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Abstract

Ligand (L)-protected gold clusters with atomically-defined sizes, [Au.Ly]?, provide
us with an ideal platform to study size-dependent evolution of structures and properties
of gold in nanoscale. Geometric and electronic structures of these chemically-synthesized
Au clusters have been revealed by single-crystal X-ray diffraction, X-ray and UV-vis
absorption spectroscopy, cyclic voltammetry and so on. In contrast, experimental probes
in the gas phase further give us complementary and precious information on intrinsic
physical properties and elementary excitation and relaxation processes without
perturbation from the surrounding environment. For example, photoelectron
spectroscopy (PES) and photodissociation mass spectrometry (PDMS) determine the
electron affinity and probe photo-induced relaxation processes including
photodissociation and photodetachment. Ion mobility mass spectrometry (IMMS) allows
us to determine collision cross section and to monitor collision-induced structural
isomerization processes of [AuxLy]* in the electronically ground state.

In Chapter 1, I overview the experimental probes of geometric and electronic
structures of protected metal clusters in the gas phase. I briefly summarize the chemistry
of bare clusters and chemically-synthesized Au clusters.

In Chapter 2, I probed the electronic structure of a prototypical thiolate-protected Au
cluster, [Au2s(SR)18]”, using anion PES and PDMS. I determined adiabatic electron
affinity of [Au2s5(SR)18]° and vertical detachment energy of [Au25(SR)1s] for the first time.
Selective photoexcitation at 266 nm to an electronically excited state results in indirect
emission of thermionic electrons. This is ascribed to the promotion of internal conversion
by retardation of nuclear motion toward dissociation.

In Chapter 3, I conducted IMMS on [PdAus(PPh3)s]** and [Auo(PPh3)s]** introduced



into the gas phase by electrospray ionization (ESI). Upon collisional activation by buffer
gas, the electrosprayed [PdAus(PPh3)s]** and [Auo(PPh3)s]** were converted to smaller
structures. The results suggest that the ligand layer with disordered motif in dispersion is
retained during desolvation process by ESI.

In Chapter 4, I summarize the thesis and describe future prospects.
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Chapter 1.

General introduction



1.1 Metal clusters

Development in nanoscience and nanotechnology in the several decades has revealed
that physical and chemical properties of nanoscale materials deviate significantly from
those of the corresponding bulk materials. Physical properties of nanoparticles can be
quantitatively predicted by the scaling law with respect to the diameter. Specifically, the
ionization potential (IP) and electron affinity (EA) of the conducting nanospheres change

as a function of the diameter R according to Eqgs. 1.1 and 1.2, respectively,

2
ae
2
EA = WF — ﬁ% (12)

where WF and e represent the work function of the bulk and the elementary charge,
respectively.'? For example, the diameter-dependent evolutional behavior can be found
in Figure 1.1 showing the energies of s and d bands of coinage metal clusters as a function
of 1/R.> However, when the diameter of the particle is reduced below ~2 nm, the
electronic levels become quantized and their energy gaps become larger than thermal
energy even at room temperature.* These ultrasmall metal nanoparticles consisting of 2—
100 atoms are defined as metal clusters. The physicochemical properties of metal clusters
do not necessarily follow the scaling law as shown in Figure 1.1. Among these metal
clusters, Au clusters have been enormously investigated because they show high
reactivity while they are inert in the bulk form.>® As shown in Figure 1.1, the energies of
bare Au clusters decreases in proportion to 1/R as predicted by Eq. 1.2 in a larger diameter

region, but they do not follow the scaling law in the cluster regime.
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Figure 1.1 Evolution of the s and d bands of (a) Au, (b) Ag, and (c) Cu clusters as a function
of the inverse of cluster radius. Solid and dotted lines correspond to the experimental data and
the prediction by scaling law, respectively. Reproduced with permission from Ref. 3.

Copyright 1992 American Institute of Physics.

Geometric structures of Au clusters are also significantly different from those of Au
nanoparticles.” Bare Au cluster anions Au,~ exhibit 2D sheet-like structures (n < 13)®
and they evolve to hollow cages (n = 16-18)° and pyramid-like structures (n = 19, 20),”
which are totally different from the face-centered cubic (fcc) structures of the Au
nanoparticles. The electronic structures of Au clusters are intimately and strongly coupled
with the non-fcc geometric structures.®?

A metal cluster with a specific size (magic size) exhibits extraordinary stability. The



extraordinarily high stability of a magic cluster of simple metals (Au, Ag, Cu, Al) is
accounted for shell closing of valence electrons accommodated in superatomic orbitals.
In such bare simple metal clusters, valence electrons behave as if they were free electrons.
The potential that valence electrons of a metal cluster with an isotropic shape feel is well

described by a spherically symmetric Woods-Saxon potential as expressed in Eq 1.3,

Vo
V) = (1.3)

1+exp(r;R)

where Vo, R, and a correspond to the depth, radius and diffuseness of the potential well,

respectively. The Woods-Saxon potential can be viewed as intermediate between the
harmonic oscillator potential with a gentle potential slope and the square well potential
with the steepest potential slope. The electrons in the Woods-Saxon potential are
accommodated in orbitals such as 1S, 1P and 1D (Figure 1.2a).!° Because the orbitals
look similar to those of atoms in terms of symmetry, they are called superatomic orbitals
(Figure 1.2b). The superatomic shell of a spherical metal cluster is closed when the
valence electrons are equal to the numbers such as,
n = 2,8,18,20, 34,40, 58,68, ... (1.4)

For instance, clusters of simple metals such as M.’ M = Au, Ag, Cu) exhibit small

electron affinities at n = 8 and 20 (Figure 1.1), indicating the superatomic shell closing of

M.
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Figure 1.2 (a) Energy levels for harmonic, Woods-Saxon, and square-well potentials. (b)
Typical superatomic orbitals for 1P and 1S. Reproduced with permission from Ref. 10 for (a).

Copyright 1993 American Physical Society.

1.2 Ligand-protected Au clusters

Because bare metal clusters are unstable against aggregation, they cannot be treated
as conventional materials. To solve the problem, clusters are stabilized by three methods:
(1) stabilization by polymer, (2) immobilization on support, and (3) protection by organic
ligand (L).'"" Among them, ligand protection is the most promising in terms of atomically
precise synthesis. Ligand-protected Au clusters with defined compositions, [AuxLy]?, are
of particular interest because they provide us with an ideal platform to study evolutions
of physical and chemical properties as a function of the number of Au atoms.!'~*?
Atomically precise synthesis!!"!*"!8 and theoretical calculations'*> have deepened our

understanding on structure-property correlation of the nanoscale Au materials.

Historically speaking, synthetic methods of phosphine-protected Au clusters were



developed in the 1980s. In 1994, inspired by the formation of self-assembled monolayer

of thiols on a flat Au surface, Brust reported that the reduction of Au-thiolate oligomers

yielded small Au clusters (R <1.5 nm), indicating the first synthesis of thiolate-protected

Au clusters (L = SR).2* However, the thiolate-protected Au clusters prepared by the above

method have distributions in the chemical compositions even if the synthetic conditions

were well defined. In 2005, Tsukuda succeeded in synthesizing a series of glutathione

(SG)-protected Au clusters, [Aux(SG)y]?, with well-defined chemical composition using

polyacrylamide

gel

electrophoresis

spectrometry (ESI MS) (Figure 1.3).4
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Figure 1.3 (a) ESI mass spectra and (b) UV-Vis spectra of PAGE-separated [Au«(SG),]*.
Reproduced with permission from Ref. 24. Copyright 2005 American Chemical Society.

After the determination of specific composition of [Aux(SR)y]%, the unique geometric

structures of [Au.ly]* have been revealed by single-crystal X-ray diffraction



(SCXRD).!3:15:16.2529 In 2007, Kornberg reported the crystal structure of a thiolate-
protected Au cluster, Aui2(pMBA)44 (pMBA = p-mercaptobenzoic acid), for the first
time.?> After this groundbreaking report, the crystal structures of [Au2s(PET)13] %%’ and
Ausg(PET)24%® (PET = phenylethanethiolate) were resolved (Figure 1.4). [Au2s(PET)1s]
has an icosahedral Auis core whose surface Au atoms are completely passivated by
Au2(PET)3 oligomers (Figure 1.4a). The same core motif was reported for the crystal
structure of a phosphine-protected Au cluster, [Auis(dppe)sCL2]** (dppe = 1,2-
bis(diphenylphosphino) ethane) (Figure 1.4b).* Auss(SR)2 has a face-sharing bi-

icosahedral Auzs core (Figure 1.4c).
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Figure 1.4 Crystal structures of (a) [Auxs(PET)is], (b) [Auis(dppe)sCL]**, and (c)
Auss(PET)24. The crystal structures are taken from Refs. 26, 29, and 28. Yellow, green, orange,
and blue spheres correspond to Au, S, P, and Cl atoms, respectively. R groups are represented

by wireframe.

The electronic structure of [Aux(SR)y]¢ is also understood by the superatomic concept.
Hékkinen proposed a simple scheme for counting the number of valence electrons () in
the thiolate-protected metal clusters [Aux(SR)y]%."°

n=x—y—z (1.5)
Superatomic shell is closed when the valence electrons are equal to the numbers listed in

Eq. 1.4 when the core can be viewed as a sphere. According to Eq. 1.5, [Au25(SR)1s]™ has



eight (= 25-18—(-1)) electrons, which satisfies superatomic shell closing. Thus, the Aui3
core can be viewed as a superatom with an electron configuration of (1S)*(1P)®.!° The
high stability of [Au25(SR)i8]™ is ascribed to a highly symmetrical geometry and to a
closed superatomic electron configuration. The scope of atomically precise synthesis has
been expanded to other coinage metal clusters.’*’! Bakr reported the synthesis of
[Ag2s(SPhMe2)is]~, which has a similar structural motif to [Au2s(SR)1s]™:*? it has an
electronically-closed, icosahedral Agi3z core protected by six Au2(SR)3 units.
[Ag20(S2C6H4)12]* has a Agi3 core protected by four units of Aga(S2CeHa4)3.** Doping of
a heteroatom such as Pt and Pd to [Ag25(SPhMez)13]~ was reported.>+>

Electronic structures of ligand-protected Au clusters have been investigated by X-ray
and UV-vis absorption spectroscopy, ultrafast pump-probe spectroscopy, and cyclic
voltammetry.***' UV-vis absorption spectroscopy determines HOMO-LUMO gap of
chemically-modified Au clusters (Figure 1.3b). The HOMO-LUMO gap can also be
electrochemically determined by compensating for the charging energy.*® Ultrafast pump-
probe spectroscopy has been utilized to explore ultrafast relaxation dynamics®® and has
revealed that the lifetime of photoexcited state is much longer than that in the
nanoparticles (>2 nm) and bulk,***! leading to photoluminescence. Solid state X-ray
photoelectron spectroscopy also provides the information on energy levels of valence
bands as well as inner shell bands with respect to the Fermi level.*?

The properties and functions of ligand-protected clusters are strongly affected by the
atomic packing of the metallic core. For example, Au2s(SPh’Bu)20 and Au2s(Sc-CeHi1)20
have different isomeric Au core motifs, leading to different optical absorption profiles.*?
The modification of the ligand layer also plays a key role in the physicochemical

properties such as electron transfer reactions,* nonlinear optical activity* and chiroptical



activity.**7 For example, the electron transfer reaction rate from Auzs(SCnH2n+1)18 to a
carbon electrode is constant in the range of n = 12—18 owing to the formation of a bundle-

like structure by the van der Waals interactions between alkyl groups.*

1.3 Gas-phase methods to probe geometric and electronic structures of
ligand-protected Au clusters
1.3.1 Overview

As mention in Section 1.2, ESI MS has enabled mass selection of [Au.L,]*.?* Gas-
phase experimental methods are applicable to the mass-selected ion beam of [AuxLy]. For
example, anion photoelectron spectroscopy (PES) and photodissociation mass
spectrometry (PDMS)*- allows us to determine electron affinity (EA) and energy levels
with respect to the vacuum level and to probe photo-induced relaxation processes
including photodissociation and electron emission (Figure 1.5). Collision cross section
(CCS), which gives the information on the shape of [Au.LyJ?, can be determined by IMMS.
We are also able to monitor collision-induced isomerization in the electronically ground
state by IMMS (Figure 1.5). Collision-induced dissociation mass spectrometry
(CIDMS)3~® and surface-induced dissociation mass spectrometry (SIDMS)>*%° have
access to the fragmentation patterns of [AuxLy]* that may shed light on its geometric
structure and bond strengths within [Auxly]?. Distinguished feature of gas-phase
measurement is to directly probe the intrinsic electronic and geometric structures of Au
nanomaterials without any perturbations from the surrounding environments. This may
lead to discovery of a new photochemical phenomenon that cannot be observed due to

the influence of solvents.
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Figure 1.5 Schematic illustration of gas-phase photo-induced and collision-induced processes of
[Au.L, .

1.3.2 Photoelectron spectroscopy
An electron is emitted by irradiating a cluster with a photon larger than a critical
energy (Eq. 1.6).
[AwL, )+ hv — [Awd, [ +e” (1.6)
Photoelectron spectroscopy is a method to directly probe the electronic structures of
clusters by measuring the kinetic energy of the electron detached (Ekin). The electron
binding energy (Eb) is obtained by the following equation of energy conservation,

Ey = hv — Eyn (1.7)
where hv represents photon energy (Figure 1.6). Anion PES provides us with electron
affinity of the corresponding neutral species. Magnetic-bottle type magnetic
photoelectron analyzer (MBPEA) has been developed to enhance the sensitivity by
collecting all photoelectrons detached omnidirectionally.®! By using MBPEA, Smalley

successfully combined MBPEA with TOFMS and observed PE spectra of Au.™ (n = 1-

10



70).3 Superatomic orbitals such as 1P and 1S will be directly probed by anion PES.
Dugourd measured photodetachment yield for [Au25(SG)i1s—6H]’~ as a function of laser

wavelength.%> However, to my best knowledge, anion PES has never been applied to

[AUXLy]Z.
Ekin
y
1D
1P
1S

Figure 1.6 Schematic illustration of the principle of PES for ligand-protected Au clusters.

1.3.3 Photodissociation mass spectrometry
Photoexcitation leads to photodissociation as well as photodetachment (Eq. 1.8).
[Awly P + v = [Auenly-] + [AunLa)’ (1.8)

PDMS enables us to determine photofragment species upon photoexcitation. In 2017,
PDMS was firstly applied to a ligand-protected metal clusters [Auzs(pMBA)is]~.*8
Irradiation of [Au2s(pMBA)1s] (NH4"), with a 193-nm laser induce C—S bond cleavage
and thus remove the ligand layer with the same size.*®

UV absorption spectra were obtained by plotting the yield of photofragments as a

function of the wavelength of a laser.*>>° This gas-phase UV photodissociation mass

spectroscopy sheds light on the absorption in the vacuum ultraviolet region that is difficult

11



to measure in solution phase due to the intense absorption of solvents.

1.3.4 Collision-induced dissociation mass spectrometry
Unique fragmentation patterns of [AuxLy]* upon collisional activation can be probed
by CIDMS. It was reported that [Au2s(SR)18]™ dissociated into [Au21(SR)14]™ as a major

pathway in CID, losing Au4(SR)4 unit.”!

The generation of [Au21(SR)14]” was also
observed in matrix-assisted laser desorption/ionization®® and photodissociation.*® The
preferential loss of the Au4(SR)4 unit is associated with two factors: extraordinary
stability of the Au4(SR)s unit having a ring structure® and electronic shell closing of
[Au21(SR)14]~ with eight electrons. Recently, CID is utilized to produce size-selected bare
metal clusters in the gas phase from the ligand-protected clusters. By increasing collision

energy, sequential ligand loss induced the formation of bare Agi7* clusters from

[Agis(PPh3)10H 6]**.58

1.3.5 Surface-induced dissociation mass spectrometry

It has been demonstrated that collision of a molecule onto a solid surface can deposit
large internal energy, resulting in surface-induced dissociation (SID). SID is a promising
method to study the dissociation process of ligand-protected metal clusters because of the
high conversion efficiency from collision energy to internal energy and short timescale
(~fs) of energy conversion.®> Efficient and ultrafast energy conversion promote
fragmentation reflecting the original geometric structures. Electron transfer between a
cluster and a solid surface is another important reaction in SID. Pradeep reported electron
transfer from [Agii(SG)7]>~ [Agi(SG)7]*~ to a self-assembled monolayer of a

fluorocarbon upon the collisional impact.>

12



1.3.6 Ion mobility mass spectrometry
With the help of ion mobility mass spectrometry (IMMS), a fundamental physical
value, collision cross section (CCS), is determined. In principle, ions traverse in a cell
with a pressure of several-hundred Pa propelled by an electric field (Figure 1.7). The drift
velocity v, traveling through the cell where a homogeneous static electric field E is
applied is described as,
vy = KE (1.9)

where K is defined as ion mobility. The constant K is expressed as,

1/2
K = 3ze 2T l (1.10)

where z, e, N, u, kg, Tpr and (2 are the charge of the target cluster, the elementary

charge, the number density of the buffer gas, the reduced mass of the target cluster and a
buffer gas atom/molecule, the Boltzmann constant, the effective temperature of the target
cluster, and the CCS, respectively. Thus, the value of (2 can be determined by measuring
the drift velocity, v4. The high pressure in the cell prohibits ions to exit the cell and hence
the ion intensity is decreased. This requires highly sensitive measurement. To overcome
this problem, various methods have been developed including traveling wave ion mobility
mass spectrometry (TWIMMS).® Recently, ESI-coupled TWIMMS has been readily
conducted due to a commercially available TWIM mass spectrometer (Synapt G2-HDMS,
Synapt G2-Si, Waters Corp., U.K.).’!-3* In fact, ESI-coupled TWIMMS (Synapt G2-Si)
is used in Chapter 3. Dass reported the first IMMS of thiolate-protected Au clusters.’!
Pradeep extended the scope to thiolate-protected Ag clusters.>? Isomerization processes
of [AuxlyJ* has been revealed by IMMS. Johnson reported the abrupt decrease of the
arrival time of [Aus(PPhs)7-«(PPhaMe)x]** from x = 3 to 4.3 This behavior was attributed

13



to the emergence of a densely packed ligand layer of the phosphine ligands owing to

dispersion interactions.

Buffer gas

Va

Ec>

Figure 1.7 Schematic illustration of the principle of IMMS for ligand-protected Au clusters.

1.4 Aim and outline

[AusLyJ* provides an ideal platform to study size-dependent evolution of structures
and properties of gold in nanoscale. Geometric and electronic structures of these
chemically-synthesized Au clusters have been revealed by SCXRD, optical spectroscopy,
voltammetry and so on. However, experimental methods in the gas phase further give us
complementary and valuable information on intrinsic physical properties and elemental
excitation and relaxation processes without perturbation from the surrounding
environment. For example, PES and PDMS determine the electron affinity and probe
photo-induced relaxation processes including dissociation and electron emission. IMMS
allows us to determine CCS and to monitor collision-induced structural isomerization
processes of [Auxly].

In my thesis, I experimentally probed the photo-induced and collision-induced
processes of [AuxLy]* using PES, PDMS and IMMS. In Chapter 2, I conducted PES and
PDMS of [M2s5(SR)1s]” (M = Au, Ag) to determine the EAs and to probe relaxation

processes upon photoexcitation. SCXRD has revealed that [Ma2s(SR)is]” has an

14



icosahedral M3 core whose surface Au atoms are fully covered with M2(SR)3 oligomers.
Theoretical calculations revealed that the Mis core can be viewed as a protected
superatom with a halogen-like closed electron configuration of (1S)%(1P)°. However,
important physical properties of protected superatoms such as EA remained unclear. The
other remaining problem is that the research on photophysical processes was limited to
relaxation dynamics of photoexcited states. Photoinduced oxidation, which is related to
photostability, has not been explicitly taken into account. The motivation of this study is
to determine the EAs of [M25(SR)is]” and to directly probe intrinsic photo-induced
processes of [M2s(SR)is]™ without perturbation of solvents. In Chapter 3, I conducted
IMMS of [PdAus(PPh3)s]** and [Auo(PPh3)s]** to reveal whether their structures in the
gas phase are same with those determined by SCXRD and whether the isomerization can
be induced upon collisional excitation. [Auo(PPh3)s]** takes two isomeric core motifs
while [PdAus(PPhs)s]** takes only one structural motif. They have densely packed PPhs
ligand layers due to CH-n and n—m interactions in the crystal forms. However, the
structures in dispersing media would be different from those in the crystal because of the
solute-solvent interactions. In this sense, isomerization not only in core motif but also in
ligand layer can be expected in [PdAus(PPh3)s]** and [Auo(PPh3)s]**. In Chapter 4, I

summarize the whole work and conclude future prospects.

15
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2.1 Introduction

Coinage metal clusters protected by organic ligands Mx(L)y (M = Au, Ag; L = thiolate,

phosphine, alkynyl) have broadened the scope of materials science owing to their size-

6 0

specific novel properties./® Atomically precise synthesis>!® and theoretical
calculations'!'"'* have promoted our understanding on how the structures and properties
evolve as a function of the number of core atoms (x) of Mx(L)y. Extensive studies in the
last decade revealed that they exhibit unique structures and properties that cannot be
predicted by scaling laws. Single-crystal X-ray crystallography has demonstrated the
formation of metallic cores with non-fcc geometries.!>™'® Optical spectroscopy and
voltammetry have shown that they exhibit clear HOMO-LUMO gaps reflecting the

19221 Ultrafast spectroscopy has revealed that the lifetime

quantized electronic structures.
of the photoexcited state is much longer than that in the nanoparticles (>2 nm) and bulk,?*-

24 leading to photoluminescence. Theoretical studies have shown that the valence

(a) (b)

Absorbance / arb. unit

— 1 T T T T T T
1 2 3 4 51
Photon energy / eV Photon energy / eV
Figure 2.1 Optical absorption spectra of (a) [Au,s(SC2H4Ph)s]™ and (b) [Agzs(SPhMe»)s]™.
Insets show the crystal structures taken from Refs 16 and 27. Orange, gray and green colors

indicate Au, Ag, and S atoms, respectively. The R group is omitted for clarity.
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electrons are accommodated into the superatomic orbitals (1S, 1P, 1D, ...) formed in the
metallic core.!!"1*

Thiolate (RS)-protected [M25(SR)18] (M = Au, Ag) are representative of the systems
that have been studied in the greatest depth.?>-?’ They have an icosahedral M3 core with
surface M atoms fully bonded to six bidentate M2(SR)3 oligomers (Figure 2.1).!%7:2” The
Mis core can be viewed as a superatom with a closed superatomic electron configuration
of (18)%(1P)%.!! The lowest energy bands in the UV-Vis spectra (Figure 2.1) are assigned
to the electronic transition from HOMO (1P) to LUMO (1D).!*!7 Electronic transitions
within the metallic core as well as between the core and ligands are involved in
photoabsorption in the higher energy region.?® Photophysical processes have been studied
using ultrafast spectroscopy to gain a fundamental understanding of the relaxation
dynamics of the photoexcited states as well as to promote applications for chemical

! and photodynamic therapy.?> However,

detection,” biotherapy®® and photocatalysis,’
photoinduced oxidation, which may be directly related to the photostability, has not been

explicitly considered.

2.2 Methods
2.2.1 Synthesis
2.2.1.1 [Auzs(SC12H25)15] TOA*

[Au2s(SR)18](TOA)* was synthesized according to a method'® previously reported
with modifications. A 300 mL Erlenmeyer flask was charged with 523 mg of
HAuCls-4H20 (1.27 mmol), 779 mg of TOABr (1.43 mmol), and a Teflon-coated
magnetic stir bar. 70 mL of THF was added to the flask and stirring was started at room

temperature yielding a dark-red homogeneous solution. Then, 3.04 mL of Ci12H2sSH (12.7
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mmol) was added dropwise to the solution under constant stirring and the stirring was
continued for 1.5 h. At this stage, the color of the solution slowly turned to faint yellow.
The stirring was set to vigorous (~750 rpm) and a freshly prepared NaBH4 solution (480
mg; 12.7 mmol in 10 mL of cold water) was added to the solution all at once. Violent gas
evolution occurred and the black colored solution was stirred at the same speed for 16 h.
The THF layer was filtered through a paper filter and the volatiles were evaporated giving
a black oil covered with water. The oil was precipitated by methanol and the precipitate
was collected by centrifugation. This methanol washing procedure was repeated five
times and the precipitate was dried in vacuo. The dried product was extracted by a
minimum amount of dichloromethane and the solution was precipitated by methanol
containing TOABT (2 mg/mL). The precipitates were washed by methanol two more times.
Acetone (~50 mL) was added to the precipitate and the solution was centrifuged. The
supernatant was evaporated to dryness and to the sticky black solid was added acetone
(~50 mL). The solution was centrifuged and the supernatant was evaporated to dryness.
The black residue was dissolved in a minimum amount of dichloromethane and the
solution was concentrated by Ar flow. Finally, the solid was dried in vacuo at room
temperature, giving 118.9 mg (26% yield based on Au) of the title compound as a brown

powder.

2.2.1.2 [Auzs(SC2H4Ph)1s] ' TOA*

A 1 L round-bottomed flask was charged with 2.08 g of HAuCls-4H20 (5.08 mmol),
3.12 g of tetraoctylammonium bromide (TOABr) (1.43 mmol), and Teflon-coated
magnetic stir bar. 140 mL of THF was added to the flask, and stirring (100 rpm) was

started at room temperature yielding a dark-red homogeneous solution. 3.6 mL of
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HSC2H4Ph (26.8 mmol) was added dropwise to the solution under stirring and the stirring
was kept for ~12 h. At this stage, the color of the solution slowly turned into colorless. A
freshly prepared NaBHa4 solution (1.9 g; 50 mmol in 50 mL of ice-cold water) was added
to the solution all at once. Gas evolution occurred and the black colored solution was
stirred at the same speed for 60 h. The THF layer was filtered through a paper filter and
the volatiles were evaporated giving a black oil covered with water. The oil was
precipitated by methanol and the precipitate was collected by centrifugation. This
methanol washing procedure was repeated five times and the precipitate was dried in
vacuo. The dried product was extracted by a minimum amount of dichloromethane and
the solution was precipitated by methanol which contains TOABr (1 mg/mL). The
precipitates was washed by methanol one more time. Toluene (20 mL) was added to the
precipitate and the solution was centrifuged. The supernatant was filtered through a cotton
plug in a 200 mL pear-shaped flask and 150 mL of n-pentane was carefully layered on
the toluene solution. After standing overnight, black crystals were deposited on the
bottom of the flask. Faint yellow supernatant was decanted and the crystals were washed
by n-pentane for two times. Finally, the crystals were dried in vacuo at room temperature

giving 464 mg (29 % yield based on Au) of the title compound as black needles.

2.2.1.3 [Ag25(SPhMe:)15]"(PPhy)*

[Ag2s(SPhMe2)1s]"(PPhs)* was synthesized according to a method?’ previously
reported with modifications in the purification step. A 30 mL glass vial was charged with
38.7 mg of AgNOs3 (0.228 mmol) dissolved in 2 mL methanol with the aid of sonication.
Stirring (280 rpm) was started at room temperature, and 117 pL of 2,4-

dimethylbenzenethiol (0.87 mmol) was added to the vial, yielding a yellow precipitate.
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After 18 mL of dichloromethane (DCM) was added, the solution was kept in the room
temperature for 20 minutes with constant stirring. Then, 5.9 mg of
tetraphenylphosphonium bromide (PPh4Br) (0.014 mmol) dissolved in 0.5 mL methanol
was added to the solution. The solution was cooled in an ice-bath (0 C°) and kept for 30
minutes. Next, a freshly prepared NaBH4 solution (14.9 mg; 0.394 mmol in 5 mL of ice-
cold water) was added to the solution dropwise over a period of 10 minutes under
vigorous stirring. The color of the solution turned into dark brown. After the mixture was
kept stirring in an ice-bath for 6 h, the mixture was kept standing in a freezer (-20 C°).
The purification process was modified from the original procedure. The DCM layer was
separated from the aqueous layer and was filtered to remove an insoluble black precipitate.
The filtrate was concentrated to 5 mL by evaporating solvents and was added dropwise
to 40 mL of methanol. After 16 h stirring (1200 rpm) in room temperature, a dark brown
precipitate was formed. The precipitate was collected by filtration and washed with
methanol three times. Then, the precipitate was dissolved in 40 mL of DCM to remove a
yellow precipitate. The filtrate was concentrated to S mL and added dropwise to 40 mL
of methanol. The product was soluble in this step probably because of the removal of
byproducts in the previous step. After 5 minutes of stirring, the solution was filtrated and
the filtrate was evaporated. The dried sample was again dissolved in 5 mL of DCM and
added dropwise to 40 mL of hexane. The brown precipitate formed after 5 minutes of
stirring was collected by filtration and washed with hexane three times. The precipitate
was dissolved in 10 mL of DCM, layered with 20 mL of hexane, and was left in a freezer
(5 C°. Brown needle-like crystals were formed after one week. Typical yield: 6.5 mg

(13 % based on Ag).
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2.2.2 Overview of experimental apparatus

The experimental apparatus used in the study is composed of an electrospray
1onization (ESI) source, a time-of-flight mass spectrometer (TOFMS) and a magnetic-
bottle type photoelectron analyzer (MBPEA) (Figures 2.2a). The flight path lengths of
the TOFMS and MBPEA are 1.66 and 1.91 m, respectively. Acetonitrile/toluene (1/1, v/v)
dispersion of [Au2s(SR)i18]” or DCM dispersion of [Ag2s(SR)is]™ (1-3 mg/mL) was
electrosprayed at a flow rate of 1.5 uL min~! to a capillary resistively heated in the range
of 110-120 °C. [M25(SR)1s]™ ions thus desolvated were accelerated up to 12.8 keV by a
pulsed voltage (200 ps, 10 Hz) applied to Wiley—McLaren acceleration grids and were
detected by the TOFMS with a typical mass resolution (M/AM) of 600. The mass-selected
beam of [Ma2s5(SR)is]” was irradiated with the third or fourth harmonic output of a
nanosecond Nd:YAG laser (GCR-130, Spectra-Physics, U.S.). Photoelectrons emitted
from [M25(SR)i8] were collected by the inhomogeneous magnetic field. The electron
kinetic energies were determined using the MBPEA. A typical energy resolution (E/AE)
was 110 meV for an electron with a kinetic energy of 1 eV.

The PD mass spectra were obtained by irradiating the continuous beam from the ESI
source containing chemically isolated clusters with the third or fourth harmonic output of
a Nd:YAG laser (Quanta-Ray INDI-40, Spectra-Physics, U.S.) 1 us before pulsed
acceleration of the anions (Figure 2.2b). The photofragments produced by laser
irradiation were measured by the TOFMS. PD difference mass spectrum was obtained by
subtracting the mass spectrum with laser irradiation from that without laser irradiation:
negative and positive peaks indicate the depletion of parent ions and generation of

daughter ions, respectively.
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(a) ESI source (b) ESI source

™ [Aus(SR) el ™ [Aus(SR) el

(10)

(6)

Magnetic bottle
type photoelectron
spectrometer

Figure 2.2 Schematic illustration of the experimental setup for (a) anion PES and (b) PDMS.
(1) Syringe, (2) Wiley—McLaren type acceleration grids, (3) deflectors, (4) einzel lens, (5)
permanent magnet, (6) microsphere plate, (7) photodetachment laser, (8) coil, (9)
microchannel plate, and (10) photodissociation laser,. Green and yellow arrows indicate the

trajectory of ions and photoelectrons, respectively.

2.3 Photoelectron spectroscopy of [Auzs(SCi12Ha2s)18]™ at 355 nm
The purity of the sample was confirmed by ESI mass spectrometry and UV-Vis
spectroscopy (Figure 2.3). Figure 2.4b shows the photoelectron spectrum of

[Au2s(SCi2H2s)18]™ obtained by accumulating 200,000 laser shots for six hours (21-47 mJ
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Figure 2.3 (a) ESI mass spectrum and (b) UV-Vis spectrum of [Auxs(SC12H25)1s] ™.
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pulse™! cm™). The spectrum exhibits two bands labeled as A and B. According to the
previous theoretical calculation, the HOMO of [Au2s(SR)is]™ is a 1P superatomic orbital
and HOMO-1 with an Au 5d nature is located below the HOMO by 0.98 eV.!” Therefore,
band A and B are assigned to the electron detachment from the 1P superatomic orbital
and that from the Au 5d orbital localized on the Au atoms, respectively. According to the
valence-band X-ray PES on solid sample of [Au2s(SCi12Hz2s)18]7,%* band B is assigned to
Au 5ds2. However, the peak position of band B cannot be unambiguously determined at
present due to limits in the energy of the photons. In the following, I focus only on band
A.

The energies of the top and onset of band A, Etwp and Ewm, were determined to be 2.5
and 2.2 eV, respectively. Band A is not split into two due to the spin-orbit coupling in the
neutral state: DFT calculations predict the splitting of 0.2 eV.>* A schematic potential
energy diagram relevant to the photoelectron detachment from [Au2s(SCi2H2s)18]™ to
[Au2s(SCi2H25)15]° is shown in the inset of Figure 2.4b. Since the energy minimum
structures of [Au2s(SR)is]” and [Au2s(SR)is]° are slightly different due to Jahn-Teller

effect,

the photoelectron spectrum is broadened by a Frank-Condon overlap between
the two states. The Ewp value corresponds to vertical detachment energy (VDE), the
energy required to remove an electron while retaining the geometrical structure. In
contrast, the En value corresponds to the AEA of [Au2s(SCi2H2s)1s]° (Figure 2.4b).
Namely, the AEA of [Au2s(SCi2H2s5)15]° was determined to be 2.2 eV. This AEA value
agrees with the onset (~600 nm, ~2.1 eV) of the photodetachment yield curve of
[Au25(SG)12(SG 7)6]™ (SG = glutathiolate; SG’~ = deprotonated form of SG).*® The AEA

values of methylthiolate-protected [Auz2s(SCH3)1s]® were predicted to be 3.0°"* and

3.17,%® whereas the VDE value was calculated to be 2.81 eV.*® The theoretical AEA and
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VDE values are significantly larger than the experimental values. This is probably due to
the overestimation of energy levels of open-shell [Au2s(SCH3)15]°.

The intensity of the photodetachment laser used in this work (21-47 mJ/pulse/cm?)
was significantly higher than that used in the conventional PES experiments on metal
cluster anions.*® This is because the ion intensity of [Au2s(SCi2Ha2s)18]™ is weak due to
pulsed extraction from the continuous beam of [Au2s(SCi2Hz2s)18]” from the ESI source:
the duty factor was only 0.2%. Under such light source conditions, there is a possibility
that PES data was affected by multi-photon (most likely two-photon) processes: (i)
photodetachment from the excited state populated by the 355 nm laser; (ii)
photodetachment from fragments produced by the 355 nm laser. The former process is
unlikely to occur given that the lifetime of the photoexcited state is very short (~200 fs
upon excitation at 400 nm) compared to nanoscale laser pulses.?? In contrast, the second
process may be involved in PES measurement using an Ar-F laser (193 nm, 6.42 eV), for
example, as a light source. This is because [Au2(SR)3]” fragment with an adiabatic
electron affinity (AEA) of 4.06 eV*' may be produced according to the photodissociation
study of [Auzs(pMBA)1s(pMBA'™)2]” (nMBA = p-mercaptobenzoic acid; pMBA’ ™ =
deprotonated form of pMBA) at 193 nm.** We tested the latter possibility by recording
the photodissociation mass spectra of [Au2s(SCi2Ha2s)18]™ at 355 nm (Figure 2.4a). Upon
355 nm laser irradiation, the peak of [Au2s(SCi2H2s)18]™ is depleted significantly while
only a small amount (<5%) of [Au21(SCi2H2s)14]” was detected as a photofragment. This
result indicates that direct electron detachment is the dominant process upon irradiation

of [Au2s(SCi2H2s)18]™ at 355 nm.
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Figure 2.4 (a) Photodissociation mass spectrum and (b) photoelectron spectrum of
[Auos(SCi2Hos)ig]” at 355 nm. Inset shows schematic potential energy diagram of

[Auzs(SCi2Has)1s]™ and [Auzs(SCi2Has)is].

2.4 Photo-induced thermionic emission from [M2s(SR)1s]” (M = Au, Ag)

The purity of the samples was confirmed by optical spectroscopy (Figure 2.1) and
mass spectrometry (Figure 2.5). To determine the peak position of band B, anion PES of
[Au2s(SR)1s]” at higher energy is necessary. I recorded the PE spectra of

[Au25(SC2H4Ph)1s]™ and [Ag2s(SPhMe2)is]™ both at 355 and 266 nm. Figure 2.6a shows
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the PE spectrum of [Au2s(SC2H4Ph)is]™ recorded at 355 nm by accumulating
photoelectron signals for six hours. The spectrum exhibits two bands, A and B, similar to
those observed in the PE spectrum of [Au2s(SCi12H2s)18]”. Bands A and B were assigned
to the direct photodetachment from superatomic 1P orbitals and 5d orbitals localized on
the Au atoms, as in the case of [Au25(SCi2H25)18]”. From the onset of band A, the AEA
value of [Auzs(SC2H4Ph)13]° was determined to be 2.36+0.01 eV, which is close to that of
[Auzs(SCi2H25)18]° (2.2 eV). Figure 2.6b shows the PE spectrum of [Au25(SC2H4Ph)is]~
recorded at 266 nm to probe the deeper electronic structure. To our surprise, the spectrum
profile is completely different from that at 355 nm (Figure 2.6a) and is dominated by a
new band, C, at an electron binding energy of >4.0 eV. The expanded PE spectrum at 266
nm exhibits direct photodetachment corresponding to bands A and B. These findings
indicate that slow electron emission dominates over direct photodetachment upon
photoirradiation of [Au2s(SC2H4Ph)ig]™ at 266 nm. A similar phenomenon was observed
in the PE spectra of [Ag2s(SPhMe2)1s]™ recorded at 355 and 266 nm, as shown in Figures
2.6d and 2.6e, respectively. Bands A’ and B’ at 355 nm were assigned to direct
photodetachment from superatomic 1P orbitals and 4d orbitals localized on the Ag atoms,

respectively. The AEA value was determined to be 2.02+0.02 eV. The PE spectrum at 266
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Figure 2.5 ESI mass spectra of (a) [Au2s(SC:H4Ph)3]™ and (b) [Ags(SPhMe»)s]™.
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nm was also dominated by band C" with a low kinetic energy.

43,44 and

Emission of slow photoelectrons from bare metal cluster anions
chromophores of photoactive yellow protein®® has been observed and ascribed to
thermionic emission (TE) from vibrationally excited anions. Efficient photoinduced TE
was observed from cluster anions of W, Nb, and Pt having small vertical detachment
energies and large vaporization energies in the corresponding bulk metal.** In the
framework of a simple model where the absorbed photon energy is equally dissipated to
vibrational internal degrees of freedom, the temperature 7 of the cluster anion is given
by:

_hw

= 2.1

where hv, ks and n represent the absorbed photon energy, the Boltzmann constant, and
the number of vibrational degrees of freedom, respectively. Kinetic energy of the
electrons emitted by TE follows a Boltzmann distribution and the photoelectron intensity

Ite 1s given by:

Ekin)

I7p = Aexp (— T (2.2)
B

where Exin indicates the electron kinetic energy.**** If we assume that the absorbed energy
is equally distributed to the vibrational degrees of freedom (n = 3x13-3 = 33) of the Aui3
and Agi3 cores, the temperature of the core is calculated to be 1.6x10° K according to Eq.
1. Kinetic energy distributions at 1.6x10° K simulated by Eq. 2.2 are shown as black
dotted lines in Figures 2.6b and 2.6e. Good agreement between the simulated curves with
the profiles of bands C and C’ supports the assignment to TE from the Auiz and Agi3
cores. This is in sharp contrast to the absence of TE from bare Au and Ag cluster anions.*°

The above discussion suggests that the key to TE is the suppression of fragmentation
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of cluster anions electronically excited above the electron detachment threshold. To check
their robustness in the electronically excited state, the PD mass spectra of
[Au25(SC2H4Ph)1s]™ and [Ag2s(SPhMe2)i1s]™ were recorded at 266 nm.  Figures 2.6¢ and
2.6f show typical PD mass spectra of [Auz2s(SC2H4Ph)is]™ and [Ag2s(SPhMez)1s]™ at 266
nm, respectively. Both sets of spectra were dominated by the depletion of the parent ions.
No photofragment ions from [Au2s(SC2H4Ph)ig]™ were observed, whereas
[Ag22(SPhMe2)i1s]™ was observed as a minor fragment from [Ag2s(SPhMe:)is]™. These

results indicate that the TE is a major decay pathway of [Au2s(SC2H4Ph)is]™ and
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Figure 2.6 PE spectra of [Auys(SC,H4Ph)is]™ at (a) 355 and (b) 266 nm and those of
[Agos(SPhMe,)3]™ at (d) 355 and (e) 266 nm. PD mass spectra of (¢) [Aus(SCoH4Ph)s]™ and
() [Ag25(SCoH4Ph) 5] at 266 nm. Red solid and black dotted lines correspond to experimental
data and simulated curves for thermionic emission of M3 core, respectively. The peaks with

an asterisk correspond to the depletion of parent ions.
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[Ag25(SPhMe2)i8]” photoexcited at 266 nm.

Relaxation pathways of [M2s5(SR)18]™ upon photoexcitation at 266 nm are explained
by a Jablonski diagram (Figure 2.7). Since photoelectron signals by direct
photodetachment are much weaker than those by TE, the initial step is selective excitation
of [M2s5(SR)1s]” into [M2s5(SR)18]™*, which is embedded in the photodetachment
continuum (shaded area in Figure 2.7). Electronic transitions within the M13 core as well
as metal-to-ligand transitions?® would be involved in the electronic transitions at 266 nm.
Large absorbances at 266 nm in the UV-Vis spectrum (Figure 2.1) support the selective
excitation to an electronically excited state. Electronically excited [M2s5(SR)1s]™* quickly
undergoes internal conversion (IC) to form vibrationally excited [M25(SR)is]™ followed
by TE leaving internal energy in the remaining neutral [M2s(SR)1s]°. Photodissociation, a

competing process of IC, is almost completely suppressed even though the photon energy

PD — IC — TE
x: 7 ) > > I

[M25(SR)1g]™ ——

[My5(SR)16]° + €

PA
(266 nm)

[M25(SR) 1]

Figure 2.7 Jablonski diagram illustrating the TE pathway of [M2s(SR)is]” following the
photoexcitation at 266 nm. Horizontal lines are vibrational levels. Gray area indicates the
electron detachment continuum. PA = photoabsorption; PD = photodissociation; IC = internal

conversion; TE = thermionic emission.
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exceeds the energy required for the dissociation into [M21(SR)14]™ and M4(SR)4 (2.9 eV
for M = Au).*¢ Protection of the M3 core by stiff M2(SR)3 units*> may contribute to the
promotion of IC process of [M25(SR)1s]™* by retarding the nuclear motion toward the

dissociation.

2.5 Summary

In summary, I successfully recorded the photoelectron spectrum of [M2s5(SR)is]™, a
representative ligand-protected coinage cluster anion for the first time. The PE spectrum
of [Au25(SCi2H2s)18]” at 355 nm exhibits two bands that correspond to the
photodetachment from the 1P superatomic orbital and Au 5d bands. The AEA and VDE
values were determined to be 2.2 and 2.5 eV, respectively, indicating that theoretical
calculation overestimates the AEA values probably due to overestimation of energy of
open-shell neutral species. Since the solvation energy of the anionic state is generally
larger than that of the neutral state, the minimum photon energy required for the electron
detachment from [Au25(SCi2H25)18]” in organic dispersion is expected to be larger than
the VDE value.

Anion PES and PDMS were conducted on thiolate-protected coinage metal clusters
[M25(SR)18]” (M =Au, Ag) isolated in vacuum at 266 nm. [M25(SR)18]™ underwent TE of
slow electrons without direct electron detachment nor dissociation upon irradiation with
266-nm photons with an energy (4.66 eV) exceeding the electron detachment threshold
energies (2.02-2.36 eV). Curve fitting analysis suggests that TE occurs from the M3 core
with a vibrational temperature of 1.6x10° K. Exclusive TE from [M25(SR)1s]" is ascribed
to the selective transition to an electronically excited state embedded in the electron

detachment continuum and quick IC to vibrationally excited [M2s(SR)1s]”. This study
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illustrates that gas-phase methods such as anion PES and PDMS provide a new
opportunity to address intrinsic electronic structures and photoinduced processes of

ligand-protected metal clusters without any influence from the solvents.
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3.1 Introduction

As mentioned in Chapter 1, ligand-protected metal clusters have extended the scope
of materials science owing to their novel properties.!™ The key descriptors through which
we can tune the properties and functions of protected metal clusters are the number
(cluster size) and composition of metal atoms at the core. There are many examples
illustrating how the optical, catalytic, and magnetic properties of protected metal clusters
are affected by their size and composition.

However, the properties and functions of such clusters are not only decided by size
and composition, but also by the geometric structure. Especially, the atomic packing of
the metallic core is an important parameter because protected metal clusters can take a

variety of structural isomers!®!!

and the electronic structures are strongly coupled with
the core structures. For example, optical spectra of structural isomers Au2s(SPh’Bu)20 and
Aus(Sc-CeHii)20 exhibit different profiles reflecting the difference in the core
structures.'” Another example is that the optical absorption spectrum is strongly
dependent on temperature'? due to thermal fluctuation of the metallic core.'® The structure
of the ligand layer is also an important parameter determining the physicochemical

1415 nonlinear optical activity'® and electron transfer

properties including chirality,
reactions.!” While the monolayer of alkanethiolates on an Au cluster exhibits a dispersed
state, that in the solid state forms a bundle-like structure.'® The electron transfer reaction
for an alkanethiolate (CxH2n+1S)-protected Auas cluster is independent of n in the range of
12—-18 due to the formation of a bundle-like structure.!”

As mentioned in Chapter 1, several unique techniques have been recently used for
the structural characterization of protected metal clusters isolated in vacuum. The

) 19-22
b

methods include ion mobility mass spectrometry (IMMS collision-induced
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dissociation mass spectrometry (CIDMS),>2

photodissociation mass spectrometry
(PDMS)?® and photoelectron spectroscopy (PES).?” These methods provide essential
information on the stability and structures without any influence from the dispersion
media. For example, Laskin and Johnson reported IMMS of [Aus(PPh3)7-«(PPh2Me)x]**
as a function of x and found that arrival times decrease abruptly from x = 3 to 4.2 This
behavior was ascribed to the formation of a closely packed arrangement of the phosphine
ligands due to dispersion interactions. However, several interesting questions remained
unaddressed using IMMS: (1) Does the CCS value determined by IMMS quantitatively
reproduce those for the structures determined by X-ray crystallography? (2) Does the
CCS value reflect the structure of the protected metal clusters in the dispersion? (3) Can
we probe collision-induced isomerization by IMMS?

To address the above issues, we conducted IMMS measurements on [PdAug(PPh3)]**

and [Auo(PPh3)s]**, the structures of which have been determined by single-crystal X-ray

analysis (Figure 3.1).2*2 [PdAus(PPh3)s]** takes a crown motif (Figure 3.1a), while

@)

Figure 3.1 Crystal structures of (a) [PdAug(PPh3)8]2+ with a crown motif and [Aug(PPh3)g]3+
with (b) crown and (c) butterfly motifs. Orange, blue, and purple colors indicate Au, Pd, and

P atoms, respectively. Ph group is shown by wireframe.

[Auo(PPh3)s]** can take two isomeric forms in the crystal phase, a crown (Cr) or a

butterfly (Bt) motif, depending on the size of the counter anions (Figures 3.1b and
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¢).282%-32 The single-crystal structures shown in Figures 3.1a—c are hereafter referred to as
PdAus(Cr), Auyg(Cr), and Aue(Bt), respectively. The absence of a butterfly motif in
[PdAus(PPh3)s]** is ascribed to suppression of the core isomerization due to stiffening of
the intracluster bonds by Pd doping.?* Their metallic cores [Auo]** and [PdAus]** can be
viewed as oblate-shaped superatoms with an electron configuration of (1S)%(1P)* 3134
Close inspection of PdAusg(Cr) and Aue(Cr) reveals that the structures of the ligand
layers are different although their cores have crown motifs; CH-n and n—n interactions
between the phenyl rings of adjacent PPhs ligands, respectively, play arole in determining
the structures of the ligand layers (Figure 3.2). [PdAus(PPh3)]** and [Auo(PPhs)s]** are
ideal clusters to probe core isomerization and ligand rearrangement. We determined by
IMMS the CCS values of electrosprayed [PdAus(PPhs)s]** and [Auo(PPh3)s]** and
compared them with those of the structures determined by X-ray crystallography. The
results showed that the disordered ligand layers of [PdAus(PPh3)s]** and [Auo(PPhs)s]**
in dispersion are retained during desolvation by electrospray ionization (ESI), but can be
converted to more compact structures found in single crystals via collisional excitation

and cooling.
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(a) Top view Bottom view

Side view

- 180°
rotation

Figure 3.2 Ligand packing in the crown-shaped crystals of (a) [PdAus(PPhs)s](NO3), and (b)
[Aug(PPh3)s](PW12049). Orange, blue, and purple colors indicate Au, Pd, and P atoms,

respectively.
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3.2 Methods
3.2.1 Experimental
3.2.1.1 Synthesis

[Auo(PPh3)s](NO3)3 was chemically synthesized by a method previously reported.*
First, ethanol solution (13 mL) of NaBH4 (9.4 mg, 0.25 mmol) was added to another
ethanol solution (13 mL) of Au(NO3)(PPh3) (521 mg, 1.0 mmol). The mixture was
filtrated after stirring for 15 min at room temperature and the filtrate was evaporated. The
residue was poured into tetrahydrofurane (THF) (35 mL) and stood still overnight. The
precipitate was collected by filtration and washed with THF and hexane. The green solid
(95 mg) was obtained by evaporating the residual solvent. [PdAus(PPh3)s](NO3)2 was
synthesized by a similar method.** Dichloromethane solution (20 mL) of Pd(PPh3)4 (115
mg, 0.10 mmol) was quickly added to that (20 mL) of Au(NO3)(PPh3) (421 mg, 0.81
mmol). After stirring for 1 min, ethanol solution (15 mL) of NaBH4 (20 mg, 0.53 mmol)
was quickly added into the mixture. The mixture was evaporated after stirring for 1 min.
The residue was poured into methanol (10 mL). The precipitate was filtrated and mixed
with acetone (5 mL). The precipitate was filtrated and poured into methanol (50 mL).
Diethylether (70 mL) was slowly added into the solution to precipitate
[PdAus(PPh3)s](NO3)2. The brownish solid (193 mg) was obtained by filtration followed
by washing with diethylether and hexane. Both samples were characterized by UV-vis

absorption spectroscopy.

3.2.1.2 Overview of the experimental setup
Mass spectra and arrival time distributions (ATDs) were measured using an ion

mobility mass spectrometer (Synapt G2-Si, Waters Corp., Manchester, U.K.) installed at
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IIT Madras (Figure 3.3).2!333¢ The apparatus consists of an ESI source, a traveling wave
ion guide (TWIG), a quadrupole mass filter, a trapping TWIG (not shown in Figure 3.3),
a Helium cell, a traveling wave ion mobility (TWIM) cell and a time-of-flight mass
spectrometer (TOFMS) equipped with a reflectron. [PdAus(PPh3)s](NO3)2 or
[Auo(PPh3)s](NO3)3 dispersed in methanol was introduced into the mass spectrometer via
the ESI source. Neutral species were eliminated by the TWIG. The ions of interest guided
by the TWIG were mass-selected by the quadrupole mass filter. The mass-selected
cationic clusters were continuously stored in the trapping TWIG. The ions thus stored
were injected periodically into the He and TWIM cells®® by applying a pulsed voltage to
the gate electrode. The pressures in the cells were raised up to 100-300 Pa by flowing He
and N2 gases. The flow rate of the He and N2 gases (Fue and Fn2) was controlled in the
range of 0—150 and 45-55 mL min~!, respectively. The pulsed ion beam enters the He cell
and the kinetic energy of the ions was decreased by collisions with buffer He gas. The
ions in the TWIM cell were slowed by the collisions with buffer N2 gas and were
propelled by the electric filed applied in the TWIM cell. The voltage was periodically
applied to the electrodes in the TWIM cell to generate a traveling wave with a triangular
voltage profile. The ions were ejected from the cell according to the mobility (or collision
frequency with buffer gas) of ions.* The ions thus separated based on the mobility were
orthogonally extracted by a pulsed electric field between the acceleration grids and were
detected by the TOFMS. The ion intensities of the parent ions were monitored by the
TOFMS with varying a time between injection to the He cell and pulsed extraction at the

TOFMS.
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. Drift time .
ESI source (6)

T
(1)

with a reflectron ——eeraMhi—

Figure 3.3 Schematic illustration of the experimental apparatus. (1) Traveling wave ion guides
(TWIG), (2) a quadrupole mass filter, (3) a gate electrode, (4) a He cell, (5) a traveling wave
ion mobility (TWIM) cell, (6) acceleration grids, and (7) an ion detector. Green line indicates

ion trajectory.

3.2.1.3 Ion mobility mass spectrometry

The ATD was obtained by plotting the intensities of [PdAus(PPh3)s]>* or
[Auo(PPh3)s]** as a function of the time difference between the ion injection into the He
cell and ion extraction at the TOFMS. Thus, the arrival time giving the peak of ATD

(ATmax) is expressed by:

ATy = Toon + Tarige = 2 Aley” + \/% 3.1
where Tcenn and Tasife represent the drift time spent in the cell and that spent from the exit
of the cell to the acceleration region of the TOFMS.’”% The terms m, z, W, and exp are
the ion mass, the charge, the reduced mass of the clusters and the buffer gas, and the CCS,
respectively. The constants A and B were calibrated with the experimental data on
myoglobin collected at Fre and Fn2 of 43.2 and 55 mL min™', respectively, and at room
temperature.*’ Acetonitrile/water mixed solution (1:1, v/v) containing myoglobin with

0.1% of formic acid added was electrosprayed. The constant ¢ was obtained from
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commercially available software.>* Key experimental parameters are listed in the Table

3.1.

Table 3.1 Apparatus parameters.

Calibration Figure 3.4 Figure 3.5 Figure 3.6

Capillary bias (kV) 35 3.0 35 2.0
Source temp. (°C) 100 100 100 100
Sampling core (V) 40 20 0 0
Source offset (V) 60 20 0 0
Desolvation temp. (°C) 150 150 150 150
Cone gas flow (L hr™) 0 0 0 0
Desolvation gas flow (L hr=") 400 400 400 400
Nebulizer gas (bar) 2.5 2.5 2.5 2.5
Trap gas flow (mL min~") 0 0 0 0
Helium cell gas flow (mL 43.2 0-150 35-80 43.2
min~')
IMS gas flow (mL min™!) 55 45 55 47.3
Sample infusion flow rate 10 10 10 20
(uL min™h)

Trap DC entrance (V) 0 0 0 0
Trap DC bias (V) 25.6 27.2 25.6 24.1
Trap DC exit (V) 0 3.0 0 0

Transfer voltage (V) 0 0 0 2
IMS wave velocity (m s™) 650 700 650 658
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IMS wave height (m s™") 40 40 25 38.2

3.2.2 Theoretical calculation

The CCS values of PdAug(Cr), Aug(Cr), and Aug(Bt) were calculated by three
methods: the diffuse-hard-sphere scattering (DHSS),*! projection approximation (PA)*!
and exact hard-sphere scattering (EHSS) methods.* The DHSS method assumes that the
cluster consists of hard-sphere atoms. According to Ref. 41, we assumed that 91% of the
collisions between the buffer gas (N2) and the cluster are inelastic and diffusive and the
remaining 9% of the collisions are elastic and specular. The atomic radii of Au, Pd, P, C,
and H atoms were set to 1.66, 2.0, 1.8, 1.7, and 1.1 A, respectively. An N2 molecule was
regarded as a sphere with a radius of 1.5 A. The clusters were rotated three times in a
surrounding environment of 30000 N2 molecules during the simulation for DHSS. The
re-emission velocity of gas molecules after collision was assumed to have a Maxwell
distribution. In the PA method, the CCS value was determined by projecting a three-
dimensional ion geometry onto a two-dimensional plane and averaging all the possible
geometries assuming a hard-sphere model. The clusters were rotated 100 times in a
surrounding environment of 30000 N2 molecules during the simulation. In the EHSS
method, all the collision events with N2 gas were assumed to be completely elastic. The
temperature and N2 pressure used in these calculations were 300 K and 290 Pa,

respectively. IMoS software* was used for calculations.

3.3 Results and discussion
3.3.1 Pressure-dependent arrival time distributions

The ATDs of [PdAus(PPhs)s]** are shown in Figure 3.4 as a function of Fue. The
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ATDs exhibit a single peak B when Fe is higher than 120 mL min™' (Figures 3.4a and
3.4b). When Fie is reduced to 80 mL min~!, a new peak o appears as a hump at the shorter
arrival time side of peak B (Figure 3.4c). Relative intensity of peak a with respect to peak
B increases with the decrease in Fue (Figures 3.4d—f) and peak o dominates the ATD when
Fe is reduced to 0 mL min™! (Figure 3.4g). The decrease in Fue leads to a decrease of
collision frequency of the target cluster and to an increase in the mean free path. As a
result, the ions in the He cell gain more kinetic energy from the traveling electric field,
collide with the N2 gas with a higher collision energy and exit the cell in shorter time
under low pressure. Therefore, the transformation from peak f to peak a in Figure 3.4
indicates that an isomer for peak 3 (PdAug(B)) is “converted” to a more compact isomer
for peak o (PdAug(A)) by collisional heating. The gradual decrease in the total ion

intensities is due to the CID of [PdAus(PPh3)s]**.
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A similar behavior was observed in the ATD of [Aus(PPh3)s]** recorded in the range
of Fre = 35-80 mL min~' (Figure 3.5). This figure clearly shows that the relative
abundance of Auy(C) giving peak y with respect to Aug(D) giving peak J increases with
decrease of Fue. This result indicates that Aug(D) is converted into the more compact
Auy(C) upon collisional excitation and cooling. The more rapid decrease in the intensity

of [Auo(PPh3)s]** than [PdAus(PPh3)s]** at lower Fue is associated with the fact that the

former is more easily dissociated into fragment ions.
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Figure 3.5 Arrival time distributions of [Aug(PPh3)s]** at Fx2 = 55 and Fye = (a) 80, (b) 70,
(c) 60, (d) 45, and (e) 35 mL min™".

3.3.2 Experimental and theoretical collision cross section values

To help the assignment of structural isomers found in section 3.1, we compared the
CCS values experimentally determined (£2xp) and those calculated for the single-crystal
structures in Figure 3.1 (2eaicen). The ATDs of [PdAus(PPhs)s]** and [Auo(PPhs)s]** were
dominated by peaks  and 6 assigned to PdAusg(B) and Auy(D), respectively, at Fue =
43.2 and Fn2 = 55 mL min~!' employed for calibration. The £2.xp values for PdAus(B) and
Auo(D) were determined to be 422 and 442 A? using Eq. 3.1. (Table 3.2). Peak a for
PdAusg(A) and peak y for Aug(C) emerged with slight alteration of Fn2, wave velocity,
and wave height as shown in Figure 3.6 (parameters are shown in the Table 3.1). The £exp
values for PdAug(A) and Auy(C) were determined to be 404 and 402 A2, respectively,

using that for PdAus(B) as a reference. The (%xp values for all the isomers were
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reproduced within the statistical error of ~1%.
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Figure 3.6 Arrival time distributions of (a) [PdAug(PPh;)s]** and (b) [Aus(PPh3)s]** recorded
at Fre = 43.2 and Fxo = 47.2 mL min™.

Table 3.2 The experimental CCS values

Isomer Peak Q. (AY?
PdAus(A) a 404
PdAus(B) B 422

Auy(C) Y 402

Auy(D) o 442

*CCS value experimentally determined.

The (aen values obtained by the DHSS, PA and EHSS methods for PdAus(Cr),
Auy(Cr) and Auy(Bt) are listed in Table 3.3. The £2acn values are strongly dependent on
the calculation methods. Especially, the DHSS method overestimates the (2xp values
significantly, although it was reported that DHSS reproduced the £2xp values determined
using diatomic and polarizable molecules such as N2 as buffer gas better than other

methods such as PA and EHSS.*! This result suggests that N2 molecules collide with the
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clusters in an elastic manner. In addition, there was no appreciable difference in the £aicn
values for the two isomers of Aue(Cr) and Aug(Bt), indicating that IMMS cannot
differentiate isomers having different core structures in the present case.

Table 3.3 Theoretical CCS values

-Qcalcn (AZ)&
Structure
DHSS PA EHSS
PdAug(Cr) 514 367 420
Auy(Cr) 509 365 413
Auy(Bt) 514 366 416

*CCS value theoretically calculated.

3.3.3 Collision-induced isomerization

Significant discrepancies between (2exp and (Zaen do not allow us to make a
straightforward assignment of the isomers in Table 3.2. In PdAus(Cr), the PPh3 layer
forms a densely packed structure around the core due to CH—r interactions between the
phenyl rings of adjacent PPhs3 ligands. Because no other isomer having a more compact
packing than PdAusg(Cr) is available, we assign PdAus(A) to PdAus(Cr). Since no other
isomer with a different core structure is known for [PdAus(PPh3)s]**, it is reasonable to
assign PdAug(B) to a less stable isomer having poorly packed ligand structures compared
to PdAug(Cr). This assignment leads us to conclude that the structure of
[PdAus(PPhs3)s]** introduced into vacuum via the ESI source is different from PdAug(Cr)
in terms of the ligand packing. Probably, the structure of the ligand layer of PdAus(B)
introduced in the gas phase via the ESI source is similar to that in the dispersion, which
is determined by the balance between the ligand-to-ligand and ligand-to-solvent
interactions. During the desolvation process in the ESI source, the disordered packings of

the ligand layer may be frozen at various metastable states. Upon the collisional activation
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and subsequent collisional cooling, the ligand layer of PdAug(B) is annealed into the most
stable, densely packed structure with the maximal ligand-to-ligand interaction similar to
that in the crystal.

Given that the core of [Auo(PPh3)]** takes the crown motif in dispersion, it is
reasonable to assign the final species Aug(C) to Aug(Cr) found in the crystalline phase.
Auyg(D) was assigned to an isomer having poorly packed ligand structures. Thus, the
isomerization from Aug(D) to Auy(C) in Figure 3.5 can be explained by a collision-
induced crystallization of the ligand layer. However, we cannot exclude the possibility
that core isomerization from the crown to the butterfly also occurred because their £aicn
values are very close (Table 3.3). Table 1 shows that the £Zaicn value of Aug(D) (442 Az)
is much larger than that of PdAus(B) (422 Az). This may suggest that Aug(D) takes a
more expanded core than Aug(Cr) reflecting the softer Au—Au bonds than Pd—Au bonds

in PdAus(Cr).»

3.4 Conclusion

The CCS values of [PdAug(PPh3)s]** and [Aus(PPh3)s]**, electrosprayed into the gas
phase, were determined by IMMS and they were found to be 422 and 442 A2, respectively.
With the reduction of the flow rates of He into the cell, [PdAus(PPh3)s]** and
[Auo(PPh3)s]** underwent collision-induced isomerization to smaller species with the
CCS values of 404 and 402 Az, respectively. However, the CCS values theoretically
calculated for their single-crystal structures were in the range of 360-520 A? depending
on the calculation methods. We interpret the experimental observations to conversion of
the clusters with disordered ligand layers in the solution into their single-crystal structures

with packed ligand layers. The present study illustrates that IM MS will be useful for

57



structural characterization in ligand-protected metal clusters in solutions and for

understanding their isomers in the gas phase.
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Chapter 4.

Concluding remarks



4.1 Summary of the thesis

As mentioned in Chapter 1, ligand-protected metal clusters have extended the scope
of materials science owing to their size-specific unique properties. In Chapters 2 and 3,
gas-phase measurements were applied to phosphine/thiolate-protected coinage metal
clusters. In Chapter 2, I conducted anion photoelectron spectroscopy (PES) and
photodissociation mass spectrometry (PDMS) of [M25(SR)18]” (M = Au, Ag). Irradiation
of [M25(SR)1s]” with a 355-nm photon dominated direct photodetachment from
superatomic 1P orbitals and d orbitals localized on each coinage metal atom. The
adiabatic electron affinity of [M25(SR)15]° and vertical detachment energy of [M2s(SR)1s]~
were experimentally determined for the first time from the PE spectra recorded at 355 nm.
On the contrary, irradiation of [Ma2s5(SR)1s]” with a 266-nm photon induced indirect
detachment of thermionic electrons from vibrationally excited Mi3 core. Thermionic
emission has not been observed in bare Au./Agx clusters. Protection of the Mi3 core by
stiff M2(SR)3 oligomers may contribute to promote internal conversion process from an
electronically excited state to a vibrationally excited state by retardation of nuclear motion
toward the dissociation. Gas-phase methods including anion PES and PDMS will provide
a new opportunity to address intrinsic physicochemical properties and photo-processes of
ligand protected metal clusters without any influence from the solvents (Figure 4.1).

In Chapter 3, I conducted ion mobility mass spectrometry of [PdAus(PPhs)s]** and
[Auo(PPh3)s]**. The collision cross sections of [PdAus(PPhs3)s]** and [Aug(PPh3)s]** were
determined by IMMS. With the reduction of the He flow rates, [PdAus(PPhs)s]** and
[Auo(PPh3)s]** underwent collision-induced isomerization to smaller species with the
CCS values of 404 and 402 A2, respectively. This experimental observation illustrates the

conversion of the clusters with disordered ligand layers in the solution into their single-
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crystal structures with packed ligand layers. IMMS will be helpful for structural
characterization in ligand-protected metal clusters in dispersion and for understanding

their isomerization processes in the gas phase (Figure 4.1).

[Au,L 17 Photo-
dissociation
-—)
[Au,L - Chapter 2
Isomerization
===
\/\ - Chapter 3
\ / [AuXLy]Z

o’ -
Internal coordinate

Figure 4.1 Summary of the thesis. Black and blue arrows indicate photoexcitation and
collisional excitation, respectively. Orange and purple arrows correspond to direct and indirect

photodetachment process, respectively.

4.2 Future prospects

In this thesis, I demonstrated the potential of gas-phase measurements for in-depth
characterization of chemically-modified coinage metal clusters that can be viewed as
chemically-modified superatoms.' I observed a new photophysical phenomenon in
ligand-protected Au clusters such as thermionic emission by eliminating the perturbation
from surrounding environment. I also succeeded in determining the electron binding
energies of [M2s5(SR)is]” having the icosahedral Auis core with eight electrons. These

results quantitatively deepen our fundamental wunderstanding for intrinsic
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physicochemical properties. However, the effects of the core volume and heteroatom
doping on the energy levels of superatomic orbitals have not yet been addressed. These
question can be addressed by expanding the targets to selenolate-protected Au clusters
such as [Au2s(SeR)1s]~,? thiolate-protected alloy clusters such as [AgrAuzs-»(SR)1s]~,* and
thiolate-protected Ag and Ag-based alloy clusters including [Ag2s(SR)is]™,*
[AuAg24(SR)18]~,° [MAg24(SR)18]>~ (M = Pt, Pd),® [Ag29(S2R)12]*~,7 and [Aga4(SR)30]*.8
All the clusters mentioned here have an icosahedral Mi3 (M = Au, Ag), doped MAgi2 (M
= Pt, Pd), or AgmAuis-n core protected by ligands. These protected clusters are suitable
platforms to study modulation of electronic structure of the core by substituting the central
atoms and changing the electron withdrawing ability, composition, and charge state of
protecting ligands without any other additional perturbations. For example,
[MAg24(SPhMe2)1s]>~ (M = Pt, Pd) has the same protecting oligomer motif, Li~ (=
Ag2(SPhMe2)37), as [Ages(SPhMe»)is]™, while it has the different MAgi2 core (Figure 4.2).
In contrast, [Ag2o(S2CsH4)12]*~ has the same Agi3 core, while it has the more negatively
charged ligand layer, L2~ (= Aga(S2CsHa4)3%7), than those of [Ag25(SR)18]™ (Figure 4.2).
Anion PES will allow us to investigate the intrinsic electronic structures of these
chemically-synthesized Ag clusters and the effect of core motif or ligand motif on the
electronic structure.

The results of IMMS revealed that the structures of the ligand layers of
[PdAus(PPh3)s]** and [Auo(PPh3)s]** in dispersion were retained during desolvation via
electrospray ionization (ESI). This shows the new possibility of exploring the geometric
structure in dispersion and the isomerization process including ligand layers by ESI

IMMS.
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Figure 4.2 Crystal structures and conceptual illustrations of geometric structures of (a)
[Agos(SR)1s]™, (b) [MAg24(SR)15]*”, and (c) [Agao(S2R)12]*.
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