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1. Introduction

Even though unknown, nanoparticles and nanoclusters have been in use throughout human history. This
can be seen in objects like the stained glass, which was made by mixing of metal salts with molten glass
during the glassmaking process. This would create a stable colloid of metallic particles which would
modify the optical properties of glass to create the desired colouring'?. The famous Damascus steel is
another good example. Even though the exact technique of production is lost to history, modern
analytical techniques reveal the existence of carbon nanotubes mixed in the crystal lattice of the steel

giving it extraordinary mechanical properties that have earned its reputation®.

1 g g
I — .
2 tom | 10 nm 100 nm
A \ s L 5,
¥ v
Transitions of atomic
Molecular  packing structure, Nanocrystal
chemistry  electronic, & optical chemistry
properties occur
R
Ligand-stabiized e
tore (fec crystaline)

Figure 1. 1 a-c) TEM images of carbon nanotubes in an authentic Damascus sabre. Scale bars: Snm, 10nm, 5 nm for a),b),c)
respectively. d) Scale length of study for the metallic nanoclusters, between the nanocrystals and molecular chemistry. e)A4
multi-coloured stained glass motif. Different colouring was achieved by mixing of iron, manganese, chromium, vanadium
and other transitional metal salts into the molten glass during the production process. a-c) reprinted with permission from

reference 3 with permission from Nature Publishing Group. d) Reproduced from Ref. * with permission from the Centre
National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry. e) Eyes to see, Phyllis Wall, Plainview,
Texas.
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Methodical scientific studies of small metallic particles start with Michael Faraday in 1857° and were
continued by Gustov Mie in 1908°. The research of physical and chemical properties of metal clusters
continued after that, but detailed understanding of their properties did not start until the 1960s and the
development of the electron band theory*. Starting in the 1970s, the study of metal clusters has been
rapidly increasing in popularity and attractiveness. It has also been supported by development of
technology which provided new experimental techniques for producing and studying them. In recent
decades, especially since the 1990s a tremendous advance has been achieved in nanoparticle research,
both in regards to theoretical and experimental aspects. New techniques have been developed to
synthesize nanoparticles of various sizes and composition, to study their structure and physical as well

as chemical properties'.

One of the main motivations to study small clusters is the interest in changing physical properties on
small scales, from individual atoms to bulk material. These patterns did not come into focus until the
early 80s with the work of the group of Walter Knight's which produced and studied the alkali metal
clusters with up to 100 atoms'’. This research uncovered the increasing stability of certain sizes of
sodium clusters (8, 20, 40, 58 and 90), corresponding to shell closing of a one-electron shell model. For
clusters of the simplest metals, the alkali and noble metals, the electronic structure is dominated by the
number of valence electrons, and the ionic cores are of secondary importance. These electrons are
delocalized, and the electronic system exhibits a shell structure that is closely related to the well-known
nuclear shell structure'®. The term nanoscale typically refers to a length scale of 1-100 nm, the domain
between individual atoms and bulk solids. The term “nanocluster” is used to describe the smallest
nanostructures of ~1-500 metal atoms. These can be free (or bare) metal clusters, or ligated i.e. protected
and stabilised by certain molecules. These species have attracted significant attention because of their
discrete electronic bands, and molecular like properties, which makes them and their properties
fundamentally different than larger species whose properties are of plasmonic nature. Since in this
regime the number of metal atoms influence the clusters properties significantly, the nomenclature

M(n)L(n) is useful where M denotes the number of metal atoms and L is the number of ligand molecules.

1.1 Optical properties

Faradays studies of metallic nanoparticles were spurred by his fascinations with their optical properties.
He was so intrigued by the ruby red colouring of gold colloid, so different from the colour of bulk gold,
that he started studying the two phase system prepared by reduction of gold salt with white phosphorus”.
This stimulated additional research in metal colloids. The research of optical properties was advanced
by Gustov Mie who succeeded in describing the optical properties of gold nanoparticles by solving the
Maxwell equations for a single gold particle®. The development of research of optical properties of
nanoparticles today is driven by the numerous possibilities of application in biotechnology. It is of great

interest for example to monitor particular biological processes. Various techniques are available for
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doing this, but the standard organic dyes used suffer from a number of issues® 2. Metallic clusters have
shown to modify the optical properties of chromophores'*!“. As such they are good candidates for a new
type of label free biosensors. For this purpose, peptide ligated small silver clusters systems in gas phase
were studied, determining their stable structure, and shedding light on the mechanism of electronic
excitations in such hybrid system, where, the addition of the silver cluster to the peptide significantly
enhances its absorption, due to charge transfer from the metal cluster. This way the cluster can increase
the ease of detection of the peptide, avoiding the chemical coupling seen in organic dyes. Therefore
these small systems may present suitable building blocks for future applications'®. Additionally, metallic
clusters have shown to possess quite strong non-linear optical response, particularly two photon
absorption (TPA) in the case of gold clusters, which makes them suitable candidates for biological
imaging, particularly multi-photon microscopy. Due to transparency of biological tissues to near infra-
red (NIR) light, contrast agents with strong absorption in the NIR region are of interest'®!”. Some
research on gold clusters capped with glutathione has shown them to possess strong one- and two-photon
emission, which paired with their photostability and non-toxicity makes them very promising candidates

for non-linear optics applications!'®1°.

1.2 Chemical properties

Modern technology and industry rely a great deal on chemistry and chemical reactions in order to
process the raw materials found in nature into usable technological components. It is therefore of
continuous interest and importance to find ways to optimise the chemical reactions most often used in
industry. At the same time there is an increasing need for environmental protection and preservation in
the modern industrialised world. The need for higher efficiency in reactions and processes which
minimise the production of useless or harmful by products has driven the search for new kinds of
catalysts for years in order to find suitable materials capable of efficiently promoting the desired
reactions, while inhibiting the unwanted ones. These principles are the main guidelines of what is today
known as green chemistry. The reactions recognised as the most important for the chemical industry in
the context of green chemistry are: the selective transformation of methane, aerobic oxidation of

alcohols and selective oxidation of CO.

The chemical properties of metal clusters are very interesting for potential uses in industrial chemical
reactions, namely as catalysts. This comes from their ability to act as active sites, in addition to drastic
change of properties with even a small change in structure or number of atoms. This gives great
possibilities in tuning the reactivity of the clusters or selectivity of the reaction. The initial investigations
on clusters in the gas phase probed some of the important reactions like O, activation, C-H bond

cleavage, C-C scission and hydrocarbons oxidation®.

11



L ]
3 | A ..
> A TrpGlyH'
5 2] TrpGIyAg;
=
i)
c
@
£
3 1
[Ea—
S
(o]
£
o
04 et PR
225 250 275 300 325 350
A (nm)
182~
/N ; :\ ol V-
X \ 3 L i/)tl
d . 1 ) i ~ ‘_3
2|l 0.000ev "‘/"'j/{.' e d
- 1 : -0.051 eV
@ /
=)
.g
&

Reaction Coordinate

Figure 1. 2 (Top left) Photofragmentation yield fir bare Ags™ cluster, peptide alone and metal-peptide hybrid, shows how the
silver cluster modifies the optical properties of the peptide. (Top right) a) one-photon, c) two photon excitation fluorescence
of neuroblastoma cells. b) and d) Fluorescence images overlaid with differential interference contrast images to show the
outlines of cells. (Bottom) Reaction pathway of CO oxidation mediated by the Aus cluster. (Top left) Reproduced from Ref. °
with permission from the PCCP Owner Societies (Top right) Reproduced from Ref. '® with permission from the Centre
National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry. (Bottom) Reprinted with permission from
Manzoor, D. Pal, S.; J. Phys. Chem. C, 2014, 118, 30057-30062 . Copyright 2014 American Chemical Society.

They present the basis of knowledge today in regards to the chemical activity of the metal clusters.
Detailed chemical studies of reactions mediated by the metal clusters encounter many difficulties in the
condensed phase, such as influence from the solvent, and the fact that many catalytic processes are in
fact heterogeneous. For this reason mass spectrometry, and the possibilities it offers in the study of
metallic clusters in the gas phase is an invaluable tool in this branch of research. The coupling of
electrospray ionization (ESI) with quadrupole ion trap (QIT) provides a “complete gas phase chemical
laboratory”*'~2*, Ton traps make it easy to mass select individual species and test their reactivity.
Furthermore because of the very high sensitivity of detection in mass spectrometry, reaction products

can be detected even in cases of low reactivity reactants. In complement with computational methods it
12



is possible to study structure and size effects of the bare metal clusters and ligated clusters as well as
their interactions in chemical reaction. On the way to realistic functional new catalysts still many
obstacles remain. Even though some studies have been able to investigate clusters under realistic

conditions®* 3!

, alot of research is still carried out in well controlled environment, which, though suitable
for study of basic properties does not give good representation of the suitability for real-world use. One
of the problems as well is the scaling of production process, as the current methods of producing metallic
nanoclusters are suitable only for very low quantities. New techniques are currently in development to

address these issues as well.

In this thesis I present my work on small, bare and ligated clusters of noble metals, focusing on nickel
and copper group. First, in Chapter 2 I give an overview and basic principles behind the methods used,
and the detailed description of the experimental setup. During the development of the setup, influence
of various parameters were tested. Chapter 3 focuses on wet chemistry synthesis of thiolated gold, silver
and copper clusters and complexes, which were tested in the mass spectrometer and subsequently used
for comparison with the species generated by the LAVESI setup. In Chapter 4 I describe the results with
metal oxides, hydroxides and nitrides, where we investigate their stability and fragmentation channels.
Also, the chapter deals with the complexes of gold, silver and copper ligated by thioglycolic acid. The
results with ligated LAVESI species and small complexes obtained with wet chemistry have already
been published. The paper in question can be found in Appendix 1. The gas phase reactions, mainly with
CO, and some with NO are described in Chapter 5. Special attention is given to the difference in
reactivity and stability of metallic M5 and M,H* species with CO. Some DFT calculations have been
done in order to better understand this effect. Finally, Chapter 6 gives a short introduction to non-linear
optics, the main principles and some application prospects. It is intended to give the reader a broader
background of the subject presented in the paper in Appendix 2 which presents an investigation of non-

linear properties of glutathione ligated gold clusters in solution.
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2 Experimental techniques and setup

2.1 Mass spectrometry

Mass spectrometry (MS) is an analytical technique widely used in physics, chemistry, biology,
biochemistry, pharmacy and medicine. It is a way of “weighting” molecules and atoms, and it can
provide us with the information about the molecular weight of the compound or compounds in the
sample, structure, as well as elemental composition of molecule and its fragments, and relative isotopic
abundancies if elements. The basic principle of MS is to generate ions from a sample we wish to analyse,
separate them according to their mass to charge ratio (m/z) and detect them based on this separation
principle. Therefore a typical mass spectrometer consists of an ion source, mass analyser and a detector,
all connected to a data system which records the data, and (in case of modern systems) controls the

whole device (Figure 2. 1).

ol ion mass - data
sample or detector

inlet | | optics | | analyzer | system
vacuum/ high vacuum I

atmosphere

Figure 2. 1 General schematic of a mass spectrometer.

There are numerous methods for ionising the analyte, and the one most relevant to this work
(Electrospray lonisation - ESI) will be discussed in detail in the next chapter. Detected ions can be singly
or multiply charged atoms, clusters, molecules or their fragments and aggregates. Due to this versatility,
MS is used for various applications, such as analysis of combinatorial libraries!, sequencing
biomolecules, and determining protein structure, function, and interactions®*. MS is also important in
single cell exploration and drug exploration (both during the development phase as well as quality
control). Coupled with techniques like High Performance Liquid Chromatography (HPLC) and Pipette
Tip-matrix Solid Phase Dispersion (PT-MSPD) MS is used in food quality control, for example, to
determine antibiotic sulphonamide levels in milk®, fish® and other marine products’. Due to high
sensitivity MS is also suitable for inorganic trace analysis, to determine the presence of inorganic
impurities, in high-purity materials (alloys, semiconductors, chemical reagents, thin films, etc.)®. This is
also important in environmental and geosciences for water and soil contamination control®, and the
analysis and understanding of atmospheric aerosols ® which greatly influence visibility, Earth’s energy
balance, and hydrological cycle. It has even found application in modern astronomy and astrophysics
where it is used for analysis of solar wind composition and determining chemical compositions of other
hard bodies in the Solar system (planets, planetoids, comets). Through MS techniques we have obtained
first information about atmospheric composition of Mars!® and first evidence of existence of molecular
oxygen on a comet!!. In the world of professional sports, it is used for forbidden substance testing and

control in athletes'>"* (Figure 2. 2).
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Principles of MS were established in the late 19" and early 20" century. First mass spectrometry
experiments are attributed to J.J. Thomson, who, after the discovery of electron and winning the physics
Nobel Prize in 1906 turned to the study of so called “rays of positive electricity”, “anode rays” or
“kanalstrahlen”. He used the electric gas discharge device, with the parabolic slit, to record what is
probably the first mass spectrum in history (Figure 2. 2). Over the next several decades this work was
resumed and improved primarily by Francis William Aston and Arthur Jeffrey Dempster. At this time,
due to low mass range and limited capabilities, mass spectrometry was used as a physics tool, to
determine the masses and relative abundances of elements and their isotopes. While Thompson foresaw
the analytical utility of MS in organic chemistry and biology as early as 1911, and tried to promote it
1415 it wasn’t until the 1930s that researchers outside of physics community decided to apply mass
spectrometry to their fields. At this time, most of the mass spectrometers were still home-made in the
labs, though, some commercial options have started to emerge. The first commercial mass spectrometer,
called 21-101, was developed by Consolidated Engineering Corporation (CEC) in 1943 for Atlantic

Refining Company!®.
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Figure 2. 2 a) Mass spectrum of 67-P/Churyumov-Geraschimenko comets coma, obtained by ROSINA-DEMS mass
spectrometer device mounted on Rosetta spacecraft. b) Human insulin spiked with synthetic insulin lispro, obtained in MS
analysis of an athlete's urin sample. c)(top) Infra-red photodissociation and (bottom) colli sion induced dissociation mass
spectrum of bradykinin. d) First mass spectrum of Martian atmosphere recorded at 135km by Viking 1 spacecraft in 1976.

Shows the presence of CO2, Ar, N2, Oz as well as O and CO. e) Schematic of one of the first mass spectrometers, a parabola
mass spectrometer which used photographic plates as detectors. f) Probably the first mass spectrum in history, recorded by
Thompson in 1912. (inset) photograph of a parabola mass spectrum recorded on a photographic plate. a) Reprinted by
permission from Macmillan Publishers Ltd: Nature, Bieler et. al, 526, 7575, 678-68, copyright 2015. b) Reprinted from J.

Chromatogr. A, 1292, Thevis et. al, 1292, 50, 2013 2013, with permission from Elsevier. c) Reprinted from ref 4 with

permission of The Royal Society of Chemistry. d) Reprinted from ref '° with permission of John Wiley & Sons. e), f) Reprinted
from ref 13 with permission of The Royal Society.
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This also marks the advent of use of MS in organic chemistry, for understanding the interactions of
organic ions in the gas phase. Development of this application led to first direct observation of the
monomeric metaphosphate ion (PO57) in 1979', and the detection of buckminsterfullerene by Kroto and

Smalley in 1985'® and its subsequent investigation'®.

While the first MS instruments were mostly magnetic sector type instruments, quickly the new
experimental setups started to emerge. The Time of Flight Mass Spectrometry (TOF-MS) was
introduced in 1943 by William Stephens®, and by 1953 Wolfgang Paul has started his work on RF ion
traps®!. Another widely used type of ion trap, the Fourier Transform Ion Cyclotron Resonance (FT-ICR),

was developed in 1974 by Marshall and Comisarow?2.

2.1.1 Ion traps

Ion traps are devices for storing ions in a gas phase, so that they can be studied experimentally. They
use electric and magnetic fields to keep the ions in stable trajectories. lon traps play a very important
role in mass spectrometry, and in laser spectroscopy of ions as the spatial confinement makes the ion
cloud and laser beam intersection suitable. Ion trapping pioneers Hans G. Dehmelt and Wolfgang Paul
have been awarded 1989 Nobel Prize in physics for their work on the development of ion trapping

techniques.

RF traps

Also known as Paul traps, in RF traps, the ion trapping is achieved without using any magnetic fields
for confinement, and accomplishing it only with radiofrequency (RF) fields. In order to better understand
their function, we shall derive some of the equations that govern their operation. The electric potential
for this kind of trapping system will be considered first, and afterwards we will look at the ion trajectories

in the trap.

With the assumptions of B=0 (from the definition of RF trap), and V- E = const. we get the

expression for the electric field
E = Ey(Axi + ayj + yzk) 2.1

In the absence of charge, the Laplace equation for our case becomes:

V-E=0 (2.2)

And therefore
A+o+y=0. (2.3)
One of the possible solutions is the case when 4 = —¢ and y = 0, reducing the problem to two

dimensions. This is the case of 2D quadrupole ion trap. Another example of RF trap is a 3D quadrupole

ion trap, when A = ¢ and y = —2o0.
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The electric field E can be expressed as:

E=vo (2.4)
Which, written by components is:
0P
Ex=——- (2.5)
D
E, = ~ % (2.6)
0P
E,=—-— (2.7)
Integration gives:
D = —% (Ax? + oy? +yz?) (2.8)

Which is the general form of electric potential in the RF trap.

2D quadrupole ion trap

As was said before, one of the solutions to Laplace equation is obtained in case of A = —o and y = 0.

This makes the electric potential become:
®=—22(x2 +y?) (2.9)

This type of field corresponds to the shape of a “saddle”, or more precisely a hyperbolic paraboloid
(Figure 2. 3), and can be achieved by four electrodes with hyperbolic cross sections (Figure 2. 3), when
all electrodes are set to the potential of the same magnitude, but different polarity between adjacent
electrodes. For ease of production sometimes electrodes of circular profile are used (Figure 2. 3). If the
radius of the rods is R = 1.1468%, the circular electrodes approximate the field of the hyperbolic ones.
However, even slight mechanical imprecisions and deformations, as well as outside fields can perturb
their performance. Repeated measurements, as well as calculations have investigated the difference in

performance of the hyperbolical and circular electrodes (Figure 2. 3). If the distance between two

opposite electrodes is defined as 2r, (Figure 2. 3) and ®, = —E;1 we can rewrite the electric potential
as:
_ _%o,.2 2
CD__E(x +y9) (2.10)

We can now write the equations of motion for an ion in the electric field. Starting from Newton’s second

law of motion and F = eE, and separating by components we get:
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d?x

F = eEx (2.1 1)
a’y
mﬁ = eEy (212)
d’z _
m_— = ek, (2.12)
By inserting our potential we get:
d’x . 2e
w+m—rg¢0x=0 (213)
daz 2
d—tf—m—%qaoy: 0 (2.14)
d?z
—z=0 (2.15)

In the case when @, is time independent, the ion motion becomes simple harmonic oscillations in xz

plane (x(t) = C, sin( /% CIDOt) + C;cos( %Cbot)), and are therefore stable, but in yz plane the
0 0

2e
—d,t
5.

,Z_eqp ¢ _
motion will be unstable (y(t) = C,eN™ “ Cie N
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Instead we can choose @, = U — VcosQt, where U is a DC voltage on the electrodes, V' is the amplitude

of RF oscillating field, and Q is the angular frequency of oscillations. The equations of motion then

become:
d?x | 2e
iz + m_rg (U—=VcosQt)x =0 (2.16)
d’y  2e _
TS — (U—=VcosQt)y =0 (2.17)
By introducing the substitution
8elU
au=ax=—ay=ﬁ2r02 (2.18)
4ev
Q=0 =0y =7 (2.19)
at
§== (2.20)
And simplifying the resulting expression, we get:
d?u .
e + (ay — 2qyc0s28)u =0 (2.21)

Which is the canonical form of the Mathieu equation. The detailed discussion of the solutions of Mathieu

equation and their determination (be it algebraic or numerical) is very complex?, and will not be

discussed here.
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Figure 2. 4 (left) Regions of stability of ion trajectories for a given pair of values of a and q parameters. (right) Region I
enlarged. The a/q line line traverses the ion stabilty region, showing how scanning the U and V values provides stability for
different ion masses, enabling the use of quadrupole trap as a mass analyzer. Reprinted with permission of Springer, Mass
spectrometry, Instrumentation, 2011, Jiirgen H. Gross.
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In the context of ion motion in a trap, we will divide the solutions into two groups®*:

1. Stable motion — the particles oscillate in xy plane with finite amplitudes, and go through the
quadrupole field without colliding with the electrodes (Figure 2. 3d).

2. Unstable motion — the amplitudes grow exponentially in xy plane, and the ions are lost.

We plot the parameter a,, versus parameter q,,, to obtain the stability diagram for a two-dimensional
quadrupole field (Figure 2. 4). We can see that regions of stability emerge in either x, y, or both
directions. There are four regions in the plot where both x and y trajectories are stable. Of special interest
is the region I, shown in Figure 2. 4, for a, € (0,0.237) and g, € (0,0.908), as this is where the

operations of an ion trap take place.

Linear quadrupole can also be used as a mass analyser. With a smart choice of RF and DC voltage ratios

we can achieve a transmission of ions in a very narrow mass range. If the a/q ratio is chosen so that

a=0.237,q = 0.706 = %z 0.336 (2.22)
the stability region is reduced to a single point. By varying the values of a and g (which is achieved by
varying U and V), we can get an increasingly wider m/z range to be transmitted through the trap (Figure
2.4). Varying the U and V in time with a fixed ratio enables us to scan through the masses trapped, thus
obtaining the mass spectrum. The steeper the a/q line selected, the higher the resolution will be, but at

the cost of lower signal intensity, due to a lower number of ions being transmitted.

The analysis so far has been focused on the stability of motion in xy plane, while the motion along the z
axis has been ignored. The trapping of the ions along the z-axis can be achieved by adding an additional
electric field (induced by two additional electrodes added to the front and back ends of the trap), with a
minimum in the centre of the trap. The potential at the entrance to the trap is set to be just below the
kinetic energy of incoming ions, while the potential at the end is higher, so as to stop the ions from
exiting the trap. In order to prevent the ions from rebounding from the back-end potential barrier and
escaping the trap through the front entrance again, a so called buffer gas is added into the trap. Collisions
with the gas particles reduce the kinetic energy of the ions below the entrance barrier, so that they remain
confined. Through these collisions the ions are thermalized and successfully trapped in the minimum of
the trapping potential. As a result, the ion cloud gradually shrinks, until the shrinking force of the

trapping field is counteracted by the Coulomb repulsion force.

Since the motion of ions inside the trap is governed by RF fields, the total motion of the ion cloud is a
superposition of several frequency modes. The lowest frequency is called the macromotion or secular

frequency and can be written as
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~ 28 (2.23)

el

3D quadrupole ion trap
As stated above, another simple solution for electric potential with Laplace constraints exists, and is

obtained by choosing A = ¢ and y = —20 and substituting them into:

o= —%(sz + oy? +yz?) (2.24)
Thus we obtain the electric potential inside the 3D quadrupole ion trap:

® = -2 (x? +y? - 222) (2.25)

3D quadrupole trap consists of three electrodes; two endcap electrodes, and one ring electrode, all of

them with hyperbolical inner surfaces (Figure 2. 5).

Following the same procedure as for 2D traps, we can derive the equations for ion trajectories inside the

trap, and by choosing the appropriate substitution

—16eU

a, =a, = —Zar = m (226)
8eV
Qu =q; = —2qr = m (2.27)

We obtain, once again, the Mathieu equation.

As before, we will not concern ourselves with solving the Mathieu equation, but rather with the nature,

i.e. the stability of the ion trajectories, these solutions represent. For this reason we introduce the

2
By = /au + 2 (2.28)

Ions achieve stable trajectories for 0 < 8, < 1. In Figure 2. 5 the stability regions for z direction are

parameter f3,, as

shown. When using the 3D ion quadrupole trap as a mass analyser, there are two methods by which we
can eject the ions from the trap. The first one, relies on the ejection of ions at the stability limit. If we
apply the same DC voltage at both endcap electrodes, then a, = 0, and therefore the stability of the ions
in the trap depends solely on q,. Since g, is dependant on m/z value (Figure 2. 5), changing it, changes
the stability limit for a particular ion. Therefore, by linearly increasing the RF voltage, we sequentially
destabilise the trajectories of bigger and bigger ions, ejecting them from the trap and obtaining the mass
spectrum. The second mass analysing method is based on secular frequency of ions for resonant ejection.
This means resonantly exciting their periodic motions in the trap. In a 3D trap, ions oscillate in the

parabolic potential wells in radial and axial directions, with the secular frequency
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w, = (n+ L0 (2.29)

For resonant ejection, the lowest mode (n = 0), in the axial direction is selected, and an RF voltage
resonant with the secular frequency is applied to the endcaps, gradually increasing the ions amplitude.
When the amplitude is big enough, the ion is ejected from the trap and onto the detector. This method
is useful in tandem MS, as both ions with larger and smaller mass than the isolated one can be ejected

from the trap (Figure 2. 5).

2.1.2 Detectors

There are many different types of detecting devices used in MS. The simplest type is a Faraday cup,
normally used in atomic isotope ratio measurement, an electrode on which the incoming ions deposit
their charge. For early mass spectrometers, and for some types of magnetic sector instruments,
photographic plates have been used as detectors. For scanning types of instruments, detectors working
on the principle of secondary electron emission are commonly used. These include secondary electron
multipliers (SEM), channel electron multipliers (CEM), conversion dynodes etc. For some types of MS,

for example high mass TOF-MS, special cryogenic detectors are in use.
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Figure 2. 5 a) Schematics and constituting parts of a 3D quadrupole ion trap. b) a-q plot of stability regions for ion
trajectories. c) q-m/z dependence. By increasing RF voltage, the stability region moves to the left, sequentially ejecting the
ions. Reprinted from “Laser Photodissiciation and Spectroscopy of Mass-separated Biomolecular lons”, chapter 3, volume
83, 2013, N. ¢, Polfer, P. Dugourd, With permission of Springer.

Channel electron multiplier

Electron multiplier detectors use secondary electron emission of materials to amplify the current caused
by incident ions, enough so, that it can be detected. When a surface of a material is bombarded by a
stream of electrons, some of the electrons in the surface are given enough energy to break off from the
material. This process is governed by two main parameters: the electronic work function of the material
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and the kinetic energy of incident electrons. The lower the former, and the higher the latter, the more
electrons will be emitted from the surface. Thus, given enough energy, an incident electron can cause

the emission of several secondary electrons.

Channel electron multiplier is essentially a glass tube coated with a material of suitably low electronic
work function (lead oxide, silicone oxide, etc.), whose ends are held at electric potential difference,
typically of 1-2kV. Primary electrons enter the tube at an angle and strike the tubes side, causing
secondary electron emission. Due to the potential difference applied to the ends of the channel, the
stream of secondary electrons is accelerated in the electric field, so that when they strike the opposite
side of the tube, they cause the emission of more electrons (Figure 2. 6). The repetition of this process
creates a cascade of electrons which is then collected by an electrode placed at the end of the tube.
Sometimes, a modified, curved, design of the multiplier tube is used, because for gains greater then 10%,
random contributions to the signal may arise due to the ions of residual gas in the tube. Curved design

shortens their flight paths, reducing the noise (Figure 2. 6).

Conversion dynode
The electron multiplier devices such as SEMs, CEMs and MCPs, show discrimination of slower ions
compared to faster, and thus a reduction in sensitivity for ions below a certain velocity threshold. This
translates to reduced sensitivity for high-mass ions. Thus, conversion dynodes were developed. A
conversion dynode is a robust electrode, which uses high voltage of appropriate polarity to attract the
ions coming out of the mass analyser. The ions impact on the dynode creates secondary electrons which
are then used for detection, usually with a SEM or a CEM (Figure 2. 6). If the conversion dynode is
placed perpendicular to the direction of the ion beam coming out of the mass analyser, the electrons and
residual neutrals are prevented from reaching the detector.

Incident sonondary  secondary
ion beam elecirons HECIons

elecirong

"% oulpul of secongar
elecirans

b) | =
conversion —
conversion dynode voltage —-
” dynode +-15 kV ;;
positive or
negative ions
WJL SEM voltage —

Figure 2. 6 a) Schematics of linear and curved channel electron multiplier. b) The operation of a conversion dynode.
Reprinted with permission of Springer, Mass spectrometry, Instrumentation, 2011, Jiirgen H. Gross.
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2.2 Electrospray Ionisation

A very commonly used method for ionisation of analytes and their transfer to the gas phase is
Electrospray lIonisation (ESI). It is a soft ionization technique where the solution is put under high
voltage in order to spray the charged droplets toward a counter electrode. ESI is very widely used, owing
to its versatility and ability to produce intact, multiply charged ions from large and rather fragile
species?. It makes it an effective physical-chemistry tool. The electrospray technique is a member of a
larger family of spray ionization techniques. The three important members of this family are the
thermospray (TS), acrospray (AS) and the electrospray (ES). They all use the same basic mechanism of
producing ions. The ES developed during 1960s through 1980s, from the free-jet experiments with
molecular beams, through the work of Malcolm Dole?’, and building on his experiments, John B. Fenn?®
(Figure 2. 7). The principle of ESI revolves around pushing the analyte solution through a thin capillary
and applying a high voltage onto it. This leads to the formation of a so called Taylor cone, from which
under the influence of the electric field droplets break off. The droplets are sequentially reduced in size

until we are left with ions in the gas phase.

The softness of ESI has made it a method of choice in MS characterisations of biological
macromolecules. It is therefore understandable that some time has passed since the first ideas and
applications of ESI-MS, to their use in studying the transitional metal complexes in 1990%. The use of
ESI in study of these transition metal complexes is two-pronged. It can be used for mass spectrometric
characterisation of solution based species, and also as a means of researching the transition metal
intermediated in gas phase reaction, usually with the aid of collisional energy activation and/or

dissociation to obtain structural information as well 3.

2.2.1 Electrospray mechanism

The ESl is a very complex technique, and as such its performance depends on many parameters such as
type and molecular weight of the analyte, type of solvent and any additives used in the solution to aid
the ionisation. Also important is the mass flow of the solution through the capillary, the voltage applied,
the drying gasses, and the overall geometry of the ESI source employed. There are three stages in the

electrospray process:

1. Droplet production
2. Shrinking of droplets

3. Production of the ions

Following these ambient processes, and preceding the vacuum area of the mass analyser is usually a
transfer region consisting of a capillary and/or ion skimmer. Their purpose is the clean-up of the residue
solvent molecules clustering on the ions, by thermal declustering and collisional activation

respectively’!.
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Figure 2. 7 a) The macromolecular beam device used by Dole et al. b) The first ESI device used by Fenn, the design of which
was inspired and based on Dole’s device. a) Reprinted with permission from M. Dole, et al., J Chem.Phys.,49,2240-2249,
1968. Copyright 1968 AIP Publishing LCC b) Reprinted with permission from M. Yamashita and J. B. Fenn, J Phys.Chem.,
1984,88,4451-4459. Copyright 1984 American Chemical Society.

Droplet production

Typical solution used in ESI contains a polar solvent in which the analyte is solvable. Because of the
high sensitivity of ESI and of MS, very low concentrations can be used. This also allows for use of
solvents that don’t have a great solubility. As shown in Figure 2. 8, the solution is pushed through the
capillary. The voltage is applied on the tip of the capillary. This means that the electric field at the tip
will be

Ec =4 (230)

Where V. is the applied voltage, the 7. the outer radius of the capillary, and d is the distance from
capillary to electrode. When turned on, the field, which is highest at the capillary tip, penetrates the
solution. This causes the polarization of the solution, leading to the charge build up on the surface. When
we place a liquid under the influence of an electric field, the field distorts the shape of liquid surface,
dependent of the size of fluid surface and field strength. The membrane shape varies, but some of those
are similar to what is known as Taylor cone which is important for ESI. Following the work of Zeleny**3*
and basing on the Lord Rayleigh** work about the instability of liquid droplets in the electric field, the
study of droplets and surfaces under the influence of electric fields was continued by Taylor®®. His study
included the analysis of the works of Rayleigh and Zeleny, and concentrated on the disintegration of

water droplets, focused on analysis of boundary and equilibrium conditions of spheroidal droplets under

an electric potential. It is now understood that there exist several regimes of Taylor cones, but their
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mechanics are so far poorly understood. The regime which is investigated in most detail and best
understood is the simplest, and the most useful one, the cone-jet*. The experiment showed the soap film
under the increasing electric potential forms a conical shape after certain voltage level. The tip of the
cap forms into conical shape at the apex of the oscillations. The cone formation is achieved when balance
is established, between the capillary and electrostatic stresses, at the surface of the equipotential cone?®.
This is true for non-conducting liquids. Taylors treatment can be applied for conducting liquids as well,
where a different type of instability arises (also studied by Rayleigh), a so-called Plateau-Rayleigh
instability, or varicose instability’’. If the applied field is high enough, the tip of the cone becomes
unstable, and a jet of droplets emerge from it. These droplets are charged due to an excess of charge
from the cone surface. Further theoretical and experimental studies have determined that, because the
size of the droplets from jet depends on its diameter, the majority of the droplets produced is

monodisperse>®3°.

Due to the high potentials required for ESI, both for positive and negative mode, electric discharges
sometimes occur in the ESI source. The onset of the discharge is somewhat lower for the negative mode
(when the capillary electrode is negative), probably due to emission if electrons which initiate the
discharge. This phenomenon is relevant because the presence of discharge is harmful to the ESI-MS, as
the signal from the ions produced by the discharge can overshadow the signal of the studied sample.
This also shows that the fact that ESI is an atmospheric pressure process is not only convenient for
technical reasons. As the free electrons are accelerated by the high electric field, they can initiate the
discharge. The oxygen in the air is a very efficient electron scavenger, and it actively contributes to the
reduction of the free electron count in the electrospray region. There are other gases which have even
higher electron affinity and electron capture cross section than oxygen, and they have been successfully
used to prevent discharges in electrospray, but they also increase the risk of contaminating the mass

spectrum with additional ions®'.

Shrinking of droplets

The charged droplets breaking off of the Taylor cone tip travel through ambient gas. During this time
the gas provides thermal energy to the droplets, enabling solvent evaporation from the droplets. This
causes droplets to shrink in size. Since there is no charge loss in this process, the coulombic repulsion
between surface charges increases, until, at certain radius the droplet becomes unstable, as the repulsion

overcomes the surface tension. This instability is governed by condition called the Rayleigh limit**

Qr = 8m(goyR%)1/? (2.31)

where Qp is the charge on the droplet, R is the radius of the droplet, y is the surface tension of the
solvent, and g is the electrical permittivity. The instability leads to the fission of the droplet, producing

a daughter droplet, approximately 98-99% of the mass of parent droplet, but retaining only 60-85%
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charge (highly depending on the solvent), and a host of small charged droplets. The repeated fission
finally results in very small, highly charged droplets that are precursors of gas phase ions Figure 2. 8.

Production of the ions

There are two main mechanisms which explain the droplets size reduction and the transfer of ions into
gas phase.The IEM (Ion Evaporation Mechanism) was developed by Iribarne and Thomson in 1976%.
After the reduction in size the droplet went through due to Rayleigh instability and Coulombic fission,
we are left with very small, charged droplets, who cannot achieve the Rayleigh instability. This happens
for droplet radius of around 1004 (84A for positively charged droplets and 134A for negatively charged
droplets*®). At this point, the droplet size becomes small enough, so that the curvature of the surface is
so high, that the electric field due to surface charge density is strong enough, so that the ions have enough
energy to detach from the droplet and overcome the potential electrostatic barrier (Figure 2. 8). Charged
Residue Model (CRM) was developed by Dole et al. in 1968%". It pertains to the formation of ions of
macromolecules. As the name states, he charge residue model assumes the charge of the final ion is the
residue charge from the droplet. The model states that as the droplets undergo the reduction in size, most

of the very small charged droplets which are precursors to ions contain one molecule of

:

V=0

capillary

solvent evaporation ion evaporation

Figure 2. 8 Top row - modes of Taylor cone formation as a function of capillary voltage. The cone starts to form as the
voltage approaches V¢, a critical value needed to establish a cone. Middle row — formation of droplets from the cone. The
voltage causes the prolongation of the tip of the cone into a jet, which destabilises at its end, which causes droplets to break
off- Bottom row — illustration of IEM mechanism. As the droplets reduce in size due to solvent evaporation, the surface field
due to charge becomes very strong causing the ejection i.e. evaporation of ions from the droplet. Experiments have shown
this model to explain very well the formation of ions of small molecules and compounds.
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analyte. As all of the solvent evaporates from the droplet, the analyte molecule is left, and the charge it

carries is the residual charge the droplet had on it.

Both models have been successfully applied to explain the ionisation of a wide variety of molecules.
They present a distinctly different ways of separating the analyte molecule from the others. In general,
CRM has been used more successfully to explain the gas phase formation of ions of higher masses,
while IEM has had more successful application for small ions. Also, a combined model has been

suggested for the mechanism of charging macromolecules, which is still under debate®!.

2.2.2 Sensitivity and use

Compared to other techniques, ESI has proven very good for determining equilibrium constants of

reactions®!. It can be used for reactions much slower than the droplet evaporation time.

The electrical field between the spraying and entrance capillary is responsible for droplet separation
from the Taylor cone, but also in part for the droplet transfer between the two capillaries. Increase in
voltage increases ion abundance, but favouring smaller and highly charged ones. This indicated the role
of'ion mobility in the process of electrospray. While the increase in voltage increases the total ion current
(TIC), it changes the relative abundances of ions. The effect of ion mobility is not the only one in play
though. Ion stability plays an important role too. Some charge states might be more or less energetically
favourable than the others, so it might contribute to differences in their relative intensities*?. Another
effect which influences the intensities of analyte signal is the so-called “matrix effect”. It refers to
enhancement or suppression of the signal caused by different materials being present in the electrospray,
especially volatile salts®. This effect is problematic as it can hinder the ESI ability of quantitative
analysis. Quantitative determinations of concentration with ESI are possible but not easy. The method

relies on the connection between analyte concentration and ion current in the spray*.

In ESI-MS the analyte is present both in solution and in gas phase. The resulting mass spectrum can
therefore reflect both conditions. The main difference in context of MS is that in water solutions, the
separation of ionic pair such as Na®Cl™ occurs very easily, while in the gas phase, the dissociation
energy for them is quite high. The positive adducts in the gas phase (like Nat and K™) can form rather
strong bonds with the analyte, especially with polar or aromatic compounds. This can cause the adducts

to not dissociate from the analyte molecule in the clean-up phase of the ESI*!.

As was mentioned before, ESI is a very god method for trace compound analysis. Paired with MS it is
able to detect analyte even in very low concentrations. The limit of detection concentrations for several

metal-APC (APC-Aminopolycarboxylate) complexes are shown in Table 2. 1.

In negative ion mode, it is very well suited for detection of organic analytes with acidic functional
groups, such as carboxylates, sulphates, sulfonates and phosphates. They are easily ionised, and though

the ESI does not offer very high sensitivity in these cases, its ease of use has caused it to be a widely
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Table 2. 1 Limit of detection (LOD) for several metal-APC complexes in [nmol/L).The APCs used are: N-(2-
hydroxyethyl)ethylelenediamine N,N',N -triacetic acid (HEDTA), nitriloacetic acid (NTA), ethylenediaminetetraacetic acid
(EDTA), trans-1,2-diaminocyclohexane-N,N,N'N -tetraacetic acid (CyDTA) and diethylenetriamine-N,N,N',N’",N"’-
pentaacetic acid (DTPA). Reprinted with permission from Hotta, et al., Anal. Chem. 2009,81,6357. Copyright 2009 American

Chemical Society.
metal HEDTA NTA EDTA CyDTA  DTPA
AP (100%) 10 2500 11 21 29
5Mn2*+(100%) 61 6 81 16 33
SBRedt (92%) 2 110 5 10 4
SN2 (26%) 29 360 31 25 57
B3Cu* (69%) 4 100 6 3 13
S67n* (28%) 15 25 10 9 10
L4C A2+ (29%) 71 11 37 59 3
208Ph2+ (52%) 7 15 93 7 10

2 Isotope ratio. These were estimated as S/N = 3 values.

applied method in research. In environmental research it’s been used to analyse haloacetic acid,

perfluorocarboxylates, trace explosives and phenolic compounds®.

New/alternative/complementary methods — paper spray, tissue spray, wooden tip ESI, direct probe and

probe ESI. Also can be coupled with IMS for ES-DMI (Electrospray — differential mobility analysis).

Over time a host of variations and complementary spraying ionisation methods have emerged. One of
the very widely used methods is nano electrospray (nano-ESI). The main difference from conventional
ESI is in the amount of sample used, but it is also in the mechanism of droplet formation. While in
conventional ESI the usual analyte flow is > 1uL/min, in nano-ESlitis ~1 — 100nL/min. This allows
for a much greater sample efficiency. Usually in nano-ESI there is no back pressure being applied to the
sample. The flow is achieved by the electric field propelling the particles, and all of the sample is
contained in the spraying capillary. Due to very low flow rates, the nano-ESI is much less likely to

produce a discharge. Also, the undesirable matrix effect is greatly reduced?!*°.

One very simple and versatile variation of ESI which has emerged is the “paper spray” method. A drop
of substrate is placed on a triangular piece of paper, and voltage is applied between the paper and
entrance of the instrument. Ions in gas phase are formed from the edge of the paper through the
electrospray mechanism. Though called “paper spray”, any porous material can be used for this method.
The microdroplets travel through the material by numerous microchannels in paper, so the final result
is equivalent to multiple nanosprays*’. Efficiency of this method is very dependent on the geometry of
the paper used. Research has shown that the strongest spray is achieved for spray tip angle of 30°. The
increasing of this angle causes the spray to narrow down and loose intensity, and around 150° disappear
completely. Narrowing of the spray increases its efficiency, as higher proportion of the ions are
transferred to the analyser. Therefore, the optimal angle of the spray tip is 60°-90°*%, Paper samples
prepared with this technique are suitable for longer storage, and even distant shipping for reanalysis. So
far, the dominant applications of paper spray have been in biomedical research*®. With use of portable

mass spectrometers, this method shows great promise for in situ analysis*. A spin-off of “paper spray”
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ionisation method is the so called “tissue spray” or “leaf spray”. This method uses a piece of plant leaf,
either cut to the desired shape or its natural sharp tip is used as a spraying tip. It is used for studying
plant based sugars, amino acids and organic acids. As plant leafs are rich in electrolytes, this method
does not require the use of solvent to obtain very good mass spectra, however, a solvent can be used for

the process®.

Electrospraying can also be achieved from wooden tips. They are very easily produced from ordinary,
commercially available toothpicks with sharpened tips. The tip is then dipped into the sample and
attached to a high voltage supply. Thus, the mass spectra of both small (amino acids) and large (proteins)

molecules can be obtained®.

A simple copper of platinum coil can be connected to a high voltage supply. By depositing the sample
solution inside the probe, and applying the voltage we get the direct electrospray probe (DEP).
Compared to conventional electrospray, this method has several advantages, such as, low sample
consumption, immediate sample switching, it’s impossible to clog the probe, and it’s simple and cheap
to produce and maintain®’. This technique has already been applied to many biological samples such as
urine, milk, mouse brain, mouse liver, salmon egg and various fruits>!. Some of the drawbacks of this
technique include the lack of ion stability, very hard reproducibility in case of pure aqueous solutions,

and the fact that it’s only applicable to wet samples®.

2.3 Laser ablation

Detailed investigations of metal clusters and complexes are particularly difficult. Bare metal clusters as
well as any coordinatively unsaturated metal clusters are very reactive and can be easily influenced even
by extremely inert supports. Because of this, the technique that would permit their study in controlled
collisionless environment is extremely important>. The idea of use of optical energy for ionisation of
molecules has also existed for a long time>*, and laser vaporisation and ionization techniques have
been in increasing use since the invention of laser, and consequently the laser MS. It belongs to a group
of so called energy sudden ionization methods, along with fast ion bombardment (FAB), plasma
desorption (PD) and secondary ion mass spectrometry (SIMS). Among the energy sudden techniques
laser desorption (LD) is one of the least catastrophic one in terms of sample degradation. The main
principle of these techniques is achieving the almost instantaneous high energy density in the sample
solution or matrix, thus avoiding the fragmentation of the sample. This approach was first proposed by
Beuhler in 1974 by using rapid heating to ionize small peptides®’. Since these methods have shown to
be useful as a means of ionization and transfer of samples to the gas phase, in 1980s, rapid development
of laser ablation and other techniques ensued, in the attempt to move the upper mass limit over the 1kDa

barrier®.

Due to the difference in mechanisms and physical processes involved, for transferring the molecules to

gas phase for the atmospheric pressure mass spectrometry, both femtosecond and nanosecond lasers
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have been investigated. Since the thermal processes dominate in the case of nanosecond laser pulses,
they cause a degree of thermal damage and fragmentation to the sample. It was found that femtosecond
laser pulses can generate gas phase ions while avoiding thermal damage, since their duration is much
shorter than the molecular rearrangement time (~50fs). Nanosecond laser on the other hand can yield
more ions than the femtosecond laser for the similar laser pulse energy>’*. Nanosecond laser pulses
also produce an abundance of neutral molecules instead of ions, when employing the laser desorption
without the matrix. There are multiple ambient pressure laser ablation methods in use today. We will
first give a short overview of methods combining the laser ablation of the sample (with or without matrix

support) with electrospray, in order to transfer the sample to the gas phase and ionize it (Figure 2. 9).

electrospray Mass

spectrometer

sample

Figure 2. 9 Schematic of a coupled laser ablation — electrospray mass spectrometry source. Many variations of the same
principle are in use today, involving laser power, pulse duration, angle of incidence of the laser beam, use and type of the
matrix and use and type of the solvent.

After that, we will briefly discuss some other laser ablation methods, with focus on metal cluster

generation, and a brief overview of physical processes involved in laser ablation.

Laser electrospray mass spectrometry (LEMS) is an analytical technique, coupling laser vaporisation
and electrospray ionisation (Figure 2. 10b, ¢, d). It typically uses a femtosecond laser in the near infra-
red wavelengths (~800nm). LEMS has successfully been used on a variety of different samples: liquid,
dried, tissue, etc. This method does not require the use of matrix in the vaporisation process. The sample,
which is deposited on a plate just in front of the entrance to the mass spectrometer, is vaporised with a
laser pulse. After vaporisation it enters the electrospray plume of drying gas, just above the vaporisation
region, where it is ionized and transferred into the analyser. Experiments have shown, that the
termination of electrospray voltage and plume resulted in loss of signal, indicating the ionisation
happens because of electrospray, not because of AP-MALDI-like process. LEMS method has so far
been used to analyse many different samples such as protein, pharmaceuticals, lipids, blood, milk and

various tissue samples™.
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Figure 2. 10 Examples of different laser-ESI coupled ionisation methods. a) Mass spectrum of bovine cytochrome ¢ obtained
with only laser desorption, only ESI and both laser desorption and ESI (respectively top to bottom). b) Comparison of ESI-
MS and LEMS, for lysozyme. The mass spectra shown were obtained with different in-source collision voltage. ¢) 2D map of
oxycodone on a stainless steel slide obtained using LEMS and d) the mass spectra obtained in points b and c. the colour bar
represents signal intensity given in arbitrary units. a) Reprinted from ref>® with permission of John Wiley & Sons. b), ¢), d)
Reprinted from ref**with permission of Annual Reviews.

When used in protein analysis, with LEMS, a condensed phase structure can be discerned from the
charge state distribution in the mass spectrum. Studies performed on solution phase lysozyme have
shown that the vaporisation with femtosecond pulses preserves the condensed phase structure of the

protein in the gas phase.

Similar to LEMS, Electrospray-Assisted Laser Desorption/lonisation (ELDI) and Laser Ablation
Electrospray lonisation (LAESI) are a combination of laser ablation and electrospray. They are all
methods which utilise two stage process, the laser ablates the sample, and the electrospray ionises it.
Both ELDI and LAESI use nanosecond laser pulses in the SW-IR region, and sometimes in N-IR and
UV (ELDI). They are suitable for both solid and liquid types of samples. The ELDI method uses a
standard electrospray conditions, while LAESI uses nanospray. The ELDI was successfully used in
analysis of various, surface deposited molecules such as cytochrome ¢, lysozyme and myoglobin®-®
(Figure 2. 10a). In these experiments, a nanosecond nitrogen laser of 337nm was used for desorption.

This technique also allows the 2D mapping of biological samples such as fungal and animal tissue
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samples with spatial resolution of up to 250um®"%2. LAESI offers an even better spatial resolution of
around 30 — 40um, allowing for mass spectral analysis of cells®**%. There are several variations of
LAESI technique such as infrared laser assisted desorption electrospray mass spectrometry (IR-
LADESI)®, infrared desorption electrospray ionisation (IR-LDESI)®’ and laser ablation mass
spectrometry (LAMS)®®,
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Figure 2. 11 Examples of first MALDI mass spectra. a) and b) mass spectra of stachyose and erythromycin respectively
embedded in tryptophan matrix obtained by Hillenkamp et al®® in 1987. MALDI mass spectra of ¢) and d) lysozyme and
polypropylene glycol respectively obtained by Tanaka et al.” in 1988. a) and b ) Reprinted from ref ® with permission of
Elsevier. ¢) and d) Reprinted from ref 7° with permission of John Wiley & Sons.

Today, together with ESI, Matrix Assisted Laser Desorption/lonisation (MALDI) is the dominant
method used in ionization for MS. This method was developed in late 80s by Koichi Tanaka’. A pulsed
nitrogen laser was used to desorb several samples of proteins and polymers: lysozyme, (14306 Da),
chymotrypsinogen (25717 Da), poly (propylene glycol) (PPG), (4 kDa), and PEG20K (20 kDa) (Figure
2. 11). The novelty of the method was in combining the two previously known techniques, the ultra-fine
metal powder (UFMP) often used in metallurgy and glycerine matrix, commonly used in FAB
ionisation. These aided the rapid heating desorption caused by the laser pulse, while aiding to avoid the
fragmentation of the molecule of interest. In similar work, Franz Hillenkamp and his group demonstrated
that molecules like tryptophane, nitric acid, sucrose, 3-nitrobenzyl alcohol and 2-nitrophenyl octyl ether
in a matrix can be suitable for ionisation of proteins and peptides®®’! (Figure 2. 11). Even though
multiply charged species have been observed in AP-IR-MALDI experiments’, typically MALDI

produced species are singly charged. It is for this reason that the Matrix-Assisted Laser Desorption
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Electrospray lonization (MALDESI) was developed where ESI is used for postionisation of the

sample’®.

First to apply the laser ablation to production of metal clusters was the group of Richard E. Smalley at
Rice University, in 1981. They used a second harmonic of an Nd:YAG?" laser to ablate a piece of
aluminium and produce Aly clusters which were characterised by TOF MS3(Figure 2. 12). Eventually,
in collaboration with Harold Kroto, their experiments led to discovery and study of fullerenes'®!?. At
roughly the same time as Smalley group, similar work was done by dr. Vladimir Bondybey at AT&T
Bell Laboratories ™. In the beginning these experiments were focused on producing the clusters of main
group and transitional metals, but soon many variations emerged’*. Experiments were being conducted

on semiconductors (Si, Ge, GeAs)” "7 as well as carbon'®7#8° Soon afterwards studies have also been

74,81-83

extended from pure metal clusters to alloys and other mixtures , and metal compound clusters such

84-89 90-95 96-98

as metal carbides®’, metal oxides and metal silicon clusters.
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Figure 2. 12 Mass spectra obtained by Smalley group at Rice Univerisy by laser ablation of metal rods. a) Mass spectrum of’
Al clusters. b) Mass spectrum of Cu clusters. a) Reprinted from ref’> with permission of AIP Publishing. b) Reprinted from
ref® with permission of AIP Publishing.

Size and geometry of the sample are an important factor in production of metal clusters by laser ablation.
Most commonly used samples are metal rods, as it allows for easy rotational and translational movement

to ensure uniform ablation of the sample. In early versions of the experiment it was observed that with
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immovable target, over time, the size of he detected clusters reduced. This was because, as the laser cut
deeper and deeper into the target, the molten droplets and vapour could not escape into the pulsed gas
region as efficiently. Therefore a rotating rod or a disc geometry ensures the fresh surface with each
laser shot and avoids this problem. The optimal speed of rotation depends on the material, as some
metals with low melting point (tin, lead, germanium, ...)”* need to rotate more quickly, and are ablated
much faster than the more durable metals such as gold, silver, cobalt etc.”* These issues are also
influenced by the intensity and pulse duration of the laser used in the experiment. Since most metals are
highly refractory materials, a high peak energy is required for their vaporisation. Therefore pulse lasers
such as Nd:YAG*, excimer, copper vapour etc. are typically used for this purpose. Early studies into
laser-metal interaction have shown high dependence of vaporisation to laser pulse duration. Longer
pulses (millisecond range) penetrate deeper into the material and are less sensitive to effects of
reflectivity and thermal conductivity and therefore they ablate more material. For the shorter pulses
(nanosecond range) the vaporisation occurs rapidly, and is followed by formation of a plasma plume

which interacts with the rest of the pulse!*!!

. Looking more closely, as the light hits the material it is
absorbed by electrons. These electrons get excited and propagate the energy by interactions with lattice
phonons. There are three time scales that need to be considered when talking about laser-solid
interactions. They are: the electron cooling time, the lattice heating time and duration of the laser pulse.
Most of the processes can be described by thermal processes especially for the nanosecond and longer
laser pulses, as the time for energy transfer from electrons to the lattice in metals is ~10712s, we can
assume the local thermal equilibrium, so the concepts of heat conduction can be applied'’?. There are
different mechanisms that play a role in the process of ablation. The ejection of material can be in the
form of liquid droplets caused by heating and melting effects, and broken off by surface instabilities
caused by pressure gradients in the vapour plume and background gas. Solid particulates can also be
ejected, which is caused when laser-induced stress exceeds the dynamic tensile strength of the material.
The dominant mechanisms and their relative importance in the process of ablation depends on physical
properties of the sample, as well as the microscopic structure and surface roughness. If we consider the
interaction of a nanosecond laser pulse of around 10ns FWHM, on a metal surface in vacuum, the
process can be divided into several steps for easier understanding. Since the absorption length of a metal
is on the order of 10™8m, much smaller than the typical laser beam profile (~100um), we can only
consider the heat propagation inwards, i.e. deeper into the metal. As the heat propagates, the metal heats
from surface inwards. When it reaches high enough temperature the metal melts, and starts to evaporate.
This explains the existence of a power threshold below which no clusters can be observed, and also why
after certain pulse power further increase is counterproductive’. As the vapour expands in the vacuum,
and, since its formation happens on a timescale shorter than the duration of the laser pulse, it absorbs a
part of the laser pulse. This causes the partial ionization of the vapour and the emergence of plasma,

which consists of metal neutrals, metal ions and electrons. After the initial onset of vaporisation and

38



plasma, the plasma shielding effect causes a significant drop in the laser power available to the metal
surface'®. The absorption of light in the plasma plume happens by inverse Bremsstrahlung and
photoionization. At the beginning, the photoionization (single and multiphoton) dominates the
absorption process, to be taken over by inverse Bremsstrahlung at around t = 9.5ns. The inverse
Bremsstrahlung absorption happens in two stages, first, the free electron absorbs a photon in the electric

field of neutral, then electron-ion inverse Bremsstrahlung begins!'®

. The modelling of the size, shape
and dynamics of the plume can be done by pure hydrodynamic approach, by Monte Carlo simulations,
or a combination of both. Some models focus more on expansion of evaporated material, some focus
more on the early stage plasma caused by electron emission, as it interacts with the incoming laser
light'®. During this process neutral, and ionized metal particles are formed in the plume, as well as
ejected electrons. Cluster growth is believed to occur by vaporisation of atoms, followed by three body
collisions which form dimers, trimers and sequentially bigger polymers. This process requires the
presence of a third body in order to remove the translational energy. This is why the type of gas nozzle
and expansion gas used is also connected with the effect of laser pulse energy. Because the plasma

created by the laser ablation is very hot, collisional cooling is required to facilitate cluster growth and

supress the excited states and formation of various metastable species.

The presence of a collision gas increases the density of the third bodies available, and promotes cluster
growth. The most efficient way to do that is with a supersonic nozzle source’®. The details of the
collisional energy transfer are very well known''>, and are applicable in this case. Through some of these
considerations, we can get an idea of the suitability of individual gases for the use in cooling. For
example, by simply considering the efficacy per collision, argon gas is more effective than helium in
removing the translational energy. The configurations of different experiments differ from one another.

Some general layouts are shown in Figure 2. 13.
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Figure 2. 13 Variations of a laser ablation source. (left) Standard source — the metal rod is mounted in a solid block with a
channel running back to front, from the gas valve to the entrance of the detector. The part of the channel after the ablation
region is called the growth channel and it keeps the cooling gas and the ablated material confined to ensure the continuation
of cluster growth. The growth channel is usually at room temperature, but some experiments employ cooling as well %4114,
(middle) Cutaway source — used to produce metal compounds, with molecular ligands or with rare gas atoms. This design
allows for a free jet expansion which is needed to make weakly bound ligated complexes, as they require extremely cold
supersonic expansion. (right) Offset source — for some ligated systems it proved to be beneficial to displace the laser ablation
region and the plasma plume from the expansion region, to prevent the recombination effects that take place in the plasma

plume 7.
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Besides atmospheric pressure and vacuum laser ablation sources, laser ablation in solutions is also

116

possible. This technique was pioneered in the early 1990s by Fojtik and Henglein''°, and has confirmed

117-122

its versatility and utility in producing ligated metal clusters , nanocrystals'?

and
nanodiamonds'?*!?*, The main idea is that a piece of metal is placed in a vial of solution of a desired
molecular ligand, and is then ablated with a laser. This approach has several benefits. Unlike the dry
nanopowder they are non-inhalable and therefore much safer to handle. Also repeated experiments have
shown that this synthesis provides high yields of products, which is especially beneficial in work with
expensive substrates, and since it doesn’t require any chemical precursors, resulting product is of high

purity.

In conclusion, laser ablation is a good general technique for producing pure or ligated metal clusters.
There are many variations of this technique in use today either for transfer of analytes into the gas phase

with minimal damage, either for producing pure and ligated metal nanoclusters.

2.4 LAVESI experimental setup description

Laser Vaporization Electrospray Ionization (LAVESI) was developed as a means of synthesis of ligated
and bare metal clusters and metal oxides. The main idea behind this experimental setup was coupling
the well-known laser ablation synthesis of metal clusters® with electrospray ionisation method?. It is
an ambient nanosecond laser desorption method of nanocluster synthesis, based on a LTQ XL linear ion
trap from Thermo Fisher Scientific (San Jose, CA, USA). The LTQ XL is a typical linear ion trap mass

spectrometer. It is equipped with an electrospray ionisation (ESI) source which allows us to transfer the
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Figure 2. 14 lon source, ion optics and mass analyser schematics of the LTQ XL mass spectrometer.

sample into the gas phase, ionize it and introduce it into the instrument. The ionised sample is guided

by a series of multiplied and electromagnetic lenses and are led to the mass analyser (Figure 2. 14).

The entrance to the mass spectrometer is protected by an ion sweep cone. It acts as a physical barrier

and increases the robustness of the device. It is followed by the ion transfer capillary which aids the
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desolvation of ions. For this purpose, it can be heated up to 400°C!?°, After this, ions are transferred
through tube lens and skimmer to the high vacuum part of the device. The skimmer acts as the barrier
between the two regions. The ion optics part, consisting of RF lens and multipole ion guides serves to
transfer the ions to the mass analyser. This is also the region where the source fragmentation occurs. As
ions pass through the skimmer and into the ion optics region, they are accelerated by the difference in
potential between the skimmer (at ground potential) and the first multipole. The multipole dc offset
voltage is set such that it imparts enough kinetic energy to the ions so that, when they collide with
solvent or air molecules (which acts as collision gas) present in the ion optics region, the ions dissociate
to form product ions. This feature can be turned on and off at will, and in our experiments is used to

127

probe the general stability of the species observed in the mass spectrum's’. When discussed in

experiments, we use the dc offset voltage (0 — 100V) as a measure of this parameter.

After the ion optics region, the ions are injected into the mass analyser. This is where the storage,
isolation, collision induced dissociation and scan-out is carried out. It consists of front and back lens and
the linear ion trap. The front and back lens provide the confinement limits for the ions. Typically, the
back lens is on ground potential, and -4V to -7V in case of positive ions is applied to the front lens %,
Helium gas is introduced into the mass analyser that slows the motion of ions so that they can be trapped
by the RF voltage fields. The partial pressure of helium damping gas is maintained at about 0.1 Pa'?3,
Its presence in the mass analyser significantly enhances sensitivity and mass resolution. The helium also

acts as a collision gas for collision induced dissociation (CID).

2.4.1 Laser Vaporization Electrospray Ionization (LAVESI)

The standard ESI source of the LTQ XL mass spectrometer was modified, by drilling a hole on its
bottom surface to allow for a placement of a support mechanism for the ablation target. A 3 mm diameter
metal rod is placed on the support, and is located between the capillary of the spray source and the
entrance flange of the mass spectrometer as shown in Figure 2. 15 and Figure 2. 16. Step motors
controlled by a home-made software allow xyz as well as rotational motions of the rod. The x and y
motions are used to position the rod within the spray. z and rotational motions are actioned during
experiments to provide a helicoidal motion of the rod so that the rod is uniformly irradiated by the laser.

The distance between rod and ESI tip is typically 10 mm.

The laser used is a frequency doubled Nd**:YAG laser (532 nm). A lens with a focal length of 75 mm
is used to focus the laser beam on the metal rod. The repetition rate of the laser is 20 Hz, typical energy

per pulse was 10 mJ. The size of the spot on the rod is estimated to 0.44 mm?.

The metal rods of 99.9% purity were purchased from Goodfellow (Lille, France). The rods are
cylindrical in shape, of 3 mm diameter and 30 mm length, so that they can fit into the customised slot

on the motor controlled metal rod support (Figure 2. 16).

41



First tests of the experimental setup provide the proof of concept (Figure 2. 17). The mass spectra

obtained with and without the laser are completely different. In absence of laser ablation, the mass

spectrum consists only of peaks corresponding to the thioglycolic acid aggregates (Figure 2. 17b). Upon

turning on the laser the peaks corresponding to the thioglycolic acid disappear, and new peaks

corresponding to the ligated silver thioglycolic acid complexes appear (Figure 2. 17a).
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Figure 2. 15 Schematic of the LAVESI source set-up.

Figure 2. 16 a) The LAVESI setup. b) A look inside the ESI source and the metal rod placed in front of the entrance to the ion
transfer capillary. ¢) Metal rods used for ablation. Damage from the laser and deposits of oxides made with reactions with
atmosphere are clearly visible.
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The same effect can be seen for other metals as well. It is worth noting that when the laser ablation is in
effect no peaks corresponding to the thioglycolic acid can be seen in the mass spectrum. The observed
species come completely from M,SR,, complexes and their fragments. The ligand is completely

consumed by the reactions with the metal in the electrospray plume.
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Figure 2. 17 Comparison of LAVESI mass spectrum a), ablating the silver rod and electrospraying thioglycolic acid, and
standard ESI mass spectrum b) of thioglycolic acid.

Ligand concentration

Influence of the concentration of ligand sprayed is also important. The ligand used in experiments was
thioglycolic acid, a small thiol molecule, suitable for these experiments because of the well-known
affinity between sulphur and gold and silver atoms. Additionally its small size makes it easier to interpret
the fragmentation spectra, and in the future, if necessary, conduct calculations. The fact that the ligand
is a liquid at room temperature is also beneficial as it can be used in higher concentrations in the
electrospray than solvated powder ligands. If pure water is electrosprayed, coupled with laser ablation,
the mass spectrum obtained is very rich, dominated by a multitude of silver oxide and hydroxide species
(Figure 2. 18). As we increase the concentration of thioglycolic acid in the electrospray, these species
start to subside and instead we see Ag,SR,~ starting to emerge, until, finally at ~1% (v/v) almost none

of the peaks corresponding to the oxides and hydroxides can be seen in the mass spectrum, and it is
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dominated by Ag.SR" complexes. The ~2% thioglycolic acid concentration was deemed optimal for
the experiments as it provided a very clean mass spectrum with abundance of M,SR,,” complexes, and
very few fragments. Further concentration increase did not result in significant improvement in mass
spectrum quality and it presented increased risk of permanent contamination of the ion optics and ion

trap of the instrument.
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Figure 2. 18 LAVESI mass spectra obtained with different concentrations of thioglycolic acid. The concentration increases
from top to bottom, the top mass spectrum being the one obtained by electrospraying pure water, and the bottom one being
the one obtained by spraying 2% (v/v) thioglycolic acid. The blue formulas represent the silver oxide and hydroxide
complexes, the red numbers represent the number of silver atoms and ligand molecules in the complex and the black
Sformulas represent the AgnSRn+S" species.

Laser power

Varying the laser power influences the distribution and the nature of the observed mass spectrum as well
(Figure 2. 19). With low laser power, the mass spectrum is dominated by peaks of thioglycolic acid and
its fragments. Other than the thioglycolic acid aggregates (SR, and SR;), two series of species
corresponding to aggregates of thioglycolic acid and its fragments are observed too. The first one
corresponds to general formula [SR; + n(C,H,0S)]™ i.e. [SR3; + (C,H,0S5)]™, [SR; + 2(C,H,08)],
[SR; + 3(C,H,0S8)]” and [SR; + 4(C,H,0S)]”. The second series can be described by general
formula [SRy +n(C,H,08)]” ie. [SRy+ (CH,0S5)]”, [SR4+ 2(C;H,0S8)] and [SR4 +

3(C,H,05)]".
44



I R 413 P=200mw]
—AgnSRm 6/4 7/4 d
. 5/3
i 32 J 1
I L.al.lh ‘lmmlmn U
| T T T T T 4/3| T I/
- 5/4
= | ; 3/3
z L SR,
3
g | SR
< 2 ® u
Il l L l aiala uJ. L L Lh‘h
(7, T T T T T T T T T T
3 SR,
gt
2t
&
[}
4

[ SR, *
I l'lll L'lL.LILLL

T T T T T T T T T T T T T T T T M T T T T T M
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

m/z

- S - L4 4
I 'llllazuu ALJ 5 Aenh a - ]

Figure 2. 19 Power dependence of the species observed in the mass spectrum of the LAVESI source. The experiments were
conducted with variable laser power and 2% (v/v) thioglycolic acid. The black circles correspond to [SR3 + n(C,H,0S5)]~,
1 < n < 4 respectively from left to right, and black squares correspond to [SR, + n(C,H,0S5)]~, 1 < n < 3 respectively
from left to right.

The increase in laser power gives rise to the metal-ligand complexes and depletes the pure ligand and
ligand fragment species from the spectrum, as more of the metal is available to react with ligand

molecules in the electrospray plume.

Laser wavelength

LAVESI source hasn’t shown any sensitivity in regards to the laser wavelength. As mentioned before,
the laser in use is a nanosecond Nd3+:YAG. The synthesis was tried with two different harmonics of
the laser to determine the wavelength influence on the created species (Figure 2. 20). The peak
distribution shifts in favour of the lower masses and smaller species for the UV wavelengths. In terms

of species observed, there is no difference between the wavelengths.

For the CID part of the MS", some additional energy is applied to the ions in order to achieve the
collisions. This is done with resonance excitation RF voltage. Application of resonance excitation RF
voltage to the endcap electrodes increases the axial motion of the ions in the in the trap and the ions gain
kinetic energy. The amplitude of the resonance excitation RF voltage is sufficient to add kinetic energy

to the ions so that, when they collide with helium buffer gas present in the mass trap, the ions dissociate
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Figure 2. 20 Wavelength dependence of the species observed in the mass spectrum of the LAVESI source. The experiments
were conducted with second (top) and fourth (bottom) harmonic of a Nd**:YAG laser and 2% (v/v) thioglycolic acid.

to form product ions. The measure of the amplitude of the resonance excitation RF voltage is the

normalized collision energy (N.C.E.).

The N.C.E. scales the amplitude of the voltage to the parent mass, so that the appropriate amount of

energy is always used to ensure the fragmentation of the selected ion. It is calculated by a formula:
Acor = En(m - Vs + Vine) (2.32)

Where A.,;the amplitude of the voltage accelerating the collision gas is, E}, is the normalised collision
energy, m is the isolated mass, V is tick amp slope and V;;,; is tick amp intercept which are parameters
of amplitude of the resonance excitation RF voltage (so-called "tickle voltage")'?’. The N.C.E. is
expressed in arbitrary units on a scale of 0-400. Mass analyser CID occurs automatically whenever the

mass spectrometer is operated in either the MS/MS or MS" scan modes (if an N. C. E. > 0 is assigned).

The CID can be effectuated upon ions for different durations of time. This is called the activation time,
and it is the time in milliseconds that the resonance excitation RF voltage is applied. It can be chosen in
a range of 0.03 to 10000 ms. The activation time default value is 30 ms. In general, shorter activation

time results in less fragmentation and a longer activation time results in more fragmentation'?’.

Figure 2. 21 shows two examples of CID on different species. Figure 2. 21a is a MS? spectrum of a gold-
water complex. The parent ion at m/z 1003 which corresponds to Aug(H,0)* is isolated and, some
collisional energy is applied to it. This causes the detachment of the water molecule and formation of

AugZ . Figure 2. 21b shows an example of MS? and MS? experiments. In the first stage, the parent ion at
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m/z 588 corresponding to [Cus(SR); — 3H]™ is isolated without any collision energy. Then, the

collisional energy is added to induce fragmentation. At this stage we observe two fragmentation

channels. The first one is the sequential loss of two CO» (44 Da) molecules followed by the loss of SCH,

(46 Da). The second fragmentation channel, the less intense one, is the sequential loss of two C,0O>H,

(58 Da). Written by exact chemical formulas:

Relative Intensity (Arb. units)

O
N

Relative Intensity (Arb. units)

[5Cu(C,H,0,5)5]™ = [5Cu(C,H,0,5),CH,S]™ + CO,

[5Cu(C,H,0,5),CH,S]~ = [5Cu(C,H,0,8)(CH,S),]~ + CO,

(2.33)

[5Cu(C,H,0,S)(CH,S),]™ = [5Cu(CO,)(CH,S),]™ + CH,S

{ [5CU(CyH,0,8)5]™ = [5CU(CyH,0,5),S]™ + C,H,0,
[5CU(CyH,0,5),S]™ = [5Cu(CyH,0,8)S,]™ + CyH,0,

(2.34)
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Figure 2. 21 Examples of the CID mass spectra. a) MS® mass spectrum of a gold-water complex. By applying the collisional
excitation, the water molecule dissociates, leaving the pure gold pentamer. b) MS’ and MS? spectra of a copper-thioglycolic
acid complex. Simple isolation of the complex (b — top) is just a clean mass spectrum of the parent species. Adding collisional
activation (b — middle) results in fragmentation of the parent species, with two distinct fragmentation channels. MS? of one of

the fragment species provided a final product of the fragmentation.
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2.4.3 Gas phase reaction setup

In order to study gas phase reactions on small metal complexes, we need to introduce the reactants into
the ion trap. This way we can monitor the reactivity of all the species of the specific metal generated by
LAVESI, or we can isolate individual species and monitor their reactions. In order to do this, we
introduce the reactants directly into ion trap via the buffer gas inlet as shown in Figure 2. 22. Similar

setups for gas phase reactions already exist, including the modified LTQ mass spectrometer for

129,130 131

performing reactions of species, obtained in solution synthesis or sputtering of metal targets'”’,

inside the ion trap. There are also setups coupling flow reactors with different cluster sources such as

134 QOur setup for gas phase reactions consisted of a He/reagent

laser ablation'3*!*? or dc discharge source
gas mixture bought from Air Liquide (Bagneux, France). The bottle with the gas mixture was connected
directly to the buffer gas line. This way, with a single regulation valve we can either send the pure buffer
gas to the instrument to perform standard mass spectrometry, or we can send the He/rectant mixture to
perform reactions in the ion trap. The reactant mixtures used were He/CO and He/NO. For the CO, we
had two bottles of different concentrations, 5% and 0.1%. Experiments with NO were only done with

5% concentration.

pure
He

Figure 2. 22 Schematic of the experimental set-up for gas phase reactions.
Upon opening the valve to introduce the gas mixture in the ion trap, a period of ~20 minutes was required
for the reactants to diffuse completely through the gas tubes and into the ion trap. Similarly, after the
desired experiments with reactants were done, a period of around 20-30 minutes was required for the

pure helium gas to flush the reactants completely out of the trap. Because the turbomolecular pump
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Figure 2. 23 Example reactions inside the ion trap. a) With pure He buffer gas. b) With He/NO 5% mixture.

pumps gases of different molecular weights with different efficiency pump, the actual concentration of

the reactants in the trap are not the same as the mixture that we send in.

Helium gas is pumped with higher efficiency than the CO and the NO, which are pumped at ~77% of
the rate of helium'¥. This means that effective concentrations of reactants in the ion trap are 6.835%
and 0.13% when the bottle with 5% and 0.1% mixture are in use respectively. Figure 2. 23 shows how
the mass spectrum changes upon introducing the reactants into the trap. The initial spectrum (Figure 2.
23a) is obtained by ablation of a nickel rod in the LAVESI source. The ablation in this case is done
without the ESI syringe, with only ESI voltage, to promote the creation of pure metal clusters and reduce
the amount of oxides, hydroxides and other products. Upon introducing the He/NO mixture, the
composition of the mass spectrum changes completely (Figure 2. 23b). The pure nickel, as well as the
oxides, hydroxides and other products disappear from the spectrum and are replaced by complexes with
adsorbed NO. There are two peaks that dominate the spectrum. The species at m/z 193 corresponds to
Ni,OH(NO)%, and the species at m/z 282 corresponds to NizO(NO)%. Further MS? and CID
investigations show that these species are formed not only from one precursor, but that they are the final
product of fragmentation of several different bigger species. This explains why in the mass spectrum
with NO very few species above m/z 325 are observed even though there exist an abundance of possible

precursors in that mass range.
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2.4.3 Conclusion

To summarise, we have developed a new AP laser vaporisation source for producing bare and ligated
metal clusters called LAVESL. It consists of laser vaporisation of a metal rod in the electrospray plume
of a mass spectrometer. This way we are able to produce, depending on the chemical composition of the
electrospray plume, pure metal clusters, ligated metal clusters and complexes and various other metal
complexes (oxides, hydroxides, nitrides etc.). This source is used in conjunction with a modification to
our linear trap mass spectrometer, in order to probe the reactivity of the newly synthesised species. The
modification consists in adding a branching line to our buffer gas inlet in order to introduce reactant
gases directly into the ion trap. This way reaction on ensembles of species created by LAVESI source
can be studied, or reactions of individual species isolated in the trap, under various trapping times and

collisional excitation conditions.
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3. Wet chemistry synthesis

Owing to their extraordinary properties such as quantized charging and luminescence, thiolated Au
clusters have become a very important group. Many experiments revealed that the chemical and physical
properties of these clusters are governed by their size, due to the confinement effects' . The last decade
has seen an explosion of interest in the use of coinage metals as catalysts in the synthesis of organic
chemicals*®. Ligated metal nanoclusters are also developed for a range of applications in biology,
material sciences and physics®. However, isolating a given species in the condensed phase is complicated
and the relationship between structure and chemical or physical properties is often not fully understood.
With the development of electrospray ionization sources, mass spectrometry (ESI/MS) emerged as a
key discovery tool to synthesize and examine ligand metal complexes’''. Complexes are formed by
electrospraying metal salts with organic and biomolecular ligands. Ligands with thiol groups are a good

candidate for this due to the strong interactions between sulfur and gold and silver'!?. Their gas-phase

13-15 16-19

structure’” >, reactivity °'°, optical properties... etc. are then examined by mass spectrometry. The
characterization of synthesized solution by mass spectrometry was used over time to direct the solution

phase synthesis of nanoclusters®.

3.1 Synthesis in solution: Au155G13

The monodisperse AuisSGis was synthesized by dissolving and mixing glutathione and gold in the
presence of reducing agents. The mixture is then left to react overnight. After this, the solution is
concentrated and a series of dissolution-precipitation-centrifugation cycles is performed in order to
remove the unreacted ligand. Following this, the unwanted, small Au-SG chains are removed through
precipitation in water/acetic acid and centrifugation. The remaining supernatant is then goes through
another cycle of dissolution-precipitation, before the final product can be dried as a yellow powder.
Approximately 38 mg of AuisSGi3 were obtained through this process out of the starting 235 mg of
glutathione and 100 mg of chloroauric acid (HAuCl,)*.

For MS analysis the solution was diluted in water at a concentration of 1 mg/ml, and analyzed with
ESI-MS. Gentle ESI conditions were used in order to minimize the fragmentation of the sample. Mass
spectrum was obtained in negative mode, spray voltage used was -3kV, and capillary temperature was
100°C. Figure 3. 1 shows the mass spectrum of the solution. The peaks corresponding to charge states
of AuisSGi3 ranging from 4- to 8- dominate the mass spectrum. A close look at the isotopic distribution
of one of the charge states shows good agreements with theoretical mass spectrum of the corresponding
species (Figure 3. 1 inset). The described synthesis results in a nanocluster product of remarkable purity,
with only minimum contribution of unwanted species. Signal-to-noise ratio is quite good, and only small

amounts of Au16SGi4 can be found in the solution.
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Figure 3. 1 ESI mass spectrum of AuisSGi3 water solution. Blue numbers marks the charge states of AuisSG 3. The red
squares mark the 5-, 6-, 7- charge states of Au1sSG14. Inset: close-up of the isotopic distribution of Au1sSG13>, and
comparison with a simulated mass spectrum.

3.2 Synthesis in electrospray: small clusters

Small clusters were synthesized by electrospraying the solution mixture of metal salt and ligand. The
ligand used was thioglycolic acid (H — SR = HSCH,COOH). The metal salts used in synthesis were
silver nitrate (AgNO3) and chloroauric acid (HAuCl,). Both, salts and ligand, as well as ascorbic acid
were purchased from Sigma Aldrich (St. Louis, MO, USA). For synthesis starting from metal salt

aqueous solutions, the following conditions were used:

- Silver complexes were prepared by adding 20uL of a 25mM AgNO5 solution to 10mL of a 50uM
thioglycolic acid solution.

- Gold complexes were prepared by adding 20uL of a 25mM HAuCl, solution to 10mL of 50uM
thioglycolic acid and 200uM of ascorbic acid solution. The pH was fixed to 7-8 with a buffer
solution of NH,OH.

The small stoichiometric species are also observed after electrospraying a solution containing a silver
salt (Figure 3. 2)*!. These species were previously attributed to chains and rings of Ag(I)-thiolate®*.
Peaks at higher masses, corresponding to larger complexes with silver in excess are not observed in
Figure 3. 2. Since the largest mass observed is significantly lower than the detection limit of mass

spectrometer (m/z 2000), the limited mass range of the detected species reflects the realistic size
60



35 |AG. SR’ 4/3

2-
0 3/3

25 1

2] 2/2

4/3%
15 4

10 —

Relative Intensity (Arb.units)

3/2
51 AgS(C,H,0),CH.* 3/3 4/4

0-.1 ' II| - u_‘_hw §/3;

) 4 ) ) M ) ' I ' I ' ) 4 ) M
100 200 300 400 500 600 700 800 900 1000
m/z

Figure 3. 2 ESI mass spectrum of small silver-thioglycolic acid complexes obtained through wet chemistry synthesis.

distribution due to the nature of the synthesis. This type of synthesis does not produce large complexes

with a metal core surrounded by ligands as obtained from wet chemistry methods® 2.

3.3 Collision induced dissociation of small clusters

Several different species are studied in the gas phase by sequences of collision induced dissociation
(CID) of a silver—thioglycolic acid complex precursor (MS" experiments). The different steps of ion
selection and excitation are successively carried out in the high pressure cell. The peak corresponding
to four silvers atoms and tree thioglycolic acids was selected (Figure 3. 3 - right). Isotopic distribution
analysis shows that the peak at m/z 702.6 is due to [4Ag(C,H,0,5),C,H;0,S5]~, with a simplified
notation [Ag4(SR)3 — 2H]~. To record MS? spectra, a precursor ion was selected in the ion trap using
an m/z window of 10 Th, it was then activated by collision and the resulting mass spectrum was
recorded. The collision-induced dissociation (CID) was performed using helium gas at a normalized
collision energy of 6 and 50 Arb. Units (1.5% and 12.5% respectively) for 30 ms. Figure 3. 3 (right —
middle and bottom) shows the mass spectrum obtained after collisional activation of [Ag,(SR); — 2H]~
(m/z 702.6). The analysis of mass spectra indicates two fragmentation channels. We observe two major
peaks (m/z 658.5, and 614.5). Isotopic distribution analysis shows that these peaks correspond to
successive losses of CO, (44 Da), a 2nd CO, and SCH, (46 Da) leading to a complex made of one
thioglycolic acid and 4 silver atoms bonded to SCH;. A possible pathway is first decarboxylation from
the carboxylic group of a thioglycolic acid followed by a decarboxylation from a carboxylate. The later

leads to the formation of CH,S group, which is lost after further excitation. Second fragmentation
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channel is observed through minor peaks at m/z 644.4 and 600.5. These correspond to successive losses

of 58 Da and 44 Da. They are attributed to CO, and C,H,0, losses.
[4A4g(C;H,0,5),C,H30,5]™ — [4Ag(C,H,0,5),CH3S]™ + CO,

[4Ag(CyH,0,8),CHsS]™ — [4A4g(CyHy0,8)(CH3S)CH,S]™ + CO, G.1)

{[4A9(CZH2025)2C2H3025]_ - [449(C,H,0,5),SH]™ + C,H,0, (3.2)
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Figure 3. 3 CID fragmentation channels of selected small silver nanoclusters. Left — the peak at 502.7 Da corresponding to
[Ags(SR), — 2H]~ (simplified notation) isolated with a m/z window of 10Th, with (bottom) and without (top) collisional
activation energy (in arbitrary units). The star symbol marks the precursor ion, while the square and the circle mark the

[Ag(SR),]™ and [Ags(SR), — 3H]™ ions respectively. Right — the peak at 702.6 Da corresponding to

[Ags(SR)s — 2H] " with three different values of collisional activation energy. The star symbol marks the precursor ion, and

circle and square symbols mark the two different fragmentation channels, where the full shape marks the final product ion of

the channel, and the empty ones mark the intermediary species.

By analysis of isotopic distribution we determine that the peaks at m/z 502.7 correspond to
[34g(C,H,0,5),] (simplified [Ag;(SR), — 2H]™). Its collisional fragmentation spectrum shows
multitude of species. We observe the already seen loss of CO,, but there is also new species which
correspond to losses of CO and CH,0,. Also we observe peaks at m/z 288.8 and 717.7. By isotopic
structure analysis we determine the one at m/z 288.8 to be [Ag(SR),]~ and the species at m/z 717.7
[Ags(SR), — 3H]~, whose existence indicates the presence of multicharged species in the isolated m/z

range. These species then produce [Ags(SR), — 3H]~ through mfragmentation and loss of charge.

The peak at m/z 794.3 was determined to correspond to [4Ag(C,H,0,S);C,H30,S]™ (simplified
[Ag4(SR)4 — H]™) (Figure 3. 4 — left). Under collisional activation the precursor ion disappears
completely. The dominant peak becomes m/z 702.6 which is determined to correspond to
[Ag4(SR); — 2H] ™. The small peak at m/z 746.5 indicated the possible fragmentation pathway by loss
of SCH, and subsequent loss of CO,.

{ [4Ag(C,H30,5)3C,H,0,5]™ — [4Ag(C;H30,5)3C0,] + SCH, (3.3)
[ )

4Ag(C;H30,5)3C0,]™ — [4Ag(C,H,0,5),C,H30,5]™ + CO, + H,
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Figure 3. 4 CID mas spectra of 4/4 singly (left) and doubly (right) charged.

The doubly charged ion of the same species [44g (C,H,0,5),(Co,H30,5),1?~ (simplified [Ag4(SR) 4 —
2H]?7), at m/z 396.7, shows fragmentation even with collisional activation at 0 (Figure 3. 4 — right).
The products of the fragmentation are singly charged ions, the [Ag,(SR); — 2H]™ with its two
fragments, which correspond to the same species identified in the main fragmentation channel of the
[Ag4(SR); — 2H]™. Upon the addition of collisional activation, a new fragmentation channel emerges.
Is corresponds to the loss of SCH, from the precursor ion. At the same time, the low intensity

intermediate peaks of the first fragmentation channel disappear, leaving only the peak at m/z 702.6,

already identified as [Ag,(SR); — 2H] ™.

CID 0
{[4149(621'13025)2(Cszozs)z]Z_ — [4Ag(C2H,0,5),C,H30,5]™ + C,H30,S

CID O (3.4)
[4Ag(C2H2025)2C2H3025]_ — [4Ag(C2H2025)2(CH3S)CH25]_ + 2C0,
{[4149(621‘13025)2(Cszozs)z]z_ - [4A4g(C,H30,5),(C,H,0,5)C0,1*~ + CH,S (3.5)
[4A49(C,H30,5),(CH20,8),1%~ = [4Ag(C,H20,8),C,H30,8]™ + C,H30,S

Figure 3. 5 shows a mass spectrum of gold-thioglycolic acid solution. Formation of ligated gold
complexes is observed. The mass spectrum is dominated by species with N=M, which is in agreement

with the formation of small chains with equal number of ligands and gold cations.

Due to difficulty of synthesis and susceptibility to oxidation upon exposure to air, it is a significant
challenge to prepare stable ligated copper complexes, and therefore studies of Cu containing species are
still at a preliminary stage compared to what has been achieved for both ligated Ag and Au clusters®”*,
For this reason no results with copper based solution are shown here, as none of the attempted synthesis

produced any detectable ligated copper complexes.
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Figure 3. 5 ESI mass spectrum of small gold-thioglycolic acid complexes, obtained through wet chemistry synthesis.

3.4 Conclusion

We describe two different types of wet chemistry synthesis of metallic nanoclusters of gold and silver.
The first synthesis is based on mixing the ligand and metal salt solution in the presence of reducing
agents, and followed by a series dissolution-precipitation-centrifugation cycles in order to purify the

solution. The result is remarkably monodisperse solution of ligated gold clusters AuisSGis.

The second synthesis consists of electrospraying the mix of metal salt and ligand solution in order to
form the ligated metal complexes in the electrospray plume. Compared to the first one, there is a big
increase in polydispersity of the products of this synthesis. A multitude of small stoichiometric species
(singly and doubly charged) are produced, both with silver and with gold salts. MS" experiments are

used to probe their stability and fragmentation channels. This information is useful especially in context
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of comparison with the same species produced by other types of synthesis.
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4. Synthesis and characterisation of bare and ligated-
metal species by Laser Vaporization Electrospray

Ionization (LAVESI)

Due to their interesting physical and chemical properties and potential of use in nanotechnology,
transitional metal complexes have seen a surge of interest in research in recent years'™. Vaporization
of metal rods coupled to fast cooling has been successfully used to produce bare clusters of any metal
on a wide range of sizes®’. Here, we will describe results of a new method for the production of pure
and hybrid metal complexes based on laser vaporization electrospray ionization (LAVESI) mass
spectrometry. Metal species generated by vaporization of the rod react with molecular species present
in the spray to form hybrid complexes. First results are obtained with silver, gold and copper reacting
with atmospheric constituents and thioglycolic acid. In absence of ligands in the spray plume some new
insights into the stoichiometry and stability of metal oxides can be glimpsed. The results show that the
presence of the ligand in the plume has a significant effect on the species observed. When compared
with results obtained with H,0 and D, 0 in the ESI syringe, and the empty ESI syringe, we see that the

presence of ligand prevents the nucleation and oxidation of metal complexes in the plume, instead

creating the ligated metal complexes MnSRy > (where M is silver and/or gold, and SR is thioglycolic

acid) that were, in the case of silver thiolate complexes attributed with the chain-like structure®.

4.1 Formation and properties of metal oxides

As LAVESI source is an API type of source, immediately upon vaporisation the created metal species
are subject to reactions with atmospheric gases. This leads to formation of many metal oxides,
hydroxides, hydrates and nitrides. The abundance of products and their varied stoichiometries are caused
by the plasma plume formed from laser-metal interaction. It creates a plethora of ionised and neutral
species’ which readily react with vaporised metal outside of the plume as well as the atmospheric
constituents. They are then transferred into the entry capillary of our mass spectrometer, and conducted
into the ion trap where they can be at will mass selected and probed with collisional activation. Upon
applying the in-source collisional activation we can see the change in the distribution of the peaks.
Detailed analysis using MS? and MS® experiments helps us obtain information about the observed
species. The experiments described here were conducted on gold and silver, both in positive and
negative mode, so that we are able to compare the behaviour of both anions and cations of these metals.
The analysis of copper oxides was hindered by overabundance of species in the mass spectrum, where
several species would contribute to the signal at the same m/z making it impossible to unambiguously
assign peaks. At the ESI level, we study the effect of H,0 and D,0 in the ESI syringe, and we also
conducted experiments with the syringe mechanism turned off, where only ESI voltage was applied.

Even though they are in the same column in the periodic system, due to relativistic effects, silver and
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Figure 4. 1 Example of comparison of mass spectra obtained with different electrospray plume compositions, with
electrospray syringe empty and turned off, and with pure water. (left) gold monomer and its products and (right) gold dimer
and its products in negative mode.

gold bond in different ways. This has become known as “gold anomaly”. The main relativistic effect in
gold is the bringing the s and d orbitals closer together creating hybridisation of these states, which has
consequences on their structural and chemical properties!®!'*. In terms of structure of the metal clusters,
experiments and theory have shown the gold clusters to retain planar structure for clusters up to 12 atoms
for anions, up to 10 atoms for neutral clusters and up to 8 atoms for cations'>!*!7. Silver cluster anions

start to show 3D structures already at 6 atoms size'*!®.

As will be discussed further in the chapter, the presence of chemicals in the electrospray plume has an
effect on the abundances of observed pure metal complexes and products. The experiments were made
with water (H,0) or heavy water (D,0) in the ESI syringe. Figure 4. 1 shows the mass spectrum of
small gold species in negative mode. Introducing water in the electrospray plume aids in the bonding of
oxygen and hydrogen to gold complexes. It also makes the bonding with nitrogen less favourable. The
comparison of the effects of water and heavy water on the observed species is shown in Figure 4. 2. If
the syringe contains D, 0 the shift in the peaks can be seen due to the bonding of deuterium instead of
hydrogen. We notice also that the relative intensities of products are comparable between the two cases.
Since reactions with atmospheric vapour still continue in the case when we electrospray D, 0, there are
species in the mass spectrum which contain the hydrogen atoms and not deuterium, though they are
significantly lower in intensity. This tells us that the reactions with the plume constituents are favourable
to the atmospheric ones. This deuterium labelling also allows us to more precisely identify the peaks
seen in the mass spectrum, and remove the ambiguity between species containing OH,. and NH,,,. As
seen in Figure 4. 4, Figure 4. 7, Figure 4. 10 and Figure 4. 13 the presence of either water or heavy water
always increases the total abundance of the products at the expense of the pure species. In some of the
cases, difference between the product abundance with water and heavy water can be seen as well. For
example, for silver, in positive mode (Figure 4. 4), the highest amounts of products are found when

spraying H,0.
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Figure 4. 2 Example of comparison of mass spectra obtained with different electrospray plume compositions for water and
heavy water. (left) gold monomer and its products and (vight) gold dimer and its products in negative mode.

In negative mode (Figure 4. 10), the differences in the intensities are very small between the case of
D, 0 and experiments without syringe, but again, with H,0, the abundance of product is highest. If we
look at the intensities of pure metal complexes in relation to the composition of the electrospray plume,
we find the exact opposite. For experiments when syringe is turned off the abundance of pure complexes

is highest, and with D, 0 or H, O their intensity is lowest.

4.1.1. Analysis of results obtained in positive mode

Mass spectrum obtained by vaporisation of a silver rod in positive mode, shows abundance of small
pure metal species Ag;+, and their products with oxygen, nitrogen and hydrogen (Figure 4. 3). The pure
clusters dominate in intensity for n < 3, while for n > 4, the intensity of the products becomes stronger.
The relative abundance of the products depends heavily on the composition of the electrospray plume
(Figure 4. 4). When the syringe mechanism is turned off, and only the ESI voltage and sheath gas are
active, the mass spectrum is dominated by Ag;t and Ag,,N* forn < 3 and n > 4 respectively. Previous
studies have investigated the oxidation mechanism, stability and structure of Ag;', Ag, 0t and Ag,, 05 ".
The relative abundance of pure complexes and oxides produced by thermal evaporation was shown to
be Ag,05 < Ag,0% < Ag;t *. Figure 4. 3 shows our results to be in agreement with this, with addition
of Ag, N *species, so that the total intensities relationship is Ag, 05 < Ag,0%t < Ag,N*t < Ag;} with
the last relation depending on the number of silver atoms, as stated above. Probing the clusters stability
with collisional activation (Figure 4. 3) shows decrease in the product complex abundance, and at the
highest collisional energy, leaves a mass spectrum dominated by Ag™*, Ags,Ag3. Plotting the total
change in relative intensities shows how the abundance of the products decreases and the abundance of
bare metal cluster increases as a function of collisional energy (Figure 4. 4). This could lead us to
conclude that the favourable fragmentation channel is the loss of oxygen and nitrogen, thus leaving the
pure metal complexes. Combined with Figure 4. 3 though, we can see that the increase in abundance of

pure complexes is the biggest for the Ag*, Ags and Ag3.
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Figure 4. 3 Mass spectra obtained by vaporisation of silver rod, with different in-source activation energies, in positive
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This means that in addition to the loss of oxygen and nitrogen from the complexes, the bigger species
fragment by losing silver and silver oxide or nitride. To further clarify this point we turn to the MS?

experiments.

The MS? mass spectra allow us to examine more closely the fragmentation channels of specific species.
For every experiment, the mass isolation interval was selected either to encompass the whole isotopic
distribution of the selected species or, in cases when species in the isolation interval were not
monodisperse, the isolation interval was selected to be ~1 Th, to minimise the influence of the adjacent
species. For better clarity, we plot the results of the multiple monoisotopic isolations in the same plot to
get a compound mass spectrum representing the full isotopic distribution of the species in question. The
experiments were done on Ag;l and their products where n < 5, because for larger sizes, the number of
species which contribute to the signal at same m/z becomes too big to confidently distinguish the species.
Figure 4. 5 shows the MS? spectra of several cations of interest. The selected ion at m/z 230 (Figure 4.
5a — top) corresponds to superposition of ions Ag,N*t and Ag,0H*. The fragmentation channel is the
loss of N to produce the silver dimer, as is clear from the CID of single isotopic peak (Figure 4. 5a —
top, red line). The attempt to fragment the Ag, OH*complex reveals it to be more stable as it does not
fragment even under strong collisional activation. By applying the same method on the next species at
m/z 248, we can identify it as Ag,N,H,* rather than Ag,0,", because the CID of the monoisotope
shows the resulting fragment to be Ag,N* and not an oxide (Figure 4. 5a — bottom). Smaller peaks
between the ones belonging to the Ag,N,H," are due to Ag,0(0H)* , and through the loss of oxygen
atom they produce the peaks at m/z 230.75 and 232.75. The full isotopic distribution of this species in
not visible in this spectrum as it is cut off by the isolation window, but the isolation of individual peaks
confirms its presence. The products of Ag3 show similar behaviour. The first product at m/z 338 is
identified as the superposition of AgsN*t,Ag;0*,Ag;(H,0)* and probably AgsNH and Ag;0H™
(Figure 4. 5b, ¢). The monoisotopic CID shows the main fragmentation coming from the AgsN* and
Ags;(H,0)*, not the Ag;0*. The isolation and fragmentation of the species at m/z 357 reveals it to be
a superposition of AgsNO*and Ag;(OH )2+ (Figure 4. 5S¢ — bottom). This conclusion was reached by
observing its main fragmentation product, at m/z 338 which is a superposition of multiple species
(AgsN*,Ag;0%, Ags(H,0)™). This species however exhibits another fragmentation channel, by loss
of Ag(OH) and AgN, producing the Ag,N Tand Ag,(OH)*(Figure 4. 5¢ — bottom). Due to electronic
shell closing, Ag3and Ag,N* are very stable and appear as a products of several fragmentations (Figure
4. 5b-). The Ag; for example appears as a product not only of higher AgZ products (Figure 4. 5d), but
also of larger species with more silver atoms (Figure 4. Se, f). Analogous to silver dimer products, the
species at m/z 464 corresponds to superposition of Ag,0,% and Ag,N,H,", with latter being the
dominant species to produce the fragments seen in the spectrum (Figure 4. 5d). The species at m/z 554
corresponding to the AgsN* has, as its dominant fragmentation channel the loss of Ag (Figure 4. 5¢)

indicating that the structure of Ag,N* is stable, and that the additional silver atom is loosely bound, and
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is therefore easier to break off. This conclusion is supported by CID of a single isotopic peak of that
species which confirms the loss of Ag as the fragmentation channel (Figure 4. 5e — red line). The AgZ
species seen in the CID spectrum most probably comes from one of the adjacent oxide species, as does
the peak at m/z 338 (already identified as superposition of AgsN*,Ag;0Tand Ag;(H,0)*). An
interesting species at m/z 570, which is a superposition of Ags0,H5 and AgsN,H; seems to illustrate
nicely the different fragmentation channels of Ag, 0, H;t and Ag,N,,H;" (Figure 4. 5f). As seen from
the spectrum and confirmed by MS? experiment (not shown here), the fragments containing nitrogen are
formed from AgsN,H; through loss of Ag and AgNH,. The Ags0,H; loses sequentially a molecule
of water and possibly an oxygen atom to make AgsO* and AgZ. The Ag; fragments seen in the
spectrum can originate from both precursors as we have already seen in the CID experiments with
smaller masses that the Ag;t can be formed from species with oxygen and nitrogen. The MS? spectra
reveal the Ag, N* are found in greater abundance than the Ag, 0%, and they fragment more readily to

produce the Ag;' species.

Gold cations show the familiar mass spectrum of alternating even-odd intensities (Figure 4. 6). Products
abundancies are much lower compared to pure complexes than what we see for silver. No pure oxides
(Au,,0,,) are observed in the mass spectrum in positive mode. Other than the pure gold cations we
observe Au,, (H,0);, and Au, N5 . Applying the in-source collisional causes the decline in total intensity
of the products, and increase in pure gold clusters (Figure 4. 7). The in total intensities is not as
pronounced as in the case of silver cations (Figure 4. 4), but the overall trends are the same. The MS?
experiments shown in Figure 4. 8 show that the products loose the adsorbed water molecules with ease,
leaving the pure gold cluster. Figure 4. 8a shows the CID of Aus(H,0)*and Au;(H,0)3 and the
sequential loss of water molecule from the complex. The same is observed for Aug(H,0)*. For the
smaller gold species the intensity of the products is too low to effectively isolate and fragment the
species. In Figure 4. 8b we show the MS? spectra of Au,(OH)3, without (top) and with (bottom)
collision energy. Even without the collisional energy the parent complex is unstable and it dissociates
20H:. With added activation we see the emergence of Au,0* which points to reactions with the

fragments in the trap.

4.1.2 Analysis of results obtained in negative mode

In negative mode, the mass spectrum of ablated silver does not show the known characteristic isotopic
patterns of Ag,,. Instead the peaks show rich isotopic distribution that we identify as superposition of
multiple species. The analysis of the isotopic peaks reveals that these species can be described with a
general formula Ag,, 0, HyZ;. This makes the MS" experiments extremely hard to interpret, as it is often
impossible to know which of the parent species isolated within the interval is responsible for which

fragment.
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The formulas mark the groups of peaks corresponding to the silver oxides and nitrides with different number of adsorbed
hydrogen atoms.
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Figure 4. 7 Relative intensities of bare metal and metal complexes obtained through ablation of the gold rod as a function of
collisional activation energy in positive mode.
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Additionally, the strategy employed for cations, i.e. the isolation of single peaks corresponding to
monoisotopes is drastically less useful here, as the peaks at extreme ends of the distribution, which we
can attribute to only one species, are of very low intensity, and the peaks near the centre are due to

superposition of multiple species.

The abundance of pure silver complexes seen in positive mode is absent here. Figure 4. 9 (top) shows
that in full MS only Ag~, Ag, and Ag; are present in the spectrum, and always in intensities lower than
their products. Similar to the positive mode, we see a shift towards smaller m/z. The stoichiometries of
the most intense product in each family of products for a given number of silver atoms are given in

Figure 4. 10 (right).

As the size of the complex increases the relative number of oxygen atoms decreases. Figure 4. 9 shows
how the distribution of peaks in mass spectrum changes with the activation energy. The increase in
abundance of silver monomer as well as its oxides with increasing collisional energy points to
fragmentation of the bigger, less stable species. The total increase in intensity is seen for the oxide,
hydroxide and nitride species, and not for bare clusters, indicating anions favour the fragmentation
channels with loss of Ag,, O, Figure 4. 10 shows higher intensities of products for experiments done
with H,0 or D,0 in the ESI syringe, indicating their presence in the electrospray plume aids in the
reactions, reducing the relative abundance of pure metal clusters. The fragmentation channels favoured
by these are shown in Figure 4. 11. The dominant fragmentation channels are the loss of Ag, Ag0, Ag0,

with possibly a number of hydrogen atoms.

The CID channels of species at m/z 267, are shown in Figure 4. 11. The species is identified as
superposition Ag,03H;_;. The minor fragmentation channel is the loss of O,H,_4, producing
Ag,H,07, which reacts with other ions in the trap to produce Ag, NOH;_5. The main fragmentation
channel is the loss of AGOH,_,4. For the bigger species (Figure 4. 11b, c), the loss of OH,_, is more
significant channel and in intensity is comparable with the loss of AgH,_,., AgOH,_, and AgO,H,_,.
The loss of O,H,_, from the parent species is less significant. For the species at m/z 391, which
corresponds to Agz0,H,_5, we see as major productsAgz03Hy_3 and Ag,03H,_, (Figure 4. 11b —
top). A minor peak corresponding to Agz0,H,_3 is also present in the spectrum, but is of very low
intensity. The isolation and CID of Ag;05;H,_3 at m/z 373 (Figure 4. 11b — bottom) results in the same
products. This time, the parent species combines with fragments in the trap, possibly water molecules
to produce Ag;0,H,_5. In CID it loses AgHy_, to produce Ag,03Hy_4. The recombination with
fragments in the trap seem to also be favourable for the species at m/z 498, corresponding to Ag,0,H,_3
(Figure 4. 11c). Its reactions in the trap result in Ag,0sH,_3. The fragmentation gives an abundance of
products, by loss of OHy_5, O,Hy_4, AGHy_5, AGOHy_3, AgO,Hy_, and Ag,0H_,, to produce the
Ag403Hy_y, AgaOyHo 4, Ag304Ho—3, Ag303Hy_3, Ag30,H, 3 and Ag, 03 Hy 3 respectively.
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The gold anions also exhibit the alternating stability pattern as seen in the mass spectrum in Figure 4.
12. The distribution of peak intensities shifts towards small masses with addition of in-source collisional
activation. The overall tendencies of the pure and product complexes mirror each other when observed
as a function of collisional activation energy (Figure 4. 13). The overall tendencies are the same as with
gold and silver cations, but they differ from silver anions. The effect of the water plume on products
formation is once again clearly visible. The trends of intensities of pure and product complexes are not
as pronounced as in positive mode. The MS? experiments (Figure 4. 14) however reveal the loss of Au,,
and AuOH as either favoured or equivalent fragmentation channels to the loss of O and OH'. Some
background reactions with water molecules same stoichiometries. Small species, Ag,03H;_sand
Au,03H,_; show a similar fragmentation channel, which is the loss of same stoichiometries. Small
species, Ag,0sH; _s'and Au,03H,_5 show a similar fragmentation channel, which is the loss of oxygen,
loss of dioxygen and loss of MOH,,. There are also differences in the fragmentation as well as
stoichiometries of the most intense species in the mass spectrum. For gold anions, both with in-source
activation and in MS? experiments, pure gold complexes can be obtained as a product of fragmentation,
which is never the case for silver anions. In positive mode we do not find any analogous fragmentation
patterns between silver and gold. The mass spectrum of positive gold shows the favoured products to be
Au, (H,0);, and Au,, N5 species. For the negative gold complexes, we see greater variability of species,
similar to the negative silver, which can be described by general formula Au,,0,,H,_; . Examination
of the mass spectrum under increasing activation energy shows that these species fragment easily,
leaving a spectrum with abundance of pure clusters. Combination of in-source activation and CID
through MS? (Figure 4. 12 and Figure 4. 14) experiments shows that AuOH,, is a strong fragmentation
channel (Figure 4. 14b). The loss of Au, Au,, O, OHand H, 0O can also be seen.

The CID of m/z 444 corresponding to the Au,03H,_5 shows products corresponding to the Au,(H,0)~
and Au(H,0); (Figure 4. 14a —top). The Au,(H,0)~ is difficult to isolate without influence of any of
the neighbours, so the species at m/z 411 is assigned to Au,(OH)~ as the most intense peak, but other
complexes may contribute to the mass spectrum (Figure 4. 14a — bottom). It loses the OH to produce
the gold dimer, and also, in a slightly less intense fragmentation channels produces the gold monomer,
the Au(H,0)~ and Au(H,0)3. It is possible that the latter two are formed through reactions with
residual fragments in the trap. The species at m/z 657 corresponds to Au3;0,H,_, . In fragmentation it
loses O and O,, as well as AuOH,. For the species at m/z 805, corresponding to Au,(OH)~,
fragmentation and subsequent reaction with residual fragments in the trap can be seen. The parent
fragments to Auj and Ausz. The latter one then adsorbs a molecule of water to make Au;(H,0)~. The
smallest fragment seen in this spectrum is the Au, (OH)~. Since the Au; is not present in the spectrum,
it is not clear whether this species is formed directly from the parent by loss of Au,, or from gold dimer

(which is formed by fragmentation of the parent) which adsorbs a hydroxide group.
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Figure 4. 12 Mass spectra obtained by vaporisation of gold rod, with different in-source activation energies, in negative
mode.
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Figure 4. 13 Relative intensities of bare metal and metal complexes obtained through ablation of the gold rod as a function of
collisional activation energy in negative mode.
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4.1.3 Conclusions on metal oxides
LAVESI source is used to produce a variety of species of metal clusters, metal oxides, hydroxides,
nitrides, and other products. Using linear ion trap mass spectrometer we are able to examine their

stoichiometries and stability, both for cations and anions.

In the mass spectrum of cationic silver, species of smaller masses dominate the spectrum. Very
prominent are the Ag, Nt species, and some silver oxides and hydroxides are also observed. In the case
of gold cations, pure metal clusters Au;; dominate the spectrum. Besides them, peaks of Au, (H,0);;
and Au, N5 are very intense as well. The CID and in-source fragmentation spectra of the silver cations
show the loss of N, O, AgNH, and AgOH,. as the main fragmentation channels. contrary to this, the
fragmentation channels of gold cations never contain gold atoms. The dominant channels are the

sequential loss of n(H,0) and N,, which dissociate from the complex to leave pure Au;’ as a product.

In case of anions, the mass spectrum of gold is dominated by the pure gold clusters. Various oxides,
hydroxides, and nitrides can be seen as well, but their intensity is much lower than that of the pure
clusters. The mass spectrum of silver anions is very different though. Almost no pure clusters can be
seen except for the Ag™, Ag, and Ags . Instead, the silver oxide and hydroxide species are the ones
with highest intensity. Despite the difference in the distribution of species in the mass spectrum, the CID
analysis reveals some analogous fragmentation channels between gold and silver anions, namely the
loss of MOH,, for the M,0;H,~ species. One major difference still exists in the fragmentation patterns
between the two metals, for gold with in-source activation and in MS? experiments, we are obtain pure

gold clusters through fragmentation, which is never the case for silver.
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4.2 Ligated metal complexes

One of the main strengths of LAVESI source is the versatility in varying the composition of the ESI
plume. So far the results have been shown that have been obtained with only ESI voltage applied (no
plume), and with either water or heavy water in the ESI plume. We will now take a look at what happens
when we electrospray small organic molecules and couple it with laser vaporization of silver, gold and

copper rods.

4.2.1 Ligated silver complexes

Figure 4. 15a shows a mass spectrum recorded in the negative mode using the thioglycolic acid (marked
SR in further text, where SR=SCH,COOH, 91 Da) solution without laser vaporization of metal. Main
peaks correspond to dimers and trimers of singly deprotonated thioglycolic acid. Figure 4. 15b shows a
typical mass spectrum obtained by spraying the thioglycolic acid solution and vaporization of a silver
rod. Dominant peaks corresponds to AgnSRy complexes. Complexes are negatively charged due to the
deprotonation of one thioglycolic acid. No multiply charged complexes are observed. Comparison of
experimental and theoretical isotopic distributions shows that observed silver complexes correspond to
the following generic formula [Agn(SR)v-(N-M+1)H], i.e. [Ag(SR)2], [Ag2(SR)2-H], [Ags(SR).-2H]
, [Ag:(SR)-HI, [Agi(SR)s-2HT, [Ags(SR)s-3HT, [Ags(SR)s-2HT, [Ags(SR):-3H], [Agi(SR):-4HT,
[Ags(SR)s-4H], [Ago(SR)s-SH], [Agio(SR)s-5H], [Agi1(SR)s-6H] ... These species contains M thiolate
groups. The additional N-M+1 deprotonations are due to carboxylate groups. One deprotonation
accounts for the global charge of the system. We can then assume that each of the N remaining thiolate
and carboxylate removes one valence electron from the N silver atoms. This indicates that the Ag can
be viewed as Ag(I) in all the species observed here, therefore they can be categorized into Ag(I)-thiolate
complexes. The peaks labeled with a star correspond to complexes with an additional sulfur atom
attached. These complexes may come from in source dissociation of [Agn(SR)m-(N-M-+1)H] species

through a loss of C;O.H, (Figure 4. 16).

Previous combinations of electrospray ionization sources and lasers were used for ablation or desorption
of organic and bio-molecules from substrates, which allowed to separate ablation and ionization
processes*' 24, Here, the laser is used to vaporize a metal rod resulting in metal atoms and/or metal
clusters. Chemical reaction of the vaporized metal with the acid contained in the spray leads to the
formation of ligated clusters. The droplets of solvent act as micro-reactors for chemical reactions. This
reaction occurs on a time scale that is driven by solvent evaporation. The micrometer size of the droplet
leads to a probability of encounter for the reactants close to 1. For comparison, Figure 4. 15¢ shows a
mass spectrum recorded using only water as the solution for the spray. It shows oxidized silver clusters.
Comparison between Figure 4. 15b and c illustrates how the ligands contained in the spray prevent the
clusters oxidation. The observed size range is limited by the mass range of the mass spectrometer (m/z

2000) and we do not observe large complexes with a metal core surrounded by ligands as obtained from
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Figure 4. 15 a) Mass spectrum recorded using the thioglycolic acid solution without metal vaporisation. b) LAVESI mass
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Jformula for these clusters is [Agy(SR)y — (N — M + 1)H] . ¢) LAVESI mass spectrum obtained by vaporisation of a silver
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Figure 4. 17 The MS" spectra of selected LAVESI species. (left) MS? spectrum of [Ags(SR)5 — 2H]~, with and without the
collisional activation. (right) MS? to MS* spectrum starting with [Ags(SR)s — 4H]™. The precursor for each subsequent step
is selected as a product of the loss of C,H,0, marked by red squares. Black circles mark the loss of C0O,, and blue triangles
mark the loss of one thioglycolic acid.

wet chemistry? 2%, However, observation of metal clusters without spraying any ligand (Figure 4. 15c¢)
demonstrates that clusters can be formed directly within the plasma plume generated on the surface of

the rod without chemical reaction with ligands contained in the spray.

The different species studied in this contribution were synthesized by LAVESI in the gas phase by
sequences of collision induced dissociation (CID) of a silver—thioglycolic acid complex precursor (MS"
experiments). The different steps of ion selection and excitation are successively carried out in the high
pressure cell. The peak corresponding to four silvers atoms and tree thioglycolic acids was selected
(Figure 4. 17 (left)). Isotopic distribution analysis shows that the peak at m/z 702.6 is due to
[4Ag(C,H,0,5),C,H30,S], with a simplified notation [Ag4(SR)s;-2H]" .

Figure 4. 17 (left) shows the mass spectrum obtained after collisional activation of [Ag4(SR)3;-2H]™ (m/z
702.6). Two major peaks (m/z 658.5, and 614.5) are observed in the spectrum. Isotopic distribution
analysis shows that these peaks correspond to successive losses of CO, (44 Da), a 2nd CO, and SCH;
(46 Da) leading to a complex made of one thioglycolic acid and 4 silver atoms bonded to SCH;. A
possible pathway is first decarboxylation from the carboxylic group of a thioglycolic acid followed by
a decarboxylation from a carboxylate. The later leads to the formation of CH,S group, which is lost after

further excitation.

[4Ag(C2H,0,5),C;,H30,S]™ = [4Ag(C,H,0,5),CH3S]™ + CO,
[44g(C,H,0,5),CHsS]™ — [44g(C,H,0,8)(CH3S)CH,S]™ + CO,

(4.1)

Minor peaks are observed at m/z 644.4 and 600.5 corresponding to successive losses of 58 Da and 44

Da. They are attributed to C,0,H, and CO- losses.

{[4A9(C2H2025)2C2H3025]_ - [449(C,H,0,5),SH]™ + C;H,0,

[4Ag(C,H,0,S),SH]~ - [44g(C,H,0,S)CH,SHS]™ + CO, (4.2)
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Collision induced dissociation spectra recorded for [Ags(SR)3;-2H]- complexes (m/z 702.6) obtained
through the two different formation pathways (vaporization of metal rod with the LAVESI source and
from silver salt with the ESI source — previous chapter) result in CO,, and 2CO, neutral losses (Figure
4. 17 (left) and Figure 3. 2 (right)). The CID spectra are identical suggesting that both methods of

formation lead to similar complexes.

In Figure 4. 17 (right), the peak corresponding to eight silver atoms and five thioglycolic acids was
selected. Isotopic distribution analysis shows that the peak at m/z 1314 corresponds to
[84g(C,H,0,5),C,H;0,5]~ ([Ags(SR)s-4H]). Figure 4. 17 (b-c) show the mass spectrum obtained
after collisional activation of [Ags(SR)s-4H]| — (m/z 1314). A major peak (m/z 1256) is observed in the
spectrum. Isotopic distribution analysis shows that this peak corresponds to the loss of 58 Da and which
is attributed to C>O,H,, which is due to the internal fragmentation of the ligands. It results from a
cleavage of the S-C bond. A sulfur atom is retained on the complex which illustrates the strength of the
Ag-S bonding as compared to Ag-carboxylate?”. Minor peaks are observed at m/z 1268, 1222 and 1100
and correspond to successive losses of 44 Da, 92 Da and 214 Da. They are attributed to CO,, CoH40,S

and Ag, losses.

[849(C2H20,5)4C2H30,5]™ - [849(C2H;0,5)4HS]™ + C,H,0;,
[8A4g(C2H20,5)4C2H30,5]™ — [849(C;H,0,5)4,CH3S]™ + CO;, (4.3)
[849(C,H,0,5)4C,H30,8]™ - [849(C,H,0,5)3C,HO,S]™ + C2H,05S
MS? and MS* spectra obtained after collisional activation of [Ags(SR)sS-3H]" (m/z 1256) and
[Ags(SR)3S:-2H] (m/z 1198) respectively (Figure 4. 17¢ and d) show that the loss of C,O>Hj is still the
dominant process. Decarboxylation in this case is a minor pathway. The loss of thioglycolic acid
(C,H40,5) is also observed. This shows that the reactivity of the complex depends on the number of

metal atoms.

4.2.2 Ligated gold complexes

Figure 4. 18 shows a mass spectrum obtained after vaporization of a gold rod. Formation of ligated gold
complexes is observed. Small sizes have a stoichiometry similar to the one that we obtained by
electrospraying a gold salt solution (Figure 3. 4). For gold, larger sizes are obtained using the LAVESI
source. The mass spectrum is dominated by species with N=M, which is in agreement with the formation
of small chains with equal number of ligands and gold cations. This is different from silver, for which
chains with metal cation in excess were observed?’. Due to difficulty of synthesis and susceptibility to
oxidation upon exposure to air, it is a significant challenge to prepare stable ligated copper complexes,
and therefore studies of copper containing species are still at a preliminary stage compared to what has
been achieved for both ligated Ag and Au clusters’®*!. ESI -MS and MALDI-TOF-MS was already

used to analyze low mass Cu-thiolate fragments generated from Cu nanoparticles 3'32,
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Figure 4. 18 LAVESI mass spectrum obtained by vaporisation of a gold rod and spray of thioglycolic acid. Mass ranges are
separated to medium mass range (50-2000 Da) (top) and high mass range (2000-4000 Da) (bottom) due to the technical
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Figure 4. 19 LAVESI mass spectrum obtained by vaporisation of a copper rod at a capillary temperature of 50°C. The exact
formulas for the species are given in the Table 4. 4.

4.2.3 Ligated copper complexes

Figure 4. 19 shows a representative mass spectrum obtained by vaporizing a Cu rod. Most intense peaks
are assigned to Cui3(SR)2, Cua-s(SR)3, Cus.7(SR)s, Cus.o(SR)s, Cuz-10(SR)s, and Cu7.13(SR)7 complexes.
Examples of isotopic distributions recorded using the high resolution zoom scan mode of the mass
spectrometer are shown in Figure 4. 20. Unlike silver and gold species, complexes containing a higher
number of ligands than the number of metal atoms are observed. Experimental isotopic distribution
recorded for Cu(SR)" is given in Figure 4. 20a. It corresponds to [Cu(SR),-2H]". Assuming a charge of
~-1 on each sulfur atom and on two deprotonated carboxylate groups, the total charge on the metal atom
would be ~+II. Another possibility is the formation of a disulfide bridge mediated by copper™. In this
case Cu is in the oxidation state +I. Experimental isotopic distribution recorded for Cux(SR)," is given
in Figure 4. 20b. The comparison of the experimental data with calculated distributions establishes that
the exact species that we observed here are a combination of two ions: [Cu2(SR)2-2H]™ and [Cux(SR)2-
H] . Figure 4. 20c shows the isotopic distribution of [Cu3(SR),-2H]", and Figure 4. 20d shows an
isotopic distribution corresponding to the superposition of [Cus(SR),-2H]™ and [Cu4(SR).-3H].
Observation of multiple species at the same m/z is independent of the species stoichiometries and is due

to the different combinations of copper oxidation states in the complex. The different complex sizes and
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exact chemical formula observed in Figure 4. 19 are summarized in Table 4. 1. All of the observed
species with exact chemical formula and corresponding mass range of the isotopic distribution for all
three of the metals are listed in Table 4. 2 (silver), Table 4. 3 (gold), and Table 4. 4 (copper). While in
silver and gold mass spectra, the observed species can be simply rationalized as Ag(I)-thiolate and Au(l)-
thiolate complexes, in the case of copper the different possible oxidation numbers of copper lead to a
richer chemistry and more complex mass spectra. In most cases, contribution of Cu ions with oxidation
states (I) and (II) are observed. For two sizes ([Cu(SR)2-2H |, [Cu2(SR);3-3H]), Table 4. 1 suggests the
contribution of the Cu (III) ion.

Table 4. 1 Comparison of ligated silver and copper complexes obtained with LAVESI.

N(Metal) M(SR) Formula for silver clusters Formula for copper clusters

1 2 Ag(SR), Cu(SR),-2H
2 2 Agy(SR),-H Cux(SR),-2H and Cux(SR),-H
2 3 Cux(SR)3-3H and Cux(SR)3-2H
3 2 Ags(SR),-2H Cus(SR),-2H

3 3 Agy(SR):-H Cus(SR);-3H
4 3 Agi(SR)3-2H Cu4(SR)3-3H and Cuy(SR)3-2H
4 4 Cu4(SR)4-3H and Cuy(SR)4-2H
5 3 Ags(SR)3-3H Cus(SR)3-3H
5 4 Ags(SR)4-2H Cus(SR)s-3H and Cus(SR)s-2H
6 4 Age(SR)4-3H Cug(SR)s-3H and Cug(SR)s-2H
6 5 Cug(SR)s-3H
7 4 Ag7(SR)4—4H Cu7(SR)4—4H
7 5 Cus(SR)s-4H
8 5 Ags(SR)s-4H Cus(SR)s-5H and Cus(SR)s-4H
9 5 Ago(SR)s-5H Cuo(SR)s-5H

Table 4. 2 List of formulas and mass ranges for silver species obtained with LAVESI source. All clusters are singly negatively

Ags(SR)s-4H
Ago(SR)s-5H

charged.
Formula for silver clusters Mass range (Da)

Ag(SR)» 288.9-292.9
Ag)(SR),-H 394.6-400.7
Agi(SR).-2H 500.5-508.5
Agi(SR);-H 592.5-600.5
Ags(SR)3-2H 698.3-708.3
Ags(SR)3-3H 804.1-814.3
Ags(SR)s-2H 896.1-906.1
Ags(SR)s-3H 1002.1-1014.1
Ag7(SR)s-4H 1107.9-121.9

1305.9-1321.9
1413.7-1429.7
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Table 4. 3 List of formulas and mass ranges for gold species obtained with LAVESI source. All clusters are singly negatively

charged.

Formula for gold clusters Mass range (Da)
Auy(SR);-H 666.1-668.1
Auz(SR)s-H 953.9-955.9
Auy(SR)s-2H 1150.0-1153.8
Aus(SR)s-2H 1437.8-1439.8
Aue(SR)s-2H 1725.6-1729.7
Aug(SR)s-7H 2022.2-2026.0
Aug(SR)7-3H 2007.6-2214.1
Auio(SR)-H 2602.6-2610.0

Auii(SR)10-5H 3067.1-3075.6

Table 4. 4 List of formulas and mass ranges for copper species obtained with LAVESI source. All clusters are singly
negatively charged.

Formula for copper clusters Mass range (Da)

Cu(SR),-2H 242.8-246.8
Cuy(SR)2-2H and Cux(SR),-H 305.8-311.6
Cuy(SR);-3H and Cuy(SR);-2H 395.6-402.5
Cus(SR),-2H 368.7-374.5
Cus(SR)s-3H 458.6-464.7
Cus(SR)3-3H and Cus(SR)3-2H 521.5-530.4
Cus(SR)s-3H and Cus(SR)4-2H 612.4-621.3
Cus(SR)3-3H 584.4-592.3
Cus(SR)4-3H and Cus(SR)s-2H 675.3-686.3
Cug(SR)4-3H and Cue(SR)4-2H 738.2-750.1
Cus(SR)s-3H 829.0-838.9
Cu7(SR)s-4H 800.1-812.2
Cus(SR)s-4H 892.0-904.0
Cus(SR)s-5H and Cug(SR)s-4H 953.0-976.8

Cus(SR)s-5H 1016.0-1029.6
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Figure 4. 20 Isotopic distributions for several ligated copper complexes created by LAVESI. Coppers characteristic isotopic
pattern helps us identify the observed signal in some cases as superposition of two species.

4.2.4 Ligated bimetallic complexes

In order to produce the bimetallic clusters, an alloy rod was used in the LAVESI source. The rod was a
silver wt 50%, gold wt 50% mixture. Figure 4. 21 shows mass spectrum rich with new species. Easily
identifiable are the monometallic species of gold and silver with thioglycolic acid, already seen in
LAVESI experiments with a rod of one metal. For the species with total number of metal atoms 1 <
x +y < 5 complexes with same or greater number of ligand molecules than metal atoms can be found
in the spectrum. For number of metal atoms x + y = 4, though we see that number of ligand molecules
never surpasses the number of metals, and in case of x + y = 6, metal is in greater abundance. A list of
all of the observed species along with exact chemical formulas and m/z ranges can be found in Table 4.
5. All of the observed bimetallic species save four correspond to the same general formula
[(AuyAgySR,) — ((x +y) —z+ 1)H]™, which is the same generic formula that can be used to
describe the observed silver clusters. This would indicate that these complexes follow the “chain-like”

structure already attributed to small silver complexes®.
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Figure 4. 21 LAVESI mass spectrum obtained through vaporisation of gold-silver alloy rod (1/1 ratio) and electrospraying
thioglycolic acid. The coloured peaks represent the groups of the same total number of the metal atoms in the complex. The
numbers correspond to the number of gold, silver and ligand respectively which make up the complex.

Table 4. 5 List of formulas and mass ranges for bimetallic species obtained with LAVESI source. All clusters are singly

Au;Ag(SR)4-H
Auy(SR)s-H
AuzAg3(SR)4-2H
AuzAgy(SR)s-2H
AuAgy(SR)s-3H
AuwsAg(SR)s-H
AuAgy(SR)s-4H
AU3Ag3(SR)5-2H
AwAgy(SR)s-2H

negatively charged.

Formula for bimetallic clusters Mass range (Da)
Au(SR), 378.2-379.4
AuAg(SR),-H 483.9-489.2
AuAg(SR)3 575.8-581.3
Aux(SR); 665.6-669.4
AuAgy(SR);-H 681.6-689.1
AwAg(SR);-H 771.6-777.2
AuwAg(SR)4 863.0-869.2
Aus(SR)4 953.5-957.3
AuAgy(SR)3-2H 877.6-885.1
AuAgy(SR)4-H 969.2-977.1

1059.4-1065.2
1149.2-1153.3
1075.5-1085.0
1165.4-1173.0
1255.4-1262.4
1346.5-1352.4
1271.3-1280.9
1363.0-1372.4
1452.5-1458.5
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4.2.5 Conclusions on ligated complexes

In conclusion, we successfully combined ESI and laser vaporization to produce ligated-metal species.
First results show the possibility of producing complexes with various metals, and metal alloys. We
observe a variety of new species, in particular sizes and stoichiometries, which were not obtained from
electrospraying a metal salt solution. Previous results on the formation of bare metal clusters by
vaporization of metal rods® suggest that the LAVESI source could be used to produce hybrid clusters of
almost any type of metal. LAVESI opens new perspectives to study the structure and chemical properties
of ligated metal species by mass spectrometry as exemplified for silver and gold clusters with an
extended range size as compared to previous reports and with the observation of completely new species

for copper.

4.3 Conclusion

We have shown the mass spectra of the species obtained with the new LAVESI method. The method
consists of coupling the laser vaporisation of a metal rod with electrospray ionisation of a solution. This
way, the vaporised metal complexes react with the constituents in the electrospray plume and form new
species. In cases when only electrospray voltage is applied and nothing is sprayed, metals react with
atmospheric constituents to form diverse species M, N,,, H;? and M,,0,,H;?, in both positive and negative
modes. Also, pure metal clusters are detected. Electrospraying H,O or D, 0 increases the abundance of
these products and decreases the intensities of pure metal clusters. Introducing a small thiol molecule in
the ESI plume however completely changes the observed species. All of the previously observed

complexes of pure metals and their products disappear and are replaced by ligated metal complexes

MnSRwm . The presence of the ligand in the electrospray prevents nucleation and oxidation of metal,
instead replacing it with reactions with the ligand. Multiple new species are observed for thioglycolic

acid and silver, gold, copper and silver/gold alloy.
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5. Gas phase reactions

Reactions of the bare metal clusters and metal complexes were done in the gas phase. The goal of the
experiments was to achieve a catalytic cycle in the process of CO, NO, or alcohol oxidation, as those
are the reactions either commonly used in industrial chemistry, or especially interesting for green

chemistry applications.

In doing the reactions we focused on examining the smallest complexes, typically 1-5 atoms of metal,
and their corresponding products. This was done because of ease of understanding the reactions
observed, as it is simpler to do it on smaller systems, both for figuring out the reaction steps and for

theoretical calculations. The problem of scalability is not considered for the time being.

All of the experiments are done with the setup described in the previous chapter, the reactant gas pressure
and concentration are always the same, as well as the dimensions of the rod and laser power. The
capillary temperature varies 25-150°C, and other ESI and ion optics conditions are optimised for each
type of metal individually. The optimization is carried out with pure helium (He) as buffer gas, prior to
introducing the reaction gas mixture. All of the mass spectra are recorded after ~20 minutes after the
He/reactant mixture valve has been opened, to allow the pressure to equalise in all parts of the setup,

and the reactant to fully diffuse into the trap.

5.1 Metals with CO

Carbon monoxide (CO) is a very important atmospheric constituent. Due to its health effects, it is
considered as a pollutant in the atmosphere, it is dangerous for humans in concentrations above the 9
ppmv concentration. It can mostly be found in troposphere, which is the lowest layer of the atmosphere
which makes it an important environmental factor. Since it is a product of internal combustion engine,
as well as several industrial processes, a low-cost, ambient temperature and pressure CO oxidation or
removal is of particular interest. In addition, because of effects of CO poisoning of catalysts in hydrogen
fuel cells'. Another aspect of importance of reactions with CO is that they are suitable for probing the
process of heterogeneous catalysis in general®*. The studies carried out in the gas phase allow us to
monitor the reaction on highly monodisperse species of small metal clusters, which can give us also an
insight into their basic chemical properties. The reactions with CO were done at two different

concentrations CO in He.

Reactions such as CO oxidation by molecular oxygen are very important in heterogeneous catalysis as
a model surface reaction. Studies with metal clusters and CO have already been done in the gas phase.
A very detailed account on transition metal carbonyl reactivity was published by Ervin in 2001 where
they describe the reactions of multiple transitional metal cluster anions, with CO, under flow reactor
conditions, with emphasis on the metals of nickel and copper groups®. Main contribution to CO —

transitional metal bonding is the o donation, = back-donation, which makes it very favourable for metals
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with unfilled d shell which means that for the copper group metals, the CO is weakly bound®. According
to this, the bond strength between the metal and CO depends on the balance between CO to metal
electron donation and metal to CO electron back-donation, and thus the stronger bonding is expected
for cations compared to neutral or anion species’. In case of silver anions, the bonding is unfavourable
due to its low energy d orbital which makes the, m back-donation difficult. This could explain why so
far silver anion reactions with CO have not been detected either in flow reactor or ion trap conditions>®.
Gold anion clusters on the other hand react with CO. Due to relativistic effects, the s-d orbitals distance
is reduced, facilitating m back-donation. The formation of carbonyl complexes for all Auy,,n > 1 has
been reported in variety of experimental conditions® '3, Cations of both gold and silver react with CO.
Ag*tand Agiboth adsorb CO molecules. The Ag3also dissociates in the presence of CO to form
Ag(C0),,* complexes®. The catalytic activity of gold towards CO has been observed in several

14-16

instances'*'¢, as well as the reactions preference over gold oxidation via N>O'.

With small anionic and neutral clusters of palladium, a very strong size dependence in reactivity was
observed'8. Palladium cationic clusters show very high reactivity with CO. This is observed over a wide
range of temperatures, from 100K to 300K'. In addition, IR spectroscopic studies on nickel group
metals have investigated the binding sites of the first CO molecule on metal clusters with 3-25 atoms
and found that platinum and nickel adsorb only in top site, while palladium exhibits a variety of binding

sites.

In general for the small copper and nickel group metal clusters, of 3-7 atoms, the binding energies of a
single CO molecule seems to be around 0.6-0.9 eV which is very close to the values for binding on
extended surfaces (-0.5 - -0.6 €V)?. The nature of the CO — surface binding greatly depends on the
metal, as well as the surface structure and reaction conditions. Insights into molecular or dissociative
adsorption of CO on various metal gained through vibrational spectroscopy show that the copper and
nickel group metals favour the molecular adsorption at ~300K for neutral and cationic clusters, and
additionally anionic for Pd, Pt and Au. The exception is copper which favours the dissociative

adsorption®’.

Several studies both theoretical and experimental have been made so far to study the influence of
hydrogen adduct on the metal cluster. The calculations show that the Au,H clusters become more
catalytically active in comparison to Au,, and with lower activation energy for CO oxidation reaction?'.
Similarly, the preadsorption of H,0 on the Au enhances the CO and O, adsorption. Also molecular
hydrogen can overcome the inertness of gold cluster cations towards molecular oxygen®*. For gold
anions, the Au,H™is a minor contaminant. The study of this species has shed light on some previous
anomalous Au-Au distances found in nanowires, implying the existence of an “invisible” hydrogen
impurity®. The preadsorption of H2 and H2O has also been discussed as a suitable means of lowering

the binding energy of CO to the Au,Agn cluster, due to charge donation®>*,
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5.1.1 Reactions at low CO concentration

The experiments with low CO concentration were done with a 0.1% He/CO mixture. The low
concentration is suitable because it interferes less with the optimal buffer gas pressure in the ion trap.
This reduces the degradation of resolution seen in the experiments with high concentration. Also, it

allows us to see the intermediate products of reactions.

Figure 5. 1 shows the reactions of Au*, Auj, Aud and Auf. The Autand Au} exhibit only simple
reactions, i.e. sequential adsorption of several CO molecules. For the monomer, long trapping time is
required to detect any products (Figure 5. 1a). The only products we can see are Au(C0O)" and Au(C0O)3.
The first two CO molecules are bound strongly to the monomer, and after that, the binding energy of
subsequent ligand drops significantly?®. The species observed are similar for Au3 (Figure 5. 1¢). The
intensity of the products in comparison with the parent ion is very low. In addition to simple adsorption
of one, two and three molecules of CO, we can see the Au;(C0);07 species. It is unclear whether this
species is created by fragmentation of from bigger species, or by dissociative adsorption of oxygen to
Aus(C0O)3 (Figure 5. 1c). The Aug and Auf show different behaviour than the other two species (Figure
5. 1b and d). The Au3 is seen to dissociate in presence of CO. The observed species are Au(C0)* and
Au(C0)3%. From the mass spectra alone it is not possible to determine whether the dissociation proceeds
before the reactions, and it is gold monomer which reacts with CO, or if some product of Au and CO
is unstable and fragments into smaller species. Further discussion and analysis of this effect as well as
comparison with Au, H* reactivity and stability can be found in Section 5.1.3. In the mass spectrum of
Auf we can see the products of the CO adsorption, the Au,(CO)* Au,(CO)3, Au,(CO)Fand
Au,(CO)Z. In addition to this there are Auz(CO)*, Auz(C0O)% and Au;(CO)3 present in the mass
spectrum. This would indicate that in the presence of CO the Auj dissociates to the more stable Auj
which then reacts with the reactant gas, or that some of the Au,(C0);} products fragment, losing one

gold atom to produce these species.

In Figure 5. 2 mass spectra of gold species with 5-9 atoms are shown. With low concentration CO in the
ion trap, all of these species show some reactivity towards CO. The lowest relative intensity of the
products compared to parent species is seen for Aug . The products can be described by a general formula
Aun(CO)', 5<n<9,1<m<4. Additionally, for Aufand Aug, Au;(CO):and Aug(CO); are

observed.
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In general, even though they do exhibit reactivity towards CO, the copper-group metals are not highly
reactive towards it, and nickel group metals are known to be more reactive towards CO°. As can be seen
inFigure 5. 3, analogous to gold, the Pt and Pt adsorb a number of CO molecules, though, consistent
with higher reactivity, for platinum more new species are observed than with gold monomer. The
observed species are Pt(C0O)*, Pt(CO)3 and Pt(CO)%. PtN* and PtN(CO)7 are also present in the
spectrum. The intensity of the products for Pt™ is very weak, regardless of the long trapping time (Figure
5. 3a). The reactivity of Pt seems to be significantly higher than its gold counterpart (Figure 5. 3c).
Many products can be seen in the spectrum as the result of CO adsorption to the cluster. All of these
new complexes can be described by formula Pt;(C0O);. We observe species with 1 < n < 7. As was
the case with the gold dimer, the Pt3 species shows instability in the presence of CO. we can see the
dissociation clearly, though, not the reaction products of the monomer. As with gold, more detailed look
at this species in higher CO concentration can be found in Section 5.1.3. The Pt} cluster seems to be
much more reactive than the two previous ones, and also than the Au cluster. In Figure 5. 3d we can
see with t,.; = 300ms same as other three species that the relative abundance of the products far
surpasses that of the parent ion. The parent ion is almost completely consumed in reactions, and product
species dominate the spectrum. The most intense of these is the Pt,(CO)g, which is also the biggest
species detected, and was found to be the saturation limit for Pt; in the flow reactor conditions®. Same
as Auj, Ptf also dissociates, in the presence of CO, to produce Pt . The only detected product of Pt3
that can be seen here is Pt;(C0O)¢. This situation is again analogous to gold, for which we also see the

products of adsorption on trimer after the tetramer fragmentation.

Out of the copper group metals, silver is the least reactive with CO. In Figure 5. 4a we see that in pure
helium the silver monomer is, as expected inert. Some minor aggregates with H.O and OH' are present,
but their intensity is far below that of the precursor ion. In the presence of CO (Figure 5. 4b), the
precursors intensity is reduced due to less efficient trapping. Also, new products, with CO can be seen.
Unlike with gold, the silver-CO complexes observed here are never just Ag(C0);, but contain either

oxygen, hydroxide or hydrogen.

5.1.2 Reactions at high CO concentration

As explained before (Chapter 2.4) our experiments uses two different He/CO mixtures for reactions in
the ion trap. The high concentration bottle is 5% (v/v) mix of helium and CO. The concentration of CO
in this case is high enough to disturb the normal operation of the ion trap, as it reduces the ability of
helium buffer gas to effectively thermalize and stabilize the ions in the trap. Effectively, this causes a
significant decrease in resolution of our mass spectra. Because we observe numerous species containing
different number of hydrogen atoms, it is for this reason that we are not always able to precisely
determine the number of hydrogen atoms present. In these cases, a question mark is used in place of the

number of hydrogen atoms, indicating they are present in the complex, but in unknown quantity.
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Figure 5. 3 Reaction with low concentration CO for Pt*, Pt, Pt§ and Ptf. The red star marks the parent ion, the red
numbers mark the number of adsorbed CO molecules to platinum cluster.
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As seen in the previous section, gold cations show reactivity with CO. The reactions observed are not

just with pure gold complexes, but Au, H* and Au,,N* as well, and they show very different reactivity.

As with the low concentration, the small, pure gold clusters the Au*and Au} exhibit sequential
adsorption of several CO molecules. With high concentration though we see the species with more CO
molecules adsorbed to the metal cluster. In addition, the new species contain several hydrogen atom,
something not seen in products obtained with low concentration. In case of gold monomer, for shorter
trapping times (ty.; = 100ms), the observed products are Au(C0)*, Au(C0)3, Au(C0)6H2’L/4 and
Au(CO),H; . For longer trapping times (t,. = 500ms) we can see some new peaks arising notably
Au(C0)3H;'/4/6 and Au(CO)lOH;'/S and larger species as well (Figure 5. 5 — left). At the same time the

Au(C0O)* and Au(C0)3 disappear, which leads to conclusion that the subsequent larger species are
formed by reactions of the smaller precursors. Due to high concentration of CO in the trap (5% of the
buffer gas) for longer trapping times we can assume the saturation limits for the adsorption of the CO
on the gold complex is achieved. This is in agreement with experiments carried out with lower CO
concentration (0.1% of the buffer gas), where we only see the Au(C0)* and Au(C0)7 as products. This
means that the hydrogen atoms that we see in larger species are added after the initial adsorption of one
and two CO molecules, and aid in stabilising the complex. This could also explain significantly higher
saturation rates observed in our experiment in comparison with previous gas phase studies of cationic
gold clusters®®. The peaks broadening in the case of higher concentration are caused by the non-nominal
pressure in the trap due to introducing He/CO mixture instead of pure He. Also, the elongation of the
peaks towards smaller 7/z indicates that the detected species are metastable (Figure 5. 5 —right), which
is in agreement with previous results assigning weaker binding energies to the Au(C0);; species forn >

3.
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Figure 5. 5 (left) MS? spectrum of gold monomer with high concentration of CO in the ion trap. (right — top) Zoom in on
Au(C0)3 peak. (right — bottom) Zoom in on Au(CO)¢ peak. Because gold is monoisotopic the structure of the peaks cannot
be explained by isotopic distribution of the constituting elements. The comparison with the calculated mass spectrum reveals

them to be the result of the different number of hydrogen atoms present in the complex.
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The Aud shows somewhat different behaviour. As products of its reactions we can see not only the
adsorption of carbon monoxide and hydrogen, but some bonding of H,0(OH) as well. For higher CO
concentration, the Auj seems to achieve saturation for fewer number of CO molecules than the gold
monomer even when given more time to react inside the trap. The largest product species observed is
Au3(CO)gH; (Figure 5. 6). The species observed in reactions with low CO concentration are depleted
in favor of producing the bigger species. Same as with Au™ hydrogen atoms stabilize the complexes.
Reaction kinetics suggest that initially, for shorter trapping times, the reactions occur slowly. For
trapping longer than 50 ms we see a drastic depletion in the precursor ion and increase in intensity of
the products. The most abundant product is Aus;(C0)%. The maximum of the peak at m/z 674
corresponds to exactly that formula without the added hydrogen atoms. The broadening of the peak to
the right though suggests the existence of additional 1-3 hydrogen atoms. Under collisional activation
the Au? does not show any fragmentation until 12 N.C.E. As can be seen in Figure 5. 6 (right — bottom),
the fragmentation of Au3(C0O)¥ and Aus(CO)gHy, together with the rise of Au(CO);: and
Au,(CO)3 starts already at 10 N.C.E., indicated that the small species are produced not just by reactions
of the fragmented monomer, but they might be formed from Au;(C0)% and Au;(CO)gH; by loss of
Au,(C0),.The main fragments are gold monomer and dimer. The fragmentation mass spectrum is
dominated by products of the monomer. As in the case with direct isolation of the monomer, the smaller

species are first to emerge, subsequently producing the bigger ones.
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As was already seen in the experiments with low concentration, Auj undergoes dissociation as well as
reactions after the CO has been introduced in the trap. For high concentration of CO, in the MS?
spectrum, we can see the fragment products Auz(C0)s* and AuzN(CO)3*, as well as Au,CO™,
Auy(CO)3 ", Auy(€0O), and Auy(CO)s™ (Figure 5. 7). The existence of smaller species in the spectrum
in absence of collisional activation indicates that, the Auj becomes unstable in the presence of CO. This
results in formation of the products of Aus(C0),,". Comparison of the Figure 5. 6 and Figure 5. 7 shows
that the Auz(C0),* are analogous to the ones obtained in reactions of Aui, for both high and low
concentration CO. This could indicate that Auj fragments by loss of neutral gold atom, and the products

are formed through successive adsorption of CO after the fragmentation.
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Figure 5. 7 (left) MS? spectrum of m/z 788 which corresponds to Au} (marked with a red star) for two different
concentrations of He/CO. The red numbers correspond to complexes Au,(CO);:, and the blue numbers correspond to
complexes Auz(CO);.

As already seen in experiments with low CO concentration, platinum shows many similar properties to
gold. This is confirmed in studying the reactions with CO. Platinum clusters show very high reactivity
with CO (Figure 5. 8). The saturation rates of platinum clusters observed in our experiment exceed those
previously reported in flow reactor conditions’. Except in the case of dimer, platinum clusters do not
show dissociation in high concentration CO. Their reactivity is higher than those of gold and silver
clusters, as is typical for the nickel-group metals’. For platinum, higher number of added CO molecules

are observed, and with shorter isolation times than those applied for gold and silver.
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Figure 5. 8 Reaction with high concentration CO for a) Pt*, b) PtS, ¢) Pt§ and d) Pt{. The red star marks the parent ion.
Formulas in black correspond to the assignment of adjacent peaks.

In silver monomer reactions we see a similar effect as with gold. The products of reactions with high
CO concentration are Ag(CO), H;tcomplexes. As already seen in experiments with low CO
concentration, the complexes with silver show tendency to react with the background fragments in the
trap. In Figure 5. 9 we again see the effect of addition of even number of hydrogen atoms to the metal-
CO complex, an effect not seen in experiments with low CO concentration. The exact number can only
be determined for the Ag(CO)sH3 4, but comparison with simulated mass spectrum of other species
confirms they contain an even number of hydrogen atoms. Also an interesting feature is the apparent
symmetry of the peaks observed in the mass spectrum, where, for the first group, the first peak is the
most intense one, and for the second group, the highest m/z peak is the most intense one. This could
point to the stability and the intermediate nature of some of the species, where, Ag(CO)sH3 4, could be
more stable species, and species with additional CO molecules are less stable, so they fragment, while
the high intensity of Ag(C0),,H; could point to affinity of the silver monomer for high CO saturation

levels in these conditions.
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5.1.3 Hydrogen stabilised metallic dimers

5.1.3.1 Gold and platinum dimer reactivity

Gold dimer and Au,H* are good example of reactivity modified by hydrogen adsorption. By doing
tandem MS on both species with narrow mass selection window (Am < 1Da), we were able to
distinguish the reactivity of both species. Both species are stable in the presence of pure buffer gas. The
mass spectrum shows no bonding of water molecules or oxidation. After introducing the CO in the trap,
the gold dimer becomes unstable and dissociates, at the same time reacting with the CO (Figure 5. 10).
The products observed are Au(C0)™, Au(CO)2+ and Au(C0)6+. Some Au, (C0)6+ is also formed, as
well as some Au,N*. The Au,, N,;i complexes are not uncommon, and can be seen in the LAVESI mass
spectrum of gold, prior to the introduction of CO, as they are formed in the source part of mass
spectrometer. The reaction kinetics show the Au(C0)* is formed on a time scale faster than 0.1ms. The
onset of Au(C0),* comes after 10 ms (Figure 5. 10 — right) trapping time, and its increase is followed
by the decrease in abundance of Au(C0)* indicating that the bigger complex is formed from the smaller
one by addition of a CO molecule. The complexes with more CO, Au(C0)¢" and Au,(C0)g* remain
of low intensity even with longer trapping times, and only show slight rising trends. Unlike Auj, the
Au, H* doesn’t dissociate in the presence of CO in the trap. New species are formed by addition of CO
on the precursor complex. They correspond to the generic formula, Au,H(C0),,", wheren = 1,2,6,7
(Figure 5. 11). The hydrogen atom seems to stabilize the complex and prevent dissociation. Furthermore,
this species shows lower reactivity than Auj. Figure 5. 11 shows that it takes trapping times of more
than 50ms to observe some increase in abundance of the complexes with adsorbed CO and relative

intensity of the products remains low even for trapping times longer than 1s.
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Figure 5. 10 Gas phase reactivity of gold dimer. (left) Mass spectrum of isolated gold dimer in pure He (top) and in He/CO
mixture (bottom). The star symbol marks the precursor ion. (right) Reaction kinetics for 5% He/CO.
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Platinum species show behaviour analogous to gold. In this case though, it is more difficult to distinguish
the Pt and Pt,H* species because of rich isotopic distribution of platinum. This makes isolating a
single peak corresponding to just one species difficult. Both species, Pty and Pt,H* are present in the
mass spectrum with pure helium. When CO is introduced, we observe some new peaks. In this case, a
precursor ion at m/z 390 is selected, encompassing both ions. There are two groups of new peaks
emerging, both for experiments with low and high CO concentration. First one is the species formed by
addition of CO to platinum monomer. We are able to identify these partially by their isotopic
distribution, and partially by comparison with Pt* spectrum (Figure 5. 8). The other group is the
addition of CO molecules onto the Pt}. In experiments with high CO concentration, addition of up to

13 molecules of CO to Pt3 is observed.

5.1.3.3 Ag>" and Ag.H" reactivity

Similar to platinum, the MS studies of silver clusters are made more difficult by the fact that silver in
not a monoisotopic element. Still, since it has only two stable isotopes in approximately same
abundances, and separated by 2 Da, it is not very difficult to identify and isolate separately Agsand
Ag,H*. In figure Figure 5. 12 it is shown that both species are formed in the LAVESI source and exist
in the mass spectrum prior to introducing the CO. In these conditions both ions are stable and inert, and
no reactions of background fragments can be seen in the mass spectrum. Figure 5. 13a shows how, in
the presence of CO Agy dissociates to form Ag*. It also forms a hydroxide complex Ag,0OH*. The
Ag,H* is more stable, it doesn’t go through dissociation, and in reactions with CO, it adsorbs more
molecules than Ag3 (Figure 5. 13b). Mass spectrum of Ags shows many intermediate species which
would mean that either the bigger complexes are less stable, so they fragment to smaller ones, or that
the timescale for saturation of the complex with CO is longer, so the intermediate species are not yet

depleted.
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Figure 5. 12 Mass spectrum of Agy and Ag,H* in pure helium. Inset shows enlarged area in the rectangle. The peaks in
between the Ags correspond to Ag,H™.

5.1.3.4 Pd;" and Pd,H" reactivity

Palladium dimer behaves similar to silver. Despite the large number of isotopes of the element, we
manage to isolate monoisomer peaks to correctly assign the origins of individual species (Figure 5. 14).
In (Figure 5. 14 — bottom panel) we can see the effects of CO on PdJ and Pd,H*. Once again, the
species without hydrogen dissociates, analogous with silver, except for Pd* we do not see any Pd(CO);:
species. Instead Pd,(C0)% , Pd,(C0)% and Pd,(CO)} are observed. His neighbour, the Pd,H* also
reacts, and the products of these reactions are Pd,H(C0)*, Pd,H(CO) and Pd,H(CO)}. The
intensity of the reaction products in this case is very low. Unlike for the other metals mentioned above,
the results shown in Figure 5. 14 were obtained in low CO concentration conditions. The reason for this
is that due to the complex isotopic structure of palladium, the degradation of resolution in the high CO

concentration has made it impossible to confidently separate the effects of the Pd3 and Pd,H™.
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5.2 Theory

In order to better understand the nature of the complexes and the processes behind their behaviour, DFT
calculation were done on the system. The calculations were done by Dr. Pierre Mignon from the
Theoretical physical chemistry team headed by Dr. Abdul Rahman Allouche, at Institut Lumic¢re Matiére

in Lyon.

5.2.1 Au* structures and reactions
The calculations were done on Au™in order to explain the addition of hydrogen on Au(C0);; complexes,
as seen for example in Au(CO)3H; 14/6 Species (Figure 5. 5). Initial calculations are done on Au(C ()%

for n < 8to determine the geometries of the complexes and after that the positions and role of hydrogen
are examined. The functionals used were B3LYP and RI-B2P LYP with a basis set def2-TZVPP for
hydrogen and CO and def2-ECP-TZV VP for gold atoms. The results show that the first 4 CO molecules
are bound strongly to the gold, and after that the bonding becomes weaker. Figure 5. 15 (top) shows
how, with the addition of 5" CO, the initially tightly bound structure rearranges itself as
[Au(C0)3(C0),]* where 3 of the COs are bound strongly to the gold with bond lengths ~2.1A, while
the remaining two CO molecules bind loosely with ~3.3A bond lengths. Examining all of the calculated
structures for Au(CO);f we can see that the complexes for n > 4 can be described as Au(C0)3 and
Au(C0)?¥ with certain number of loosely bond CO molecules on them. The very low energy differences
between the structures for n > 2 tell us that the structure rearrangement seen for n > 4 are entirely
possible and easily done from the energetic point of view. The fact that the addition of CO is

energetically favourable does not explain the observed species in the mass spectrum in Figure 5. 5.

The hydrogens bond to the complex as radical, not as H> molecules. The exact mechanism of this
bonding remains, because of time constraints, unknown, but some indications of a chemical reaction
process exist. The calculations done on Au(C0),H; show hydrogen atom can coordinate to gold. The
addition of next CO molecule then is not on the gold but on the hydrogen. The complex undergoes the
rearrangement again, releasing the COH, in the process and regenerating Au(C0)3 from the start of the
cycle. The formation of the observed Au(C0O)3HZ would come from a gold atom coordinated by three

of the COH, groups produced in this cycle (Figure 5. 16).
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loss of CHOH

+ ® 3 cycles

Figure 5. 16 The chemical cycle of forming Au(CO)3HE . (top) a)-d) the stages in the production oh CHOH group on
Au(C0)3. (bottom) the CHOH groups from 3 cycles combine with a gold atom to produce Au(CO)sHZ .
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5.2.2 Aur* and Au,H* structures and reactions

The DFT calculations were done on Aufand Au,H* using a B2PLYP functional with a def2-TZVPP
basis set. The results show that addition of a CO molecule increases the Au-Au distance (Figure 5. 17).
This effect increases drastically for 1-3 CO molecules, and with addition of subsequent CO the distance
varies a little, but remains around 0.5A longer than for Auj, which favours the dissociation of Auj. For
both species, 4™ CO coordinated to the complex seems to be only loosely bound. From the energetical
point of view, the addition of CO molecules to the Auj is favourable. The dissociation of the complex
after the adsorption of second CO is easier than the release of CO. The effect of the Au-Au bond
elongation is not observed in the calculation results of Au,H™". The additional hydrogen atom prevents
the Au-Au bond elongation, preserving the system. The hydrogen in this complex carries negative
charge and the whole positive charge comes from gold atoms. It stabilises the complex by keeping the
two gold atoms close. The energy diagram for adsorption of CO to Au,H™ shows the dissociation of
AuyH(CO)7T , to be an unfavourable, energetically forbidden process, and coordination of additional CO
is easier. For the subsequent species with higher numbers of CO, the energy level of the dissociated

species is always harder than the addition of new CO (Figure 5. 18).
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Figure 5. 17 DFT structures of 1-4 molecules of CO coordinated to Auj and Au,H*. For Auj, the lowest energy structure
and the structure with the biggest Au-Au distance is shown. The numbers in black mark the atomic distances in A, and the
orange numbers represent charge distribution.
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5.3 Conclusions

The reactions with CO were done on gold, silver and platinum cation clusters. Two different
concentrations of CO were used to investigate the influence on the reactivity of clusters. At low
concentration CO (0.1% of the buffer gas pressure), the ion trap conditions are kept close to nominal,
so the degradation of resolution is negligible. The adsorption of CO on the metal clusters is observed.
In these conditions, the saturation rates of small gold and platinum clusters match those found in
previous studies. Also, intermediate species can be seen in these conditions, in especially by tuning the
trapping time. The products observed are the pure CO adsorption on the metal cluster in the case of gold
and silver. Some residual water and OH bonding can be seen for silver cations. Reactions with palladium
were not carried out with low concentration CO. In high concentration CO (5% of the buffer gas
pressure), the amount of CO in the trap is high enough to cause some degradation of resolution.
Additionally, the products observed are no longer the result of pure CO adsorption. The bonding of even
number of hydrogen atoms is observed for gold and silver species. For platinum, due to the large number
of isotopes and loss of resolution it is impossible to determine the exact numbers of hydrogen adducts.
The DFT calculations carried out on the gold monomer suggest that the hydrogen is not molecular, but
rather pairs of dissociated hydrogen. Due to high saturation with the reactant gas in the trap, many
intermediate species cannot be detected in these conditions even with short reaction times. Also, we

observe higher saturation rates of adsorption on the metal clusters, not previously reported.

For the dimers of gold, silver, platinum and palladium, and their neighbouring species, the MyH*,
experiments and theoretical calculations show that the adsorption of the hydrogen on the metal dimer
helps stabilise the complex. Platinum behaves in the same manner as gold, where the dimer dissociates
easily and M (CO); products are observed while the M, H* doesn’t dissociate and proceeds with CO
adsorption. Palladium and silver show less dissociation and both species can adsorb a number of CO
molecules. For the DFT study, Auj and Au,H™* were chosen for calculation. The analysis of the lowest
energy structures for a number of coordinated CO molecules on the complex shows that without the
hydrogen, dissociation of the complex becomes favourable after coordination of 2™ CO. The presence
of the hydrogen atom makes the adsorption of CO energetically favourable. Dissociation in this case is
forbidden for the first two coordinated CO molecules, and less likely for the subsequent ones. Metallic
shell closings can be considered as a reason for the different reactivity and stability of these complexes,
for the copper group metals. Both silver and gold have the same number of electrons in their final shell.
The Mj is an open shell system with only a single electron in the outer shell, while M,H* is a closed

shell. This gives it additional stability, as well as lower reactivity observed in reaction kinetics diagrams.

The AuH' complex is a closed shell system as compared to the gold cation dimer. In the most stable
conformation gold atoms are bridged by a hydrogen atom. This means that each gold is involved in a

covalent bonding with the other gold atom and with the hydrogen. A small amount of negative charge
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is present on the H (-0.16 a.u.) while the gold are both positively charged (+0.58 a.u.). The hydrogen
atom does act as a proton but accepts electron density from the gold dimer by forming covalent bonds
with them and thus stabilizing the system. CO coordination to this complex allows a gain in free energy
until the second CO coordination. Dissociation of these complexes in AuH+AuCO" or AuHCO+AuCO™
would cost a significant amount of free energy from Au,HCO" and Au,H(CO),", respectively. As such
these dissociation process are clearly unfavorable. From a free energy point of view, further CO
coordination are comparable to this one. It has to be noticed that a fourth CO coordination to the
AuH(CO);" complex spontaneously leads to a de-coordination of an initially bonded CO, thus leading
to the same covalently bonded Au,H(CO)s* system. For each Au,H(CO)n" complex with n=3.4,5 the

dissociation of Au,H is always the most unfavorable pathway.
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6. Conclusion

Due to their remarkable chemical and optical properties metal nanoclusters present a very attractive
domain of research. This work describes a development of a new experimental setup for bare and ligated
metal cluster synthesis and study of their gas phase reactions. As the bare metallic nanoclusters can be
very reactive or unstable, a protective shell of ligand molecules can be formed in order to stabilize the
cluster and protect it from reactions with environment, in order to preserve its properties. Our
experimental setup is based on coupling the laser vaporization with the electrospray ionization source
of a mass spectrometer, and abbreviation LAVESI (Laser Vaporization Electrospray lonization) is used.
The idea is to couple the rich variety of metal species produced by the laser ablation with the ESI ability

to ionize any soluble sample in order to produce metal nanoclusters protected by an organic ligand.

In order to validate the new setup, we compare the results obtained with the already known wet
chemistry synthesis of ligated metal complexes. The ligated metal complexes are formed in the
electrospray plume, when a mixture of metal salt and ligand solution is electrosprayed. This synthesis
produces a variety of small stoichiometric species (singly and doubly charged), with silver and with gold
salts and thioglycolic acid, a small thiol molecule, used as a ligand. This is useful especially in context

of comparison with the same species produced by other types of synthesis.

The results of LAVESI source with gold, silver and copper rods and thioglycolic acid show the
formation of metal-ligand complexes. The comparison with wet chemistry synthesis reveals the utility
of the new source as new species are observed, which are not created in solution. In addition, while the
attempts at creating ligated metal-thioglycolic acid complexes with copper and gold/silver alloy have so
far been unsuccessful, LAVESI source is able to produce an abundance of these species. In experiments
when only electrospray voltage is applied and nothing is sprayed, metals react with atmospheric
constituents to form diverse species of oxides, hydroxides and nitrides, in both positive and negative
modes. Presence of the ligand solution in the ESI plume completely eliminates the oxides, hydroxides
and nitrides and shows how the ligated species are formed in the reactions in the droplets and how the

ligand protects the metal complexes from oxidation.

Parallel to the development of the new cluster source, mass spectrometry was used to characterize
another wet chemistry synthesis. The procedure is based on mixing the ligand and metal salt solution in
the presence of reducing agents, and followed by a series of purification steps that results in a remarkably
monodisperse solution of glutathione capped gold clusters (AuisSGi3) which makes them ideal for non-

linear optical studies.

Gas phase reactions with CO were done on gold, silver, platinum and palladium cation clusters obtained
with LAVESI, with two different concentrations of CO in He buffer gas. CO adsorption reactions are

observed, with different saturation limits depending on the concentration. For low CO concentration,
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the saturation rates of small gold and platinum clusters match those found in previous studies.
Intermediate species are observed as well in these conditions, especially by tuning the trapping time. In
high concentration CO, the products observed are no longer the result of pure CO adsorption. The
bonding of even number of hydrogen atoms is observed for gold and silver species. The preliminary
DFT calculations carried out on the gold monomer suggest that this hydrogen is not molecular, but rather

pairs of dissociated hydrogen atoms.

Very interesting results are obtained with dimers of gold, silver, platinum and palladium, and their
neighbouring species, the M, H*. Experiments and theoretical DFT calculations show that the adsorption
of the hydrogen on the metal dimer helps stabilise the complex and protects it from dissociation during
reactions with CO. For the DFT study, Auj and Au,H* were chosen for calculation. The analysis of
the lowest energy structures for a number of coordinated CO molecules on the complex shows that
without the hydrogen, dissociation of the complex becomes favourable after coordination of 2™ CO.
Addition of CO to the complex increases the Au-Au distance, causing the dissociation. The presence of
hydrogen atom makes the dissociation a very unfavourable process. Keeping in mind the already known
chemical and catalytical activity of gold and platinum nanoclusters, shows the significance of this effect,
as the hydrogen preadsorption can protect the catalyst from degradation during reactions. Additionally,
platinum dimer behaves in the same manner as gold. Tetramers of gold and platinum show analogous
effects as well. For palladium and silver, similar processes are observed, show less dissociation and both

dimer and M,H* can adsorb CO molecules.

The results obtained with reactions with CO present just the first step in the ultimate goal of finding new
catalytic processes for CO oxidation. This presents perspectives for future work, where either bare or
hydrogen protected clusters can be used to aid the oxidation of the adsorbed carbon monoxide. Having
demonstrated the viability of the LAVESI source and the ability to produce novel ligated metal
complexes, further work can be done with various metal-ligand combinations in order to synthesize new

species.
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Appendix 1

Non-linear optics
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Introduction

The development of pulsed monochromatic maser and laser has made it possible to achieve focused
laser beams with very high field intensities. This has made possible the study of second harmonic
generation of intense laser beam when traveling through a crystal. This work was pioneered by the group
of Peter A. Franken, in 1961, just after the discovery of laser. Around the same time the group of W.
Kaiser and C. G. B. Garett experimentally demonstrated the multi-photon excitation®. It is worth noting
that some nonlinear effects were known before that, without the use of a laser, such as the work of
Gilbert Lewis in 1941° and Sergej Ivanovi¢ Vavilov and W. L. Lewschin during 1920s*°. However,

only with the development of the laser did the systematic and detailed studies of these effects took place.

Relaxation

Emission
AVAVAVAVAVAV: o

2-photon
2 x hc/z AN

Objective
lens

Focus

A : Plank const., c: velocity of light, A: wavelength

Figure A. 1 a) Schematic of single-photon, two-photon and three-photon excitation. The principle holds for multi-photon
processes qs well. b) Fluorescing areas in single- and multi- photon excitation process used in microscopic imaging. Figure
reprinted from Nemoto et al., Two-photon excitation fluorescence microscopy and its application in functional connectomics,

Microscopy, 2015, 64, 1, 9-15, by permission of Oxford University Press.

Because of the great technological and scientific interest in nanoparticles, they have been the focus of
intense research in many fields. Second order polarization (or second harmonic generation — SHG) is
very non-centrosymmetrically dependent, that is it cannot be generated by centrosymmetric systems®.
Many studies have been done in investigation of surfaces and interfaces of media possessing a centre of

inversion. This is valid for nanoscale and non-nanoscale systems. In nanoscale systems, especially for
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structures made of a few atoms only, the whole structure takes part in second harmonic generation,
which has to be taken into account. In these cases, the main signal arises from the whole volume of the
particle, so the absolute value of hyperpolarizability per volume [S/V] should be used. Non-linear
optical effects are, besides particle geometry, sensitive to the particle size as well, so for different

systems different effects will occur.

Under proper experimental conditions, the process of SHG can be very efficient, so much so that all of
the power of the incident beam is converted to the second harmonic radiation. In a single process two
photons of the frequency w are absorbed, and a photon of a frequency 2w is created (Figure A. 1).
Experimentally, the SHG is measured by a technique called hyper-Rayleigh scattering, first observed
by Terhune, Maker and Savage in 19657, For it, typically, a Ti:sapphire laser is used, at 800nm. The
laser beam is focused on the sample and polarization filters can be used to select the polarisation plane
of the incident wave. The detector is set at 90° relative to the incident beam. A series of lenses is used
to collimate the scattered light, and a monochromator and filters are used to remove any contributions
from the fundamental® (Figure A. 2). Particle concentration in the sample is very important as he signal
scales with the particle number. Also, high density is conducive to multi-scattering events, which may

distort the signal.

Long-pass filter
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HRS setup ::fom | | m
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|
ens 1 Band-pass filter
< Focusing lens

1 Interference filter

To acquisition ‘ Photomultiplier
electronics tube

Figure A. 2 General schematic representation of experimental setup used for measuring hyper-Rayleigh scattering. Figure

reprinted with permission from, reference ®.

The field of investigations of biological functions in the human body relies heavily on the advances of
new imaging techniques. The non-linear optical effects present a good basis for such imaging
techniques. Non-invasive imaging of brain functions of mice have been made possible recently by a
technique called two photon excitation fluorescence microscopy (TPEFM)® !¢, In the field of imaging,
the multiphoton fluorescence has been introduced in 1990 by Watt W. Webb'”. TPEFM is very
advantageous compared to confocal microscopy due to the very limited and small region in which the

excitation happens. When the focal point is moved horizontally this allows for the scanning of the tissue
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in layers, providing a tomographic picture (Figure A. 1). Additionally the NIR wavelengths used for
TPEFM are less absorbed and scattered in living tissue than visible light allowing for deeper imaging in
tissue samples. Another advantage of TPEFM for biological applications is the lower absorption of the
IR wavelengths by the living tissue, which leads to less thermal damage to the sample, so the imaging
can be done for a longer time in vivo'®. Theoretically, standard confocal microscopy should have a higher
resolution than TPEFM, but in real world implementations there’s always a trade-off between the

resolution and signal strength.

The development of a monodisperse, wet chemistry synthesis of ligated Au nanoclusters and the
investigation of its non-linear properties by hyper-Rayleigh scattering is described below. The
developed new method for the glutathione stabilised monodisperse Au;s clusters are described, and they
are studied together with Au,s nanoclusters obtained through current state-of-the-art methods. The study
shows that the smaller nanoclusters exhibit much larger two-photon processes. The comparison of the
results for small gold nanoclustes with previous studies of AU NPs reveals more than two orders of

magnitude stronger effects for small nanoclusters, marking the outlines for the quantum cluster regime.
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Non-linear optical properties of gold quantum
clusters. The smaller the better.

Isabelle Russier-Antoine, Franck Bertorelle, Marin Vojkovic, Driss Rayane,
Estelle Salmon, Christian Jonin, Philippe Dugourd, Rodolphe Antoine* and
Pierre-Francgois Brevet

By developing a new method for synthesizing atomically monodisperse Auis nanoclusters
stabilized with glutathione molecules and using the current state-of-the-art methods for
synthesizing monodisperse protected Auzs nanoclusters, we investigate their nonlinear optical
(NLO) properties after two-photon absorption. The two-photon emission spectra and the first
hyper-polarizabilities of these particles were obtained using, in particular, hyper-Rayleigh
scattering technique. The influence on NLO of the excitation wavelength, the size as well as
the nature of the ligands are also explored and discussed. Auis, the smallest stable thiolated
gold nanocluster, presents remarkable nonlinear properties with respect to two-photon
processes. The TPA cross section at 780 nm for Auis is ~ 65700 GM. This experimental cross-
section value points to a quantum yield for two-photon emission of about 3x10-7 at 475 nm for
Auis. The first hyperpolarizability B for Auis clusters (509 x 1073 esu), as compared to Auzs
clusters (128 x 1073 esu) is larger considering the difference in the number of gold atoms.
Also, the 103°.3/atom values reported for Auis and Auzs clusters are more than two orders of
magnitude larger than the values reported for Au NPs in the size range 10-50 nm, outlining the

quantum cluster regime.

Introduction

Due to discrete energy levels and molecular-like HOMO-
LUMO transitions, ultrasmall clusters exhibit a spectacular
optical behavior which is fundamentally different from that of
larger plasmonic nanocrystals.! Recently, considerable progress
has been achieved in the study of the linear and nonlinear
optical properties of gold nanoparticles and clusters of varying
size and shape.>* The evolution of nonlinear optical properties,
from gold atomic clusters to plasmonic nanocrystals has been
addressed by Thomas and co-workers.’ In particular they
showed that the third-order optical nonlinearity in these
ultrasmall gold clusters exhibits a significantly lower threshold
for optical power limiting. On the other hand, the relatively
strong emission under single-photon excitation for Au clusters
leads to questions about the possibility of two-photon excited
emission. For instance, by measuring two-photon fluorescence
excited at 800 nm, Goodson et al.® have shown that two-photon
absorption (TPA) cross-section increases as the size of small
gold clusters increases from 1.1 to 4.0 nm. The TPA cross-
section for Auzs is 427 000 GM, much larger compared to a
typical value of approximately 1 000 GM at 800 nm for organic
macromolecules. The large TPA cross sections open the way

This journal is © The Royal Society of Chemistry 2014

for applications of such small clusters in optical power limiting,

nanolithography, and multiphoton Dbiological imaging.
Concerning biological imaging, recent developments in optical
imaging techniques, in particular multi-photon excitation
microscopy that allows studies of biological interactions at a
deep cellular level, has motivated intensive research in
developing multi-photon absorption fluorophores. For example,
Polavarapu et al.” successfully demonstrated the applications of
water soluble glutathione small gold clusters for both one and
two-photon excitation live cell imaging.

(NLO) (two

microscopy, TPM or second harmonic imaging microscopy,

Nonlinear optical microscopies photon
SHIM) received a tremendous interest for 3D imaging of
biological tissues.® TPM and SHIM are based on fundamentally
different NLO processes, two-photon excited fluorescence
(TPEF) and second harmonic generation (SHG), respectively.
Therefore, they provide complementary information and can be
implemented simultaneously in the same microscope.®’ Whereas
TPEF labels give information about molecular distribution, the
SHG

centrosymmetric organization of the dye molecules and find

coherent signal is sensitive to the local non-

promising applications for example for the measurement of
membrane potential of the neuronal activity of the brain.!% !
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While numerous works were devoted to measure the TPA
cross-sections of low nuclearity Au clusters,* their non-linear
susceptibilities were only scarcely explored. Third-order
nonlinear optical susceptibilities of monolayer-protected Auos
were recently reported® ' as well as the one for Auis in contact
with indium tin oxide films.'3 The first hyper-polarizabilities of
silver quantum clusters of different sizes (Ag20, Agiso and
Agoso) have been recently measured using hyper-Rayleigh
scattering technique.'* In this paper, we aim at exploring NLO
properties of ultra-small gold clusters protected by various
functionalized thiols. Based on the current state-of-the-art
methods for synthesizing atomically monodisperse protected
Auzs nanoclusters,'> ' and reporting a new method for
synthesizing nanoclusters
stabilized with glutathione molecules, we report the TPE
spectra and their first hyper-polarizabilities using hyper-
Rayleigh scattering technique. The influence on NLO of the
excitation wavelength (between 780 and 900 nm), the size

(Auis vs Auzs) and the nature of the ligands (glutathione vs

atomically monodisperse Auis

cysteine) is also explored and discussed.

Results and discussion

Characterization and linear optical properties of as-
prepared protected gold clusters. The gold clusters produced
by synthesis described in supporting information (see methods
section and fig. S1) were characterized by mass spectrometry
and optical methods. The monodispersity in term of the size of
the prepared gold
spectrometry. An ESI mass spectrum for the protected Auis

clusters was verified by ESI-mass
cluster from solution, and acquired under gentle ESI conditions
is shown in Figure 1la). A charge state distribution was
observed from [M—4H']* through [M—8H']®". Deconvolution
of charge states 4— through 8—, and using a multiplicative
correlation algorithm,'” '® provided a mass of 6928 Da for the
intact Au cluster, consistent with the calculated mass of
Aui5SGis (see inset Fig. 1a). Also, PAGE for Au:SG clusters
using Tsukuda synthesis'® 2% and for our synthesis confirms the
monodispersity in term of the size of the prepared AuisSGis
clusters (see inset Fig. 1b). Fig. 1b shows the UV-vis
absorption spectra in solution of the synthesized AuisSGis
clusters. The main feature of the spectrum is a monotonic
increase in the electron absorption as the laser wavelength
decreases with an onset at ~500 nm and a shoulder observed at
~400 nm. The strong absorption arises from mixed intraband
(sp<—sp) and interband (sp«—d) transitions.?' Fig. 2c displays
the photoemission and photoexcitation spectra of AuisSGi3. An
emission band centered at ~800 nm is observed and originates
from radiative intraband transitions within the sp bands across
the HOMO-LUMO gap.'® 2° The excitation spectrum traces
well the profiles of the corresponding absorption spectra (see
Fig. 1b and Ic), indicating that the sp intraband excitations are
responsible for the photoemission. For comparison, Figs. S2
and S3 show the optical absorption spectra of aqueous solutions
of Au2sSGis and AuzsCysis as well as the corresponding ESI
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Figure 1 : (a) ESI mass spectrum for the protected Aul5 cluster from
water solution, and acquired under gentle ESI conditions. Inset. ESI
deconvoluted spectrum of AuisSGi3, based on the experimental ESI
spectrum and using a multiplicative correlation algorithm.
Comparison of the experimental and simulated deconvoluted spectra
of AuisSGis. (b) (Black line) Absorption spectrum of AuisSGis. Inset:
PAGE for Au:SG clusters using (left) Tsukuda synthesis (see ref. 19)
and (right) our synthesis. (c) Photoexcitation (with an emission at 820
nm) and emission spectra (with an excitation at 435 nm) of Au15SGus.

spectra. The optical spectra are very similar to those reported in
the literature.'> 16 1° The main features of the spectra are a
monotonic decrease in the absorption as the laser wavelength
increases and a broad band on the red side of the spectrum
(around 650 nm). Both Auas cluster (protected with glutathione
and cysteine) solutions display the two features described

This journal is © The Royal Society of Chemistry 2014



above. The absorption band on the red side of the spectrum is
due to the intraband transition (HOMO-LUMO) derived from
sp orbitals of Au?" 22 and is systematically observed for
protected Auos clusters.!> 1% 23 24 The excitation spectra trace
well the profiles of the corresponding absorption spectra and an
emission band centered at ~800-850 nm is also observed.
Optical spectra in solution are very similar to those reported by
Tsukuda and coworkers!® 2° on separated band after PAGE
separation.

Fluorescence
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Figure 2: Two-photon emission spectra for AuzsSGis, Au1sSGis as a
function of wavelength for different excitation wavelengths (780, 800,
850 and 900 nm). The huge increases in the right part of the spectra are
due to the excitation laser lines (780, 800, 850 and 900 nm).

Two-photon absorption and emission of as-prepared
protected gold clusters. Two-photon excited fluorescence
spectra with excitations ranging from 780 nm to 900 nm have
been recorded for Auis and Auzs gold clusters. Spectra are
given in Fig. 2. A broad band in the visible range (between 400
and 600 nm) is observed and is more intense for Auis clusters
than for Auas clusters. Fluorescence in the visible region was
observed for gold nanoparticles and nanoclusters (in particular
Auzs).* ¢ Interestingly a well-defined intense band centered at

This journal is © The Royal Society of Chemistry 2014

~750 nm appears for Auzs in the near IR region (between 700
nm and 800 nm) and is certainly due to the radiative intraband
transitions within the sp bands across the HOMO-LUMO gap
reported for protected Auzs clusters (see also Figs. S2 and
S3).1% 20 No absorption is observed in the red part of the
spectrum for Auis clusters (see Figure 1b) which is in
agreement with a TPE spectrum dominated by a broad band
between 400 nm and 600 nm.

We attempt to determine the two-photon cross-section at 475
nm of gold clusters. The number of fluorescence photons
collected in an experiment is given by :%

F() =3 ¢noN () ¢))

Where N(?) is the number of excited molecules, 1, the quantum
efficiency for fluorescence of the molecule and ¢ the collection
efficiency of the experimental arrangement. The ' factor
accounts for the physical reduction by half of the number of
photons owing to the two-photon excitation process.

For a pulsed excitation, the number of excited photons is :

gp(P(t))z

N(t) = 0‘26 Frma/m

©))

Where o, is the two-photon absorption (TPA) cross-section, C
the concentration, f the laser pulse frequency, t the pulse
duration, g, its second-order coherence function, A the
excitation wavelength, n the optical index at that frequency and
<P(t)> the incident power averaged over a duty cycle. Using
Eqgs.(1) and (2), it is experimentally simpler to compare the
two-photon excited fluorescence of the sample and that of a
known reference compound. Here, we have chosen fluorescein
dye as an internal reference. From literature, we assume at the
excitation wavelength of 780 nm : g, (fluorescein) = 33.3 GM
using a quantum yield of 0.9 and two photon absorption cross-
section of 37 GM.?® Fluorescein dye was used at the low
concentration of 10 uM in order to obtain two-photon emission
yields compatible with the Auis and Auzs two-photon yields. In
particular, no changes in the experimental settings were
performed between the two measurements.

Experimentally, we find for the TPE fluorescence cross section
at 475 nm: 0.022 GM for Auis but only 0.0022 GM for Auzs
clusters. As expected, for the same excitation wavelength, the
TPE fluorescence cross section at 755 nm is only 0.82 GM
whereas it is 4.99 GM for Auzs. Since this cross-section value is
rather low, its power dependence with the square of the input
laser intensity was checked. Fig. S4 in supporting information
shows the fluorescence spectra obtained after excitation at 800
nm and at different pump-powers for Auis and pump-power
dependence of the fluorescence which gave a slope of ~2
suggesting also that it is indeed a two-photon excited emission.
Interestingly, we also measured the TPA cross section at 780
nm for Auis and we found o (TPA, AuisSGi3) = 65700 GM.
Detailed TPA experimental arrangement, using a P-scan set-up

Nanoscale, 2014, 00, 1-3 | 3



is given in supporting information (see Fig. S5). These
experimental cross-section values point to a quantum yield
(QY= o7pg/ orpa) for Auis of about 3x107 at 475 nm, in very
good agreement with what is expected for such compounds.®

Hyperpolarizability measurements. In these experiments
where the HRS intensity is collected, the monochromaticity of
the second harmonic light generated was always assessed to
prevent any spurious contributions from fluorescence. To this
the HRS

normalized against that of the bare solvent.

end, intensity for different concentration was
At each
concentration, a 20 nm narrow band spectrum around the HRS
line was recorded, see Fig. 3. This experimental procedure is
deemed necessary to ensure that the process indeed corresponds
to the conversion of two photons at the fundamental frequency
into one photon at the harmonic frequency. It is observed in
particular that the HRS line is located on top of the strong
fluorescence background. Two methods are known to remove
this fluorescence background, a time-domain and a spectral-
domain method. Here the spectral domain method was used
owing to the experimental gated photon counting set-up used.
The subtraction of the background was then performed by
fitting the narrow band spectra with a Gaussian function for the
HRS line superposed on a linear function of the wavelength
accounting for the fluorescence background. This subtraction
procedure is allowed since the two processes, fluorescence and
HRS, are incoherent.

The HRS intensity is then given by :

2 2
%:% 1+ N{p?) 3
where b'= I/NW<,B£> 4)

with the subscripts w standing for water, the reference solvent
used in this experiment. The losses due to absorbance at the
fundamental and the harmonic frequency were determined from
the separate UV-visible absorption measurements and all data
were corrected prior to the analysis. The HRS intensity
recorded for different concentrations of Aui1sSGis in aqueous
solution is reported in Fig.3.

As seen in Eq.(3), it is necessary to the
hyperpolarizability of the bare solvent to determine the
hyperpolarizability of the gold clusters. In the present report,
we the of 0.087x103° esu for the first
hyperpolarizability of the neat water solution. A discussion on
this value may be found in a previous work.?’” The
hyperpolarizability values obtained for the different solutions
are reported in Table 1.

Interestingly ~ Au2sSGis  and  Au2sCysis
hyperpolarizability, meaning that the ligands size has only a

know

use value

have similar

weak effect on the SH generation. An absolute value of (0.16 +

0.01) x 1073% esu for the first hyperpolarizability of nonaromatic
amino acids was reported by Duboisset et al.?® And by using a

4 | Nanoscale, 2014, 00, 1-3

collagen like model, the microscopic hyperpolarizability along
the peptide bond was evaluated at (0.7 = 0.1) x 1073 esu. It is
clear that the huge hyperpolarizabilities reported in this work
cannot be accounted by the ligand shell alone (which only
would give a contribution of several 1073° esu for the first
hyperpolarizability for a fully coherent superposition). The first
hyperpolarizability for Auis clusters, as compared to Auas
clusters is also larger considering the difference in the number
of gold atoms. Structural
Auis(SR)13 model features staple motifs protecting the Aus
nucleus.?®> 3 On the other hand, the Auzs cluster features a
centered icosahedral Auis core capped by twelve gold atoms
that are situated in six pairs around the three mutually

theoretical investigations on

perpendicular 2-fold axes of the icosahedron.?! Both Auis and
Auzs structures are expected to have symmetric gold core
structures, which preclude any intense SH generation. The
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Figure 3: (top panel) HRS intensity versus wavelength for Au1sSGis
solutions of different concentrations (blue circles). Lines : fit to a
Gaussian function superposed on a linearly increasing function of
the wavelength. (bottom panel) Plot of the HRS intensity of for
Au1sSGis as a function of concentration. The continuous lines
correspond to the linear adjustment to eq (3).

nature of staple motifs protecting the gold core and in particular
the structuration of Au-S bonds may be different between Auis
and Auzs clusters, and may account for enhanced SH signal for
Auis.

This journal is © The Royal Society of Chemistry 2014



Also, the 2-photon absorption leads a resonant excitation
(around 400 nm). This resonant SH generation is in competition
with a vibronic relaxation leading to two-photon emission.
Differences in the dynamics of relaxation may also account for
the difference of first hyperpolarizability reported for Auis and
Auzs. Finally, we would like to emphasize that the 103°.3/atom
values reported for Auis and Auzs clusters are more than two
order of magnitude larger than the values reported for Au NPs
in the size range 10-50 nm (see Fig. 4 and Table S1 in
supporting 103°.B/atom
drastically with increasing the number of gold atom and there is

information). values  decrease
a saturation-type of behavior for large gold nanoparticles. The
results can be explained by the evolution and involvement of
interband transitions in smaller clusters, outlining transition of
the cluster behavior to a gold nanoparticle behavior possessing

strong surface plasmon absorption.
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Figure 4: 10%°.3/atom as a function of the number of gold atom, obtained
with 802 nm excitation.

103°B (esu) 10%0./atom
Solution
(water=0.087.103%esu) (water=0.087.10"3%su)
AU155G13 509(12) 34
AuzsSGig 128(1) 5.1
AuysCystis 163(4) 6.5

Table 1 : Quadratic hyperpolarizabilities for the different solutions at 802
nm.

Conclusions

In summary, size-controlled synthesis of monodispersed gold
nanoclusters offers the possibility to address non-linear optical

This journal is © The Royal Society of Chemistry 2014

properties of ultrasmall gold quantum clusters in solution. Both
the size (Auis and Auzs) and the nature of ligands (glutathione
vs cysteine) were varied to fathom their influence on the
nonlinear behavior of such low nuclearity gold clusters upon
two-photon excitation. Auis, the smallest stable thiolated gold
nanocluster remarkable nonlinear
properties. AuisSGi3 appears to be a good candidate for
nonlinear optical microscopies by either two photon

microscopy or second harmonic imaging microscopy. The

presents two-photon

present experimental results provide unique benchmarks for
theoretical modeling of NLO properties of such clusters,
although the origin of enhanced NLO properties of Auis
clusters, as well as the interplay between the cluster core and
the interface between ligand shell and the metallic part needs to
be clarified. These NLO data are supposed to be highly
sensitive to structure of gold clusters and we anticipate that our
work could help to unambiguously assign structures for such
low nuclearity gold clusters. Works under these lines are
currently undertaken in our lab.

Materials and methods

Materials. All the chemicals were commercially available and
were used without purification. HAuCl4+3H2O, trifluoroacetic
acid (TFA), methanol (HPLC grade), acrylamide (98%), bis-
acrylamide (98%), glycine, tris(hydroxymethylamine), cysteine
and GSH (y-Glu-Cys-Gly, MW 307) were purchased from Carl
Roth. Sodium borohydride (NaBH4) and tetramethylammonium
borohydride ((CH3)4BHa4) were purchased from Sigma Aldrich.
MilliQ water with a resistivity of 18.2 MQ cm was used for all
experiments.

Preparation of protected gold clusters. The detailed synthesis
of AuisSGis is available in the supporting information. Briefly,
234 mg of Glutathion (GSH) was dissolved in 35 ml of
methanol and 4 ml of tributylamin in a 100 ml balloon. Then 15
ml of ether was added followed by 5ml of a water gold solution
(100 mg of HAuCls,3H20). Solution was mixed at -10°C
during 1 hour and gold salt was reduced by adding
tetrabutylammonium borohydride. The solution was kept the
night at ambient temperature before being concentrated to a
volume of =5 ml in a rotary evaporator. The precipitation is
induced by adding methanol (5ml) and ether (15ml). Then
precipitated was washed to removed unreacted glutathione and
unwanted AuxSGx.

Protected Auos clusters were synthesizing as described by T.
Pradeep and co-workers!® for Au2sSGis and by J. Xie and co-
workers'® for AuzsCysis.

Polyacrylamide gel electrophoresis (PAGE). PAGE
separation was carried out by wusing a vertical gel
electrophoresis unit with a size of 0.2 cm x 20 cm x 20 cm. The
separating and stacking gels were prepared by acrylamide
monomers with the total contents of 35 and 7 wt%
(acrylamide/bis-(acrylamide) 94:6), respectively. The eluting
buffer consisted of 192 mM glycine and 25 mM
tris(hydroxymethylamine). The as-prepared Au(SG) clusters
were dissolved in a 15% (v/v) glycerol/water solution (6 mg in
100 pl). The samples solutions were loaded onto the stacking
gel (10 pul per well) and eluted for 14 h at a constant voltage
mode (150 V) to achieve sufficient separation.
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Mass spectrometry. Solutions were diluted without gel
separation at a concentration of ~1 mg/mL in H2O,
electrosprayed at a flow rate of 10 pL/min and analyzed in
negative mode with a linear quadruple ion trap mass
spectrometer (LTQ, Thermo Fisher Scientific, San Jose, CA)
with a spray voltage of —3 kV and a capillary temperature of
100 °C. Other instrument settings were adjusted for each
species to optimize the distribution of charge states observed in
the mass spectrum. Isotope-resolved mass spectrum were
recorded using the ultra zoom scan mode of the instrument
(mass resolution ~ 30 000, mass accuracy 0.2 Th).3! Collision-
induced dissociation (CID) was performed using helium gas at
a normalized collision energy of 12% for 30 ms.

Absorption and emission measurements. UV—vis spectra in
solution were recorded using an AvaSpec-2048 fiber optic
spectrometer and an AvalLight-DH-S deuterium halogen light
source. Fluorescence excitation and emission spectra were
measured using a Fluoromax-4 Horiba fluorescence
spectrophotometer.

HRS and TPE measurements. The light source for the present
HRS and TPE experiments was a mode-locked femtosecond
Ti:sapphire laser delivering at the fundamental wavelength of
800 nm pulses with a duration of about 140 femtoseconds at a
repetition rate of 76 MHz. After passing through a low-pass
filter to remove any unwanted harmonic light generated prior to
the cell, the fundamental beam of about 300 mW was focused
by a microscope objective into a 1 cm spectrophotometric cell
containing the aqueous solution. The HRS (or TPE) light was
collected at an angle of 90° from the incident direction by a 2.5
cm focal length lens. The second harmonic light was separated
from its linear counterpart by a high-pass filter and a
monochromator positioned on the second harmonic
wavelength. The HRS light was then detected with a
photomultiplier tube and the pulses produced counted with a
photon counter. The fundamental beam was chopped at about
115 Hz to enable a gated photon counting mode allowing
automatic subtraction of the noise level. For TPE signal, a short
pass filter with a cut-off wavelength at 750 nm was placed
before the monochromator to minimize the light scattering from
the excitation beam.
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