aldrich, 99.7%), diethyl ether (Sigma-
Aldrich, 99.8%), methanol (Aldrich, 99.8%), triethylamine (Sigma-Aldrich, *99%),
2,2,6,6-tetramethyl-4-oxo-1-piperidinyloxy (TEMPONE, Aldrich), 9,10-
diphenylanthracene (DPA, Alfa Aesar, 99%), meso-tetraphenylporphyrin (TPP,
Sigma-Aldrich  299%, were wused as received. For electrochemistry,
dichloromethane (DCM anhydrous, Sigma-Aldrich, 299.8%) was 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).
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Figure 3.12. Determination of T2 from the reciprocal of the full-width-at-half-
height (FWHH) of the integral of the CWEPR spectrum. The central line of the
CWEPR spectrum of TEMPONE (top) is analyzed by transforming the
experimental line (a) into its integral (b). The full-width-at-half-height is obtained

by simulating the peak as a Lorentzian curve.



TREPR intensity (a.u.)

t(us)
Figure 3.13. TREPR transient of the emission-polarized signal (average of the
three signals) observed for 1 mM Au2s5(SC3)1s~ and 0.5 mM TEMPONE in toluene

under anaerobic conditions (black), with monoexponential fit to the data (red).
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Figure 3.14. UV-Vis absorption spectra of Au25(SC4)1s~ in toluene in the
presence of TEMPONE (1:0.5) before irradiation (black) and after 2 h irradiation
(red). The blue trace shows the spectrum of pure Au2s(SC4)1g°. The irradiation
was carried out on a 1 mM Au2s5(SC4)1s solution, whereas for obtaining the

optical spectra the samples were diluted to 0.2 mM. 1 mm quartz cuvette, room



temperature. The spectra were normalized to obtain A = 1 at 400 nm. The extent
of oxidation, 8.8%, was calculated by using the absorbance derivative at 390 nm,

according to a method previously developed.
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Figure 3.15. TREPR transient of the emission-polarized signal (average of the
three signals) observed for 1 mM Au2sCd(SC4)1s° and 0.5 mM TEMPONE in
toluene under anaerobic conditions (black), with monoexponential fit to the data
(red).
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Figure 3.16. TREPR transient of the emission-polarized signal (average of the
three signals) observed for 1 mM Au24Cd(SC2Ph)1g® and 0.5 mM TEMPONE in



toluene under anaerobic conditions (black), with monoexponential fit to the data
(red).
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Figure 3.17. Excitation Spectra (Aexc = 450 nm) of a toluene solution of 1.3 x 103
mM DPA and 0.13 mM Au24Cd(SC4)1s° before (black trace) and after (red trace)
10 min irradiation at 532 nm at 240 K. The spectra were obtained at room

temperature with a 1 mm path length cuvette in a front-face configuration.
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Figure 3.18. Excitation Spectra (Aexc = 450 nm) of a toluene solution of 1.3 x 1073
mM DPA and 0.13 mM Au2s(SC4)1s~ before (black trace) and after (red trace) 10



min irradiation at 532 nm at 240 K. The spectra were obtained at room

temperature with a 1 mm path length cuvette in a front-face configuration.
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Figure 3.19. Absorption spectra of a toluene solution of 1.3 x 103 mM DPA and
0.13 mM Au24Cd(SC4)18° before (black trace) and after (red trace) 10 min
irradiation at 532 nm at 240 K. The spectra were obtained at room temperature

with a 1 mm cuvette.
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Figure 3.20. Absorption spectra of a toluene solution of 1.3 x 103 mM DPA and

0.13 mM Au2s5(SC4 )18~ before (black trace) and after (red trace) 10 min irradiation



at 532 nm at 240 K. The spectra were obtained at room temperature a 1 mm

cuvette.
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Chapter 4. Gold Fusion: From Auz(SR)is to
Auss(SR)24, the Most Unexpected Transformation

of a Very Stable Nanocluster*

* Published: Dainese, T.; Antonello, S.; Bogialli, S.; Fei, W.; Venzo, A.; Maran, F. Gold Fusion: From
Auzs(SR)18 to  Auss(SR)22, the Most Unexpected Transformation of a Very Stable Nanocluster. ACS
Nano 2018, 12, 7057-7066.

4.1 Introduction

Ligand-protected metal clusters are of continuously growing fundamental and
applied interest.* Several of these systems can be synthesized with atomic
precision, and this has allowed understanding that differences of only one gold
atoms, variations in the number or type of ligands, or even structural isomerism
may affect their stability and properties very significantly.™” The preparation of
specific thiolated gold nanoclusters can be controlled through proper balance of
thiol selection, relative concentrations of the reactants, experimental conditions,
and modus operandi.®'® Importantly, the library of atomically precise gold
nanoclusters can be expanded significantly by exploiting reactions to transform a
structure into another.’'2 A way to do it, resulting in smaller clusters, is by
thermal etching.'® The methodology normally employed, however, is the ligand
place exchange induced size transformation, which involves thermal activation of
the clusters in the presence of a large excess of an exogenous thiol."'415 For
this reaction to be successful, the incoming thiol should be quite different than
the endogenous thiolate (SR).

There are several reports of transformations of gold nanoclusters into smaller
structures. For example, Au144(SR)so can be converted into Augg(SR')s2 or
Au133(SR")s2 through thermochemical etching with exogenous thiols (HSR').16:17
Similarly, Auss(SR)24 and Au2s5(SR)1s can be converted into Auss(SR')24"® and
Au20(SR')16,'° respectively. Instead, the conversion from a smaller to a larger
nanocluster is rarely seen. By focusing on clusters of known structure, this is the
case of Au23(SR)16 to Au24(SR')20,2° Au2s5(SR)1s to Au2s(SR')20,2" Auso(SR)1s to



Auss(SR")24,22 Augg(SR)42 to Au103S2(SR')41,22 and Auss(SR)24 to AusoSs(SR')3s.2*
These transformations require thermal activation and the presence of an
exogenous thiol in large excess and thus imply ligand place exchange reactions.
The smaller-to-larger nanocluster conversion is indeed especially important
because, in principle, larger nanostructures could be prepared by assembling
specific units with atomic precision. On theoretical grounds, the icosahedral Au1s
core provides a particularly promising building block.> 2573" Experimental
examples of clusters containing the Auiz core are Aui13(PMe2Ph)1oCl23*,32
Au13(dppe)sCl23* (dppe = Ph2P-(CH2)2PPhz2),3% Au1e(AsPh3)sCls,3* [Au19(C=CR)e
(Hdppa)s]?* (Hdppa = HN(PPhz2)2),3® Au20(PR)4 Cls (R = P[(CH2)2PPhz2]3),%¢ and
Au2s(SR)1s.3"- 38 Gold clusters whose cores can be portrayed as the assembly of
2, 3, or 5 vertex-fused Au1s units (i.e., where the icosahedra share one vertex Au
atom) are Auzs(PR3)10(SR)sCl22*,3% Auz7(PR3)10(SR)10Cl2*,4% and [AusoSe2(PPhs3)1o
(SePh)15]7(SbFe),*! respectively. Other gold nanoclusters in which the core can
be described as face-fused Au1z units are Auss(SR)24,? which is composed of 2
face-fused Au1s icosahedra, and Au44(SR)24,% which also consists of 2 face-
fused Auis icosahedra with the addition of an Aus-bottom-cap motif. A dimeric
structure missing the shared vertex was also solved.** Very importantly, however,
is that in none of aforementioned examples were the vertex or face-sharing
polyicosahedral clusters indeed obtained by an effective experimental assembly
of “monomeric” Au1s units. The polymeric Au2s(SR)1s clusters that we obtained in
the form of bundles of parallel [Auzs(SR)1s]n nanowires are the only examples of
structures in which each individual Au1s core is preserved upon formation of a
larger structure.*®46 In these linear polymers, which are stable in the solid state,
the Auzs(SR)1s clusters are connected by Au—Au bonds between staple Au atoms.
Auzs(SR)1s is, by far, the most studied thiolate-protected nanocluster that can
be prepared with atomic precision.*” As such, it has been the object of numerous
studies focusing on its charge- and ligand-dependent structure3’:3845-51 gand
optical and NMR properties,*850:52-54 magnetism,%°-%% electrochemistry,>¢ photo-
physics,%” theory,%86' and several applications.'? Au2s5(SR)1s has thus provided

an effective benchmark for testing or developing investigation methodologies



suitable to study fine details of these nanosystems, and the resulting information
was borrowed to obtain insights into the properties and behavior of other
molecular clusters. The success of the studies focusing on Au2s(SR)1s has been
facilitated by a series of experimental factors, particularly that this cluster is quite
easy to make in a very pure form and its charge state can be controlled precisely.
Auss(SR)24 is another of those clusters of known structure,”#2 exhibiting well-
defined molecular properties,*262-64 and whose study extended our under-
standing of molecular ligand-protected clusters, such as regarding the intrinsic
chirality of some of them.6:42.64.65

Auss(SR)24 is usually synthesized by the etching of a mixture of poly-disperse
larger nanoparticles, capped by glutathione, with an excess of an exogenous
thiol.#2 Only very recently, it has been shown that Au2s(SR)1s™ can be trans-
formed into Auss(SR)24 or Auss(SR)26°" by seed-mediated reactions involving
Au(l)-SR complexes and the mild reductant CO® or Auss(SR)2s by acetic-acid
etching at 80 °C.%” So far, however, the general understanding is that in the
absence of co-reactants or promoters, both Au2s(SR)1s and Auss(SR)24 are very
stable clusters.

Here we demonstrate that it is possible to transform Au2s(SR)1s directly into
Auss(SR)24 by just dissolving the former in an inert solvent. This unexpected
molecular transformation of the most-studied gold nanocluster does not require
any co-reagent. This process not only provides a much simpler way of making
Auss(SRy24 but is also conceptually different from any other known conversion of
a gold nanocluster from a definite structure into another. This fusion thus
provides the demonstration of the long-sought solution-phase nanocluster

assembly starting from the fundamental building block Au1s.

4.2 Results and Discussion
4.2.1 Fusion Reaction

Au2s(SC3H7)18% and Au2s(SCaHo)18°, here after indicated as Au2s(SC3)18° and
Au2s(SC4)18°, were prepared as already described.*> 0 The clusters were

dissolved in 0.1-0.4 mL toluene to form 30 mM solutions, and the reaction vessel



was taken at the given temperature. In the following, we will focus on reactions
carried out at 65 °C, although the same results were obtained at lower
temperatures. At given reaction times, small aliquots (2 uL) were withdrawn from
the reaction vessel, diluted to obtain a 0.6 mL toluene solution at room
temperature, and their UV-vis spectra taken. Figure 4.1 shows (top graph) a
collection of such spectra for Auz2s(SC4)1s°, as a function of time. The spectra
were normalized at 400 nm. The graph at the bottom shows the corresponding
derivative spectra, which help highlight the observed changes. The original
spectrum of Au25(SC4)18° (black curve) undergoes progressive changes that are
particularly evident in the range from 500 to 800 nm. After 10-14 days, the
reaction solution was cooled to room temperature and Auss(SR)24 was isolated
by silica gel (Macherey-Nagel MN-Kieselgel 60 M, 230-400 mesh) column
chromatography, under a nitrogen flux, and using hexane-toluene 5:1 as the
eluent. UV-vis absorption spectra of the clusters or cluster trans-formations were
obtained in toluene with 2 mm cuvettes. The spectra were recorded with a CARY
5000 spectrophotometer. The spectra resolution was 0.5 nm. The purified
product has the spectrum shown in blue in Figure 4.1 The latter is virtually
identical to the originally published Auss(SC2HsPh)24 spectrum.*> The same
behavior is observed for Au2s(SC3)18° (Figure 4.2).
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Figure 4.1. UV-vis absorption spectra of samples taken (see text) at different
times (see legends) during the reaction of 30 mM Au2s5(SC4)18° at 65 °C in
toluene (top graph). The lower graph shows the corresponding absorption-
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Figure 4.2. UV-vis absorption spectra of samples taken at different times (see
legends) during the reaction of 30 mM Au2s5(SC3)18° at 65 °C in toluene. The
lower graph shows the corresponding derivative plots. The black and the top blue

curves show the spectra of Au2s5(SC3)18° and the purified product, respectively.

4.2.2 ESI Mass Spectrometry

The two purified clusters were analyzed by electrospray ionization (ESI) high-
resolution mass spectrometry. The analyses were carried out by using a 0.01
mg/mL solution in dichloromethane. Figure 4.3 shows the mass spectrum of
Au3s(SC4)24. Although the molecular ions [M]* of Auss(SC3)24 (base peak
9287.37 m/z) and Auss(SC4)2s (base peak 9623.75 m/z) exceeded the
instrumental mass range, for both clusters, the spectra show an intense base
peak (4643.78 and 4811.94 m/z, respectively) that corresponds very nicely to the

expected double-charged molecular ion [M]?*. Both accuracies and isotopic



patterns (e.g., inset in Figure 4.2) satisfactory matched the theoretical values.
The data thus confirm that both clusters have the formula Auss(SR)24, in full

agreement with the UV-vis absorption spectroscopy results.
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Figure 4.3. ES| mass spectrum of Auss(SC4)24. The inset shows the theoretical

(blue) and experimental (red) isotopic pattern of [M]?*.

4.2.3 NMR Spectroscopy

After carrying out a preliminary survey of the temperature effect on the '"H NMR
spectroscopy pattern in CsDe (Figures 4.4 and 4.5), the spectra of both
Auss(SR)24 samples were consistently studied at 45 °C, which provides a good
compromise between signal resolution (which increases upon raising the
temperature), peak separation, and the time required to carry out some of the
measurements (1 and 4 days for total correlation spectroscopy, TOCSY, and

heteronuclear multiple quantum coherence, HMQC, respectively).
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Figure 4.5. Temperature effect on the "H NMR spectrum of 3 mM Ausg(SC4)24 in
CsDs. Temperatures (°C) are indicated. The asterisks mark residual signals from

solvents (right to left: acetone, toluene, methanol, and DCM).

We start by analyzing the spectral features of Auss(SC3)24. The observed
resonances can be subdivided into three regions. The region at 0.89-1.24 ppm
(Figure 4.6a), which is the region typical of the methyl groups (y-position with
respect to the sulfur atom), shows one triplet and a group of overlapping signals.

Then, a series of sextets, most of which largely overlapped, at 1.72-2.28 ppm



(Figure 4.6b) are assigned to the methylene protons at the B-position (B-CH2).
The third region is seen at 3.05-4.45 ppm (Figure 4.6c) and consists of one
triplet and a series of multiplets, assigned to the a-CH2 resonances. Assignments
were made by correlation analysis in TOCSY (Figure 4.9) and HMQC
experiments (Figure 4.10). Furthermore, these spectra show that the cluster has
four different types of S-CH2-CH2-CHs ligands, whose 'H and 3C chemical shift

values (O) are gathered in Table 4.1.
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Figure 4.6. '"H NMR spectrum of 3 mM Auss(SC3)24 in CeDe at 45°C. For

convenience, the spectrum has been divided into three parts (see text). The



colors refer to correlated resonances (cf. Table 4.1 and Figure 4.7). The inset to

the lower spectrum (c) shows a detail of the signal at 3.715 ppm.

Table 4.1. NMR Chemical Shifts (6) of Auss(SR)242

ligand
Auss a-CH pB-CH y-CH 6-CH
type
'H 3.143 1.773 0.937 -
Out
BC 3594 28.27 13.29 -
'H 3.878 2.183 1.187 -
_ 'H 3.922 2.201
in-1

AS 0.044 0.016
BC  49.74 30.32 13.77 -
'H 3574 2.087 1.172 -
in2 'H 3.813 2.103
orS Ad 0.239 0.016
3C  40.05 29.66 13.77 -
'H 3.715 2.017 1.175 -
S or '"H 4.384 2.040
in-2 A& 0.668 0.023
BC 4020 31.32 13.77 -
'H 3222 1.791 1.421 0.829

C3

Out
8C 33.63 27.28 22.22 13.93
H 3.967 2,248 1.700 1.070
o H 4028 2.304 1.729
in-
Ad 0.061 0.056 0.029
3C  38.42 39.96 22.75 14.43
H 3.657 2.138 1.713 1.055
in-2

C4 s 'H 3932 2223 1.726
or
A6 0.275 0.085 0.013




3C 38.95 38.67 22.67 14.37
'H 3.842 2.054 1.756 1.020
S or '"H 4527 2.098 1.766
in-2 A& 0.685 0.044 0.010
BC 38.77 39.05 22.47 14.43

aCeDs, T = 45 °C. BC-NMR values are in italics, whereas the chemical-shift

differences between coupled proton signals (Ad) are in bold type.

The integral count shows that these four types of ligands are present in exactly
the same amount. Because of the stoichiometry (24 ligands), this means that
each group refers to six NMR-equivalent thiolates. This result is thus in line with
the structure solved for Auss(SC2H4Ph)24.5% This cluster can be seen as the result
of a fusion of two Au1s icosahedra sharing a common Aus face. Figure 4.7, which
is based on the structure of Auzs(SC2H4Ph)24, illustrates the fusion plane and the
four groups of ligands here denoted as Out for the outer position in the double
staples -SR-Au-SR-Au-SR-; In-1 and In-2 for the two nonequivalent inner
positions in the same double staples, to stress the bond with the core (In-1 and
In-2 are bonded to positions farther and closer to the fusion plane, respectively);
and S for the ligands in the single staples -SR-Au-SR- surrounding the fusion

plane of the Auss(SR)24 structure.

Figure 4.7. In the structure of Auss(SR)24,%° where only gold (yellow) and sulfur
(red) atoms are shown, four ligand types can be identified (evidenced as van der
Waals rendering): outer (sulfur in green), inner (sulfur in magenta or blue,

depending on whether the Au-S bond is near, In-2, or distant from the fusion



plane, In-1), and single-staple ligands (sulfur in red). The fusion plane is marked
as a dashed line. On the right-hand side, the structure shows the clockwise
orientation (as one of the two possible orientations) of the three double staples

capping one end of the elongated Auzs core.

Figure 4.8 focuses on the bottom-left part of the TOCSY spectrum (cf. Figure
9), which corresponds to the a-CHz protons. The spectrum shows that in three of
the four groups of resonances (cf. Table 4.1), the protons of the same a-CH2 are
nonequivalent, with chemical-shift differences (Ad) ranging from 0.044 to 0.668
ppm. It is worth noticing that the proton signal at 3.715 ppm (inset in Figure 4.6¢)
features the case of a perfectly resolved doublet of triplets due to a 3J = 7.5 Hz
with the two vicinal B-protons and a 2J = 12.5 Hz of the geminal protons, which
demonstrates further the nonequivalence of the protons of this methylene group.
The same general splitting behavior is observed for the 3-CHz protons, although
the Ad values are now significantly smaller (0.016-0.023 ppm). For each couple,
the correlation of both protons with the same '3C nucleus, as observed in the
heterocorrelated "H-"3C HMQC spectrum (Figure 4.10), confirms these findings.
Finally, for both the a-CH2 and 3-CH2 proton resonances, the sum of the integrals
of each couple is 2/3 the value of the integral of the isolated methyl group at
0.937 ppm. These observations are attributed to diastereotopicity, as noted for
phenylethanethiolate ligands by Qian et al.’®® The chirality observed in
Auss(SC2H4Ph)24 is the consequence of the two possible orientations of the
dimeric staples, as illustrated in Figure 4.7 for the clockwise rotation.®® The fact
that the same effect is observed for linear ligands clearly points to the staple

arrangement of these new clusters as having the same structural features.
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Figure 4.8. TOCSY spectrum of 3 mM Auszs(SC3)24 in CeDes at 45°C. The
spectrum shows the a-CH2 proton region. The squares highlight the three
correlations, whereas the circle highlights the only a-CH2 group of equivalent

protons.
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Figure 4.9 TOCSY spectrum of 3 mM Auss(SC3)24 in CsDs at 45 °C.
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Figure 4.10. HMQC spectrum of 3 mM Auss(SC3)24 in CsDe at 45 °C.

In Table 4.1, we assigned some of the observed resonances to specific ligand
types. One group of proton resonances is nondiastereotopic, and both the 'H and
13C signals are upfield with respect to those of the corresponding diastereotopic
nuclei. These resonances can be safely assigned to the outer ligands because
these CH2 groups are the farthest from where chirality originates. This
assignment is also in line with the fact that in clusters showing the same double-
staple motif, as in Au2s(SR)1s,535%% the resonances of the outer ligands are
those less affected by the cluster core. We looked for a possible interligand
nuclear Overhauser effect (NOE) between the a-CH2 protons. The NOESY map
(Figure 4.11) was analyzed by eliminating the cross peaks due to scalar
correlations (from TOCSY). As to the Out ligands, the NOESY spectrum shows
only a weak interaction of the a-CHz at 3.143 ppm with those at 3.878 and 3.922
ppm, which pertain to the In-1 ligands. Inspection of the Auss(SC2H4Ph)24
structure shows that indeed these protons can be as close as 2.5 A, whereas the
other two a-CH2 types appear to be more distant. The so-identified In-1 ligands
show very small diastereotopic effects, which is in keeping with their distance
from the main body of the cluster. The only other detectable NOE correlations

are between the proton at 4.384 ppm and those at 3.813 and 3.574 ppm, which



correspond to the a-CH2 protons of the S and In-2 ligands. In this case too, the
available structural data show distances as close as 2.5 A. On the basis of the
data, it is unclear which of the two groups of resonance the In-2 and S ligands
correspond to. We stress, however, that this analysis is based on a comparison
between solid-state structural data and NMR results in solution. In the latter, the
dynamics of the monolayer is much more pronounced, and therefore, our

conclusions should only be considered as plausible.
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Figure 4.11. NOESY spectrum of 3 mM Auzs(SC3)24 (in red) in CsDs at 45 °C.
The cross peaks due to scalar correlations, from TOCSY, are in blue. The green

arrows mark the weak interactions discussed in the text.

The NMR results obtained for Auss(SC3)24 are in line with those of Auss(SC3)24
(Table 4.1). Its '"H NMR spectrum (Figure 4.6) shows a smaller chemical-shift
range for the methyl resonances (6-CHs, from 0.8 to 1.1 ppm), a complicated
signal shape at 1.4-1.85 ppm caused by the signals of the 8-CH2 and y-CH:2
protons, and a series of multiplets at 3.15-4.55 ppm. The TOCSY (Figure 4.12)
and HMQC (Figure 4.13) analyses demonstrate the presence of four
nonequivalent types of butanethiolate ligands. This information, together with the

integrals, shows that each type represents 6 equiv thiolates, in equal amount.



The first ligand type shows a perfectly resolved CH2-CH2-CH2-CHs spin system in
which the protons in each CH2 are magnetically equivalent. As for Auss(SC3)24,
we assign these resonances to the outer ligands. In the other ligand types, the
CH2 methylene protons display a well-defined diastereotopicity with Ad values of
0.061-0.685 ppm (a-CH2), 0.044-0.085 ppm (B-CH2), and 0.010-0.029 ppm (y-
CH2). As to the other resonance types, the NOESY (Figure 4.14) shows the
same correlations discussed for Auss(SC4)2s. The case of Auss(SC4)2s thus
shows very similar features to Auzs(SC3)24, but also provides the further piece of
information that the diastereotopicity effect propagates as far as at least 3 carbon
atoms from the cluster surface, though the Ad now is very small. For both
clusters, the NMR pattern is thus extremely detailed and informative. This is in
net contrast to a recent report of a very similar cluster, Auss(SC3)24 (where C6
stands for hexanethiolate), whose NMR spectrum is shown as displaying only the
peaks of the free ligand.®®
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Figure 4.12 TOCSY spectrum of 3 mM Auss(SC4)24 in CsDe at 45 °C.
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Figure 4.13 HMQC spectrum of 3 mM Auss(SC4)24 in CsDs at 45 °C.
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Figure 4.14 NOESY spectrum of 3 mM Auss(SC4)24 (in res) in CeDs at 45 °C.

The cross peaks due to scalar correlations, from TOCSY, are in blue. The green

arrows mark the weak interactions discussed in the text.

4.2.4 Electrochemistry and Kinetics
Table 4.2 summarizes the main redox potentials for both clusters and thiolate
ligands.



Table 4.2 Electrochemical Formal Potential and Diffusion Coefficient Data?

Redox couple

or D Au2sC3 AussC3 Au2sC4 AussC4
+4/+3 1.177° 1.220°
+3/+2 1.119 1.030° 1.169 1.058
+2/+1 0.924 0.510 0.932 0.520
+1/0 0.145 0.231 0.139 0.203
0/-1 -0.171 -0.966 -0.188 -0.992
-1/-2 -1.795 -1.197 -1.814 -1.247
-2/-3 -1.561° -1.614P
D 6.2 x 1076 4.8 x 1076 5.6 x 107 4.1 %107

a8Formal potentials (E° vs SCE, V) in DCM/0/1 M TBAH at 25°C. Diffusion
coefficients (cm?s™), obtained by cyclic voltammetry measurements at low scan
rates. PRedox potentials: The formation of these charge states is affected by

subsequent chemical reactions.

Whereas we already described the DPV pattern of the two Au2s5(SR)is
clusters,8%70 a comparison between the two Auss(SC4)24 clusters shows that the
only difference is a larger potential separation between the peaks of Auss(SC4 )24
with respect to Auszs(SC3)24.

The electrochemical gap can be calculated as the formal potential (E°)
difference between the +1/0 and 0/-1 redox couples, whereas the HOMO-LUMO
gap can be estimated by subtracting from such a potential difference the
charging energy.®® The latter can be obtained either by the E° difference between
the +2/+1 and +1/0 states or the 0/-1 and —-1/-2 states. For Auss(SC3)224 and
Auszs(SC4)24, we can thus calculate an average HOMO-LUMO gap of 0.88 and
0.85 eV, respectively, and for Au2s5(SC3)1s and Auz2s(SC4)1s, the corresponding
gaps are 1.31 and 1.30 eV, respectively.5



The progressive transformation of Au2s(SR)1s into Auss(SR)24 can be studied
very effectively by electrochemistry. In a typical experiment, a 0.4 mL solution of
30 mM Au2s(SR)18° was taken to 65 °C, and then small aliquots (20 uL) were
collected at various reaction times. These samples were quenched by dilution
(100%) and storage in the fridge. For the electrochemical measurements, each
sample was dried and added to a cell containing 1 mL of DCM/0.1 M
tetrabutylammonium hexafluorophosphate (TBAH). After deoxygenation with
argon, the sample was studied by differential pulse voltammetry (DPV) at 25 °C.
Figure 4.15 shows the DPV behaviors of Au2s(SC4)1s, purified Auss(SC4 )24, and a
series of DPVs recorded at different reaction times. The DPV sequence
evidences the progressive decrease of the current of the peaks of Au2s(SC4)1s
and the corresponding birth and growth of those of Auss(SC4)24. Traces of the
Auss(SC4)24 peaks are already observable after 4 h. A very similar trend was

observed for the transformation of Au2s(SC3)1s°.

10 05 00 05 -10 -15 -20
E vs SCE (V)

Figure 4.15 (a) DPV curves of samples taken (see text) at different times (see
legends) during the fusion of 30 mM Au2s5(SC4)1g° at 65°C in toluene. The black

and red arrows mark the decrease of the peaks of Au25(SC4)1g° and the increase



of those of Auss(SC4 )24, respectively. (b) DPV of purified Auss(SC4)24. The DPV
experiments were carried out in DCM/0.1 M TBAH, at 25 °C, and using a glassy

carbon electrode.

The kinetic analysis for the disappearance of Au25(SC4)1s® was studied by
monitoring the time evolution of the 0/-1 redox couple. Figure 4.7 shows the
concentration vs time profile, the second-order fit to the data, and the
corresponding second-order plot for the irreversible disappearance of Auzs. The
latter is linear (> = 0.996) and allows calculating a rate constant k of 1.28 x 1074
M-1s™1, and thus an initial half-life time of 72.3 h. A similar analysis was carried
out for the increase of the DPV peak current of the +2/+1 redox couple of
Auss(SC4)24, normalized for the square root of D. The increase in Auss is quite
complementary, in a 1:2 ratio, to the decrease of Auzs. For times longer than ca.
10 h, however, the increase in concentration of Auss is less than the quantitative
increase (eventually, by ca. 30%) expected on the basis of the disappearance
rate of Auzs. We checked whether this was due to a similar self-fusion reaction
affecting the concentration of Auss(SC4)24, but found that a 30 mM toluene
solution of pure Auss(SC4)24 does not change even after 1 week at 65 °C (Figure
16). This indicates that a small fraction of Auss(SC4)24 reacts with the fragments
released during the fusion reaction (eq 1):

2 Au2s5(SC4)18° — Auss(SC4)24 + 12 Au(SC4) (1)
For the disappearance of Au25(SC3)1s°, we obtained similar plots and could

determine a fusion rate constant of 3.7 x 10™* M~'s™1,
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Figure 4.16 Concentration vs time profile (red symbols, scale on left) for the
fusion of 30 mM Au2s5(SC4)18° at 65 °C in toluene, as measured by monitoring the
decrease of the DPV peak pertaining to the 0/-1 redox couple. The red curve is
the second-order best fit to the data, which are also shown in blue (with the
corresponding linear fit) as the variation of the reciprocal of the Au2s5(SC4)1g°

concentration (scale on right).
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Figure 4.17 UV-vis absorption spectra of samples (t = 0 and t = 168 h) withdrawn
from 30 mM Auss(SC4 )24 in toluene at 65 °C.

UV-vis spectroscopy is also suitable to provide the fusion rate constants,
although here the analysis is less straightforward than in the electrochemical
approach due to the overlap between the spectra of the two clusters. The rate
constant was obtained by second-order kinetic analysis of the variation in
absorbance observed at 588 nm, taking into account the molar extinction
coefficients of the two clusters (for Au2s(SC4)1s® and Auss(SC4)24 the values at
588 nm are 6.28 x 103 and 2.97 x 10* M~'em™", respectively) and limiting the
analysis to the initial hours of the transformation. For Au25(SC3)1s° and
Au2s(SC4)18%, we estimated 6 x 10™ and 1.7 x 107 M~'s™", respectively, in fair

agreement with the more accurate electrochemical results.

4.2.5 Mechanistic Insights



This fusion reaction is indeed very unexpected because of the well-known
stability of Au2s(SR)1s. To gain some insights into its mechanism and the reasons
why such a transformation was never observed before, we carried out a series of
specific experiments. Each one was carried out by keeping the concentration and
temperature constant at 30 mM and 65 °C, respectively. It is worth noting that, so
far, most research groups have focused on studying the as-prepared anionic
form of Au2s(SR)1s, whereas in our experiments we consistently used its one-
electron oxidation product, namely the neutral, paramagnetic species. We thus
run an experiment using [OctsN*] [Au25(SC3)1s7], in which OctsN* is the
tetraoctylammonium countercation, and found that no reaction occurs even after
1 week (Figure 4.18). This is in keeping with the reaction being hampered by
repulsion between the negative charges carried by the clusters. It is worth
mentioning that a somehow similar attempt was carried out using [OctsN"]
[Au25(SC2H4Ph)1s7] in the presence of PhC2H4SH (toluene, 80 °C), although this

resulted in decomposition of the cluster.”’

—— [n-O6tN"] [Au(SC3),, ]

168 h

05

Absorbance

_’/H\\
0.0 L L

300 400 500 600 700 800 900
Wavelength (nm)

Figure 4.18 UV-vis absorption spectra of samples (t = 0 and t = 168 h) withdrawn
from 30 mM [OctsN*] [Au25(SC3)1s7] in toluene at 65 °C.

We then prepared Au2sHg(SC3)18°. This cluster was synthesized according to
a published method’? and was characterized by UV-vis absorption spectroscopy
and ESI mass spectrometry (Figures 4.19 and 4.20). The DPV or the cyclic
voltammetry (Figure 4.21) of Au24Hg(SC3)18° shows that exchange of Au with Hg



shifts the peaks very significantly toward more positive potential values; in
particular, the E° of the 0/-1 redox couple shifts by 0.55 V, which is consistent
with a previous findings for Au24Hg(SC2H4Ph):g%.”2 This minor structural
modification (1 out of 6 staples) should not affect the fusion rate significantly. The
rationale of comparing the behaviors of Au24Hg(SC3)1s° and Au2s(SC3)1g° is that
the former is both neutral and diamagnetic.”? In our test experiment, we observed
that no reaction occurs after 60 h. In particular, Figure 22 shows that the
spectrum of Au24Hg(SC3)18° only undergoes a small decrease in absorbance but
no variation in its pattern and features (when normalized for the absorbance, the
two spectra are overlapping very well). Conversely, the time evolution (48 h) of
the spectrum of Au2s(SC3)18° exhibits the already discussed changes caused by
the progressive Auzs to Auss fusion. This result suggests that besides charge, the
unpaired electron of Au2s5(SR)1g® should also play a role in making the fusion
reaction possible.
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Figure 4.19 UV-vis absorption spectrum of Au2sHg(SC3)1s® (red curve) in
comparison with Au2s5(SC3)18° (black curve). The lower graph shows the

corresponding derivative plots.
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Figure 4.20 ESI mass spectrum of Au24Hg(SC3)1s. The molecular weight of this
cluster is 6280.47. The ESI mass spectrum of Au24Hg(SC3)1s shows two main
signals. The signal at m/z 3139.89 corresponds to the base peak of [M]?* for
Au24Hg(SC3)1s, whereas the signal at 3039.90 m/z is assigned to loss of Hg from
the previous cluster, to yield Au24 (SC3)1s. The spectrum was acquired at quite

low voltage (3 kV) to inhibit in-source fragmentation.
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Figure 4.21 Cyclic-voltammetry curves for the two-step two-electron oxidation
and the single-step multielectron reduction of 0.60 mM Au24Hg(SC3)1s° (red
traces) and 0.60 mM Au2s5(SC3)1s™ (blue traces). Glassy-carbon electrode, 0.2 V
s', DCM/0.1 M TBAH, 25 °C.
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Figure 4.22 Comparison between the UV-vis absorption spectra of samples
taken at different times (see legends) during the reaction of 30 mM
Au24Hg(SC3)1s and 30 mM Au2s(SC3)1s°. Toluene, 65 °C.

We tested a cluster protected by a longer alkanethiolate, that is, octanethiolate.
The reaction still occurs (Figure 4.23), although with a smaller rate constant, k =
6.6 x 107 M~'s™" (from analysis of the optical data). This shows that the length of
the ligand does not hamper the fusion reaction and further points to the presence
of a very fluid monolayer.5® The very high quality of the optical spectrum of
purified Auss(SC8)24, as well as those of the other two Auss clusters, is worth
noticing. The fusion reaction does not occur only with linear-chain alkanethiolate
protected clusters. Figure 4.24 shows that this reaction also works with
Au2s(SC2H4Ph)18°, which is an especially popular cluster. The estimated rate
constant is 8.4 x 107° M~'s™'. By using Au25(SC3)18° we could check that the
fusion occurs successfully also at room temperature, though on a much longer
time scale (for this cluster, a few months). It is finally worth mentioning that in our
preliminary experiments, we tested other low-polarity solvents, such as heptane,
and found that the reaction proceeds equally well and is slightly faster. We
selected toluene as the solvent of choice because Au25(SC3)1%, which was
expected to provide especially clear-cut NMR results, is not sufficiently soluble in

alkanes. The same solubility issue also holds true for Au2s(SC2H4Ph)1s°.
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Figure 4.23 UV-vis absorption spectra of samples taken at different times (see
legends) during the reaction of 30 mM Au25(SC8)1s° at 65 °C in toluene. The
lower graph shows the corresponding derivative plots. The black and the top blue

curves show the spectra of Auzs(SC8)1s° and the purified product, respectively.
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Figure 4.24 UV-vis absorption spectra of samples taken at different times (see
legends) during the reaction of 30 mM Auzs(SC2H4Ph)1s® at 65 °C in toluene. The
lower graph shows the corresponding derivative plots. The black and the top blue
curves show the spectra of Au2s(SC2H4Ph)1s® and the purified product,

respectively.

On the basis of the data, we propose that the reaction involves formation of a
precursor complex in which significant van der Waals interactions between the
ligands of the two interacting clusters act as the initial driving force. Previously,
we found that this kind of interaction plays a key factor, together with intercluster
Au-Au bonds, in the formation and stabilization of Auzs polymers in the solid
state.*>4% For this system, dispersion-corrected density functional theory
indicated that the binding energy between two Au2s(SC4)18° clusters in a dimeric

state is indeed significantly large.*®> Au—Au bond formation between the two



radicals Au2s(SR)18% entails overlap between the two singly occupied molecular
orbitals (SOMOs). It is thus conceivable that “sticky” van der Waals interactions
may stabilize a dimeric precursor complex for a sufficiently long time to make the
reaction between the two radicals possible also inside the solvent cage. As in the
solid state, staple distortion and formation of an (initial) intercluster Au—Au bond
would ensue. By studying electrochemically the distance effect on the electron-
transfer rate across the monolayer of many Auz2s(SR)1s clusters, we showed that
interactions between ligands are indeed very valuable to understand the dynamic
structure of the monolayer.5® van der Waals interactions are now being
recognized as an important bonding factor in large Au nanoparticles and self-
assembled monolayers.”® As we pointed out earlier,*>5374 this is an even more
important factor affecting the dynamics and properties of the monolayer capping
small clusters. We thus speculate that the reaction kinetics is the result of a
preequilibrium reaction in which a Auzs dimer is stabilized by the same
mechanism (dispersion forces between ligands and intercluster Au—Au bond
formation) described for this type of clusters in the solid state,*> followed by a
slow step entailing an irreversible bond reorganization. Interestingly, this reaction
could also be seen as involving the formation of a superatomic molecule’® from

two open-shell superatoms.’®

4.3 Conclusion

We have described a reaction in which the most stable and studied molecular
cluster, Auzs(SR)1s, can be smoothly transformed into Auss(SR)24, another of the
stable atomically precise clusters. Although transformations of clusters have
been reported, that of Au2s(SR)1s into Auss(SR)24 is peculiar in many senses: (i) it
involves the two most studied molecular nanoclusters and truly features a
benchmark case of fusion; (ii) it is the only case in which a solution-soluble,
stable cluster is assembled directly by starting from the fundamental building
block Au1s, a molecularly guided process that has been sought for many
years;>2%731 (jii) as opposed to other transformations, this reaction does not

require any co-reagent, whether the same or an exogenous thiol, or very high



temperatures, or a different cluster;'"'2 (iv) this reaction is also very different
from previously reported cases of transformations involving collision of different
clusters in which, however, the number of metal atoms and ligands does not
change; 12 (v) because Au2s(SR)1s can be prepared in quite high yields, whereas
the preparation of Auss(SR)24 is generally tedious and not as successful, this
fusion reaction could be particularly useful to synthesize Auss(SR)24 capped by
difficult to make or expensive thiols; and (vi) the very fact that this reaction of
Auzs is so unexpected, whereas under identical conditions Auss(SR)24 is fully
stable, may lead to revise some concepts of the relative stability of these clusters

as well as trigger further work in this ever-expanding field of study.

4.4 Experimental Section

The clusters were prepared in the form of Au2s5(SR)1s™ anions and oxidized to
Au2s(SR)18° by column chromatography under aerobic conditions, as we already
described.#54950 The synthesis of Au24Hg(SC3)1s was carried out as described.’?
As to the fusion reactions, after a given amount of time, which depended on the
ligand length, the reaction solution was cooled to room temperature and
Auss(SR)24 was isolated by silica gel (Macherey-Nagel MN-Kieselgel 60 M,
230-400 mesh) column chromatography, under a nitrogen flux, and using
hexane-toluene 5:1 as the eluent.

UV-vis absorption spectra of the clusters or cluster transformations were
obtained in toluene with 2 mm cuvettes. The spectra were recorded with a CARY
5000 spectrophotometer. The spectra resolution was 0.5 nm.

The ESI mass-spectrometry (MS) measurements were carried out with a Q-
Exactive hybrid quadrupole-Orbitrap high-resolution mass spectrometer (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). MS conditions were:
electrospray ionization in positive mode, resolution of 70,000 (at m/z 200), target
automatic gain control of 1 x 108, maximum injection time of 30 ms, scan range
2000-6000 a.m.u, capillary voltage of 4.5 kV, RF voltage of 100 V, capillary
temperature of 100 °C, and auxiliary gas heater temperature of 350°C; nitrogen

was used as sheath, auxiliary, and sweep gas at 20, 10, and 5 au, respectively.



The nanocluster samples (0.01 mg mL™" in DCM) were infused by using a
syringe pump at 10 yL min~'. No cesium acetate, usually added to enhance
ionization, was used. Calibration was performed with a standard solution
purchased by Thermo Fisher Scientific (Pierce ESI positive lon Calibration
Solution). The software for analysis of MS data was Xcalibur 4.0 (Thermo Fisher
Scientific).

'"H and 3C NMR spectra were obtained on a Bruker Avance DMX-600 MHz
spectrometer equipped with a 5 mm TX-1 inverse probe powered by field
gradients along the x,y,z-axes and operating at 599.90 and 150.61 MHz,
respectively. The probe temperature was controlled within £0.1 °C through a
Bruker BVT3000 temperature controller. Benzene-ds (100%, ds) was purchased
from Aldrich. The chemical shift values (8) are given as ppm downfield from
internal tetramethylsilane for both 'H and '3C nuclei. Integral values for the
proton spectra were obtained by a prescan delay of 10 s to ensure a complete
relaxation for all the resonances. The proton assignments were performed by
TOCSY and NOESY. The '3C chemical shift values were obtained from HMQC
experiments.

The electrochemical experiments were carried out in DCM/0/1 M TBAH, under
an Ar atmosphere in a glass cell thermostated at 25 °C. The working electrode
was a 0.17 mm radius glassy carbon (GC) disk prepared and activated as
already described.””’® The electrochemical area, 9.05 x 10 cm?, was
determined through measurements of the peak current for the oxidation of
ferrocene (at low scan rates) in N,N-dimethylformamide/0.1 M n-BusNCIO4, which
is a medium where ferrocene has a diffusion coefficient of 1.13 x 107 cm? s™".
The counter electrode was a Pt wire. An Ag wire, which was kept in a tube filled
with the same electrolyte solution and separated from the main compartment by
a Vycor frit, served as a quasi-reference electrode. Calibration of the latter was
performed by addition of ferrocene at the end of the experiments; in the above
solvent/electrolyte system, the ferricenium/ferrocene redox couple has E° =
0.460 V against the KCI saturated calomel electrode (SCE). All potential values
are reported against SCE. We used a CHI 660c or a CH760d electrochemical



workstation. To minimize the ohmic drop between the working and the reference

electrodes, we used the positive feedback correction. For the DPV experiments,

we used peak amplitude of 50 mV, pulse width of 0.05 s, 2 mV increments per

cycle, and pulse period of 0.1 s. Cyclic voltammetry of 0.5 mM solutions of the

clusters was used to determine their D values. The peak current (i p) measured

at low scan rates (v) allowed determining the diffusion coefficient D by using the

equation that relates ip /v!2 to D"2.79
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Chapter 5. Ligand Exchange-Place Reaction on
AU25(SR)13

5.1 Introduction

One of the most promising field of application of metal NPs is represented by
biomedicine. In general, nanosystems provides to researchers new tools to build
up complex systems able to carry out fundamental functions at the interface with
biosystems such as controlled, both in time and space, delivery of drugs,
diagnosis, biomaterial engineering, stimuli-responsive systems.’ In the last
years, research in the field worked to overcome troubleshooting connected with
the use of NPs in bio-environment as colloidal instability connected with
aggregation and precipitation phenomena, short half-life in the bloodstream due
to plasma proteins opsonization, non-specific targeting, and the toxicity issues.*
One solution for, at least, part of these adverse issues come from a proper
surface modification that could impart stealth behavior to the nanoparticles,
proper solubility and stability, and, in general, biocompatibility. Smaller NPs that
are able to pass through biological barriers resulted to be the more promising
materials for biomedical applications. In particular, NPs made of gold
represented one of the most useful nanostructured platforms in nanomedicine.58
According to their dimension they can display both plasmonic or fluorescent
behavior and according to their shape their absorption can be easily tuned along
the visible and Near-IR electromagnetic spectrum. Moreover, the size, shape,
charge and degree of hydrophobicity of NPs influence their ability to cross
different biological barriers. Other than the shape and dimension of metal core,
the functionalization of the NPs is also of great importance as well for imparting
the desired biological response. Strategies for the modification of the organic
layer usually employed for protecting the NP surface, have been developed to
prepare Au NPs displaying a required set of such characteristics.

The use of a polymeric coating was often the preferred road followed for

improve the stability of NPs in biological conditions. Polymers can be both



adsorbed on or covalently bound to the surface of preformed NPs via grafting
strategies.®'? In this context, poly(amino acids) are of particular interest because
of their biocompatibility, easy functionalization, and intrinsic biological activity that
could allow application in drug delivery, therapy, and diagnosis.'®'® Covalent
fixation leads to a higher stability of the nanosystem compared to methods based
on non-covalent attachment.’® They also allow for controlling the characteristics
of the forming polymer, as well as the density and length of the surface-tethered
polymer chains.?° Different approaches have been employed to prepare Au NPs
capped by water-soluble poly(amino acids). The direct formation of stable Au
NPs can be achieved by the reduction of tetrachloroauric ions using amino acid
homo- and heteropolymers?'-?* or taking advantage of the electrostatic
interaction of preformed Au NPs with poly(amino acids).?>?¢ Electrostatic or
hydrophobic interactions between Au NPs capped by poly(amino acids) can lead
to reversible assembly/disassembly and flocculation, as found for example for
polylysine coated Au NPs.?"-28

In a previous work carried out by Maran and co-workers®® a novel grafting
approach for the preparation of hybrid biocompatible star-like core—shell
nanosystems consisting of the Au144 cluster capped by polylysine was proposed.
This method works efficiently and could provide a versatile approach for grafting
other poly(amino acids) from Au MPCs. Besides that, the final product provided
unexpected optical features. In particular, the UV-vis absorption spectra revealed
the presence of Surface Plasmon Resonance (SPR)-like band despite the
ultrasmall size of the cluster core.?%3! It is indeed well known that Au
nanospheres with diameter larger than about 2 nm exhibit a SPR band at 520 nm
and, as the size of the particles shrinks the SPR peak becomes damped, and
eventually disappears.

At the light of the quite unexpected results obtained by the Maran group in the
characterization of polylysine-grafted Au144 nanocluster, we decided to apply the
same approach to synthesized analogous Auzs clusters. To pursue this aim, we
proceeded first by introducing, by exchange reaction on Au2s(C2Ph)1s, ligands

bearing amino groups and then carrying out a polymerization reaction with



formation of polypeptides on the cluster surface. Optical and electrochemical
characterization of the final product was finally performed with the purpose of
investigating the possible birth and growth of a SPR-like band also for the smaller
Au2s(SR)1s.

5.2 Results and Discussion

The first part of the work aimed at decorating the monolayer of Au2s(SR)1s with
polymerizable groups. To the purpose, ligands bearing an amino function should
be inserted into the cluster monolayer. The chosen thiols (1) in shown below
together with the corresponding ligands bearing a fluorenylmethyloxy-carbonyl
(Fmoc) protecting group (2). This incoming ligand was designed to be sufficiently

long to make the amino group protrude from the phenylethanethiol monolayer.
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After the synthesis of the proper ligand 2, described in the following, ligand
exchange reactions on Au2s(C2Ph)ts nanoclusters have been carried out. The
extent of exchange was controlled by adjusting the relative concentrations of the
cluster and exogenous ligand. The reaction was monitored by UV-vis absorption
spectroscopy and MALDI-TOF mass spectroscopy. The Fmoc group was the
removed and the resulting cluster allowed to react with a proper monomeric
amino acid to induce the formation of a polypeptidic shell covalently bound to the
cluster surface to give a product that was optically and electrochemically
characterized.

5.2.1 Ligand and Monomers Synthesis
Synthesis of Incoming Ligand 2: HS-CH2CH>-CO-NH-CH>CH2-NHFmoc
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Scheme 5.1. The synthetic route of ligand 2.

Synthesis of TrtS-CH>CH2CONHCH2CH2NH-.

TrtS-CH2CH2COOH (500 mg, 1.43 mmol) and HOAt (234 mg, 1.71 mmol) (Tr =
trytil) was dissolved in 10 ml of CH2Cl2 and EDC-HCI (330 mg, 1.71 mmol) was
added. The reaction mixture was stirred for 2h, and then a solution of H2N-
CH2CH2-NH2(0.96 ml, 14.3 mmol) in 25 ml of CH2Cl2 was added dropwise during
1h. After 2 days the solvent was evaporated and the crude product was purified
by silica gel chromatography column using CH2Cl2 and then the mixture
CH2Cl2/MeOH (v: v = 1:5) as eluents.

Synthesis of TrtS-CH.CH>CONHCH>CH>NHFmoc.
TrtS-CH2CH2CONHCH2CH2NH2 (1.3 g, 3.33 mmol) was dissolved in 20 ml of
MeCN, a solution of Fmoc-OSu (1.12 g, 3.33 mmol) in 20 ml of acetonitrile and
diisopropylethylamine (0.56 ml, 3.33 mmol) were added. The reaction mixture
was stirred for 24 h and concentrated to 20 ml. The white precipitate was filtered,

washed with 5 ml of acetonitrile cooled to 0 °C and dried. The organic solutions



were collected, the solvent was evaporated, and the product was recrystallized
from acetonitrile.

'H NMR (200 MHz, CDCls): 6 7.55 (d, 2H, CHFmoc, J = 8 Hz), 7.51 (d, 2H,
CHFmoc, J = 8 Hz), 7.20-7.50 (m, 19H; 15 H, Trt, 4H, Fmoc), 5.75 (s, 1H, NH),
5.20 (s, 1H, NH), 4.30 (d, 2H, CH2Fmoc, J = 6 Hz), 4.15 (t, 1H, CHFmoc, J = 6
Hz), 3.26 (s, 4H, 2CH2), 2.50 (t, 2H, CHz, J = 6 Hz), 2.10 (t, 2H, CHz, J = 6 Hz).

Synthesis of HS-CH>CH2CO-NHCH2-CH2NHFmoc.

TrtS-CH2CH2CO-NHCH2CH2NHFmoc (0.3 g, 0.49 mmol) and 0.5 ml of
triisopropylsilane (2.44 mmol) was dissolved in 8 ml of CH2Cl2. 1.5 ml of
trifluoroacetic acid were added dropwise and the reaction mixture was stirred for
1 h. The solvent was evaporated, and 20 ml of diethyl ether were added to the
white solid. The product was filtered, washed 6x20 ml of diethyl ether and dried.

'H NMR (200 MHz, CDCls): 6 7.77 (d, 2H, CHFmoc, J = 8 Hz), 7.58 (d, 2H,
CHFmoc, J = 8 Hz), 7.25-7.48 (m, 4H, Fmoc), 6.08 (s, 1H, NH), 5.19 (s, 1H, NH),
4,43 (d, 2H, CH2Fmoc, J = 6 Hz), 4.21 (t, 1H, CHFmoc, J = 6 Hz), 3.37 (s, 4H,
2CHy), 2.78 (q, 2H, CH2, J = 8 Hz), 2,46 (t, 2H, CH2, J = 6 Hz), 1.57 (i, 1H, SH, J
= 8 Hz).

Synthesis of Monomer: N-carboxyanhydride (NCA)

O o]
: OUQ Q‘ 4 ] YWYWU@

0
(o}
W 1. Alpha- Pinene
— Y
2. Triphosgene /—{

Scheme 5.2. The synthetic route of the monomer NCA.




Synthesis of Z-Lys(Fmoc)-OH.

Z-Lys-OH (5 g, 17.8 mmol) was suspended in 150 ml of water, and 7.75 ml
(44.5 mmol) of triethylamine were added to get a clear solution. A solution of 7.2
g (21.4 mmol) of Fmoc-OSu in 100ml of MeCN was added dropwise during 6h.
Then, the organic solvent was evaporated, the water solution was washed with
diethyl ether (3 x 100 ml), and the pH was adjusted to 2 with 1M H2SOa4. The
product was extracted with ethyl acetate (3 x 100 ml), the solvent was dried over

Na2S0s4, and evaporated. The product was obtained as slightly yellow oil.

Synthesis of H-Lys(Fmoc)-OH.

Z-Lys(Fmoc)-OH (2.8 g, 5.57 mmol) was dissolved in 150 ml of MeOH and 0.5
g of Pd/C was added. The hydrogenation was continued until complete
disappearance of starting material and formation of a white precipitate. The
reaction mixture was concentrated to 50 ml, and 50 ml of water was added to
dissolve the product. The catalyst was filtered off, the organic solvent was
evaporated, and finally, H-Lys(Fmoc)-OH was recrystallized from water. The
white crystals were filtered and dried in vacuo over P20s.

'H NMR (200 MHz, CDCls): & 7.75 (d, 2H, CHFmoc, J = 8 Hz), 7.56 (d, 2H,
CHFmoc, J = 8 Hz), 7.25-7.48 (m, 9H; 4H, Fmoc, 5H, Z), 5.64 (t, 1H, NH, J =8
Hz), 5.09 (s, 2H, CH2), 4.91 (d, 1H, NH), 4,43 (m, 3H; 2H, CH2Fmoc; 1H, CH),
4.21 (t, 1H, CHFmoc, J = 6 Hz), 3.01-3.26 (m, 2H, CHz), 1.65-1.85 (m, 2H, CH2),
1.15-1.60 (m, 4H, CH2).

Synthesis of N-carboxyanhydride (NCA).

H-Lys(Fmoc)-OH (5.00 g, 13.6 mmol), a-pinene (4.28 g, 31.4 mmol) and 60 ml
ethyl acetate were weighed in a three-neck round bottom flask and heated up
under reflux. Triphosgene (2.72 g, 9.17 mmol) was dissolved in 20 ml ethyl
acetate and added slowly once the reflux started. The solution became clear and
all solids disappeared after 3 h. 3/4 of the ethyl acetate was removed by

distillation. 40 ml n-heptane was added, and the solution was heated to



recrystallize. The NCA was recrystallized twice and subsequently washed with n-

heptane, dried under vacuum, and stored in a refrigerator under P20s.32

5.2.2 Cluster synthesis and Ligand Exchange Reaction
Synthesis of Auzs(SC2Ph)1s°

Au2s(SCH2CH2Ph)1s%, hereafter indicated as Au2s(SC2Ph)1s°, was prepared as
already described.3334

500 mg (1.27 mmol) of HAuCl4-3H20 was dissolved in 40 ml of THF and then
833 mg of tetra-n-octylammonium bromide (1.52 mmol, 1.2 eq.) were added. The
resulting red solution was stirred for 15 min at 20 °C. Stirring speed was set to
100 rpm and 1 ml (7.62 mmol, 6 eq.) of HSC2Ph, dissolved in 10 ml of THF, was
added dropwise over a period of ca. 3 min. The solution quickly became yellow
and then, after ca. 45 min colorless. The stirring speed was raised to 600 rpm
and a freshly prepared icy-cold aqueous solution (10 ml) of NaBH4 (0.48 g, 12.7
mmol, 10 eq.) was quickly added to the mixture, which was kept at 20°C. The
solution immediately became black, the typical color observed during the
formation of large monolayer-protected clusters, and plenty of gas evolved. The
reaction progress was monitored by UV-Vis absorption spectroscopy. After ca.
two days, the reaction mixture was filtered on paper to remove black/dark grey
residues insoluble in THF. The filtered solution had a dark-brown color with
orange hues. THF was removed with a rotary evaporator to leave a reddish-
brown oily solid covered by a colorless liquid. The solid was dissolved in toluene
and washed with water (4 x 40 ml). Toluene was evaporated and the product was
extracted with MeCN, leaving a black residue. MeCN was evaporated and the
resulting orange-reddish oily solid was dissolved in Et20 to yield a clear orange
solution. Oxidation of the as prepared [n-OctaN*] [Au2s5(SC2Ph)1s7] cluster to
obtain the corresponding neutral, paramagnetic species Au2s(SC2Ph)1s® was
performed by passage through a silica gel chromatography column, using DCM
as eluent and under aerobic conditions. The orange solution of the anionic
cluster in DCM was injected into the column and soon turned green while

passing through the column. After evaporation of the so-treated DCM solution,



the oxidized clusters appear as a black-brownish powder. The clusters were
further purified by washing them thrice with MeCN in which Au25(SC2Ph)1g° is
insoluble.

The MALDI-TOF spectrum of Au2s(SC2Ph)1s® shows a maximum m/z =
7394, in agreement with previous observations of pure samples of the same
cluster. The sharpness and symmetry of the peakindicatea very high
purity of the sample. Isotopic patterns are also consistent with the simulation

results.

Ligand Exchange Reaction.
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Scheme 5.3. Scheme for ligand exchange reaction.

To introduce into the Au2s monolayer structure groups suitable for initiating
polymerization, we used the ligand place-exchange approach (Scheme 5.3).

Because Au2s5(SC2Ph)1s® and incoming ligand have distinct different solubility,
in order to select the appropriate reaction solvent, we tested the solubility of
Au25(SC2Ph)1g® and ligand 2 in different solvents which are shown in Table 5.1.

The results clearly point to DCM as the most suitable solvent for the reaction

since both the gold cluster and the ligand are highly soluble in that.

Table 5.1. Solubility of Incoming Ligand 2 and Au25(SC2Ph)1® in different

common solvents.



Solvent Ligand 2 Au2s(SR)1g°

Toluene Insoluble Soluble
Acetone Insoluble Soluble
DCM Soluble Soluble
MeCN Soluble Insoluble
Methanol Insoluble Insoluble
Ethanol Insoluble Insoluble
DMF* Soluble Soluble

*: The solubility of Au2s(SC2Ph)1s° in DMF evolves over the time as described in detail later.

The choice of DCM comported the need of carrying out some stability test for
the cluster since many previous studies have shown that Au clusters may be
oxidized or even destroyed due to their prolonged presence in DCM.3%36 We then
tested the stability of the Auz2s(SC2Ph)1s® in this solvent by UV-vis absorption
spectroscopy. Figure 5.1 shows that the optical behavior of the MPCs does not
change significantly over time and it is stable for at least 77 hours in DCM
(deoxygenated). Being the ligand exchange reaction usually completed in less
than 24 h, we can conclude that the effect of DCM on Au2s(SC2Ph)1g® during the

reaction evolution can be neglected.
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Figure 5.1. The changes of UV-vis absorption spectra of Au2s(SC2Ph)1s® in DCM

under aerobic condition within 77 hours.

The exogenous ligand that we desire to insert in the native Au2s(SC2Ph)1s
monolayer is characterized by the presence of multiple amide groups that are
known to be prone to form strong H-bonds with carbonyl groups. This could be
the reason for the observed formation of a grayness insoluble precipitate in some
of the experimental procedure. The amount of precipitate was observed to
increase with the increase of the ligand/MPC molar ratio, probably because of
the aggregation of the MPCs due to intercluster interactions. Although we chose
Fmoc protective group to block the exposed amino group at the end of the chain
when we designed and synthesized the incoming ligand, this was anyway not
completely avoidable.

The experimental conditions of ligand exchange reaction were optimized in
order to achieve different goals as to guarantee the integrity of the structure of
Auzs nanocluster during the reaction, to exchange as many ligands as possible,
to avoid the aggregation or precipitation of the Au2s MPCs after exchange.

The ligand exchange reaction was carried out, as said before, in DCM for no
more than 24h by using different molar ratios of the thiol (2) and Au2s5(SC2Ph)1g°.
Six different concentration ratios have been explored to obtain a stable MPC
Auz2s5(SC2Ph)1sx(L)x with the higher possible exchanged yield (Table 5.2). First,
we kept the reaction at the same solvent volume, the same amounts of
Au25(SC2Ph)1g%, and the same temperature (R.T.) to limit the number of variables,
whereas, the amount of the exogenous ligand was changed from 2:1 to 50:1
respect the cluster concentration. We observed that a high concentration of the
incoming ligands (as in entry 6 of Table 5.2) could eventually causes degradation
the Auzs cluster, and/or formation of an insoluble precipitate (Figure 5.2).

Eventually, we chose the condition n. 5 as the optimal condition.

Table 5.2. Different reaction conditions of ligand place-exchange reaction



Condition Reaction Exchange
n [Auzs’]: n (L) uv Maldi-TOF

NO. Time (h) Yield®

1 1:2 24 a 1 ---

2 1: 24 a 1 ---

3 1: 8 24 a 1-2 24%

4 1:10 24 a 1-3 --—-

5 1: 20 24 a 1-5 57%

6 1: 50 13 a 1-6 76%

a: UV spectroscopy shows the reaction product still hold typical peaks of
Au2s(SR)18® proving the intactness of Au2s(SR)1s core; b: using Maldi-TOF

calculation.
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Figure 5.2. Appearance of sample solution of condition No.6 in DMF before (a)

and after (b) 6h of reaction, clearly showing the formation of a precipitate.

As long as reaction conditions No. 5 concerns, the specific synthetic and
purification procedure were as following:

10 mg (1.36 x 103 mmol) of Au2s(SC2Ph)1s® were dissolved in 3 mL of DCM,
and a solution of 10 mg (0.0676 mmol, 20 eq.) of the incoming ligand (HS-
CH2CH2-CONH-CH2CH2-NHFmoc) in 1 mL of DCM was added. The reaction
mixture was stirred for 24 h and the solvent was rotary evaporated. The solid

residue was washed with methanol (5 x 10 mL), and acetonitrile (5 x 10 mL). The




product was extracted with acetone to separate eventually the degrade clusters
and other impurities.

The incorporation of 2 into the MPC monolayer leads to the desired product in
high yield.

All the products were checked by UV-vis spectrometry to verify the presence of
intact Au2s(SR)1s. The spectra obtained before and after exchange show the
same fine features (peaks at 401 and 687 nm, shoulders at 455 nm) typical of
Au2s5(SC2Ph)1g® (Figure 5.3a), which is particularly evident in the derivative
spectra (Figure 5.3b). The UV-vis spectra of the purified clusters confirm also the
presence of the Fmoc-protected ligand in the MPC structure (Figure 5.3a), as
proved by the presence of the characteristic bands (267, 290, and 301 nm) of the
Fmoc group. Figure 5.4 nicely shows that increasing the relative concentration of
the exogenous ligand in the reaction mixture leads to an increase of the height of
Fmoc adsorption peaks respect to Auzs that is related to a larger average degree

of substitution.
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Figure 5.3. (a) UV-vis absorption and (b) corresponding derivative spectra for the
relevant species (Condition NO. 5) before, during, and after MPC modification in
DCM.
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Figure 5.4. (a) UV-vis absorption and (b) corresponding derivative spectra for the
relevant species (Condition NO. 1-4, 6) after MPC modification in DCM.



Electrochemical characterization of some of the exchange reaction products
was also carried out. The DPV behavior (Figure 5.5) of the purified exchanged
clusters confirms the presence of the Fmoc-protected ligand in the MPC
monolayer thanks to the electroactivity of the fluorenyl function that is more
pronounced for the cluster obtained with larger ligand/cluster ratio. At the same
time, the fingerprint features (E°o1 = 0.139 eV and E°r1 = -0.188 eV) of Auzs are
also present providing further evidence of the integrity of the cluster structure.
Figure 5.5 shows the comparison of the electrochemical behaviors between the
exchanged samples (Condition No. 3 and 5) and original Auz2s under different
synthetic conditions. The two centrals peaks of the modified cluster are slightly
less separated (Figure 5.6) respect to phenylethanethiolate protected Auzs as
expected due to the larger permittivity of the monolayer. It can be found that even
after exchange, the samples still maintain the characteristic peaks of Auzs.

Therefore, electrochemistry confirms what observed in the UV-vis spectra.
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Figure 5.5. a. Comparison of DPV behaviors of Au2s5(SC2Ph)g® (black line) and

the sample obtained from condition No. 3 (red line) and No.5 (blue line). b. DPV

before” (black) and “after” (red) exchange in DCM.
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Figure 5.6. Comparison of DPV behaviors of the Au2s MPCs before (black) and
after (red) exchange reaction in DCM. The curves were normalized at the

potential of the first reduction peak (the right one).

Calculation of Exchange Yield: NMR and Mass Spectroscopy.

In order to understand how many ligands were exchanged into the cluster
monolayer, MALDI-TOF mass spectrometry was employed. The mass spectra
obtained after the exchange reaction (Figure 5.7) show different patterns of
peaks for the different reaction conditions ascribable to a mixture of Au2s5(SR)1s

clusters characterized by different substitution degrees. For example, the



spectrum related to the sample obtained from condition No.4 (Figure 5.8) is
characterized by an extent of exchange of about 24%, the larger fraction of the
sample being the unsubstituted cluster, with a smaller quantity of
monosubstituted and bisubstituted.
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Figure 5.7. Maldi-TOF mass spectra monitoring the ligand exchange reaction.
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Figure 5.8. The exchange yield from MALDI-TOF spectrum was estimated from

the relative intensity of the relevant peaks.

The average composition of the monolayers of the exchanged clusters was
confirmed also by '"H NMR spectroscopy after oxidatively decomposing the MPC
with excess iodine followed by analysis of the molar ratio of the liberated ligands
via quantitative comparison of the integrals of well-resolved peaks. NMR
spectrum analysis (Figure 5.9) indicates that for the sample of condition No. 4,
the extents of exchange are about 26% in very good agreement with MALDI
determination. These results are also in line with previous exchanges on the
same pristine cluster under comparable conditions.36

In general, the two techniques, NMR and MALDI-TOF spectroscopy, are
profitably used to calculate the exchange rate of ligand exchange reaction, and

the results of the two methods are basically consistent.
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Figure 5.9. '"H NMR spectra of (1) phenylethanethiol; (2) Incoming Ligand 2; (3)
The exchanged Au2s5(SC2Ph)is (Condition No. 4); (4) The exchanged
Au2s(SC2Ph)1s (Condition No. 4) after decomposition with iodine. The inset
highlights peak assignments. 200 MHz, CDCls, 25°C.

5.2.3 Ligand deprotection and polymerization
To obtain Auzs nanoclusters bearing free amino groups in the protective shell,

the Fmoc groups were removed using piperidine as shown in Scheme 5.4.
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Scheme 5.4. Scheme for the preparation of the initiator for the N-carboxyan-
hydride polymerization.

The detailed procedure was as following: 10 mg Au2s-NHFmoc was dissolved
in 2 ml DCM with vigorous stirring. Then, 50 yL piperidine was added into the
solution dropwise. The reaction goes 10 minutes, and then is quenched by ether.
The solid residue was washed with methanol (5 x 10 mL), and acetonitrile (5 x
10 mL). After deprotection, the UV-vis spectrum and its derivative maintain the
same features as those of the pristine Au2s(SC2Ph)1s cluster (Figure 5.10), losing
the features related to fluorenyl function of the protecting group. The presence of
the Auzs typical peaks indicates that the deprotection conditions do not affect the

gold core.
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Figure 5.10. (a) UV-vis absorption and (b) corresponding derivative spectra for

the relevant species before and after deprotection in DCM.

Since the following step, the polymerization reaction, is performed in DMF, it
was necessary to check the stability of the gold clusters in DMF. Figure 5.11.
shows that the cluster immediately changes from Auzs® to Auzs~ in DMF. The so-

formed Au2s~ clusters are stable in DMF for more than 4 days.
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Figure 5.11. UV-vis spectra of Au2s(SC2Ph)1s° in DMF collected during 4 days.

The deprotected Au2s-NH:z clusters were finally used as initiator for the ring
opening polymerization of the monomer NCA (Scheme 5.5). The polymerization
of NCA was carried out at room temperature and a monomer-to-initiator ratio of
50: 1 in DMF (deoxygenated). Polymerization was allowed to proceed for 3~4
days and was then stopped by the addition of diethyl ether. At low concentrations
of initiator, the possible inclusion of other nanoclusters into the network of the
forming polymer may be neglected. The resulting precipitate was washed several
times with diethyl ether and methanol, to remove unreacted monomer and
possible low molecular weight impurities. Polymerization was carried out using

the sample obtained by condition No. 5.



Scheme 5.4. NCA polymerization on the Au2s-NH2 nanocluster.

To gain insights into the formation of the polylysine capped MPCs, the
polymerization was followed by UV-vis absorption spectroscopy by periodically
collecting samples that were then diluted and studied.

At the initial stages of the reaction, unlike Au144(SR)s0 in which no changes in
the spectra are observed.?® Anyway, after 4 days, two clearly perceivable SPR-
like bands appeared at ca. 500 and 815 nm (Figure 5.12).3° As predicted by
Gans theory in 19153, when the shape of Au NPs changes from spheres to rods,
the SPR band split into two bands: a strong band in NIR region corresponding to
electron oscillations along the long axis, referred to longitudinal band, and a
weak band in the visible region at a wavelength similar to that of gold
nanospheres, referred to transverse bands. While the transverse band is
insensitive to the size changes, the longitudinal band is red shifted largely from
the visible to near-infrared region with increasing aspect ratios (Length/Width).

Once again, as observed for Au144, grafting of a polylysine peptide on the

cluster periphery result in anomalous optical behavior also for Auzs nanoclusters.
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Figure 5.12. UV-vis spectra shows the evolution of the polymerization reaction of

the polylysine capped Auzs in DMF.

DPV analysis of the product was carried out to gain some more information on
the product nature and properties. The presence of two central peaks at almost
the same potential of the Auzs original cluster support the thesis that the cluster
core remains intact during the polymerization. Many additional peaks respect the
starting material are detectable in the voltammetry that displays a very intriguing

electroactivity that will need further investigation.
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Figure 5.13. DPV of the polylysine capped Auzs in DMF.

Additional characterizations will be necessary to fully understand the origin of
this phenomenon that appears to merge molecular and plasmon-like features

together.

5.3 Conclusions

In this work an innovative method to prepare nanoclusters with a protecting
layer made of a linear polylysine peptide has been explored. The method,
previously used to covalently graft the polypeptide on the surface of an Au144
cluster, has been now tested on a smaller cluster, Au2s in order to investigate a
more molecularly defined model system. Polymerization was performed directly
on a Auzs nanocluster bearing free amino groups in the protective monolayer. For
inserting a proper number of ligands, exchange reaction on Au2s(C2Ph)1s were
carried out exploring different experimental conditions. The exchange yield was
demonstrated to depend on the initial Auzs/incoming ligand ratio and reaction
time. As observed with Au144, the optical properties of the polylysine modified
Auzs were affected by the proceeding of the polymerization reaction. The UV-vis
absorption spectra showed the appearance of two plasmon-like resonances that
resemble the typical features of Au nanorods. Further investigation and
characterizations of the polymerization product are necessary to understand the
origin of this peculiar optical output anyway these preliminary results appear of

interest for the preparation of very stable, functionalized nanosystems suitable for



biomedicine applications, such as thermotherapy and bio-imaging. Regarding the
method itself, it is simple, easily controllable, and could be conceivably extended
to the preparation of core-shell nanosystems based on other mono- or co-

poly(amino acids).

5.4 Experimental Section

The following solvents, salts, and reagents were commercially available and
used as received.
Solvents: ethanol, methanol, toluene, dichloromethane, diethyl ether, petroleum
ether, ethyl acetate, acetonitrile, dimethylformamide (Sigma-Aldrich).
Salts: potassium bisulfate, sodium bicarbonate, anhydrous sodium sulfate (Carlo
Erba).
Reagents: 99.9+% hydrogen tetrachloroauratetrihydrate, tetra-n-octylamm-onium
bromide, sodium borohydride, triisopropylsilane, trifluoroacetic acid, S-trityl-3-
mercaptopropionic acid, ethylenediamine, triphosgene, a-pinene, triethylamine,
10% palladium on activated carbon, iodine (Sigma-Aldrich); 1- (3-dimethyl-
aminopropyl) -3 -ethylcarbodiimide hydrochloride, 1- hydroxy -7 -aza -1, 2, 3-
benzotriazole (GL Biochem), N-fluorenylmethyloxycarbonylsuc-cinimide, N, N-
diisopropylethylamine, a-benzyloxycarbonyl lysine, piperidine (Iris Biotech). Flash
chromatography was performed using silica gel 60M (0.04 - 0.063 mm,
Macherey-Nagel) as stationary phase. Chloroform-ds (99.8%, Aldrich) was used
as solvents for NMR spectroscopy. Analytical thin-layer chromatography (TLC)
was carried out by using Macherey-Nagel TLC-cards (0.2 mm silica gel
supported on plastic sheets). The spots were visualized first with UV light (A =
254 nm) and then after exposure to iodine vapor and KMnO4 aqueous solution.
"H NMR spectra were recorded by using a Bruker model AC 200 and Avance-
400 DRX spectrometers, operating at 200 MHz, respectively. Chemical shifts (0)
are given as parts per million (ppm) downfield from tetramethylsilane, which was
added as the internal standard. Splitting patterns are abbreviated as follows: (s)
singlet, (d) doublet, (t) triplet, (q) quartet, (m) multiplet. The proton assignments

were carried out by standard chemical shift correlations. When possible, the



monolayer composition was determined by decomposing the MPC with iodine.
To this aim a crystal of iodine was added to the solution of Au MPC in NMR tube
and the NMR spectrum was registered after formation of a black precipitate. The
solution of the liberated ligands was analyzed through a comparison between the

integrals of conveniently separated peaks, as illustrated in Figures 5.9.

UV-vis absorption spectroscopy

The UV-vis absorption spectra of the clusters were obtained in DCM with a
Thermo Scientific Evolution 60S spectrophotometer. The spectra were recorded
with a spectral resolution of 0.5 nm. The samples were at 0.2 mM concentration

in 1 mm cuvettes.

MALDI-TOF mass spectrometry

Experiments were carried out with an Applied Biosystems 4800 MALDI-
TOF/TOF spectrometer equipped with a Nd: YAG laser operating at 355 nm, with
a laser firing rate of 200 Hz and an accelerating voltage of 25 kV. DCTB (trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile, Sigma
-Aldrich, 298%) was used as the matrix. The instrument was calibrated with
Au2s(SC2Ph)25.38 The clusters were dissolved in DCM containing DCTB to obtain
0.1 mM solutions with a 1:400 nanocluster/matrix ratio. A 5 uL solution was drop
cast onto the sample plate and air-dried. All spectra were recorded using the

reflector negative-ion mode.

Electrochemistry

The electrochemical experiments were carried out in DCM/0.1M TBAH, under
an Ar atmosphere in a glass cell thermostated at 25°C. The working electrode
was a 0.17 mm radius glassy carbon (GC) disk prepared and activated as
already described.?® 47 The electrochemical area, 9.05 x 10™* cm? was
determined through measurements of the peak current for the oxidation of
ferrocene (at low scan rates) in N,N-dimethylformamide/0.1 M n-BusNCIOa4, which

is a medium where ferrocene has a diffusion coefficient of 1.13 x 1075 cm? s™.



The counter electrode was a Pt wire. An Ag wire, which was kept in a tube filled
with the same electrolyte solution and separated from the main compartment by
a Vycor frit, served as a quasi-reference electrode. Calibration of the latter was
performed by addition of ferrocene at the end of the experiments; in the above
solvent/electrolyte system, the ferricenium/ferrocene redox couple has E° =
0.460 V against the KCI saturated calomel electrode (SCE). All potential values
are reported against SCE. We used a CHI 660c or a CH760d electrochemical
workstation. To minimize the ohmic drop between the working and the reference
electrodes, we used the positive feedback correction. For the DPV experiments,
we used peak amplitude of 50 mV, pulse width of 0.05 s, 2 mV increments per
cycle, and pulse period of 0.1 s. Cyclic voltammetry of 0.5 mM solutions of the
clusters was used to determine their D values. The peak current (ip) measured at
low scan rates (v) allowed determining the diffusion coefficient D by using the

equation that relates ip /v'2 to D'/2, 42
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