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Chapter 1
General Introduction
1.1 History of Au clusters with atomic precision

Gold (Au) clusters have been a subject of major interest in nanoscience and
nanotechnology, because of their unique optical features, electrochemical behaviors, and
catalytic properties, due to the quantum confinement effects,'* and they therefore are well
explored, reaching across many areas such as chemistry, physics, and biology.”” The
ultra-small Au clusters with a size smaller than 2 nm demonstrate molecular-like
electronic transitions between HOMO-LUMO energy levels, according to their discrete
electronic structure.!>*%? The Au clusters are composed of fixed numbers of Au atoms
and SR ligands, and their numbers are determined by the number of free electron. When
the number of free electron, calculated from the following equation, is 2, 8, 18, 34, 58,
92, 138, and so on, the electronic structure becomes closed shell and the cluster obtains
extraordinary stability.!®!*> The determined compositions and well-defined molecular
structures provide ideal models to establish the structure/function relationships for

fundamental study. 31416

n=N-M-z
(n 1s the number of free electrons, N is the number of Au atoms, M is the number of SR

ligands, and z is the number of charges)

Gold (Au) is one of the most important elements in the human civilization. The

history of the use of Au dates far back to the 5th millennium B.C. when the Tutankhamun's



golden mask was made in Egypt (Figure 1.1). The modern scientific research on Au
nanoparticles, non-bulk form of Au, was started in the 1800s. In 1857, Faraday reported
the formation of deep red solutions of colloidal Au by reduction of an aqueous solution
of chloroaurate (AuCls).!” After more than 100 years of scientific researches on metal
nanoparticles, nanoscience and nanotechnology have achieved excellent control of
particle size, shape, and properties in many cases.!®2! In the long time history of the
researches on metal nanoparticles, Au is the most studied metal element because of its

nontoxic property and high stability.

Figure 1.1 Tutankhamun's golden mask (source: https://en.wikipedia.org/wiki/

Tutankhamun)

Although the synthesis technology of metal nanoparticles have developed, the
nanoparticles are not atomically precise (the number of constituent atoms are unknown),
and they are characterized and discussed based on the particle size. Such drawbacks left
many unclear issues, such as the poorly understood in terms of surface layer (including

organic stabilizers and the inorganic-organic interface), their structure-property



relationships, the mechanisms for shape-controlled synthesis of nanoparticles, and the
evolution of surface and core structures with particle size.”??>* To address all of these
fundamentally critical issues, nanoscience and nanotechnology are motivated to pursue
atomically precise ultra-small nanoparticles with a size smaller than 2 nm, namely
nanoclusters (or clusters).

The synthesis of nanoparticles with a size smaller than 2 nm (its exact
composition is still unknown) started to be reported in the 1990s.2°?° In 1994, Brust et al.
reported the first report using thiols as surface capping agent for stabilizing Au
nanoparticles (so-called Brust-Schiffrin method).?> The Brust-Schiffrin method involves
two steps; (i) the phase transfer of gold salt by using a phase transfer agent (tetraoctyl
ammonium bromide, TOAB), and (ii) the reduction of the formed Au(I)-SR precursors
by NaBH4 to form nanoparticles. This gold (Au)-thiolate (SR) system will be a model
system of the research because of the extraordinary robustness, while there are many
types of metal nanoparticles capped by different ligands. Since then, many researchers
intensively investigated toward synthesizing atomically precise Au cluster with single
composition and controlling its particle size, based on the early works by Whetten,*
Murray,’! and Tsukuda®? groups. From around this time, such nano-compounds started to
be called “cluster” in terms of accumulation of several atoms through bottom-up approach.

In 2007, for the first time, Jin group developed a novel synthesis method for
synthesizing Aups clusters with atomic precision with high-purity and high-yield,*
without further isolation techniques such as polyacrylamide gel electrophoresis (PAGE)??
and high-performance liquid chromatography (HPLC).** Based on this research, many
works have been reported on the size-controlled synthesis Au clusters with high-purity

and high-yield, and revealed a series of magic-numbered clusters which exhibit



extraordinary stabilities, including Aus(SR)ig, Auszs(SR)24, Auss(SR)2s, Auss(SR)34,
Aui02(SR)44, Aui144(SR)s0, and so on, where SR represents surface thiolate ligands.
Furthermore, their total structures including not only metal core structure, but also the
surface structure (the arrangements of ligands and the bonding between the ligands and
the metal core), have been investigated.

In 2007, among the various sizes of Au clusters, the structure of the Auioa(p-
MBA )44 clusters (p-MBA: p-mercaptobenzoic acid) was solved by Kornberg group, for
the first time (Figure 1.2).>> Following the elucidation, in 2008, Jin group reported the
structure of the Auxs(PET)ig clusters (PET: phenylethanethiol), which is the hottest and
most studied magic number in the series of Au clusters, because of its easy preparation,
high stability, and easy utilization for application (Figure 1.3).3® The structure of
Aws(SR)1s exhibits an icosahedral Aui; kernel, which is further wrapped by six Auz(SR)3
staple motifs. To date, more than 40 species of atomically precise Au clusters such as Auss,
Auz4, Auzs, Auzg, Auzg, Ause, Auss, Augo, Ausz, Augg, Aueo, Auoz, Auizo, Auiss, Auias, Auisgy,
Aunse, Auz79, Auzog, and so on, have been synthesized, and their structures have been
revealed (Figure 1.4).!37-> Furthermore, some researches revealed that the transition
from bulk-like (plasmonic) to molecule-like behavior happens between Auig7 and Auis

(Figure 1.5).40-5¢



Figure 1.2 Crystal structure of the Aui02(p-MBA )44 clusters. Reproduced with permission

from ref. (35). Copyright 2018 American Association for the Advancement of Science.

Figure 1.3 Crystal structure of the Auxs(PET)is clusters. Reproduced with permission

from ref. (36). Copyright 2008 American chemical society.



Figure 1.4 Crystal structure of Aum(SR)x clusters. Reproduced with permission from ref.

(37). Copyright 2018 Royal Society of Chemistry.
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Figure 1.5 The boundary between bulk-like and molecule-like size. Reproduced with

permission from ref. (56). Copyright 2014 American Chemical Society.

As described above, a series of Au clusters with various metal core sizes have
been prepared through the long time diligent research. The Au clusters are further
diversified by using different types of thiolate ligands. The surface ligands not only affect
the magic size and structures of the clusters, but also determine the molecular-like
characteristics of clusters.!>>7-** Thus, up-to-date, the Au clusters with various types of

surface SR ligands have been synthesized, and the ligands used are summarized in Table

1.1.



Table 1.1 The summary of SR ligands used for the syntheses of atomically precise Au

clusters.
Thiolate ligands (SR)
fj/\/SH SH CH3 SH SH SH SH
SaNel o O OO
b SH SH CHy  HiC
Neutral
HS
HsC cHCH] n=1-15 HsC CHsy
3
Oy OH o o} o O OH
ioni HS\E/\/\/]JJ\ : 0.0
AI"IIO!"II!: OH " “OH PN MLN_’\ 3 o
(or acidic) L/ HOTT~T
sy HS n=24.5710,16
CHa .
Cationic /@/SH N~ SH PL,cH_ e,
(or basic) HoN z B S S T T T Hs ™M o,




1.2 Synthesis method of Au clusters

To date, major protocols for the preparation of atomically precise Au clusters
with various thiolate ligands have been categorized into size-focusing method and ligand-

exchange method.

1.2.1 Size-focusing method

The fundamental principle of the size-focusing method lies in the essential
stabilities of each Aum(SR), cluster, and their different stabilities lead to the survival of
the most robust one, reminiscent of natural selection “survival of the fittest”. The key for
size-focusing is making a comfortable environment for only one size of the Au clusters,
which can simultaneously eliminate other Au cluster species. The size-focusing method
is largely relied on the kinetic control, and the important parameters include solvent,
reducing agent, reactant ratio, temperature, and so on.

In 2007, Jin group pioneered the size-focusing method on the basis of kinetically
controlled strategy (Scheme 1.1), and succeeded in synthesizing atomically pure Auos
clusters with high-purity and high-yield.*® The procedure had two main modifications
from the previous Brust-Schiffrin method. (1) During the addition of HSCH>CH:Ph (PET)
into Au(Ill)-TOA (TOA = tetraoctylammonium, toluene solution), a very low stirring

speed ~30 rpm and a temperature of 0°C (ice bath) were modified for the formation of

Au(I)-SR precursors. (ii) The freshly-made NaBH4 aq. solution was immediately injected
into above solution under the vigorous stirring (~1100 rpm). These two changes are
critical for the formation of monodisperse Au(I)-SR precursors as well as the final
Aus(PET)s clusters. The UV-Vis absorption spectrum of the purified product (Figure

1.6) exhibited an obvious peak at 670 nm and two shoulder peaks at 400 and 450 nm,



which correspond well to the characteristic peaks of Auys clusters. This was the first report

that Aups(PET):g clusters could be synthesized with high-purity and high-yield (~40%,

based on Au atoms).

Au(IIT) @a 5@
LL“LN'; e.g.AuCl, Controlled Au(l) @v\&, L "

0°C aggregation
» >

_,JJJ ‘LLL’ Reduction
by thiols .
’ (i

Reduction

mo (i) @frsé“‘i@

Scheme 1.1 Synthetic scheme of the Auxs(PET)s clusters by the kinetically controlled

1%

strategy. Reproduced with permission from ref. (33). Copyright 2007 American Chemical

Society.

1.0-
7]
0
<
0.5-
0.0 . . | . y r T
400 600 800 1000
Wavelength (nm)

Figure 1.6 UV-Vis absorption spectrum of the obtained Aus(PET)is clusters.

Reproduced with permission from ref. (33). Copyright 2007 American Chemical Society.
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While the first successful size-focusing method by Jin group was a two-phase
liquid-liquid system which includes the phase transfer step, this procedure was further
updated to a one-phase system by Murray group in 2010 (Scheme 1.2).% In this method,
HAuCl4 and TOAB (tetraoctylammonium bromide) were added to the tetrahydrofuran
(THF) solvent and stirred for 15 min, followed by the addition of PET at room
temperature. The solution was stirred for overnight, and it would become completely
transparent. NaBH4 dissolved in ice-cold water and then stirred for 1 hour under 0°C (ice
bath). The NaBH4 aq. was rapidly added under the vigorous stirring. The reaction was
stirred quietly for more than 48 h, and then the obtained solution was purified to get the
pure [TOA] [Auzs(PET)1s]". The UV-Vis absorption spectrum of the obtained Au cluster
(Figure 1.7(A)) showed the characteristic peaks of Auxs(PET)1s at ~670, 450, and 400 nm
regardless of core charge (0 or 1). The MALDI-MS detected only one peak,
corresponding to the Auxs(PET)s clusters (Figure 1.7 (B)). The synthetic yield could be

achieved at ~52% based on Au atom. They also synthesized several other species of Auys

clusters capped by different thiols (i.e., HS(CH2)sCH3, HSCH>CH(CHj3).,

HS(CH2)11CH3) using the same procedure.

——
RoomTemp.
R-SH 12 hours
48 hours

NaBH

Scheme 1.2 Synthetic scheme of the Auxs(PET)s clusters by the one-phase synthetic

method. Reproduced with permission from ref. (65). Copyright 2018 Royal Society of

11



Chemistry.

1000
A —_ 1- B
2 061 (A) Au,g 300‘( )
g — Aly?
E 0.4 4 600
<
o
ﬁ 400
§ 0.2
g 200
0.0 T T - r 0 S e A . i ; a
400 600 800 1000 5000 10000 15000 20000
Wavelength (nm) miz

Figure 1.7 (A) UV-Vis absorption spectrum and (B) Matrix-assisted laser desorption
ionization (MALDI)-MS of the obtained Auxs(PET)is clusters. Reproduced with

permission from ref. (65). Copyright 2018 Royal Society of Chemistry.

Besides these two famous examples, recently, Xie group developed a NaOH-
mediated NaBH4 reduction method for Auxs(SR)is synthesis (Scheme 1.3).%° In this
method, instead of toluene or THF, water was used as a solvent, and NaOH was added to
tune the formation kinetics by decreasing the reducing power of NaBH4 and enhancing
the etching capability of thiols. Thanks to the effect of NaOH, the etching time shortened

to less than 3h.
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Scheme 1.3 Synthetic scheme of the Auzs(SR)1s clusters by the NaOH-mediated NaBH4
reduction method. Reproduced with permission from ref. (66). Copyright 2014 Wiley-

VCH.

In the past decade, the size-focusing method made a great progress toward the
synthesis of atomically pure Au clusters, and various Au cluster species, such as
Auss(SR)24,%7 Auss(SR)32,%® Augo(SR)42,*” and Auiaa(SR)e0,”° and so on, were successfully

synthesized with atomic precision.
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1.2.2 Ligand-exchange method

Ligand-exchange method involves the synthesis of Au clusters, followed by the
replacement of their initial ligands with the desired ligands. In addition to this simple
replacement, ligand-exchange method can produce the Au clusters with bi- (or tri-)
thiolate ligands, and the substituent R-group affects the sizes and structures of clusters,
which provides an opportunity to create the new Au clusters (which have not yet obtained
by the size-focusing method) through a ligand-exchange-induced size/structure
transformation (LEIST) process.>*

In 2007, the Murray group’!:’

reported the ligand-exchange process on the
Auys(PET)s clusters with several different thiolate ligands, including —SPh, —SCsHi3,
and —SPhCOOH ligands. The results suggest that the initial PET ligands were partially
exchanged, and thus the bi-thiolate ligands-protected Aups  clusters,
Aws(PET)1sx(SR")x (SR’ represents the incoming thiolate ligand), were produced.
Moreover, the —SCsH13 ligands can substitute all initial PET ligands on the surface of
Aups(PET)s clusters, and the mono-thiolate-protected Auxs(SCesHi3)1s clusters were
produced (Figure 1.8 (A)). In 2010, Murray group also ligand-exchanged the Auxs(PET)s
with toluene-3,4-dithiol (CH3Ph(SH)>), and the ESI-QQQ mass spectrum revealed the

formation of tri-thiolate-protected Aus(SR)1s8 clusters,

Auzs(CH3Ph(S—)2)x(CHsPh(SH)(S-))y(PET)13-2xy clusters (Figure 1.8 (B)).”

14
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Figure 1.8 (A) MALDI-TOF-MS to detect the number of exchanged —SCsH13 ligands on
the surface of Auxs(PET)is clusters. Reproduced with permission from ref. (72).
Copyright 2008 American Chemical Society. (B) ESI-QQQ-MS to detect the number of
exchanged ligands including monothiol and dithiol. Reproduced with permission from

ref. (73) Copyright 2010 American Chemical Society.

The aforementioned works indicate that the surface ligands of Auxs clusters were
difficult to be completely exchanged by the incoming ligand, and each ligand at the
different sites should hold different activity in exchange reaction. Indeed, Ackerson group
successfully prepared the crystal of Auxs(SCsHi2)16(p-BBT)2 by ligand-exchange reaction
of Auzs(SCeH12)1s with p-bromobenzenethiol (p-BBT),”* and their X-ray crystallography
results showed that the surface ligand, that bond to the most solvent -exposed Au atom,

is easier to be exchanged by incoming thiols (Figure 1.9).
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AL|25(PET)13 + ZPBBT 2 AUQs(PET)m(pBBT)z + 2PET

Figure 1.9 Crystal structure of the Auxs(PET)16(p-BBT)> clusters. Red arrows point to the
S atoms of the p-BBT ligands. Reproduced with permission from ref. (74). Copyright

2014 American Chemical Society.

In the above conventional ligand-exchange reactions, they were typically
conducted with low amount ratios of incoming thiol ligands to the surface ligands of
clusters at room temperature. Jin group reported that when the ligand-exchange reaction
were carried out under the harsh conditions (i.e., a large excess of incoming thiol and high
temperature), the ligand exchange process not only lead to the complete exchange of the
surface ligands, but also generate a new kind of Au clusters with different size or structure
with high-purity and high-yield.*> They reported four notable examples of the
transformations of Auas(PET)1s to Auxs(TBBT)20 or Auao(TBBT)16,**7° Auss(PET)24 to
Auzs(TBBT)24,’® and Auiss(PET)s0 to Auiss3(TBBT)s2,”’ where TBBT is 4-tert-
butylbenzenethiolate. For instant, the initial Auszg(PET)24 clusters were transformed into
Auze(PET)24, by the ligand-exchange reaction with an excess amount of TBBT at 80 °C.
The yield of Auss(TBBT)24 clusters were unexpectedly high (90%, based on Au atom)

and with high purity (Figure 1.10).7°
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Figure 1.10 Conversion of Ausg(PET)24 to Auzs(TBBT)24 clusters. Reproduced with

permission from ref. (76). Copyright 2013 American Chemical Society.

The ligand-exchange method not only exchanges the initial surface ligands of
Au clusters with the desirable ligands, but also creates a new Au clusters, which could not
be obtained by the simple size-focusing method, through the LEIST process. It is an

important strategy for synthesizing Au clusters along with the size-focusing method.
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1.2.3 Isolation method

Although it is the best that the aimed Au cluster (single size and single
composition) is produced by size focusing method or ligand-exchange method one time,
mixture of Au clusters including various sized species are often obtained. At such times,
isolation method is used to obtain the single composition of the Au clusters.
Polyacrylamide gel electrophoresis (PAGE), high performance liquid chromatography
(HPLC), and thin layer chromatography (TLC) are the most common method to separate
Au clusters.

PAGE was the first isolation method adopted for Au clusters, and started to be
used in the early 2000s.78%% In 2004, Tsukuda group used PAGE to separate different sized
Au clusters.®® They synthesized the mixture of Au clusters including Auis(SG)i,
Au21(SG)12, Auzs:1(SG)1421,Au8(SG) 16, Auza(SG)1s, and Auze(SG)23 (SG = glutathione),
and successfully isolated into each size of the clusters using PAGE. The Au clusters
showed different electrophoretic mobilities, depending on their sizes, molecular waits,
and structures in PAGE. The collected gels and ESI-MS characterization are shown in

Figure 1.11.
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Figure 1.11 (A) Appearance of the gels containing fractionated clusters 1-6 by PAGE,
and (B) ESI-MS of the clusters 1-6. The red bars indicate the molecular weights of
Aun(SG)m clusters with n-m values designated on the envelopes. Reproduced with

permission from ref. (80). Copyright 2004 American Chemical Society.
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In the 2010s, HPLC and TLC also started to be used. In 2014, Negishi group
reported the separation of Au clusters by HPLC. The mixture of various size of the Au
clusters including Auzs(SC12)24, Au104(SC12)4s, Au144(SC12)60, Auig7(SC12)es,
Au226(SC12)76, Au2s3(SC12)90, Auz2o(SC12)84, Auzse(SC12)112, Auszo(SC12)130 (SC12 =
dodecanethiol) were prepared.’® The prepared Au clusters interacted differently with the
adsorbent material in the HPLC column, and were separated into each size of the Au
clusters. The separated each clusters were characterized by ESI-MS (Figure 1.12). In2014,
Ghosh et al. reported the separation of the Au clusters using conventional TLC.! They
successfully separated not only the 2 kinds of Aups clusters Auxs(BT)is (BT =
butanethiolate) and Auxs(PET)is (PET = phenylethanethiolate), but also 2 different sized
Au clusters Auzs(PET)i1s and Aui44(PET)s0. UV-Vis absorption spectra and MALDI-MS

of the separated Au clusters are shown in Figure 1.13.
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Figure 1.12 (A) Positive-mode LDI MS, (B) reverse-phase HPLC chromatogram of a

crude sample of Aun(SC12)m, and (C) positive-mode ESI-MS of the fractions [-X.

Reproduced with permission from ref. (56). Copyright 2014 American Chemical Society.
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Figure 1.13 (A) The separation of Auxs(HT)i1s and Auxs(BT)1s by TLC, and (B) The
separation of Auzs(PET)1s and Aui44(PET)s0 by TLC. Reproduced with permission from

ref. (81). Copyright 2014 American Chemical Society.
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1.3 Towards a synthesis of fully cationized Au clusters

To date, the Au clusters with various types of surface thiolate ligands have been
synthesized (Table 1.1). However, the thiolate ligands used for their synthesis were
neutral and anionic, and cationic-ligand-protected Au clusters have never been
synthesized. In the 2000s, many researchers pursued and made extensive efforts towards
the successful synthesis of Au clusters capped by cationic thiols with atomic precision,
because the cationized Au clusters widen the application fields especially in bioimaging
and sensing applications.

In the early 2000s, the cationized Au nanoparticles (larger than 2 nm) started to
be synthesized.®>®> In 2000, Murray group reported the first successful synthesis of the
fully cationized metal nanoparticles, which are soluble in water.®? They synthesized Au,
Ag, and Pd nanoparticles using the chemical reduction method in the same procedure.
The metal salt (HAuCls, AgNO3, or K2PdCls) and the cationic ligand (N,N-trimethyl
(undecylmercapto) ammonium) were mixed in water, followed by addition of NaBHa.
After the solution was stirred for 1 h, Au nanoparticles (4.4 = 1.6 nm), Ag nanoparticles
(4.8 £ 2.1 nm), and Pd nanoparticles (2.7 = 1.1 nm) were obtained, respectively (Figure
1.14). This was the first report of the successful synthesis of metal nanoparticles using

cationic thiols as a capping agent.
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Figure 1.14 TEM images and histograms with average diameters of the obtained
cationized Au, Ag, and Pd nanoparticles. Reproduced with permission from ref. (82).

Copyright 2000 American Chemical Society.
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In the 2010s, some researchers reported the synthesis of Au clusters capped by
basic thiols, which can be cationized in acidic condition via protonation reaction,%6-83-86-88
In 2018, Whetten group succeeded in synthesizing series of the captamino
(—=S(CH2)>N(CH3s)2)-capped Au clusters with atom numbers ranging from 25 to 144
(Figure 1.15).87% However, the Au clusters are required protonation for their
cationization. The cationized Au clusters, which are stably cationic in every pH condition

(persistently cationized), are desirable for leaving their widespread applicability in

diverse fields.

[Allzs (MT)IG + 3“]2+

8+
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Figure 1.15 ESI-MS of the obtained captamino (-S(CH2)>N(CH3)2)-capped Auzs and
Auyy4 clusters. Reproduced with permission from ref. (87,88). Copyright 2019 American

Chemical Society.

In 2009, Murray group succeeded in the first synthesis of persistently cationized
Au clusters using the ligand-exchange method.** They used a quaternary ammonium-

terminated ligand, HSC11H22(CH2CH3);N* (HSTEA™), as a cationic ligand. The starting
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hexanethiolate (HSC¢H13, HSC6)-protected Auiso clusters were ligand-exchanged with
HSTEA". HSTEA+ was added to the starting Auio clusters dissolved in methylene
chloride in the mole ratio of 80:1 = ligands:nanoparticle, and stirred for 30 min. Positive-
mode ESI-QQQ results showed two types of size-transformed Au clusters, Aui44(SR)e0
and Aui46(SR)s9 in the six different charge states (10+~15+), indicating the 10-15 ligands
were successfully exchanged with cationic thiols (Figure 1.16). Although the resultant
products include 2 sizes of clusters (Auis4 and Aui46) and the ligand-exchange ratio was

only ca. 20%, this was the first report of the synthesis of the persistently cationized Au

clusters.
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Figure 1.16 Positive-mode ESI-QQQ-MS of the hexanethiolate-protected Aui4o clusters
exchanged with [HSC11H22(CH2CH3)3N"][CI]. Reproduced with permission from ref.

(89). Copyright 2009 American Chemical Society.
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1.4 Difficulties on synthesizing fully cationized Au clusters with
atomic precision

From the aforementioned works, the persistently fully cationized Au clusters
seems to be difficult to synthesize with atomic precision. Indeed, this was clearly
mentioned in the following statement made in 2005. “Small positively charged ligands
do not support the production of MPCs in the Brust synthesis”.”® Basically, there are two
approaches to synthesize cationized Au clusters, (i) size-focusing method and (ii) ligand-

exchange method. The critical problems on each method are explained below.

1.4.1 Problems on synthesizing cationized Au clusters using size-

focusing method

Size-focusing method involves the formation of the Au(I)-SR complex as an
initial step, followed by the reduction to form Au clusters. Needless to say, the formation
of the Au(I)-SR complex is one of the most important step, and the complex must be
dissolved in the homogeneous solution to obtain atomically pure Au clusters. When using
cationic thiols as ligands, [Au(I)]—SR" ionic polymer complexes are formed in this step
(Figure 1.17).”'%3 This polymerization makes them insoluble to the solution, leading to
hinder the homogeneous reduction of the precursors and the formation of atomically pure
clusters. Another problem is the coulombic repulsion between the cationic groups of the
ligands when the cluster forms (Figure 1.17).”!%* The repulsion leads the decrease of the
stability of cluster structures, resulting in the decomposition of clusters. Note that the
repulsion will be strong when the using cationic thiols with short chain (i.e., 2-

mercaptoethyl-N, N, N-trimethylammonium: HS(CH2)>N(CH3)3*, thiocholine), while it
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will be weak when using the cationic thiols with long chain (i.e., 11-mercaptoundecyl-

N, N, N-trimethylammonium: HS(CHz)11N(CH3)3").
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Coulombic repulsion
decomposes cluster structure

Figure 1.17 Problems on synthesizing cationized Au clusters using size-focusing method

1.4.2 Problems on synthesizing cationized Au clusters using ligand-

exchange method

In the ligand-exchange method, the initial surface ligands of the cluster are
collided and physically replaced by the desired ligands. As needed, the reaction efficiency
is improved by increasing temperature, increasing the amount of the additional ligands,
increasing stirring speed, and so on.>* However, when using cationic thiols, two types of
repulsion between cationic thiols hinder the reaction (Figure 1.18).°* (i) the repulsion
between the surface cationic ligand and the incoming cationic ligand in solution, and (ii)
among the cationic ligands on the cluster surface. These repulsion will be the crucial

impediment for the efficient ligand-exchange reaction.
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Figure 1.18 Problems on synthesizing cationized Au clusters using ligand-exchange

method.
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1.5 Recent development on cationized Au clusters

Although the synthesis of fully cationized Au clusters is a very challenging
research topic as described above, new things have being revealed by our group on
cationized Au clusters towards their successful synthesis after 2016.

In 2018, the unique kinetics of the cationic-ligand-exchange process, in which
neutral surface ligands on Auys clusters were exchanged by cationic ligands, has been
revealed.” In this research, the synthesized Auxs(PET)s clusters and KPFs powders are
dissolved in acetone, followed by the addition of incoming cationic thiols (11-
mercaptoundecyl-N,N,N-trimethylammonium: ~ HS(CH2);1N(CH3)3"). The ligand-
exchange process was monitored by electrospray ionization mass spectrometry (ESI-MS),
and the reaction kinetics was discussed in combination with 'H NMR results. The
cationized Au clusters Auzs(HS(CH2)11N(CH3)3")«(PET)13« (x=1-6) were successfully
synthesized, and the unique reaction kinetics that different from the typical neutral-thiol-
to-neutral-thiol ligand exchange was observed. The reaction kinetics was determined by
two types of coulombic repulsions (1) between the attached cationic ligands and incoming
cationic ligands in solution, which hinder further ligand-exchange, and (i1) among the
surface cationic ligands on the cluster surface, which promote the thermal decomposition
of the clusters (Figure 1.19). The reaction kinetics was divided into two phases based on
the coulombic repulsion. The exchange rate was relatively high in the beginning of the
reaction hindered by only coulombic repulsion (i), and the rate became very low in the
latter reaction hindered by both types of coulombic repulsion (i) and (ii) (Figure 1.20).
Although the ligand-exchange ratio was ca. 20% similar with the earlier work of cationic-

ligand-exchange,® this was the first report that cationic-ligand-exchange was conducted
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preserving the size of Au core and its unique kinetics of the reaction was revealed.
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Figure 1.19 Schematic representation of various Coulombic repulsions during cationic-

ligand exchange: (i) between the surface SR* and the incoming SR" in solution and (ii)

between the SR™ ligands on the cluster surface (SR™: (11-mercaptoundecyl)-N,N,N-

trimethylammonium). Reproduced with permission from ref. (94). Copyright 2018

American Chemical Society.
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Figure 1.20 (A) Average number of SR ligands per cluster (max: 18) on the cluster
surface during the ligand-exchange reaction as determined by 'H NMR spectroscopy. (B)
Ln (fraction of unexchanged PET on the cluster surface) for the ligand-exchange reaction
with SR™ as a function of reaction time. The two lines in (B) are the lines of best fit at

0—40 min (phase I) and 50—120 min (phase II), respectively. Reproduced with permission

from ref. (94). Copyright 2018 American Chemical Society.

In 2019, it was reported that cationized Au clusters might have unique structure
different from the structures of neural and anionic Au clusters.” In this research, the
synthesized neutral Auxs(PyET):s clusters (4-PyET = —SCH2CH:Py, where Py = pyridyl
group) were dissolved in MeOH, and the different amount of HCI-MeOH solution were
added separately. The Aus(PyET):s clusters were protonated in the different degrees, and
this process was monitored by UV-Vis absorption. As shown in Figure 1.21, when the
Aus(PyET):s clusters were given positive charges on the surface through the protonation
reaction, the changes in absorption spectra were observed before and after the reaction,
and the degree of the changes were proportional to the amount of the additional HCl—

MeOH solution. This observation suggests that the geometric structure of Auzs core was
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distorted due to the surface charge anisotropy'>?! during the addition of positive charges

on the cluster surface.
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Figure 1.21 UV-Vis absorption spectrum of the obtained Auzs(4-PyET)1s in MeOH on
addition of methanolic HCl (500 mm). The blue arrows denote changes during the

protonation. Reproduced with permission from ref. (95). Copyright 2019 Wiley-VCH.

The synthesis of fluorescent Au clusters using the shortest cationic thiol, 2-
mercaptoethyl-N, N, N-trimethylammonium (TC, HS(CH2)2N(CH3)3"), has been reported
in 2016 (but not atomically precise due to the very short TC ligands and their strong
coulombic repulsion on the ultrasmall cluster surfaces).”® The simple reduction of
HAuCls with excess NaBH4 in the presence of TC produced nanoparticles with a size
larger than 4 nm, which exhibited plasmon absorption at around 540 nm. By introducing
the negatively charged surfactant, sodium dodecylsulfate (SDS, CH3(CH2)1;0SO3'Na®),
to neutralize the coulombic repulsion between cationic thiols, the fluorescent Au clusters,

which exhibited no more plasmonic absorption, were successfully obtained (Figure
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1.22(A)). Interestingly, the obtained Au clusters also showed blue emission at around 448
nm (Figure 1.22(B)). Judging from the results of TEM, UV-Vis absorption, and STEM-
HAADEF, the Aus clusters or Au clusters with similar size were obtained. The exact size
of the obtained Au clusters was unknown; however this was the first report using size-
focusing method to synthesize cationized Au clusters, and the strategy, using negatively-
charged surfactant to neutralize the cationic thiols, is generally applicable for the

synthesis of cationized metal clusters.
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Figure 1.22 (A) UV-Vis extinction spectra of Au nanoparticles and nanoclusters
synthesized in the absence or presence of SDS, and (B) fluorescence emission (blue) and
excitation (black) spectra of synthesized gold nanoclusters. Reproduced with permission

from ref. (96). Copyright 2016 The Owner Societies.

34



1.6 Applications of cationized Au nanoparticles/clusters

Owing to the unique characteristics such as tunable surface properties as well as
interesting optical properties, noble metal nanoparticles/clusters have been widely applied
in environmental monitoring, chemical sensing, drug delivery, cancer therapy,
bioimaging, biolabeling, nanomedicine, and photodynamic therapy.® 82197192 Egpecially
in some special areas such as biological signaling, particle transportation, cellular toxicity,
and environmental impact, the metal nanoparticles/clusters protected by positively
charged ligands have great advantages with respect to their behaviors at the nano-bio
interface.!%>!%” Tuning the surface charge of metal nanoparticles/clusters is particularly
important in rational design of their applications.

Quan et al.'® investigated the role of ligand charge during Au nanoparticles
penetration through the liquid bilayers by computational simulations. They used the three
types of ligands with different charged states (neutral, negative, and positive), and
checked how they interact with the different types of membrane (the symmetric lipid
membrane (neutral), the symmetric lipid membrane (negatively charged), and the
asymmetric lipid membrane (negatively charged)), as shown in Figure 1.23(A). Figure
1.23(B) shows the hydrophobic (or neutral) Au nanoparticles do not adsorb onto the all
three types of membranes. Although the anionic Au nanoparticles attached to the all three
types of membranes, further penetration was not observed. On the other hand, the cationic
Au nanoparticles have the strong affinities to the all types of membranes, and the
penetration of cationic Au nanoparticles through the membrane was observed for the
negatively charged membranes, indicating the strong coulombic attractions between the

surface ligands on the Au nanoparticles and the charged groups in membranes. In addition,
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the equilibrated states of cationic Au nanoparticles with different surface charge densities
(10-100%) interacting with the asymmetric lipid membrane (negatively charged) were
shown in Figure 1.23(C). The results indicate that the coulombic interactions are

important for the Au nanoparticles penetration mechanism.

36



Chemical Society.

Symmetric
(Neutral)

Cationic ligand
(A) PR presioiseg - 00000000000000000000
Au s Hydrophobic ligand
e 00000000000000000000
3 i Anionic ligand
Symmetric Asymmetric
(Negatively charged) (Negatively charged)

00000000000000000000 00000000000000000000

00000000000000000000 OCOOOOO0O000000000000

=00 oveec =) prrG

Symmetric
(neutral)

Symmetric
(negatively
charged)

(C)

Figure 1.23 (A) Schematic illustration of the models of AuNPs decorated with different
ligands, the symmetric lipid membrane (neutral), the symmetric lipid membrane
(negatively charged), and the asymmetric lipid membrane (negatively charged). (B)
Representative snapshots of equilibrated states for AuNPs with different signs of charge
interacting with the three kinds of lipid membranes. (C) Equilibrated states of cationic
AuNPs with different surface charge densities interacting with the asymmetric lipid

membrane. Reproduced with permission from ref. (108). Copyright 2017 American
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Elci et al.'® studied how surface-ligand charge affects the biodistribution of 2-
nm Au NPs in vivo. They prepared the four types of Au nanoparticles using different
ligands as shown in Figure 1.24(A) (cationic (AuNP1 and 2), neutral (AuNP3), and
anionic (AuNP4)). The sub-organ distributions of Au nanoparticles were observed by
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), and the
distribution image of the Au nanoparticles in the spleen and liver are shown in Figure
1.24(B). Neutral Au nanoparticles (AuNP3) accumulated in the marginal zone and white
pulp regions of the spleen and with the Kupffer cells of the liver, indicating that they are
more likely to interact with the immune system. Positively charged Au nanoparticles
(AuNP1 and 2) were found more extensively in the filtering regions of the spleen and the
detoxifying hepatocytes of the liver. Negatively charged nanoparticles accumulated
extensively in the red pulp of the spleen and broadly distributed in the liver. The positively
charged Au nanoparticles were not observed in the liver blood vessels 24h after injection
of them, whereas the negatively charged Au nanoparticles were observed. These results
indicate that the Au nanoparticles show different behavior in the sub-organ, depending on
the charge state of the surface ligand, and the positively charged Au nanoparticles are

cleaned faster than the neutral and negatively charged Au nanoparticles.
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Figure 1.24 (A) Design and structure of the Au NPs. (B) Laser ablation ICP-MS results
of the biodistribution of Au NPs in the spleen and liver tissues. Reproduced with

permission from ref. (109). Copyright 2016 American Chemical Society.

It was also revealed that surface coating and surface charges of the nanoparticles
influence their toxic behavior. %112 In 2004, Goodman et al. investigated how the
electrostatic attraction between the Au nanoparticles and the cell membrane affects the
toxicity of the Au nanoparticles.!'® They prepared the anionic and cationized Au

nanoparticles (Figure 1.25(A), and investigated how they disrupt the negatively charged
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vesicles, respectively. The cationized Au nanoparticles lysed the vesicles more efficiently
than anionic Au nanoparticles, due to the electrostatic complementarity of the cationic
substituents and the negatively charged vesicles (Figure 1.25(B)). The role of the surface
charges of metal nanoparticles is still unclear and widely debated, as the potential toxicity

of metal nanoparticles on biological targets is crucial for their clinical translation.
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Figure 1.25 (A) Schematic illustrations of the structures of the cationized nanoparticles
and anionic nanoparticles, (B) different ability on disrupting negatively charged vesicles
between cationized and anionic nanoparticles. Reproduced with permission from ref.

(110). Copyright 2004 American Chemical Society.
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The aforementioned applications are of the cationized Au nanoparticles, not the
Au clusters. Unfortunately, to the best of my knowledge, there are no report of cationized
Au cluster applications due to their infrequent synthetic works. However, there are
peculiar applications using Au clusters, but using Au nanoparticles.

Xie group'!® found the unique property of Aus(MHA);s clusters (MHA = 6-
mercaptohexanoic acid), which kills both Gram-positive and Gram-negative bacteria. As
shown in Figure 1.26, compared with the Au NPs and Au(I)-MHA complexes, only the
Auws clysters hold the high killing efficiency. The antimicrobial mechanism of Auos
clusters is the internalization of clusters, inducing a metabolic imbalance in bacterial cells,
which lead to an increase of intracellular reactive oxygen species (ROS) generation that
kills bacteria consequently. Thus, the Au clusters and nanoparticles have different

properties for their application.

Relative ROS Level

water AuNPs AuNCs

Figure 1.26 Unique property of Auxs(MHA)s clusters that kills the bacteria efficiently.
Compared with the Au NPs and Au(I)~MHA complexes, only the Auzs clusters hold the
high killing efficiency (high ROS level). Reproduced with permission from ref. (113).

Copyright 2018 American Chemical Society.
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1.7 Summary and perspective

Au clusters have been a subject of major interest in nanoscience and
nanotechnology, because of their unique optical features, electrochemical behaviors, and
catalytic properties. To date, more than 40 core sizes of atomically precise Au clusters
such as Auig, Aun4, Auzs, Auog, Auss, Auzs, Ausg, Auso, Aus, Ausg, Auso, Augo, Auizo, Auiss,
Auis4, Auigy, Auogs, Auz79, Auszo, and so on, have been synthesized using various types of
surface ligands, as shown in Table 1.1. However, the ligands used for Au cluster syntheses
are neutral or anionic, and cationic-ligand-protected Au clusters have never been
synthesized. In some special areas, such as biological signaling, particle transportation,
cellular toxicity, and environmental impact, cationized Au clusters would be
indispensable due to the good affinity of the cationic ligand for the biomaterial. Thus,
there is an urgent need for the establishment of synthetic protocols of cationized Au

clusters with high-yield and high-purity, especially with atomic precision.
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1.8 Objective of this study

This study aims to establish the synthesis method of atomically pure cationized
Au clusters.
(1) The cationized Au clusters are synthesized by size-focusing method which is the most
famous synthesis method of clusters. Auzs(SR)i1s and Auias(SR")e0, the smallest and
largest size Au clusters in the most stable and studied Au clusters, are synthesized.
(2) In recent years, surface reaction method have been receiving significant attention, and
there are few reports on such reactions, two of which are azido- and amide-bond
formation reactions on the Au cluster surface.!*!"> Surface Menshutkin reaction is
investigated on the Auas clusters for their cationization and functionalization.
(3) The unique reaction kinetics is revealed by monitoring the cationic-ligand-exchange
reaction on the cationized Aus(4-PyET-CH3")x(4-PyET)isx (x=9) clusters, which

containing both neutral and cationic ligands at the nearly equivalent amount.
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Figure 1.27 Strategy for synthesizing the atomically pure cationized Au clusters.
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1.9 Outline of this thesis

This thesis consists of six chapters. The key contents of each chapter are outlined
as follows.
Chapter 1 summarizes the general background including the history and synthesis
method of Au clusters with atomic precision, previous and recent researches of the
cationized Au clusters, and the problems on synthesizing atomically pure cationized Au
clusters. The objective and outline of the thesis were provided.
Chapter 2 reports the first synthesis of fully cationized Auzs(SR")1s clusters with atomic
precision by size-focusing method. 11-mercaptoundecyl-N,N,N-trimethylammonium
(HS(CH2)11N(CH3)3") was used as the cationic ligand.
Chapter 3 reports the synthesis of fully cationized Aui44(SR")so clusters with atomic
precision by size-focusing method. Aui44 is the largest size in the most stable and studied
clusters. 11-mercaptoundecyl-N,N,N-trimethylammonium (HS(CH2);1IN(CH3);") was
used as the cationic ligand.
Chapter 4 demonstrates the surface Menshutkin reaction on the neutral Auys(4-PyET)s
clusters to transform them into the cationized Auzs(4-PyET-CH3")«(4-PyET);s. clusters
(4-PyET = HS(CH>)>CsHaN).
Chapter 5 presents the unique ligand-exchange kinetics by investigating the ligand-
exchange to cationic ligands on the cationized Auzs(4-PyET-CH3")(4-PyET)isx (x=9)
clusters, which containing both neutral and cationic ligands.

Chapter 6 presents the summary of this thesis.
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Chapter 2
Fully Cationized Gold Clusters: Synthesis of
Allzs(SR+)1s

2.1 Introduction

Thiolate-protected gold (Au) clusters are ultra-small Au particles stabilized by a
number of thiolate ligands with core diameters of <2 nm.!"> Owing to the strong quantum
confinement effects operative such core size ranges, Au clusters exhibit interesting
molecular-like HOMO-LUMO transitions and other functional properties, which make
them promising as new nanomaterials applicable in diverse fields, including energy
conversion®, catalysis’, and bioimaging.®!° Recent advances in their synthesis, as well as
isolation and characterization techniques, have revealed a series of magic clusters that
exhibit extraordinary stability, such as Auxs(SR)is, Auzg(SR)24, Ausa(SR)28, Aues(SR)34,
Aui02(SR)44, and Aui44(SR)so (Where SR represents thiolate ligand).*>!%!! Among them,
the smallest magic cluster, Au2s(SR)i1s, has been intensively studied due to its ease of
synthesis and characterization by mass spectrometry.

There are two commonly exploited systems for Auxs(SR)is clusters that
involve the use of neutral and anionic thiolate ligands, such as alkanethiols, 2-
phenylethanethiol, glutathione, and several mercaptocarboxylic acids.>>!!"1¢ However,
there is no established method for the synthesis of Auxs(SR)is clusters using cationic
thiols. Indeed, the formation of cationic thiolate-protected Au clusters may be limited on
the basis of two possible mechanisms: (i) coulombic attraction between cationic thiol

(SR") and anionic Au ion (AuCls) and (ii) strong coulombic repulsion between the
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cationic ligands on the surface of Au clusters. In the case of the former, the common
synthetic method for Auzs(SR)is involves the formation of a Au(I)-SR complex as an
initial step. When a cationic thiol is adopted, the anionic Au(I) group and cationic SR*
easily form an ionic complex via coulombic interaction. Because the formation of ionic
complexes drastically changes the solubility of the Au(I)—SR species in a reaction solvent,
the homogeneous reduction and growth of the Au clusters are highly restricted.
Atomically pure cationic Au clusters are thus difficult to produce. With respect to issue
(ii), cationic groups such as trimethylammonium or methylpyridinium groups have
positive charges under any pH conditions. Because the cationic groups would be densely
populated on the surface of a very small Au cluster (depending on the ligand’s chain
length and cluster size), the coulombic repulsion between the cationic ligands on the
cluster surface would be strong and able to decompose the Auos structure, as reported for
anionic charged Auss(mercaptocarboxylic acid)is clusters with different chain lengths.!”
This rapid decomposition of the cluster structures due to the surface charge makes the
synthesis difficult. Au clusters capped with thiolate ligands bearing amino groups (—NH>)
such as cysteamine, which can be cationized via protonation under acidic conditions, have,
on the contrary, been stably obtained.!®!8-1

Predictably, because of the aforementioned mechanistic considerations, cationic
thiolate-protected molecular Au clusters have not yet been synthesized. Several reports
have described the use of cationic thiols for the synthesis of gold or other metal
nanoparticles with diameters exceeding ca. 2 nm.?* >} A cationized Au cluster has only
been reported for a mixture of Aui44/146 clusters through the partial ligand exchange of the
initial hexanethiolate with a cationic thiolate ligand with an uncontrollable exchange

ratio.?* A very small, fluorescent, cationic Au cluster has also been reported; however, its
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composition could not be ascertained and remains unknown.? Cationic thiolate-protected
Au clusters are expected to play a significant role in bioimaging and sensing, as cellular
proteins show higher affinity for positively charged nanocomposites than for neutral and
anionic nanocomposites. We hereby report the first synthesis of fully cationized thiolate-
protected Auxs(SR")is clusters. The key strategy was the control of the coulombic

interactions between the cationic thiolates and precursor Au ions.
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2.2 Experimental section
2.2.1 Chemicals

Hydrogen tetrachloroaurate (III) (HAuCls-4H>O, >99.99%, Wako), (11-
mercaptoundecyl)-N,N,N-trimethylammonium bromide (SR**Br’, 99%, Aldrich), sodium
hydroxide (NaOH, 97%, Junsei), potassium hexafluorophosphate (KPFs, 99%, Wako),
sodium borohydride (NaBHa, 99%, Wako), were used as received without further
purification. The counter ions of thiol ligand was exchanged to CI™ by using ion-exchange
column (Organo Amberlite IRA400JCL) before the use. Deionized pure water (>18.2

MQ) was prepared by an Organo/ELGA PURELAB system.

2.2.2 Synthesis of Au2s(SR")1s clusters

The fully cationized thiolate-protected Auzs(SR")1s clusters were synthesized
after modification of the NaOH-mediated NaBH4 reduction method reported by Xie’s
group.'® In brief, aqueous solutions of HAuCls (20 mM) and the thiolate ligand, (11-
mercaptoundecyl)-N,N,N-trimethylammonium chloride (—S(CH2)11N(CH3);"-Cl: SR*)
(80 mM), were prepared. In a water (2.5 mL)—ethanol (4 mL) solution, the HAuCly (1.0
mL) and SR" aq. solutions (0.5 mL) (Au:SR" mol ratio 1:2) were mixed to form the
Au(I)—SR complex. After stirring for 5 min, the solution became colorless; then, 1 M
NaOH aq. (0.2 mL) was added, followed by the addition of NaBH4 solution (0.2 mL, 21.5
mg in 5 mL 0.2 M NaOH aq.). Note that it is necessary to replace the Br~ counterion of
the purchased cationic thiolate ligand SR* with CI" using an ion-exchange resin because
the Br- decomposes the Au cluster via oxidation as previously reported.?® The described
synthesis fails when Br™ is used as the counterion.

An optimized concentration of NaOH in the reaction solution in this protocol has
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a significant impact. NaOH not only decreases the reduction ability of NaBH4 due to its
self-hydrolysis but also increases the etching ability of the free thiolate ligands due to the
deprotonation of the sulfhydryl (RS—H) groups in alkaline solution. The well-balanced
reversible reaction for Auys cluster formation, thanks to the weakened reduction capability
and improved etching rates, results in the rapid formation (3h) of the thermodynamically
stable Auys clusters. It is also important to note that this NaOH-mediated synthesis has
crucial advantages toward fully cationized Au clusters. First, the addition of NaOH
suppresses the formation of the ionic complex between the AuCls™ anion and SR, which
is thought to hinder the homogeneous reduction and growth of Au clusters (mechanism
(1) described above). Second, the short reaction time (3h) compared with other common
syntheses (typically 1-4 days® >!1"1®) enables the formation of Auas clusters before the
cluster structures decompose as a result of the densely populated cationic groups on the
cluster surfaces (mechanism (i1)).

After reacting for 3h, ethanolic KPFs solution (50 mM, 3 mL) was added to the
reaction solution in order to displace the CI and OH™ counterions with PFs". This treatment
is crucial for the observation of the electrospray ionization mass spectra (ESI-MS), as
described later. The resultant brown precipitate was dissolved in acetonitrile and purified
by repeated reprecipitation with dichloromethane, ethanol, and water, to afford a mixture
of Aups*(S(CH2)11N(CH3)3")1s-(PF6 )1s and Auzs'(S(CH2)11N(CH3)3 )15 (PF6 )17 (ca. 1.5
mg, 16% yield based on Au, see below).

2.2.3 Characterization

UV-Vis absorption spectra of the obtained samples in acetonitrile were recorded

using a JASCO V-630 spectrophotometer using a glass cuvette with a 10 mm optical path.

Electrospray lonization Mass Spectrometry (ESI-MS) was performed using a Bruker
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Daltonics micrOTOF-HS mass spectrometer. The sample in acetonitrile solution was
directly infused at 400 uL/min. The concentration of the infused solution was 1 uM. For
the data shown here, a 0-3000 m/z mass spectrometer acquisition range was used. The
nebulizer pressure was set to 0.4 bar, and the sheath gas was set to 4.0 L/min. The dry
temperature was kept at 180 °C. The electrospray emitter potential was held at 4000 V
(positive mode). The capillary exit, skimmer 1, hexapole 1, and skimmer 2 voltage

settings were 70, 30, 23, and 24 V, respectively.
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2.3 Results and discussion
2.3.1 Optical absorption spectroscopy

The as-synthesized Au clusters were characterized by optical absorption
spectroscopy. As shown in Figure 2.1, the obtained Au clusters exhibit two distinct
absorption peaks at 441 and 677 nm and two weak peaks at 546 and 783 nm, which
correspond well to the reported characteristic absorptions of thiolate-protected Auzs
clusters.*?”?® The energy band at 677 nm corresponds to the HOMO-LUMO transition of
the Aups structure, as previously reported.?” The absorption spectrum suggests that highly
pure Aups clusters were produced. In addition, the relatively broad absorption peaks
suggest that a mixture of two types of core charge states (Auzs ! and Auzs™®) was obtained,

as reported in the literature.?

Absorbance / a.u.d

350 450 550 650 750 850 950
Wavelength / nmOd

Figure 2.1 Absorption spectrum of the obtained Au cluster dissolved in acetonitrile.
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2.3.2 ESI-MS

Figure 2.2 shows the mass spectrometric evidence of the fully cationized Auys
clusters in acetonitrile solution, obtained by positive-mode high-resolution ESI-MS. The
wide spectrum in Figure 2.2(i) shows prominent groups of peaks for the 4+ to 14+ charge
states, labeled a-v, which are assigned to Auzs **(SR*)13°(PF¢)3-14, wherein two types of
core charge states (Auzs ' and Aups*™) and a varying number of counterions (PF¢)3-14 can
be identified. The relatively broad absorption peak observed in Figure 2.1 supports the
observation of both Auzs™ and Aups™ core charges in the spectrum. It is important to note
that these multiple charge states from 4+ to 14+ charges with varied “ion-pairing” with
PF¢ counteranions are first observed in molecular Au clusters. Moreover, the well-known
fragmentation product, Aus(SR")s, with different numbers of counterions (PF¢)o-2
(labeled as Fa-Fc) is also observed. The compositions and charge assignments of each
peak (a-v, Fa-Fc) are summarized in Table 2.1. Expanded ESI-MS spectra for several
observed peaks are shown in Figures 2.2(i1)-(v), with simulated isotope patterns as red
lines (see other expanded spectra in the Supporting Information). The isotope
distributions closely match the simulated spectra.

It is important to note that the PF¢” counterions play dominant roles in both the
acetonitrile solubility and the ESI-MS observations. The synthesized products lacking the
KPFs treatment (i.e., having CI" or OH™ counteranions), when dissolved in water or
methanol, did not produce any peaks attributable to Auzs(SR™)1s by ESI-MS. As shown in
Figure 2.2, all the observed Auzs(SR")is peaks have varying numbers of PFs™ groups as
counterions, and no Auxs(SR")is'®" without PFs was observed. These results strongly
suggest that an appropriate number of cationic charges must be neutralized, or “ion-

paired”, in the Auxs(SR)is by the appropriate number of PF¢ counteranions. The
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strongest peak observed for the Auos cluster is [Auzs™(SR*)1s-(PFs )o]’" (peak / in Figure
2.2). Under the electrospray conditions, the peak intensity of the Auxs cluster decreases

when it is neutralized to a greater (9+) extent.
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Figure 2.2 Wide range (i) and magnified (ii-v) positive mode high-resolution electrospray
ionization mass spectra (ESI-MS) of the obtained fully cationized Aus(SR")15 clusters.
Black lines indicate the observed data, and red lines in (ii-v) indicate the simulated isotope
patterns. Other magnified spectra are shown in Supporting Information. Structural and

charge assignments of each peak (a-v, Fa-Fc) are summarized in Table 2.1.

67



Table 2.1 Structural and charge assignments of ESI-MS in Figure 2.2

peak Structure Charge m/z (obs.) m/z (calc.)
state
a  Aus(SR)s*(PFs)s 14+ 698.37 698.36
b Auzs(SR*)1s*(PFe)a 14+ 708.71 708.71
¢ Auxs(SR")s*(PFe)a 13+ 763.20 763.23
d  AuzsO(SR)1s*(PFs)s 13+ 774.37 774.38
e Aus (SR (PFs)s 12+ 838.90 838.91
f Auzs*°(SR*)18*(PFs)s 12+ 850.98 850.99
g Auzs1(SR*)18*(PFe)e 11+ 928.34 928.35
h  Auzs*®(SR*)is*(PFe)r 11+ 941.51 941.53
i Auzs(SR*)1s*(PFe)r 10+ 1035.66  1035.68
j Auzs*9(SR*)18¢(PFe)s 10+ 1050.16 1050.18
k Auzs(SR*)18*(PFs7)s 9+ 1166.85 1166.87
| Auzs®(SR*)1s*(PFs)o 9+ 1182.96  1182.97
m  Auzs(SR)s*(PFs)so 8+ 1330.83  1330.85
n Auzs*°(SR*)18*(PFe7)10 8+ 1348.95 1348.97
0 Auzs~1(SR*)18*(PFe7)10 7+ 1541.65 1541.67
p Au2s*9(SR*)18*(PFe7)11 7+ 1562.36 1562.38
q Auzs~1(SR*)18*(PFe7)11 6+ 1822.76 1822.78
r Auzs°(SR*)18*(PF67)12 6+ 1846.91 1846.94
S Auzs1(SR*)18*(PFe)12 5+ 2216.30 2216.33
t  Auz%(SR*)s*(PFs)is 5+ 224527  2245.32
u Auzs1(SR*)18*(PFe)13 4+ 2806.62 2806.65
V. Auzs*(SR*)1s*(PFs)1a 4+ 2842.82  2842.90
Fragments
Fa Aua(SR*)a*(PF&)o 4+ 442.17 442.18
Fb Aus(SR*)a*(PFe)1 3+ 637.89 637.90
Fc Aua(SR*)a+(PFe")2 2+ 1029.32  1029.33
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2.4 Conclusion

Many kinds of neutral and anionic Au clusters have been reported, so far. This
chapter has demonstrated here the final piece of the series of thiolate-protected Au cluster
molecules: fully cationized Auzs(SR")is clusters. This study would widen the spectrum of
Au cluster chemistry. The fully cationized clusters should show advantages, provided by
their affinity toward negative substrates, in materials and biomedical applications. The
synthesis methods of this study may prove applicable to larger noble-metal clusters and
to other cation ligands, where different chain length could vary the effect of cationic

charge on the electric state of Au cluster core.
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2.5 Supporting information
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Figure S2.1 Magnified ESI-MS (black lines) and simulations (red lines) for peaks

summarized in Table 2.1 in the main text.
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Chapter 3
Super Polycationic Molecular Compounds:

Au144(SR )0 Clusters

3.1 Introduction

Investigation of Au cluster synthesis over the past two decades has revealed a
series of magic clusters with extraordinary stabilities, including Auzs(SR)1s, Auzs(SR)24,
Aua4(SR)28, Aues(SR)34, Aui102(SR)a4, and Aui44(SR)s0, where SR represents thiolate
ligands.!* Precisely size-controlled nanoclusters have been widely pursued because size
is a key factor in determining their basic physical and chemical properties.”” Although
many Au cluster species with different core sizes and diverse thiolate ligands have been
synthesized, only neutral and anionic thiolate ligands, such as 2-phenylethanethiol,
alkanethiols, glutathione, and mercaptocarboxylic acid, have been used as protecting
groups.>>1%13 When cationic ligands are used for Au cluster synthesis, two limitations are
observed during the cluster formation process: (i) Coulombic attraction between the
anionic AuCls~ and the cationic thiol (SR"), lowers the solubility of the Au(I)-SR*
complexes in solution, restricting homogeneous reduction and Au cluster growth, and (i1)
coulombic repulsion between the densely populated cationic ligands on the small cluster
surface, decreases the thermal stability of the clusters.!*!® These two limitations have
hindered the chemistry of fully cationized molecular Au cluster compounds.

The latest reports by Whetten et al.!”!8 revealed the earlier evidence of
polydisperse captamino (—S(CH2)2N(CHs)2)-capped Au clusters with atom numbers

ranging from 25-144. A partial ligand exchange reaction of neutral Aui44(SR)eo with
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cationic thiols was investigated by Fields-Zinna et al., however, only 10-15(+) cationic
Aujas was detected with an uncontrollable exchange ratio. Recently, Hoque et al.'8
reported an Aui44 capped with tertiary amine terminated ligands, but it requires
protonation in acidic conditions for cationization. These few works seemed to be an
exception to the statement made in 2005: “Small positively charged ligands do not support
the production of MPCs in the Brust synthesis”."

In chapter 2, atomically pure fully cationized Aus(SR*)1s clusters were
successfully synthesized using a modified Brust method.**> This chapter reports a new
series of cationized Au cluster compounds, among which Au142(SR%)eo, is the largest
compound reported with the most stable and studied molecular Au cluster (Auzas). In this
study, Auiss clusters capped with all cationic ligands are obtained by direct synthesis
using quaternary ammonium terminated ligands (SR*). The icosahedral Au14s structure is
of interest due to its extraordinarily high symmetry and compactness, and its 60-fold
equivalence of the ligands.?%-2* This challenge will be the key focus for future research on
cationized Au clusters because various Au cluster compounds with structures
intermediate between our previous (Auxs(SR*)1g) and current (Aui14s(SR")e0), such as
Auzg(SR")24, Auss(SR™)28, Aues(SR)34, Au102(SR")4s, are expected to be synthesized
using the same strategy (there is a need to optimize the condition of the ratio of HAUCl.,
ligands, and NaBHa4, reaction time, reaction temperature, solvent, and so on, though).
Furthermore, the Au144(SR*)s0 cluster compound with +60 charge is, to the best of my
knowledge, the most polycationic molecular compound reported this far, while other
candidates include polycationic dendrimers (with charges ranging from +4 to +16).%°
Notably, highly charged (+12-+96) supramolecular compounds, such as coordinated

frameworks, were reported,?® however, they are not molecular compounds. Fully
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cationized Auuss clusters not only have an advantage in the interaction with nano-bio
interfaces,?”? but may also provide a novel chemical reaction field due to the uniformly

and densely located cationic groups on the Auis4 pseudo-sphere.

3.2 Experimental section
3.2.1 Chemicals

Hydrogen tetrachloroaurate (III) (HAuCls-4H>O, >99.99%, Wako), (11-
mercaptoundecyl)-N,N,N-trimethylammonium bromide (SR*-Br’, 99%, Aldrich), sodium
hydroxide (NaOH, 97%, Junsei), potassium hexafluorophosphate (KPFs, 99%, Wako),
sodium borohydride (NaBHa, 99%, Wako), were used as received without further
purification. High-performance liquid chromatography-grade acetonitrile and methanol
were purchased from RCI labscan and Wako. Guaranteed reagent grade dichloromethane
was purchased from Junsei. Deionized pure water (>18.2 M) was prepared by an

Organo/ELGA PURELAB system.

3.2.2 Synthesis of Aui44(SR")eo clusters

The cationized Aui44(SR )60 cluster was synthesized using the following method
(Scheme 3.1). HAuCls-4H,O (7.4 mg, 18 umol) and (11-mercaptoundecyl)-N,N,N-
trimethylammonium bromide (SR™-Br, 18 mg, 55 pumol) were dissolved in a 50:50
methanol-water solution (6 mL) while stirring. After 5 min, the solution turned colorless,
indicating the formation of Au(I)-SR" complex. This change was followed by the addition
of 1 M NaOH aq (0.6 mL). The reaction mixture was stirred for 24 h, then 0.6 mL of an
aqueous NaBH4 (3.4 mg, 90 umol) was added, under vigorous stirring. After 3 h, a KPFs
aqueous solution (0.1 M, 5 mL) was added to the reaction mixture to precipitate clusters

and displace the CI" and OH™ counter anions with PFs. The resultant precipitate was
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dissolved in acetonitrile and thermal etching was performed (60 °C) for 3 days with
excess SR™PFs (55 umol). Note that thermal etching for 1 day produced impure Aui4s
clusters. After 3 days, the clusters were precipitated by adding a KPFs aqueous solution,
and washed with water and methanol. At this stage, analysis indicates the sample included
two stable clusters, Auzs(SR")is and Auis4(SR")s0. To remove the Auas clusters, the
resultant brown precipitate was dissolved in acetonitrile (1 mL) and the Auis4 clusters
were selectively reprecipitated by dichloromethane (2 mL), due to their larger size. The

synthetic yield was ~30% (in Au basis).

Scheme 3.1 Synthetic scheme of Auj44(SR )60 clusters.

HAuCI,
in Methanol / Water

1. SR*-Br
2. NaBH,

Various sized clusters

Thermal etching Selective

1 day precipitation s
Au44(SR")go
Thermal etching Selective
3 days precipitation

Auys(SR*)45

Au;44(SR*)gp
Au144(SR*)g0
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3.2.3 Characterization

UV-Vis absorption spectra of the obtained samples in acetonitrile were recorded
using a JASCO V-630 spectrophotometer using a glass cuvette with a 1 mm optical path.
Electrospray lIonization Mass Spectrometry (ESI-MS) was performed using a Bruker
Daltonics micrOTOF-HS mass spectrometer. The sample in acetonitrile solution was
directly infused at 400 uL/min. The concentration of the infused solution was 1 uM. For
the data shown here, a 50-10000 m/z mass spectrometer acquisition range was used. The
nebulizer pressure was set to 0.4 bar, and the sheath gas was set to 4.0 L/min. The dry
temperature was kept at 180 °C. The electrospray emitter potential was held at 4000 V
(positive mode). The capillary exit, skimmer 1, hexapole 1, and skimmer 2 voltage
settings were 120, 70, 23, and 24 V, respectively. TG-DTA was carried out using a
thermogravimetry analyzer (TGA, Shimadzu DTG60H). Measurement was operated
using air at a flow rate of 100 mL/min; and temperature was increased from room
temperature to approximately 500 °C at a heating rate of 0.5 °C/min. Scanning
Transmission Electron Microscopy (STEM) images in high-angle annular dark field
(HAADF) mode and bright field (BF) mode were acquired using a JEM-ARM200F at 80

kV.
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3.3 Results and discussion
3.3.1 Optical absorption spectroscopy

Figure 3.1 shows the UV-Vis absorption spectra for the Au clusters obtained at
different synthesis steps: (a) after reduction (3 h), (b) after thermal etching for 1 day, (c)
after thermal etching for 3 days, and (d) after selective precipitation. The samples were
dissolved in acetonitrile. After thermal etching (1 or 3 days), the samples began to show
two absorption peaks around 500 and 700 nm, which corresponds to the reported
characteristic absorptions of neutral thiolate-protected Auiss clusters.”” The two peaks
became stronger after selective precipitation. Electrospray ionization mass spectrometry
(ESI-MS) results of the Aups cluster during the size focusing process (Figure S3.1),
support the beneficial effect of thermal etching and selective precipitation. After 1 day of
thermal etching, the samples included Auas clusters as an impurity, but the amount of Auas
clusters decreased with additional thermal etching up to 3 days. The Auys clusters were
completely removed by selective precipitation. The sample obtained after thermal etching
for 1 day and selective precipitation (Figure S3.2) and after thermal etching for 3 days
and selective precipitation (Figure 3.1(d)) showed similar absorption spectra. However, a
large difference was observed in the ESI-MS results between these two samples and is

described below.
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Figure 3.1 UV-Vis absorption spectra of the Au clusters obtained at different synthesis
steps (a) after reduction (3h), (b) after thermal etching for 1 day, (c) after thermal etching

for 3 days and (d) after selective precipitation.

3.3.2TGA

The TGA profile of the obtained the Au cluster demonstrates its high purity
(Figure 3.2). The total weight loss of 45.0% matched the theoretical weight ratio of
organic components in Aui44(SR")s0(PFs )so (45.2%). The decreases of weight started at
180 °C and 320 °C correspond to the evaporation of thiolate ligands and PF¢ anions,

respectively. Compared to the TGA profile of neutral Au44 clusters capped with different
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carbon chain length where longer carbon chain show higher thermal stability
(Au144(SCsHo)s0, Au144(SCsHi1)s0, Aui44(SCeHi3)so and Aui44(SCH2Ph)so start to lose
ligands at 178 °C, 195 °C, 205 °C and 200 °C, respectively),3®*! the Au44(SR")s0 capped
with even longer thiolate (SCi1-NMes) showed lesser thermal stability. These data
strongly suggest that the coulombic repulsion between cationic ligands affects the thermal

stability of fully cationized Au clusters and decreases their stability.
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Figure 3.2 TGA profile of obtained Au clusters at a heating rate 0.5 °C/min until

approximately 500 °C. Theoretical weight loss of Aui44(SR")s0-(PFe)eo is 45.2%.
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3.3.3 ESI-MS

Figure 3.3 shows the positive-mode high-resolution ESI-MS of the Au clusters
obtained after thermal etching for 1 day and selective precipitation. It is important to note
that the synthesized Aui44(SR)s0*(PFs )e0 loses several number of PF¢~ anions during the
ESI process. As shown in the top spectrum in Figure 3.3(i), prominent groups of peaks
for the +12 to +21-charged states, which could be assigned to the mixture of clusters with
Aui144(SR")eo as the main product, were observed. The peak Fa is a fragment peak.
Expanded ESI-MS spectra for the two observed peaks are shown in Figures 3.3(ii)-(iii),
with the simulated isotopic patterns shown as red lines. A large difference was observed
between the observed and simulated patterns in the peak maxima (m/z) and peak widths.
The reason should be the similar sized quasi-stable compounds of Aui44, such as Auis,
Auis3, and Auise, etc., which make the size-focusing into a single Auj44 structure difficult.
Note that the average value of the peak maxima difference in cationized Aui44 compounds
(this study) was 187.95 Da, which is smaller than 197 Da (molecular weight of Au) and
390 Da (molecular weight of thiolate ligand). These values strongly suggest that the
synthetic condition of 1 day thermal etching produced Aui44(SR")so clusters as the main

product, though not with high atomic precision.
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Figure 3.3 Wide range (+12-+21) and expanded (+15, +16) positive-mode electrospray
ionization mass spectra (ESI-MS) of the obtained Au clusters after thermal etching
(60 °C) for 1 day and selective precipitation. Black lines indicate the observed spectra,

and red lines in (i1, iii) indicate the simulated isotopic patterns.

In the optimized condition of thermal etching, single Auiss component was
successfully obtained with high atomic precision. Figure 3.4 shows the positive-mode
high-resolution ESI-MS spectra of the Au clusters obtained after thermal etching for 3
days and selective precipitation. The top spectrum in Figure 3.4(i) shows prominent
groups of peaks for the +12 to +21-charged states labeled a-y, which are assigned to
Au1449(SR*)60- (PF6 )39-48 and Au14a"?(SR*)se- (PFs )a0-48, respectively. In the peak band
of each charge state (Figures 3.4(ii)-3.4(v)), two clusters were observed, Au144(SR*)s0 and
Au144(SR™)s9. Au144(SR™)s9 is a potential oxidation product in the ESI process of the
dominant compound Au144(SR*)s0, where Au142(SR*)sg always appear with a core-charge

+2, whereas Au144(SR)eo is +1 or neutral. The well-known fragmentation products
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Aus(SR")s (not seen in m/z=2250-4450), Aus(SR*)s (Fa) and Aus(SR*)s (Fb) with
different numbers of PFs~ were also observed. The composition and charge assignment
for each peak (a-y, Fa, Fb) are summarized in Table 1. The expanded ESI-MS spectra for
several observed peaks are shown in Figures 3.4(ii)-3.4(v) with simulated isotopic
patterns presented as three different colored lines (see additional expanded spectra in
Figure S3.3). Note that the simulated isotopic patterns of ~ 50 kDa compounds in this
case become continuous curves, not discrete. The observed spectra closely match the
simulated patterns. The strongest peak observed for the Auias cluster is
[Au124°(SR)e0- (PFs )aa]*®* (Figure 3.4). Under the electrospray conditions, the peak
intensity of the Auiss cluster decreased when it was neutralized to a greater (<+16) or
lesser (>+16) extent. Fields-Zinna et al.® reported ESI-MS results interpreted as charge
states of +10 to +15 on cationic-ligand exchanged Auiss, where the same number of
cationic ligands are introduced as the charge state detected. Detected charging was
expected to increase toward the limit of +60 by increasing the number of exchanged
ligands. However, the maximum detected charging of the Au144(SR*)s0 with PFs~ anions
obtained by direct synthesis in this study was +21, and the Au144(SR*)e0 Without any PFg~
anions was not observed. Besides, the Au144(SR™)so with CI™ or OH™ counter anions (not
PFe") in water or methanol solvent, was not detected by ESI-MS. These results strongly
suggest certain number of appropriate counter anions are required to detect Auiss with all
cationic ligands. Furthermore, similar sized nanoclusters (~2.0 nm) were observed in
high-angle annular dark field (HAADF) and bright field (BF) scanning/transmission
electron microscopy (STEM) images (Figure S3.4). The Au clusters were not stable under
80 kV electron beam irradiation, which led to some decomposition or coalescence to

occur. Although it is difficult to make quantitative observations from these STEM images,
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the observation of ~2.0 nm clusters supports the successful synthesis of Auzas structures,

similar to neutral 2-phenylethanethiol protected Auias cluster compounds.?
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Figure 3.4 Wide-range (+12-+21) and expanded (+14, +15, +16, and +17) positive-mode
electrospray ionization mass spectra (ESI-MS) of the obtained fully cationized
Au144(SR")eo clusters with different numbers of PFs~ counter anions after thermal etching
(60 °C) for 3 days and selective precipitation. Black lines indicate the observed spectra,
and red, green, blue lines in (+14, +15, +16, and +17) indicate the simulated isotopic
patterns. The values in the brackets denote [number of Au, number of SR*, number of

PFe anions].
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Table 3.1. Structural and charge assignments of ESI-MS in Figure 3.4.

o Core Number of ~ Number of  Number of Total  miz(obs)  miz (calc)
charge  Au atoms SR* PFe~ charge (z)
Au144(SR")eo Clusters
a 144 60 39 +21 2321.05 2321.17
b 144 60 40 +20 2444 .56 2444 .48
c 144 60 41 +19 2580.82 2580.76
d +1 144 60 42 +19 2588.32 2588.38
e 0 144 60 42 +18 2732.03 2732.18
f +1 144 60 43 +18 2740.19 2740.25
g 0 144 60 43 +17 2901.52 2901.43
h +1 144 60 44 +17 2910.00 2909.96
i 0 144 60 44 +16 3091.78 3091.83
Ji +1 144 60 45 +16 3100.90 3100.89
k 0 144 60 45 +15 3307.63 3307.61
/ +1 144 60 46 +15 3317.18 3317.29
m 0 144 60 46 +14 3554.18 3554.22
n +1 144 60 47 +14 3564.66 3564.59
o 144 60 47 +13 3838.88 3838.79
P 144 60 48 +12 4170.63 4170.76
Au144(SR")sg Clusters

q +2 144 59 40 +21 2316.33 2316.39
+2 144 59 41 +20 2439.58 2439.45

s +2 144 59 42 +19 2575.10 2575.47
t +2 144 59 43 +18 2726.55 2726.61
u +2 144 59 44 +17 2895.24 2895.52
v +2 144 59 45 +16 3085.43 3085.55
w +2 144 59 46 +15 3300.79 3300.92
X +2 144 59 47 +14 3546.94 3547.05
y +2 144 59 48 +13 3849.73 3849.94

Fragmentation products: Aus(SR*)s (Fa), Aus(SR")s (Fb)

Fa 0 5 5 4 +1 2792.08 2792.00
Fb 0 6 6 5 +1 3379.25 3379.01

SR* represents S(CH2)11N(CHzs)s* ligand.
* (Total charge) = (Number of SR*) - (Number of PFg") + (Core charge)
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3.4 Conclusion

Fully cationized Au144(SR")so clusters were successfully synthesized. Through a
strict size focusing process, optimized thermal etching and selective precipitation, fully
cationized single Aui44 components were obtained with high atomic precision. The
Aui44(SR)eo cluster compound with +60 charge is, to the best of my knowledge, the most
polycationic molecular compound reported thus far. This larger series of fully cationized
Au clusters compounds should be beneficial in diverse fields, such as catalysis, optics, or
interaction with nano-bio interfaces, and may also provide a novel chemical reaction field

due to the uniformly and densely located cationic groups with high atomic purity.
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3.5 Supporting information
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Figure S3.1 The effect of thermal etching and selective-reprecipitation. ESI-MS of after

thermal etching for 1 day (blue) and after thermal etching for 3 days (green) and after

selective precipitation (black), with the simulated isotopic patterns (red). The values in

the brackets denote [number of Au, number of SR, number of PFs anions]. The

theoretical m/z values of each cluster are, m/z=1330.84 (+8), 1541.67 (+7), 1822.78 (+6),

2806.65 (+4).
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Figure S3.2 UV-Vis absorption spectra of the obtained Au clusters after thermal etching

for 1 day and selective precipitation.
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Figure S3.3 Magnified ESI-MS (black lines) and simulations (red, green and blue lines)

for the other observed peaks. The values in the brackets denote [number of Au, number

of SR*, number of PFs anions].
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Figure S3.4 HAADF (left) and BF (right) STEM image of the obtained Auis4 clusters.
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Chapter 4
Surface Menshutkin Sx2 Reaction on Basic Gold
Clusters Provides Novel Opportunities for the
Cationization and Functionalization of Molecular

Metal Clusters

4.1 Introduction

Atomically precise, thiolate-protected gold clusters (Aum(SR)n) have potential

2 4

applications in diverse fields, such as catalysis,"? sensing,>* and bio-applications,>®
owing to their interesting physicochemical properties. Surface SR ligands are of particular
interest as they affect the magic size (stable number of metal atoms) and structures of the
clusters.®” Furthermore, the R-groups on the cluster surface are exposed to solutions and

other phases; hence, they determine the molecular-like characteristics of clusters,® such

0 1

as their hydrophobicities/hydrophilicities,” chiralities,'® catalytic activities,>!! optical
properties,'? and interactions with host materials.’® These R-groups are therefore crucial
to the rational design of the functional properties and applications of clusters. In peculiar,
clusters capped by cationic R-groups are desirable as they widen the applications of
bioimaging and sensing;'® however, the synthesis of cationized clusters is rarely reported
owing to the difficulty in handling the positive charges of R-groups.!*!® Recently, by
preventing the formation of [Au(I)]-SR" ionic polymer complexes that hinder the

homogeneous reduction of Au precursors and the formation of atomically pure clusters,

the cationized Au clusters (Auzs(S(CH2)11N(CH3)3")1s,'* Aui44(S(CH2)11N(CH3)3%)60,'°
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and Auas(S(CH2)11N(CH3); )x(S(CH2)2Ph)is.« (x=1-6)'¢) were successfully synthesized.
To date, major protocols for the preparation of atomically precise clusters with

various thiolate ligands have been categorized into size-focusing!*!>

and ligand-exchange
method.!®!” In the former case, the Au(I)-SR complex is prepared by mixing Au ion and
thiols (HSR), followed by reduction into objected Au clusters. The latter involves the
synthesis of Au clusters, followed by the replacement of their initial ligands with the
desired ligands. Besides these methods, surface reactions have also received significant
attention in recent years; however, there are few reports on such reactions, two of which
are azido- and amide-bond formation reactions.'®!

The Menshutkin Sx2 reaction is a common method to obtain quaternary
ammonium salt ([-N(CH3)3;]") by reacting a tertiary amine with an alkylating agent.?
This chapter demonstrate the Menshutkin (methylation) reaction of the surface pyridyl
(Py) moieties on basic Auys(4-PyET)1s clusters (4-PyET = —SCH>CH»Py) for their
successful transformation into cationized Auzs(4-PyET-CH3")(4-PyET)isx (x = 18)

clusters (Scheme 4.1). This work proposes a novel strategy for not only the cationization

of Au clusters by surface chemical reactions, but their functionalization as well.
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Scheme 4.1 Menshutkin (methylation) reaction on Auzs(4-PyET):s clusters. 4-PyET = —

SCH>CH,Py, where Py = pyridyl group.
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4.2 Experimental section
4.2.1 Chemicals

Hydrogen tetrachloroaurate (III) Tetrahydrate (HAuCls-4H>O, > 99%, Wako), 4-
pyridineethanethiol hydrochloride (4-PyET-HCI, C7H9NS-HCI, > 97%, TCI), sodium
borohydride (NaBH4, > 92%, Kanto), hydrochloric acid (HCI, 35~37%, Kanto), sodium
hydroxide (NaOH, > 97%, Kanto), iodomethane (CH3l, > 99.5%, TCI), dimethyl sulfate
(C2H6O48S, > 98%, TCI), methyl trifluoromethanesulfonate (C2H3F303S, > 95%, Wako),
trimethyl oxonium tetrafluoroborate (C3H9BF4O, > 95%, Ardrich), potassium
hexafluorophosphate (KPFs, > 95%, TCI). Tetrahydrofuran (THF, > 99.5%, Junsei),
methanol (MeOH, > 99.6%, Junsei), dichloromethane (DCM, > 99%, Wako), N,N-
dimethylformamide, super dehydrated (dehydrated DMF, > 99.5%, Kanto), diethyl ether,
super dehydrated (> 99.5%, Wako), Acetonitrile (> 99.9%, RCI labscan). Deioized pure

water (> 18.2 MQ) was prepared by an Organo/ELGA purelab system.
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4.2.2 Synthesis of Auzs(4-PyET):s clusters

The Auxs(4-PyET);:5 clusters were synthesized by following the recently reported
works.?! In brief, 8 mL of 4-PyET solution (MeOH, 100 mM) was added dropwise into
24 mL of HAuCly solution (THF, 6.7 mM; 4-PyET:Au = 5:1 in molar ratio). The mixture
changed into light reddish cloudy suspension, and then into white cloudy suspension
during 4-PyET dropping. After overnight stirring, 1.6 mL of the fresh-made NaBH4
solution (1.6 mmol, NaBH4:Au = 5:1 in molar ratio; prepared by dissolving 189.2 mg of
NaBHj in 5 mL of cold pure water) was rapidly added to the suspension under vigorous
stirring. The color of the solution immediately turned black after addition of NaBHa.
Finally, the etching process was allowed to continue for at least 48h. Over the long time
of etching process, the solution color would become dark brown slowly, suggesting the
formation of monodisperse Auzs(4-PyET)is. The crude samples were purified based on

the protonated states of the pendant Py moiety on Auys cluster.

4.2.3 Menshutkin reaction on Auzs(4-PyET)s clusters

The Menshutkin reaction was investigated in Auns(4-PyET)ig clusters. 1st
reaction cycle:  Aus(4-PyET)ig clusters (1 mg, ~0.13 pmol) were dissolved in
dehydrated DMF (1 mL). In this solution, liquid methyl trifluoromethanesulfonate (27
puL, ~240 pmol) and KPFs (4.5 mg, ~24 umol) were added in the mole ratio of methyl
trifluoromethanesulfonate:KPF¢:4-PyET = 100:10:1. The solution was stirred at 200 rpm
for 1 h. The obtained Aus(4-PyET-CH3")x(4-PyET)s.« clusters were precipitated by
adding KPFs aqueous solution (0.1 M, 5 mL) and washed by water and DCM. 2nd
reaction cycle: the obtained clusters were redissolved in dehydrated DMF (1 mL), and
then were reacted and purified in the same method as 1st reaction. 3rd reaction cycle: the

same operations as 2nd reaction were repeated.
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4.2.4 Characterization

UV-Vis absorption spectra of samples were recorded using a JASCO V-630
spectrophotometer using a quartz cuvette with a 1 nm optical path. Electrospray
Ionization Mass Spectrometry (ESI-MS) was performed using a Bruker Daltonics
micrOTOF-HS mass spectrometer. The purified sample, dissolved in acetonitrile (~100
ng/mL), was directly infused at 4 mL/min. The nebulizer pressure was set to 1.5 bar, and
the sheath gas was set to 4.0 L/min. The dry temperature was kept at 180 °C. The
electrospray emitter potential was held at 4500 V (positive mode). The capillary exit,
skimmer 1, hexapole 1, skimmer 2 voltage settings were 200, 50, 25, and 28 YV,
respectively. The lens 1 transfer and lens 1 pre puls storage were set at 160, and 30 ps,
respectively. '"H NMR analysis was performed on a JMTC-400/54/SS  (JEOL)
spectrometer operated at 400 MHz. Dimethyl sulfoxide-ds (DMSO-ds, 750 uL) was used

as the solvent to dissolve 3 mg of the cluster.
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4.3 Results and discussion
4.3.1 Selection of methylating reagents

The following 4 chemicals were evaluated as methylating reagents: iodomethane
(Mel), dimethyl sulfate (Me2SOs4), methyl trifluoromethanesulfonate (TfOMe), and
trimethyl oxonium tetrafluoroborate (Me3OBF4) (reactivity with Py group: Mel <
Me>S04 < TfOMe < Me3OBF4). The surface-reactive basic Au cluster Auzs(4-PyET)s
was synthesized according to the previously reported method and characterized by
electrospray ionization mass spectrometry (ESI-MS) and UV-Vis absorption (Figure
S4.1).2! Figures 4.1(a)-(d) show the UV-Vis absorption spectra of the samples before (0
min) and after the methylation reaction (30 min or 60 min) using each of the 4 methylating
reagents. When Mel and Me3OBF4 were used (Figures 4.1(a) and (d), respectively), the
characteristic absorption peaks of Aups clusters’?® at 400, 450, 560, 670 and 780 nm
disappeared after the reaction, indicating that these reagents decomposed the Auys clusters.
On the other hand, no obvious decreases in the absorption spectra were observed when
using Me>SO4 and TfOMe (Figures 4.1(b) and (¢)). The decomposition of the clusters by
Mel is due to the nucleophilicity of the I" ion generated by the reaction, as reported
elsewhere.?* Besides, methylating agents not only react with the Py group of the ligands,
but with the —S moiety of the Au—S bonds as well. Their reaction with the —S group causes
the Au-S bond to break, leading to the decomposition of the clusters. Me3OBF4 likely
decomposed the clusters owing to its strong reactivity. On the other hand, Me>SO4 and
TfOMe selectively react with the outer Py groups over the inner —S groups because of
their moderate reactivity, allowing the methylation reaction to proceed without any

decomposition of the clusters.
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Figure 4.1 Selection of methylating reagents. UV-Vis absorption spectra of the samples
before (0 min) and after reaction (30 min or 60 min) with (a) Mel, (b) Me2SOs, (c) TfOMe,

and (d) Me3OBFa.

4.3.2 Optical absorption spectroscopy

TfOMe, which proceeded the most efficiently (see ESI-MS results in Figures
S4.2-S4.4), was selected as the methylating reagent. The Menshutkin reaction on the
Auzs(4-PyET):s cluster was conducted to obtain methylated, cationized Auzs clusters (see
the detailed procedure in the Supporting Information). Trifluoromethanesulfonic acid
(CF3SOsH) was noted as a decomposition product of TfOMe, which could hinder the
Menshutkin reaction by protonating the unreacted Py groups. By performing the 1h
reaction 3 times (i.e., 3 cycles), CF3SOsH was effectively removed and the reaction was

proceeded efficiently. Notably, running 1 cycle for up to 2 days did not produce fully
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methylated Au clusters as the main product and was less efficient than the 3-cycle reaction
(Figure S4.5). UV-Vis absorption spectra of the sample before and after 1 cycle showed
slight increases in the characteristic Auys cluster bands?>* at 400 and 560 nm, whereas
those at 450, 670, and 780 nm slightly decreased (Figure 4.2). Such absorption changes
were also observed when Auys(4-PyET)is clusters were treated with HCI, in which the
reversible protonation of the Py group gave its positive form, -CsHsNH".2! These results
strongly suggest that the geometric structure of Auzs core was distorted due to the surface
charge anisotropy'>?! during the addition of positive charges. The absorption spectra
showed negligible changes after the 2nd and 3rd reaction cycles (Figure S4.6),
demonstrating the good stability of the methylated, cationized Auys clusters and lack of

geometrical changes in the Auxs core (discussed in detail in Figure 4.4).
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Figure 4.2 UV-Vis absorption spectra of the sample before (Oh) and after 1-cycle reaction

(1h).
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4.3.3 ESI-MS

The positive-mode ESI-MS of the methylated Auys clusters (Figure 4.3, left)
showed 3 different charged states +2, +3, and +4 (depending on the number of attached
PF¢ anions). Specifically, [Auzs™ (4-PyET-CH3")u(4-PyET)15.+*(PF6 )s3]*" (11 < x < 18),
[Auzs ! (4-PyET-CH3")x(4-PyET) 18 (PFe )xa]’* (12 < x < 18), and [Auzs'(4-PyET-
CH3)x(4-PYET) 18" (PFe)xs]* (14 < x < 18) (groups Auzs(+2), Auzs(+3), and Aups(+4),
respectively) were observed. Figure 4.3 (right) shows the expanded ESI-MS of the
methylated Auys clusters with +3 charged state (group Auzs(+3)) observed with relatively
high intensity (expanded ESI-MS of group Auzs(+2) and Auzs(+4) in Figure S4.7). After
Ist reaction cycle (1h in total), the x values (the number of methylated ligands) ranged
between 12 and 18. Note that after 2 min of reaction, x had already reached 10-18,
indicating the reaction rate became very inefficient due to the decrease in the number of
reaction sites and bulkiness of the counter anions CF3SO3™ and PF¢", which geometrically
impede further reaction of the unreacted ligands (Figure S4.2). After the 2nd and 3rd
reaction cycles (2h and 3h in total, respectively), the x values increased to x=14-18 and
15-18 respectively. The average number of methylated ligands was calculated from the
peak intensity ratio, assuming the mass spectral signal intensities are equal to the solution
concentrations of the corresponding cluster species; the numbers for cycles 1-3 were 15.0
(83.1%), 16.7 (92.7%), and 17.3 (95.9%), respectively (refer to detailed calculation
procedures in Table S4.1). The 'H NMR spectrum of the sample after the 3rd reaction
cycle (Figure S4.8) also showed a similar x value of 17.3 (96.0%), confirming that the x
values calculated from the mass spectral signal intensities are reliable in the selected mass
region (m/z = 2220-4950). The average x value gradually increased by the number of

reaction cycles, and nearly per-methylated Auys clusters were successfully obtained after
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3 cycles. By further increasing the number of reaction cycles to 4 (4h in total), more
clusters, with x=18, could be produced; however they exhibited more impurity peaks due
to their decomposition (Figure S4.9). The compositions and charge assignments of the
observed Auys cluster peaks are summarized in Table 4.1. The isotope distributions
matched well with the simulated isotope patterns (Figure S4.10). The well-known
fragmentation product [Aus’(4-PyET-CH3")(4-PYET)sr*(PF¢)x1]'" (1 < x < 4) was also
observed (Figure S4.11). Moreover, the fragmentation products during the ESI process
[Au24°(4-PyET-CH;3")x(4-PyET)16.x"(PF6 )x3]*" (8 <x < 16) and [Auz3’(4-PyET-CH3")(4-
PyET)i5.+"(PF¢)x3]°" (8 < x < 15) were observed for Auzs(SR);s; these corresponded to
losses of Aui—SR, and Aux—SR3 (Figure S4.11). Interestingly, like those of the whole Auys
clusters, the x values of these fragmentation products also increased with the number of

reaction cycles (see the summary of compositions and charge assignments in Table S4.2).
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Figure 4.3 Positive-mode ESI-MS of the samples after different numbers of reaction
cycles (left), and the expanded ESI-MS of group Aus(+3) (right). The red and blue
numbers indicate the x values of [Auzs!'(4-PyET-CH3")(4-PyET)is.'(PF6)x4]*" and

fragmentation product [Auz4°(4-PyET-CH3")(4-PyET) 16 (PFe )31, respectively.
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Table 4.1 The compositions and charge assignments of the observed Aus cluster peaks.

1lh 2h 3h
x value Composition m/z (calc.)
m/z (obs.) m/z (obs.) m/z (obs.)

Total charge +2: Au25'1(4-PyET-C:H3+)X(4-PyET):Ls_x-(PFS')X_3
11 |Au, '(4-PYET-CH,"),(4-PyET),(PF,), | 4368.38 - - 4368.40
12 |Au, '(4-PYET-CH,"),(4-PYyET)(PF,), |  4448.39 - - 4448.40
13 |Au,, '(4-PyET-CH,"),(4-PYET)(PF,),| 4528.38 - - 4528.38
14 |Au, '(4-PyET-CH,"),,(4-PYET),(PF,),,| ~4608.36 4608.36 - 4608.38
15  |Au,, ‘(4-PyET-CH,"),(4-PYET),(PF,),,| 4688.37 4688.38 4688.31 4688.37
16 Au25-1(4-PyET-CH3+)16(4-PyET)2(PFe')13 4768.35 4768.36 4768.37 4768.36
17 Au25-1(4-PyET-CH3+)17(4-PyET)1(PFe')14 4848.33 4848.36 4848.36 4848.36
18 Au25'1(4-PyET-CH;)m(PFG')15 - 4928.34 4928.34 4928.35

Total charge +3 : Au25'1(4-PyET-CH3+)X(4-PyET)lg_x-(PFG')X_4
12 | Au, '(4-PyET-CH,"),,(4-PyET)(PF,),| 2917.30 - - 2917.28
13 | Au, '(4-PYET-CH,") ,(4-PyET).(PF,), | 2970.62 - - 2970.61
14 |Au, '(4-PyET-CH,"),,(4-PYET),(PF,),,| 3023.94 3023.95 - 3023.94
15  |Au,, '(4-PyET-CH,"),(4-PYET),(PF,),| 3077.27 3077.28 3077.27 3077.27
16 [Au, '(4-PyET-CH,"),(4-PYET),(PF,),,|  3130.59 3130.60 3130.61 3130.60
17 |Au, '(4-PyET-CH,"),,(4-PYET),(PF),,| 3183.92 3183.92 3183.93 3183.92
18 AU, (4-PYET-CH,"),5(PFs )14 3237.24 3237.25 3237.25 3237.25

Total charge +4 : Au25'1(4—PyET—CH;)X(4—PyET)ls_x-(PFS')X_5
14 | Au,, '(4-PyET-CH,"),,(4-PyET),(PF,),| 2231.72 - - 2231.71
15  |Au,, (4-PyET-CH,"),(4-PYET),(PF,),| 2271.71 2271.71 2271.71 2271.71
16  |Au,, (4-PyET-CH,"),(4-PyET),(PF,),,| 231170 2311.71 2311.70 2311.70
17 |Au,, '(4-PyET-CH,"),,(4-PyET),(PF,),,| 235170 2351.70 2351.69 2351.70
18 AU, (4-PyET-CH,"),5(PFy )5 2391.69 2391.69 2391.69 2391.69
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The weaker methylating reagent, Me>SO4 was also evaluated by varying the
reaction time and number of reaction cycles; this gave clusters with various x values.
Specifically, those with x=8.5, 9.7, 12.6, and 14.1 were formed by reactions with Me2SO4
for times of 2, 5, 15, and 60 min, respectively (see Figure S4.3 and Table S4.3). The
abundance ratios of each cluster species with different x values, determined by the
intensities of their ESI-MS peaks, are shown in Figure 4.4. Monitoring the reaction with
Me>SOs4 revealed that the absorption spectral changes (i.e., the structural change of Aus
core) were completed at 15 min, where the minimum x value of the contained Au clusters
was 9 (Figure S4.12). These observations indicate that the structural changes are complete
when approximately half number of the surface Py groups are cationized. To further
understand the mechanisms of the spectral and structural changes caused by the dense
surface charges, the isolation into each cluster species and their single-crystal X-ray

structure analysis are now under progress.

Structural change
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Figure 4.4 The abundance ratios of each cluster species with different x values under

representative conditions.
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4.4 Conclusion

This chapter have demonstrated a novel method for obtaining cationized Au
clusters via the surface Menshutkin Sn2 reaction. By changing the methylating reagent,
reaction time, and number of reaction cycles, the number of methylated ligands (x) was
successfully controlled, and an x of approximately 18 (i.e., fully methylated Auys(4-PyET-
CHs")13) was obtained under the optimal condition. This work proposed not only a new
synthetic pathway for cationized Au clusters, but also provides a novel idea for
diversifying the R-groups of molecular metal clusters through the surface chemical

reaction.
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4.5 Supporting information
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Figure S4.2 Positive-mode ESI-MS of the samples after (a) 2 min and (b) 60 min of

reaction with TfOMe. The red numbers indicate the x values of [Auzs ! (4-PyET-CH3")«(4-

PYET) 18- (PF6 )ua]".
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Figure S4.3 Positive-mode ESI-MS of the samples after (a) 2 min, (b) 5 min, (c) 15 min,

and (d) 60 min of reaction with Me>SOs. The red numbers indicate the x values of [Auas

1(4-PyET-CH5")x(4-PyET) 18" (PF¢ )xa]*™.
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Figure S4.4 The change of x value after reaction with Me>SO4 (2, 5, 15, and 60 min) and

TfOMe (2 and 60 min). The average x values are calculated from the ratio of mass spectral

signal intensity.
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Figure S4.5 (a) UV-Vis absorption spectra (before (Oh) and after reaction (48h)) and (b)
positive-mode ESI-MS of the sample after 48h of reaction with TfOMe. The red and blue
numbers indicate the x values of [Auzs™(4-PyET-CHs")x(4-PyET)is.'(PF6)x4]>" and
[Au24’(4-PyET-CH3")((4-PyET)16+'(PF¢)x3]>", respectively. The peaks (*) are

unassigned peaks.
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Figure S4.6 UV-Vis absorption spectra of the samples before (Oh) and after reaction (1h)
after different reaction cycles: (a) 2nd cycle, (b) 3rd cycle.
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Figure S4.7 Expanded ESI-MS of group Auzs(+2) (left) and Auas(+4) (right). The red
numbers indicate the x values of [Auzs(4-PyET-CHs")x(4-PyET)is'(PFs)x3]*" and

[Auzs ' (4-PyET-CH3")(4-PyET) 15 (PF¢ )x-5]*". The peaks (*) are unassigned peaks.
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Table S4.1 Detailed calculation for average number of methylated ligands from the

mass spectral signal intensity ratio.

1h 2h 3h 4h
x value
Intensity Intensityxx Intensity Intensityxx| Intensity Intensityxx| Intensity Intensityxx
Total charge +2 : Au,, " (4-PyET-CH,"),(4-PYET),, -(PF.), s
11 1672 18392 - - -
12 2874 34488 - - -
13 4548 59124 - - -
14 6486 90804 1353 18942 - -
15 6621 99315 2934 44010 1851 27765 -
16 4673 74768 7072 113152 2584 41344 -
17 2069 35173 9267 157539 7772 132124 2286 38862
18 - 4155 74790 7578 136404 4070 73260
x value (ave.) 14.2 16.5 171 17.6
Degree of cationization (ave.) 79.1 % 91.6 % 94.8 % 98.0 %
Total charge +3: Au25'1(4-PyET-CH3+)X(4-PyET)18_X-(PFG')X_4
12 11181 134172 - - -
13 18234 237042 - - -
14 24553 343742 7834 109676 - -
15 26651 399765 | 16457 246855 4850 72750 1922 28830
16 20395 326320 | 34192 547072 | 17186 274976 5908 94528
17 10257 174369 | 45006 765102 | 46971 798507 22939 389963
18 2730 49140 27603 496854 | 58424 1051632 | 47631 857358
x value (ave.) 14.6 16.5 17.2 17.5
Degree of cationization (ave.) 81.1% 91.8% 95.8 % 97.1%
Total charge +4 : Au25'1(4—PyET—CH3+)x(4—PyET)18_X-(PF6')X_5
14 1340 18760 - - -
15 2121 31815 3260 48900 740 11100 -
16 3549 56784 10261 164176 4200 67200 2509 40144
17 2613 44421 21232 360944 15638 265846 7428 126276
18 1210 21780 19452 350136 | 31635 569430 25214 453852
x value (ave.) 16.0 17.0 17.5 17.6
Degree of cationization (ave.) 89.0 % 94.7 % 97.2% 98.0 %
Average of Total charge +2 ~ +4
x value (ave.) 15.0 16.7 17.3 17.6
Degree of cationization (ave.) 83.1% 92.7 % 95.9 % 97.7 %

* |t was assumed that mass spectral signal intensities are directly proportional to solution concentrations of the

corresponding cluster species, and calculated the average number of methylated ligands (average x value).

* X value (ave.) and Cationization degree (ave.) are calculated from following formulas.

* X value (ave.) = (Total value of intensityxx (x=1~18)) / (Total value of intensity (x=1~18))

* Degree of cationization (ave.) = x (ave.) / 18x100 [%)]
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Figure S4.8 'H NMR spectrum of the sample after 3-cycle reaction in DMSO-ds at 400

MHz. The average x value (average number of methylated ligands) of 17.3 (96.0%) was

calculated from the integral

values of peak moumin and peak your/yin.
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Figure S4.9 (a) UV-Vis absorption spectra before (Oh) and after 4th reaction (1h), and (b)

positive-mode ESI-MS of the sample after 1h of 4-cycle reaction with TfOMe. The red

and blue numbers indicate the x values of [Auzs'(4-PyET-CH3")(4-PyET)is.c*(PFe )x4]*"

and [Au24’(4-PyET-CH3")(4-PyET)16.«*(PFe )x-3]>", respectively.
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Fragment peaks : Au24(SR)16, Au23(SR)15, Aua(SR )4
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Figure S4.10 Expanded ESI-MS (black lines) and simulated isotope patterns (red lines)
for the main peaks ([Auzs'(4-PyET-CH3")x(4-PYET)is.(PF6)x3]*", [Auas'(4-PyET-
CH3")x(4-PyET)18.x (PF6)r-4]*", and [Auas™(4-PyET-CH3")x(4-PyET)1sc'(PFe)x-s]*") and
fragment  peaks  ([Au24’(4-PyET-CH3")u(4-PyET)16. (PF6 )w3]’",  [Auns’(4-PyET-

CH3")x(4-PyET)15.*(PF¢)x3]>, and [Aus’(4-PyET-CH3")x(4-PYET)a* (PF6)x1]M).
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Figure S4.11 Expanded ESI-MS of group Aus, Auzs, and Auz4. The red, blue, green and
orange numbers indicate the x values of [Auzs™ (4-PyET-CH3")(4-PyET)18.x*(PF6 )x4]*",
[Auz4°(4-PyET-CH3")x(4-PYET) 6.+ (PF6 )31, [Auz3’(4-PyET-CH3")(4-PyET);s.

+(PF6¢)x3]*", and [Aus®(4-PyET-CH3")(4-PYET )4 (PFe)x-1]', respectively.
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Table S4.2 The compositions and charge assignments of observed fragment peaks (Aua,

Auzz, and Aung).
1h 2h 3h
X value Composition m/z (calc.)
m/z (obs.) m/z (obs.) m/z (obs.)
Total charge +3 : Au24°(4-PyET-CH3+)X(4-PyET)16,X-(PFG')“
8 AU, (4-PyET-CH,"),(4-PyET),(PF,), 2594.28 - - 2594.26
9 Au,,’(4-PyET-CH,")y(4-PyET),(PF,), 2647.61 - - 2647.60
10 Au240(4-PyET-CH3+)10(4-PyET)G(PFG')7 2700.94 - - 2700.93
11 Au,,’(4-PYET-CH,"),,(4-PyET)y(PF, ), 2754.27 2754.27 - 2754.26
12 Au240(4-PyET-CH3+)12(4-PyET)4(PF6')9 2807.59 2807.60 2807.56 2807.59
13 Au240(4-PyET-CH3+)13(4-PyET)3(PF6')10 2860.92 2860.93 2860.90 2860.92
14 Au,, (4-PYET-CH,"),,(4-PYET),(PF,),, 2914.24 2914.26 2914.26 2914.25
15 Au,,”(4-PYET-CH,"),(4-PYET),(PF,),, 2967.57 2967.58 2967.57 2967.58
16 Au24°(4-PyET-CH3+)16(PFG')13 3020.88 3020.90 3020.90 3020.90
Total charge +3: Au230(4-PyET-CH3+)X(4-PyET)15_X-(PFG')X_3
8 Au,,’(4-PyET-CH,"),(4-PyET),(PF,), 2482.62 - - 2482.60
9 Au23°(4-F’yET-CH3+)9(4-PyET)6(PFe')6 2535.95 - - 2535.93
10 Au,, (4-PyET-CH,"), (4-PYET),(PF,), 2589.27 - - 2589.26
11 Au230(4—PyET—CH3+)11(4—PyET)4(PF6')8 2642.60 2642.60 2642.58 2642.59
12 Au230(4—PyET—CH3+)12(4—PyET)3(PF6')9 2695.92 2695.92 2695.90 2695.92
13 Au,, (4-PyET-CH,") ,(4-PYET),(PF.), 2749.24 2749.25 2749.25 2749.25
14 Au230(4—PyET—CH3+)14(4—PyET)1(PF6')11 2802.57 2802.58 2802.57 2802.58
15 Au23°(4—PyET—CH3+)15(PFG')12 2855.89 2855.90 2855.90 2855.90
Total charge +1 : Au,’(4-PyET-CH,") (4-PYET), -(PF,), ,
1 Au 40(4-PyET-CH3+)1(4-PyET)3 1355.06 1354.99 1355.03 1355.04
2 Au,’(4-PYET-CH,"),(4-PyET),(PF,), 1515.05 1515.05 1515.04 1515.03
3 Au,’(4-PYET-CH,"),(4-PyET),(PF,), 1675.02 1675.02 1675.02 1675.02
4 Au 40(4—PyET—CH3+) J(PFs), 1835.00 1835.00 1835.00 1835.00
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Table S4.3 The x values of the clusters with different methylating reagent, reaction time,

and number of reaction cycles.

x value (ave.) | Methylating reagent | Reaction time | Number of cycles
17.3 TfOMe 3h 3
16.7 TfOMe 2h 2
15.0 TfOMe 1h 1
13.0 TfOMe 2 min 1
14.1 Me,SO, 1h 1
12.6 Me,SO, 15 min 1
9.7 Me,SO, 5 min 1
8.5 Me,SO, 2 min 1
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Figure S4.12 (a) UV-Vis absorption spectra of the samples after reaction with Me2SO4

for various time intervals and (b) the change of absorbance at 560 nm with reaction time

and the corresponding x values.
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Figure S13. Time dependences of absorption spectra of (a) Auxs(4-PyET)is and (b)

Auas(4-PyET-CH3")«(4-PyET)15.« (x=18, after 3-cycles reaction with TfOMe) in DMF

solution (2 X 10 M, 1.0 mL) at 80 °C under stirring at 200 rpm.
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Chapter S
Unique Kinetics of Cationic-Ligand-Exchange

Reactions on Auzs5(SR)s(SR™)e Clusters

5.1 Introduction

Thiolate-protected gold clusters (Aum(SR).) have potential applications in
diverse fields, such as catalysis,!* sensing,>* and bio-applications,>® because of their
interesting physicochemical properties. Up-to-date, many thiolate-protected Au clusters
with different core size and thiolate ligands have been synthesized;’!° however the
cationized Au clusters protected by cationic thiolate ligands had not been synthesized,
due to the difficulty in handling the positive charges of cationic groups.!''!* The
cationized Au clusters are desirable as they widen the applications of bioimaging and
sensing.'*

Recently, for the first time, our group successfully synthesized the fully
cationized Au clusters using size-focusing method by preventing the formation of [Au(I)]
—SR™ ionic polymer complexes that hinder the homogeneous reduction of Au precursors
(i.e. Auzs(S(CH2)11N(CH3)3%)18, Au144(S(CH2)11N(CH3)3)60). 12 Furthermore, our group
successfully synthesized the fully cationized Au clusters as main product using surface
reaction method, in which the neutral Auxs(4-PyET)s clusters (4-PyET=SCH>CH,Py)
were cationized to Auzs(4-PyET-CH3")x(4-PyET)isx (x=18) via surface Menshutkin
reaction.'® Thus, the fully cationized Au clusters have been successfully synthesized using
several method so far; however the ligand-exchange method synthesizing the fully

cationized Au clusters (exchange ratio: 100%) has not been developed yet. The ligand-
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exchange method can produce not only the Au clusters with bi- (or tri-) thiolate
ligands,'®!” but also the new Au clusters with different core size that have not been
obtained using normal size-focusing method through a ligand-exchange-induced
size/structure transformation (LEIST) process.'®!

Murray group reported for the first time the neutral-to-cationic ligand-exchange
reaction on hexanethiolate (HSC¢H13)-protected neutral Aui4o clusters with the cationic
ligand, HS(CH»)iIN(CH2CH3);".?* Two types of size-transformed Au clusters,
Au144(SR)e0 and Auis6(SR)s9, were obtained with the ligand-exchange ratio of ca. 20%.
Recently, our group reported the neutral-to-cationic ligand-exchange reaction on the
Auzs(PET);s clusters (PET=S(CH:)>CsHs) with the cationic ligand (HS(CHz)11N(CH3)3"),
preserving the Auxs core structure, and the reaction kinetics was investigated.!> The
reaction was suppressed by two types of coulombic repulsions (i) between the attached
cationic ligands and incoming cationic ligands in solution, and (ii) among the surface
cationic ligands on the cluster surface. Similar with the case by Murray group, the ligand-
exchange ratio was ca. 20%, due to the two types of repulsion.

In this study, the cationized Auzs(4-PyET-CH3")(4-PyET)is.« (x=9) clusters,
which containing both of neutral and cationic ligands at the nearly equivalent amount,
were ligand-exchanged with the cationic ligand (HS(CH2)11N(CH3)3"), and the reaction
kinetics was investigated by comparison between neutral and cationic ligands. My
expectation was that the cationic ligands are infrequently exchanged, due to the
coulombic repulsion between the attached cationic ligands and incoming cationic ligands.
However, ESI-MS results exhibited the opposite phenomenon that the cationic ligands
were dominantly exchanged (Scheme 5.1). This study is the first case of the cationic-to-

cationic ligand-exchange reaction, and the revealed unique reaction kinetics would be

134



contributed to improve the exchange ratio up to 100% in the neutral-to-cationic ligand-

exchange reaction.

Scheme 5.1 Ligand-exchange reaction on Auas(4-PyET-CH3")(4-PyET)isx (x=9)

clusters with cationic ligands (HS(CHz)11N(CH3)3").

Infrequent
W reaction

Dominant
reaction

Cationic-to-cationic ligand-exchange
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5.2 Experimental section
5.2.1 Chemicals

Hydrogen tetrachloroaurate (III) Tetrahydrate (HAuCls-4H>O, > 99%, Wako), 4-
pyridineethanethiol hydrochloride (4-PyET-HCI, CsHoNS-HCI, > 97%, TCI), sodium
borohydride (NaBH4, > 92%, Kanto), hydrochloric acid (HCIl, 35~37%, Kanto), sodium
hydroxide (NaOH, > 97%, Kanto), dimethyl sulfate (CoHsO4S, > 98%, TCI), potassium
hexafluorophosphate  (KPFs, > 95%, TCI), (ll-mercaptoundecyl)-N,N,N-
trimethylammonium bromide (SR™-Br, 99%, Aldrich). Tetrahydrofuran (THF, > 99.5%,
Junsei), methanol (MeOH, > 99.6%, Junsei), dichloromethane (DCM, > 99%, Wako),
N, N-dimethylformamide, super dehydrated (dehydrated DMF, > 99.5%, Kanto), diethyl
ether, super dehydrated (> 99.5%, Wako), Acetonitrile (> 99.9%, RCI labscan). Deioized

pure water (> 18.2 MQ) was prepared by an Organo/ELGA purelab system.

5.2.2 Synthesis of Auzs5(4-PyET):s clusters

The Aus(4-PyET)s clusters were synthesized by following the recently reported
works.?! In brief, 8 mL of 4-PyET solution (MeOH, 100 mM) was added dropwise into
24 mL of HAuCl4 solution (THF, 6.7 mM; 4-PyET:Au = 5:1 in molar ratio). The mixture
changed into light reddish cloudy suspension, and then into white cloudy suspension
during 4-PyET dropping. After overnight stirring, 1.6 mL of the fresh-made NaBH4
solution (1.6 mmol, NaBH4:Au = 5:1 in molar ratio; prepared by dissolving 189.2 mg of
NaBH4 in 5 mL of cold pure water) was rapidly added to the suspension under vigorous
stirring. The color of the solution immediately turned black after addition of NaBHa.
Finally, the etching process was allowed to continue for at least 48h. Over the long time

of etching process, the solution color would become dark brown slowly, suggesting the

136



formation of monodisperse Auzs(4-PyET)is. The crude samples were purified based on

the protonated states of the pendant Py moiety on Auys cluster.

5.2.3 Synthesis of Auzs(4-PyET-CH3")«(4-PyET)is« (x<9) clusters
through surface Menshutkin reaction on Auzs(4-PyET):s clusters

The Aus(4-PyET-CH3")x(4-PyET)i5« (x<9) clusters were synthesized through
surface Menshutkin reaction on Auas(4-PyET)s clusters described in chapter 4.!° The
Auzs(4-PyET);sg clusters (1 mg, ~0.13 pmol) were dissolved in dehydrated DMF (1 mL).
In this solution, liquid dimethyl sulfate (23 pL, ~240 umol) and KPF¢ (4.5 mg, ~24 umol)
were added in the mole ratio of methyl trifluoromethanesulfonate:KPFs:4-PyET =
100:10:1. The solution was stirred at 200 rpm for 2min. The obtained Auzs(4-PyET-
CH3")x(4-PyET):s.x clusters were precipitated by adding KPFs aqueous solution (0.1 M,

5 mL) and washed by water and DCM.

5.2.4 Ligand-exchange reaction on Au:s(4-PyET-CH3")«(4-PyET):s.«

(x~9) clusters with cationic ligands

Prior to the ligand-exchange reaction, the Br™ counteranion of the cationic ligand
((11-mercaptoundecyl)-N,N,N-trimethylammonium) was replaced with
hexafluorophosphate (PF¢). SR™-PFs was prepared by dissolving SR*-Br™ (82 mg, 0.25
mmol) in pure water, followed by precipitation through the addition of KPF¢ (55 mg, 0.3
mmol). The white precipitate was collected by centrifugation, washed three times with
pure water, and dried overnight under vacuum.

The Aurs(4-PyET-CH3")«(4-PyET)is (x=9) clusters were dissolved in

dehydrated DMF (1.0 mL). KPFe (12.2 mg, 12 umol) and SR*-PF¢ (4.7 mg, 12 umol, )
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in a 1:5 molar ratio (based on the exchangeable surface ligands (18 per cluster)) were
added, and the reaction was arrowed for 1, 3, 5h under stirring at 300 rpm. The obtained
clusters were precipitated by adding KPFs aqueous solution (0.1 M, 5 mL) and washed

by water and DCM.

5.2.5 Characterization

UV-Vis absorption spectra of samples were recorded using a JASCO V-630
spectrophotometer using a quartz cuvette with a 1 nm optical path. Electrospray
Ionization Mass Spectrometry (ESI-MS) was performed using a Bruker Daltonics
micrOTOF-HS mass spectrometer. The purified sample, dissolved in acetonitrile (~100
ng/mL), was directly infused at 4 mL/min. The nebulizer pressure was set to 1.5 bar, and
the sheath gas was set to 4.0 L/min. The dry temperature was kept at 180 °C. The
electrospray emitter potential was held at 4500 V (positive mode). The capillary exit,
skimmer 1, hexapole 1, skimmer 2 voltage settings were 200, 50, 25, and 28 V,
respectively. The lens 1 transfer and lens 1 pre puls storage were set at 160, and 30 ps,

respectively.
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5.3 Results and discussion
5.3.1 Optical absorption spectroscopy

The Auzs(4-PyET-CH3")(4-PyET) 15« (x=8.5) clusters were synthesized by the
surface Menshutkin reaction method described in chapter 4, and characterized by ESI-
MS and UV-Vis absorption spectrum (Figure S5.1). Figure 5.1 shows the UV-Vis
absorption spectra before (Oh) and after ligand-exchange reaction (1h, 2h, 3h, 4h, 5h).
Note that the Br™ counteranion of the purchased cationic ligand was replaced with PF¢
before the ligand-exchange reaction, which is important because Br™ causes the rapid
decomposition of the Auxs clusters by oxidation.!>!%?? The characteristic Auas cluster

823 at 400, 450, and 670 nm gradually decreased by prolonging the reaction time,

peaks
indicating that the Auos clusters gradually decomposed by the ligand-exchange reaction
with the cationic ligand. This observation is different from the neutral-to-neutral ligand-
exchange reaction on Auzs clusters, in which the Auzs cluster did not decompose for long
time even in the high-temperature reaction.’*’ The stability of the Auzs clusters was

affected by the incoming cationic ligands and decreased due to the densely distributed

positive charges on the small cluster surface, as discussed the recent report by our

12,14

group.

139



Absorbance / a.u.

300 400 500 600 700 800 900
Wavelength/ nm

Figure 5.1 UV-Vis absorption spectra before (Oh) and after the cationic-ligand-exchange

reaction (1h, 2h, 3h, 4h, 5h).
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5.3.2 ESI-MS

The positive-mode ESI-MS of the Aups clusters after the ligand-exchange
reaction for 1h, 3h, 5h (Figure 5.2) showed the ligand-exchanged Auys clusters, which
containing 3 types of ligands (S(CH2).CsHs (PyET), S(CH2)CsHs-CH3s" (PyET-Me), and
S(CH2)1IN(CH3)3" (MUTA)). Specifically, Auzs(PyET)s.14(PyET-Me)1s(MUTA)i-9 (1h),
Aws(PyET)s.12(PyET-Me)1.s(MUTA)s.10 (3h), Auxs(PyET)s.11(PyET-Me)1.3(MUTA )4.12
(5h) were observed (total number of PyET, PyET-Me, and MUTA is 18), indicating that
more number of the ligands (PYyET or PyET-Me) were exchanged with MUTA by
prolonging the reaction time. The compositions and charge assignments of the observed
Aus cluster peaks are summarized in Table S5.1. Moreover, one average composition
was determined from the peak intensity ratio in ESI-MS for each reaction time (1h, 3h,
Sh), assumed that mass spectral intensities are directly proportional to the solution
concentrations of the corresponding cluster species (see Table S5.1 for the detailed
calculation method). Figure 5.3 shows the average numbers of each 3 ligands (average
composition of the Aups clusters) at the each reaction time (Figure 5.3(A)), and their
changes during the ligand-exchange reaction (Figure 5.3(B)). Neutral PyET ligands were
slowly exchanged with cationic MUTA ligands, whereas cationic PyET-Me were quickly
exchanged. This observation was different from my expectation that the cationic ligands
are infrequently exchanged, due to the coulombic repulsion between the attached cationic
ligands and incoming cationic ligands. This is because the cationic ligands, that would
cause the decrease of cluster stability due to the repulsion on the cluster surface, are

dominantly exchanged to keep the energy level of whole Auys clusters low.
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Figure 5.2 The positive-mode ESI-MS of the Auys clusters with core charge 0 or -1 after
the ligand-exchange reaction for (A) 1h, (B) 3h, (C) 5h. M indicates the number of MUTA
ligands and x indicates the total number of cationic ligand (PyET-Me or MUTA). For

example, (x=13, M=10°) indicates the Auxs’(PyET)s(PyET-Me);(MUTA )1o.
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(A) PyET | PyET-Me | MUTA
Oh 9.50 8.50 0
1h 9.09 4.06 4.86
3h 8.29 2.40 7.30
5h 7.38 1.56 9.06
10
®" +\L--._ |
. 3 e
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—o—MUTA

Number of ligands
[4)]

\0—-_.*______
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Figure 5.3 (A) the average numbers of the 3 types of ligands (average composition of the

Auys clusters) at the each reaction time calculated from the ESI-MS results, and (B) their

changes during the ligand-exchange reaction.
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5.4 Conclusion

The cationized Auzs(4-PyET-CH3")(4-PyET)is-x (x=8.5) clusters (4-PyET =
S(CH2)2CsHaN), which containing both of neutral and cationic ligands at the nearly
equivalent amount, were ligand-exchanged with the cationic ligands
(HS(CH2)11N(CH3)3"), and the reaction kinetics was investigated by comparison neutral
and cationic ligands. ESI-MS results showed that the cationic 4-PyET-CH3" ligands were

dominantly exchanged to keep the energy level of whole Auys clusters low.
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5.5 Supporting information
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Figure S5.1 (A) UV-Vis absorption spectra and (B) positive-mode ESI-MS of the
synthesized Auzs(4-PyET-CH3")«(4-PyET)1s.« (x=8.5) clusters.
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Table S5.1 The compositions and charge assignments of the observed Auas cluster peaks.

1h
Core charge | PyET PyET-Me MUTA | m/z (calc.) m/z (obs.) | Intensity
x=4
-1 14 3 1 2521.45 2521.46 208
-1 14 2 2 2552.19 2552.20 307
-1 14 1 3 2582.93 2582.90 295
x=5
-1 13 3 2 2605.52 2605.50 315
-1 13 2 3 2636.26 2636.24 316
-1 13 1 4 2667.00 2667.04 272
X=6
0 12 4 2 2707.17 2707.21 191
0 12 3 3 2737.92 2737.94 240
0 12 2 4 2768.66 2768.59 196
-1 12 4 2 2658.85 2658.82 214
-1 12 3 3 2689.59 2689.55 435
-1 12 2 4 2720.34 2720.29 388
-1 12 1 5 2751.08 2751.19 204
X=7
0 11 4 3 2791.25 2791.35 283
0 11 3 4 2821.99 2821.99 340
0 11 2 5 2852.73 2852.64 283
-1 11 5 2 2712.19 2712.18 237
-1 11 4 3 2742.93 2742.92 532
-1 11 3 4 2773.67 2773.68 695
-1 11 2 5 2804.41 2804.40 459
x=8
0 10 5 3 2844.58 2844.57 203
0 10 4 4 2875.32 2875.32 377
0 10 3 5 2906.07 2906.05 426
0 10 2 6 2936.81 2936.83 254
-1 10 6 2 2765.52 2765.37 191
-1 10 5 3 2796.26 2796.32 481
-1 10 4 4 2827.00 2827.09 926
-1 10 3 5 2857.74 2857.81 762
-1 10 2 6 2888.49 2888.41 345
x=9
0 9 5 4 2928.66 2928.65 302
0 9 4 5 2959.40 2959.38 493
0 9 3 6 2990.14 2990.16 378
-1 9 7 2 2818.85 2818.87 195
-1 9 6 3 2849.59 2849.58 363
-1 9 5 4 2880.34 2880.34 796
-1 9 4 5 2911.08 2911.09 1077
-1 9 3 6 2941.82 2941.79 683
-1 9 2 7 2972.56 2972.54 271
x=10
0 8 6 4 2981.99 2982.03 198
0 8 5 5 3012.73 3012.72 351
0 8 4 6 3043.47 3043.49 380
0 8 3 7 3074.22 3074.17 277
-1 8 7 3 2902.93 2902.82 261
-1 8 6 4 2933.67 2933.75 540
-1 8 5 5 2964.41 2964.45 895
-1 8 4 6 2995.15 2995.17 778
-1 8 3 7 3025.89 3025.81 422
-1 8 2 8 3056.64 3056.67 193
x=11
0 7 6 5 3066.06 3066.08 269
0 7 5 6 3096.81 3096.80 279
0 7 4 7 3127.55 3127.81 293
0 7 3 8 3158.29 3158.02 195
-1 7 7 4 2987.00 2986.91 337
-1 7 6 5 3017.74 3017.78 506
-1 7 5 6 3048.49 3048.44 637
-1 7 4 7 3079.23 3079.17 449
-1 7 3 8 3109.97 3109.92 262
-1 7 2 9 3140.71 3140.89 157
x=12
0 6 7 5 3119.40 3119.69 154
0 6 6 6 3150.14 3149.89 180
0 6 5 7 3180.88 3180.63 178
0 6 4 8 3211.62 3211.82 165
-1 6 8 4 3040.33 3039.96 197
-1 6 7 5 3071.08 3071.12 313
-1 6 6 6 3101.82 3102.04 398
-1 6 5 7 3132.56 3132.59 371
-1 6 4 8 3163.30 3163.39 237
-1 6 3 9 3194.04 3194.04 171
x=13
-1 5 7 6 3155.15 3155.00 226
-1 5 6 7 3185.89 3185.95 218
-1 5 5 8 3216.64 3216.72 171
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3h

Corecharge | PyET ~ PyET-Me  MUTA | miz(calc.)  m/z (obs.) | Intensity

X=6
-1 12 3 3 2689.59 2689.61 153
-1 12 2 4 2720.34 2720.29 152
-1 12 1 5 2751.08 2751.10 176
x=7
0 11 1 6 2883.48 2883.49 174
0 11 0 7 2914.22 2914.20 155
-1 11 3 4 2773.67 2773.59 164
-1 11 2 5 2804.41 2804.39 218
-1 11 1 6 2835.15 2835.27 188
X=8
0 10 3 5 2906.07 2906.02 186
0 10 2 6 2936.81 2936.58 196
0 10 1 7 2967.55 2968.09 236
0 10 0 8 2998.29 2998.04 171
-1 10 3 5 2857.74 2857.58 224
-1 10 2 6 2888.49 2888.58 270
-1 10 1 7 2919.23 2919.31 252
X=9
0 9 3 6 2990.14 2990.01 233
0 9 2 7 3020.88 3020.99 258
0 9 1 8 3051.63 3051.79 227
0 9 0 9 3082.37 3082.22 168
-1 9 4 5 2911.08 2911.08 214
-1 9 3 6 2941.82 2941.83 303
-1 9 2 7 2972.56 2972.61 386
-1 9 1 8 3003.30 3003.24 270
x=10
0 8 3 7 3074.22 3074.13 258
0 8 2 8 3104.96 3105.06 265
0 8 1 9 3135.70 3135.68 208
-1 8 5 5 2964.41 2964.65 181
-1 8 4 6 2995.15 2995.33 259
-1 8 3 7 3025.89 3025.78 392
-1 8 2 8 3056.64 3056.47 427
-1 8 1 9 3087.38 3087.22 269
x=11
0 7 4 7 3127.55 3127.62 188
0 7 3 8 3158.29 3158.33 231
0 7 2 9 3189.03 3188.92 223
0 7 1 10 3219.77 3219.78 187
-1 7 4 7 3079.23 3079.10 251
-1 7 3 8 3109.97 3109.82 393
-1 7 2 9 3140.71 3140.69 330
-1 7 1 10 3171.45 3171.74 171
x=12
0 6 4 8 3211.62 3211.67 163
0 6 3 9 3242.37 3242.34 190
0 6 2 10 3273.11 3273.10 157
-1 6 5 7 3132.56 3132.64 183
-1 6 4 8 3163.30 3163.33 224
-1 6 3 9 3194.04 3194.01 287
-1 6 2 10 3224.79 3224.73 204
x=13
-1 5 4 9 3247.38 3247.24 146
-1 5 3 10 3278.12 3278.25 147
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5h
Core charge PYyET PyET-Me MUTA | m/z (calc.) m/z (obs.) I Intensity
x=7
0 11 3 4 2821.99 2822.56 202
0 11 2 5 2852.73 2852.80 180
0 11 1 6 2883.48 2882.87 165
0 11 0 7 2914.22 2914.18 174
x=8
10 1 7 2967.55 2967.49 191
10 0 8 2998.29 2998.35 187
x=9
0 9 3 6 2990.14 2990.59 185
0 9 2 7 3020.88 3020.86 236
0 9 1 8 3051.63 3051.47 250
0 9 0 9 3082.37 3082.10 197
x=10
0 8 3 7 3074.22 3074.19 213
0 8 2 8 3104.96 3104.98 269
0 8 1 9 3135.70 3135.59 265
0 8 0 10 3166.44 3166.54 190
-1 8 3 7 3025.89 3026.03 193
-1 8 2 8 3056.64 3056.55 219
-1 8 1 9 3087.38 3087.32 196
x=11
0 7 3 8 3158.29 3158.19 232
0 7 2 9 3189.03 3188.98 303
0 7 1 10 3219.77 3219.87 256
0 7 0 11 3250.52 3250.57 166
-1 7 3 8 3109.97 3109.71 206
-1 7 2 9 3140.71 3140.47 225
-1 7 1 10 3171.45 3171.56 182
-1 7 0 11 3202.20 3202.60 198
x=12
0 6 3 9 3242.37 3242.49 222
0 6 2 10 3273.11 3273.10 254
0 6 1 11 3303.85 3303.72 182
-1 6 3 9 3194.04 3193.97 226
-1 6 2 10 3224.79 3224.72 194
-1 6 1 11 3255.53 3255.54 188
-1 6 0 12 3286.27 3286.39 203
x=13
0 5 3 10 3326.44 3326.53 181
0 5 2 11 3357.18 3356.80 167
0 5 1 12 3387.92 3388.22 143
-1 5 2 11 3308.86 3308.98 146
-1 5 1 12 3339.60 3339.49 149

Calculation method to determine the average composition (PyET, PyET-Me, MUTA)

Total value of (Number of PyET * Intensity)

18 X for all peaks
PYET =
Total value of (Number of PyET * Intensity) n Total value of (Number of PyET-Me > Intensity) n Total value of (Number of MUTA > Intensity)
for all peaks for all peaks for all peaks
Total value of (Number of PyET-Me > Intensity)
18 X for all peaks
p
PyET-Me =
Total value of (Number of PyET > Intensity) + Total value of (Number of PyET-Me > Intensity) + Total value of (Number of MUTA > Intensity)
for all peaks for all peaks for all peaks
Total value of (Number of MUTA * Intensity)
18 X for all peaks
MUTA =
Total value of (Number of PyET * Intensity) + Total value of (Number of PyET-Me * Intensity) + Total value of (Number of MUTA > Intensity)
for all peaks for all peaks for all peaks
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Chapter 6

General Conclusion

Up-to-date, the Au clusters with various types of surface thiolate ligands have
been synthesized; however, the cationic-ligand-protected Au clusters have never been
synthesized with atomic precision. This thesis aims to establish the synthesis method of
atomically pure cationized Au clusters by using several synthetic approach.

Chapter two reports the first successful synthesis of atomically precise fully
cationized Au clusters using size-focusing method. By preventing the formation of
[Au(I)]-SR" ionic polymer complexes that hinder the homogeneous reduction of Au
precursors and the formation of atomically pure clusters, Aus(S(CH2)1iN(CH3)3")is
clusters were successfully synthesized.

Chapter three reports the successful synthesis of atomically pure fully
cationized Au144(S(CH2)11N(CH3)3)eo clusters, which is the largest size in the most stable
and studied Au clusters. The similar sized quasi-stable compounds of Aui44, such as Aui4,
Auy4s, and Auise, etc., which make the size-focusing into a single Aui44 structure difficult.
Through the thermal etching in the optimized condition and selective precipitation,
atomically pure Aui44(SR")eo clusters were successfully synthesized.

Chapter four demonstrates the surface Menshutkin reaction on the
Auzs(S(CH2)2CsHaN) g clusters to transform them into the cationized Aus(S(CHaz)2
CsHuN-CH3")«(S(CHz2)> CsHaN)ig.x clusters. This method proposed not only a new
synthetic pathway for cationized Au clusters, but also provides a novel idea for

diversifying the R-groups of molecular metal clusters through the surface chemical
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reaction.

Chapter five investigated the cationic-ligand-exchange reaction on the
cationized Aus(4-PyET-CH3")«(4-PyET) i3« (x=9) clusters (4-PyET = S(CH2),CsHsN),
which containing both of neutral and cationic ligands at the nearly equivalent amount.
MS results revealed the unique reaction kinetics that the cationic-to-cationic ligand
exchange reaction was dominantly proceeded than the neutral-to-cationic ligand-
exchange reaction.

In this study, the synthesis methods of atomically pure cationized Au clusters
have been investigated, wherein: (a) the fully cationized Au clusters, Auzs(SR")1s and
Aui44(SR )60, were synthesized using size-focusing method, (b) the cationized Au clusters,
Auzs(SRM)x(SR) 15« (x=18), were synthesized using surface reaction method, and (c) the

unique reaction kinetics of cationic-to-cationic ligand-exchange method was revealed.
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