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mall metal clusters are a subject of ong-

oing research interest due to their

highly size-dependent physical and
chemical properties.' > The distinctive ca-
talytic,®” electronic,® "' and optical'* ™
characteristics of metal particles that emerge
at the nanometer length scale indicate that
a new generation of materials may be de-
signed employing metal clusters either as
unique functional units or as building blocks
in cluster assembled materials.'>'® More-
over, metal nanoparticles have potential
for use as contrast agents in biological and
cellular imaging applications, in photother-
mal therapeutic treatments,'” and as com-
posite devices for chemical sensing and
threat detection.'®2° An excellent example
of the size-dependent properties of metal
clusters is the reactivity of gas-phase anio-
nic gold clusters with oxygen (O,) and
carbon monoxide (CO), which has been
shown to change dramatically with the
addition or removal of a single gold atom.?'
In addition, specific anionic gold clusters,
Aug~ and Au;,, have been demonstrated
to exhibit greatly enhanced reactivity to-
ward O, and CO, respectively, compared to
anionic gold clusters of other sizes.?'*?
Analogous size-dependent behavior has been
observed for subnanometer metal clusters
deposited onto support materials.>~2> For
instance, the pioneering work of Heiz and
Landman demonstrated that eight atom
gold clusters (Aug) supported on defect-rich
magnesium oxide surfaces are the smallest
clusters to promote the low-temperature
oxidation of CO to carbon dioxide (CO,).2%%”
More recently, Kaden and co-workers inves-
tigated the size-dependent activity of palla-
dium clusters (Pd,,,n=1,2,4,7,10,16,20,and
25) on titanium dioxide toward the oxidation
of CO to CO,, revealing a nonmonotonic
variation in catalytic activity that was strongly
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ABSTRACT Monodisperse gold clusters
have been prepared on surfaces in different
charge states through soft landing of mass-
selected ions. Ligand-stabilized gold clusters
were prepared in methanol solution by reduc-
tion of chloro(triphenylphosphine)gold(l) with
borane tert-butylamine complex in the presence
of 1,3-bis(diphenylphosphino)propane. Electro-
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spray ionization was used to introduce the clusters into the gas phase, and mass selection was

employed to isolate a single ionic cluster species (Au;;Ls* ", L = 1,3-bis(diphenylphosphino)-

propane), which was delivered to surfaces at well-controlled kinetic energies. Using in situ

time-of-flight secondary ion mass spectrometry (TOF-SIMS), it is demonstrated that the Au"Ls3+

cluster retains its 3+ charge state when soft landed onto the surface of a 1H,1H,2H,2H-

perfluorodecanethiol self-assembled monolayer (FSAM) on gold. In contrast, when deposited onto
16-mercaptohexadecanoic acid (COOH-SAM) and 1-dodecanethiol (HSAM) surfaces on gold, the
clusters exhibit larger relative abundances of the 2+ and 1+ charge states, respectively. The kinetics

of charge reduction on the FSAM and HSAM surfaces are investigated using in situ Fourier transform

ion cydotron resonance (FT-ICR) SIMS. It is shown that an extremely slow interfacial charge reduction

occurs on the FSAM surface while an almost instantaneous neutralization takes place on the surface

of the HSAM. Our results demonstrate that the size and charge state of small gold clusters on

surfaces, both of which exert a dramatic influence on their chemical and physical properties, may be

tuned through soft landing of mass-selected ions onto carefully selected substrates.

KEYWORDS: cluster - monodisperse - charge - self-assembled monolayer -

electrospray ionization - soft landing

correlated with the Pd 3d electron binding
energy of the clusters.”® Three atom silver
clusters (Ags) supported on alumina have
been demonstrated to promote the highly
selective oxidation of propylene to propylene
oxide with negligible formation of the unde-
sirable CO, byproduct that is normally pro-
duced with conventional catalyst materials.>®
Moreover, the high catalytic oxidation activity
of gold absorbed on iron oxide has been
attributed to the presence of ~0.5 nm dia-
meter clusters containing ~10 gold atoms.°
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In addition to size, the charge state of small metal
clusters is known to exert a striking influence on their
structure, electronic properties, and chemical reactiv-
ity. For example, ion mobility measurements of small
gold clusters have shown that a transition from two-
dimensional planar structures to three-dimensional
geometries occurs at a cluster size of 8 atoms for
cationic clusters®' and 12 atoms for anionic clusters.*?
Furthermore, the high oxidation reactivity of gold
clusters trapped at F-center defect sites has been
attributed to partial electron transfer to the cluster
from the underlying support material?® Moreover,
both theoretical®®* and experimental®® studies have
demonstrated that small gold clusters on metal oxide
supports can accumulate significant charge at the
cluster—support interface which may serve as a unique
bifunctional site for catalysis.>®> The transport of elec-
trons through nanometer particles is known to be
complex and dependent on the local chemical and
physical environment.”3® Therefore, the nature of the
charge reduction and neutralization behavior of small
metal clusters is important to the function and perfor-
mance of future cluster-based materials.

The fact that the size and charge state of small metal
clusters have such a dramatic influence on their prop-
erties has led to a recent expansion in research efforts
to chemically synthesize monodisperse clusters con-
taining exactly a certain number of metal atoms. In
general, with proper selection of capping ligands such as
thiols,>” =432 phosphines,***”~>' and diphosphines®>~%°
as well as careful optimization of synthesis conditions, it is
possible to produce small clusters containing less than 100
atoms with relatively tight control over the final size
distribution. Nevertheless, purification procedures such
as fractional precipitation,* polyacrylamide gel electro-
phoresis (PAGE),*' size exclusion chromatography,®' or
hydrodynamic fractionation®? are typically still required to
obtain truly monodisperse cluster distributions using re-
duction synthesis methods. An alternative approach is to
synthesize clusters from a reactive metal precursor within
a support material such as the pores of a zeolite which limit
the cluster size.5> The drawback to this approach is that the
clusters are not accessible. Moreover, when this technique
is used with high-area supports such as metal oxides, the
uniformity of the cluster species is difficult to establish,%*
and even extremely well-prepared samples are not atom-
ically monodisperse.®® Alternative physical methods of
producing metal clusters such as vapor deposition,*® gas
condensation,%” laser vaporization,®® magnetron sputter-
ing combined with gas aggregation,®® and pulsed arc
synthesis’® generate metal particles over a wide size range
and, therefore, must be coupled with mass selection to
isolate clusters containing a certain number of atoms.

Previous studies of gold clusters capped with biden-
tate diphosphine ligands such as 1,3-bis(diphenyl-
phosphino)propane (DPPP) have shown that reduction
synthesis in solution can produce multiply charged
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(34, 2+) cationic clusters with an extremely narrow
distribution of sizes.>>*>>” The uniformity of the catio-
nic clusters was established primarily through electro-
spray ionization”! mass spectrometry, and the molecular
formulas of the clusters were assigned based on the
mass-to-charge ratios of the gas-phase ions. In the case
of gold clusters capped with DPPP, the synthesis
produces primarily triply charged Au;;Ls>" (L = DPPP)
with smaller relative abundances of doubly charged
Augls®", Augl,®", and Augl;®" clusters.> The large
abundance of the Auy;Ls>" cluster in solution may be
attributed to the high stability of the Au;,*" core which has
an electronic shell closing with 8 valence electrons>*7%73
Electrospray ionization, in addition to enabling the
assignment of molecular formulas through mass spec-
trometry analysis, also produced sufficiently stable ion
currents of these clusters to enable their fragmentation
pathways to be studied by collision-induced dissocia-
tion, providing insight into ligand dissociation and core
fission processes.>”

These previous investigations of DPPP-capped gold
clusters indicate that by combining the large ion
currents obtainable by electrospray ionization with
mass selection it should be possible to deposit mono-
disperse multiply charged gold clusters onto selected
surfaces under well-controlled conditions. Indeed, in a
previous publication, it was shown that soft landing
of mass-selected ions may be used to prepare clean,
high coverage, homogeneous samples of clusters and
nanoparticles for analysis by transmission electron micro-
scopy (TEM).”* Moreover, the chemical functionality of
the surface may be varied to investigate the charge
retention and neutralization properties of the depos-
ited cluster ions. Soft landing of polyatomic ions onto
surfaces has been shown to be an effective technique
for the preparation of a wide variety of materials’> %
including model heterogeneous catalysts®' For exam-
ple, a recent study by Nakajima and co-workers de-
monstrated that ion soft landing may be used to
achieve facile matrix isolation of vanadium—benzene
sandwich clusters.®? In addition, previous work from
our laboratory characterized the charge retention and
neutralization behavior of protonated peptides, organo-
metallic metal—salen, and ruthenium tris(bipyridine)
complexes soft landed onto FSAM, HSAM, and COOH-
SAM surfaces on gold.®*®* In a related collaborative
study, it was demonstrated that acid-mediated redox
chemistry may be observed in thin films of organome-
tallic complexes prepared by ion soft landing.®> Mass
selection enables species with well-defined charge and
chemical composition to be delivered to surfaces.
Consequently, further purification steps to remove
unwanted contaminants, which are critical with solu-
tion-phase techniques, are avoided using the ion soft
landing approach. This is particularly relevant for solu-
tions of DPPP-capped gold clusters containing multi-
ple cationic clusters, an unknown population of neutral
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clusters, as well as residual reactants, solvent mol-
ecules, and negative counterions.

Herein, we demonstrate that soft landing of mass-
selected ions may be used for controlled preparation of
monodisperse ligand-capped gold clusters on surfaces
in different charge states. To the best of our knowl-
edge, this is the first time that charge retention by
multiply charged (3+) metal clusters on surfaces has
been reported. SAMs on gold, which may be termi-
nated with a variety of different chemical functional-
ities, are ideal templates to test the feasibility of
immobilizing monodisperse gold clusters in different
charge states through soft landing and were, conse-
quently, used as the substrates in this study.®® Ligand-
stabilized gold clusters were prepared by reduction
synthesis in the presence of DPPP. Electrospray ioniza-
tion was used to introduce the clusters into the gas
phase, and mass selection was employed to isolate a
single ionic cluster species which was delivered to the
surface. Using in situ TOF-SIMS, it is demonstrated that
the deposited Auq;Ls> " clusters retain their 34 charge
state on the FSAM surface. When soft landed onto
COOH-SAM and HSAM surfaces, the clusters exhibit
increased relative abundances of the 2+ and 1+
charge states, respectively. Using in situ FT-ICR-SIMS,
the kinetics of charge reduction on the FSAM and
HSAM surfaces are investigated. It is shown that an
extremely slow interfacial charge reduction occurs on
the FSAM surface while an almost instantaneous neu-
tralization takes place on the surface of the HSAM. The
ability to control both the size and charge state of
clusters through soft landing of mass-selected ions
represents a significant step forward in the nanoscale
engineering of surfaces.

RESULTS AND DISCUSSION

DPPP-capped gold clusters produced by reduction
synthesis in methanol/chloroform were analyzed using
positive mode electrospray ionization mass spectro-
metry. A typical mass spectrum of a nanoparticle solu-
tion was presented in a recent publication.”* Inspec-
tion of the mass range of m/z = 50—1500 reveals the
presence of three different multiply charged cationic
gold clusters: AugL;> " at m/z=1209.1, Au;;Ls> " at m/z
=1409.5, and AugL,*>" at m/z = 1415.7. The molecular
formulas of the clusters are assigned based on their
mass-to-charge ratios and the charge-state-dependent
separation of the individual peaks in their isotope
distributions. Moreover, the experimental spectra were
compared with spectra simulated using the molecular
weight calculator program (http://omics.pnl.gov/soft-
ware/MW<Calculator.php), and good agreement was
found for each assignment. The molecular formulas
also are consistent with the previous ESI-MS analyses of
Bertino et al.>* who identified the Au;;,Ls>" cluster, and
Bergeron and Hudgens,> who reported Augls*" and
AupqLs>". In addition to cluster species, the ESI spectrum
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Figure 1. Schematic illustration explaining the soft landing
of mass-selected gold clusters onto surfaces. The clusters
are introduced into the gas phase from solution using
electrospray ionization, filtered according to mass-to-
charge ratio using a quadrupole mass filter, and delivered
to SAM surfaces at controlled energies.

reveals the presence of molecular precursors and inter-
mediates resulting from the reduction synthesis. In parti-
cular, AuL,”™ m/z = 10213 is found to be the most
abundant species within the analyzed mass range. Iden-
tical species have been observed previously for phos-
phine ligands Au(PRs), "™ by Traeger et al®” and dipho-
sphine ligands by Bergeron and Hudgens.>® The low
mass portion of the spectrum is dominated by oxidized
triphenylphosphine (PPh;0" m/z = 278.1), a fragment of
oxidized PPh;O™" resulting from the loss of one phenyl
group (PPh,O" m/z = 201.0), oxidized DPPP (LO,™ m/z=
444.1), and AuL™ m/z = 609.1. The ESI-MS spectra de-
monstrate that, while impressive control may be ob-
tained over the size of cationic gold nanoclusters by
proper selection of a diphosphine capping ligand®® and
synthesis conditions,””* it is still extremely challenging
to prepare truly monodisperse solutions of nanoparticles
containing exactly a certain number of gold atoms and
capping ligands. Moreover, it should be emphasized that
ESI-MS only enables analysis of the ionizable components
of the solution. Indeed, in a recent study, a droplet of the
nanoparticle solution was cast onto a carbon-coated
copper grid and analyzed by transmission electron mi-
croscopy (TEM).”* The TEM image revealed the presence
of larger 5—10 nm gold clusters that could not be
observed using ESI-MS. Consequently, neutral species
which may potentially account for a significant fraction
of the material in solution are completely unaccounted
for in the ESI-MS analysis. Electrospray ionization enables
ligand-capped gold clusters to be introduced into the
gas phase from solution. Employing a quadrupole mass
filter, a specific cluster may then be mass-selected from
the full distribution of ions and deposited in a controlled
fashion onto a chosen substrate, as shown schematically
in Figure 1. In this manner, a solution containing a
polydisperse distribution of cationic clusters (Augls*",
AupqiLs®, Augls®") as well as an undefined population
of neutral clusters may be purified to obtain atomically
monodisperse clusters on a surface. Furthermore, mass
selection enables molecular precursors and intermedi-
ates, negative counterions, and solvent molecules to
be removed so that only the desired cluster is delivered
to the surface. In this study, we mass-selected the
AupiLs> " (m/z=1409.5) cluster, although any cluster that
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generates sufficient ion current may potentially be iso-
lated and soft landed. The results obtained for different
size gold clusters will be the subject of a forthcoming
publication.

SAM surfaces were characterized in situ using SIMS.
Typical positive mode TOF-SIMS mass spectra (m/z =
800—5000) of an FSAM surface on gold before and
after soft landing of 5 x 10'" Au;;Ls>" clusters are
presented in Figure 2a,b, respectively. The background
spectrum obtained before deposition demonstrates
that the FSAM surface is clean and contains only low
mass (m/z < 1000) secondary ions characteristic of the
SAM and the underlying gold substrate (data not
shown).® Following deposition, abundances of sec-
ondary ions are observed which are consistent with the
deposition of AujqLs>". The spectra reveal that the
triply charged Au;,Ls3T (m/z = 1409.5) ion is the most
abundant species on the FSAM surface, followed by the
doubly charged Auq;Ls*>" (m/z = 2114.2) cluster. The
doubly charged species may originate from partial
charge neutralization of Au;;Ls>" on the surface or
from charge exchange reactions in the plume of
secondary ions. No abundance was observed for the
singly charged Auq;Ls" (m/z = 4228.4) cluster on the
FSAM surface. In addition to the intact molecular ions,
small abundances of fragment ions are observed at
m/z = 1809.6 and m/z = 1021.27, which correspond to
AujoLs®" and AuL, ™, respectively. These species most
likely result from fragmentation of Au;;Ls>" induced
by bombardment of the surface with high-energy
(15 keV) Ga™ primary ions during TOF-SIMS analysis.
The relatively low yield of these fragment ions helps to
confirm that the doubly and triply charged Au,;Ls> ™3+
clusters are most likely not formed through reioniza-
tion during SIMS analysis but are simply desorbed from
the surface. Desorption and reionization of neutralized
ions is a much more destructive process which should
result in large yields of fragment ions in comparison to
the intact molecular ion.2° Indeed, previous studies
from our laboratory have shown that protonated
Gramicidin S (GS) undergoes efficient charge neutrali-
zation when soft landed onto COOH-SAM surfaces and,
consequently, exhibits large fragment yields during
SIMS analysis.®® In comparison, GS ions soft landed
onto FSAM surfaces were found to retain their charge
and, therefore, little fragmentation was observed dur-
ing SIMS analysis.”® To confirm the molecular assign-
ments of the observed secondary ions, the experi-
mental TOF-SIMS spectra were compared with the
spectra simulated using the molecular weight calcula-
tor program shown as an inset in Figure 2b. Both
Aup;Ls>" and AuyiLs®t show good agreement between
the measured and calculated spectra. Repeated experi-
ments reveal that the spectra presented in Figure 2 are
reproducible provided that a good quality FSAM is present
on the Au surface (as confirmed by the background TOF-
SIMS spectrum) and that a similar coverage of clusters is
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Figure 2. High-mass range of the positive mode in situ TOF-
SIMS mass spectrum (m/z = 800—5000) of an FSAM surface
before (a) and after (b) soft landing of 5 x 10" Au;;Ls> " (L=
DPPP) (m/z = 1409.5) clusters.

delivered to the surface in each experiment (5 x 10"
clusters in this particular study).

The results presented in Figure 2b demonstrate that
it is possible to prepare atomically monodisperse gold
clusters on surfaces through soft landing of mass-
selected ions and that the 34 charge state of the ion
may be partially preserved on the FSAM surface. This is
particularly relevant in the case of Auj;Ls>" because
this triply charged species is a noble gas “superatomic”
cluster with a closed electronic shell containing 8
valence electrons.>*”273 The charge retention proper-
ties of the FSAM surface observed in the current
experiments are consistent with previous results’
which demonstrated that protonated peptides®®?' >
and organometallic ions®3®> soft landed onto FSAM
surfaces also retain their charge. In particular, multiply
protonated peptides have been observed to retain
both one and two protons on the FSAM surface, 2%
and the charge reduction and desorption kinetics of
the peptides have been measured and fitted to a
kinetic model.®? Furthermore, singly charged organo-
metallic ions (Co(lll)(salen) ™, Mn(lll)(salen) " and V(V)O-
(salen)™, salen = N,N'-ethylenebis(salicylideneaminato)
ligand) were also observed to retain the majority of
their charge when soft landed onto FSAM surfaces.®% In
the case of the V(V)O(salen)" complex, the charge
retention properties of the FSAM surface were suffi-
cient to enable reduction—oxidation reactivity to be
observed on the surface between the deposited orga-
nometallic ions and proton donor molecules.® The
slow electron transport properties through fluorinated
SAMs have been characterized using a variety of
techniques and are generally attributed to interface
dipoles which create a charge barrier to electron
transport at the CFs/vacuum interface.”*%® Our ex-
periments indicate that the charge barrier is high
enough that the triply charged gold cluster ions retain
their charge for days if left in vacuum and even if
exposed to atmospheric conditions. Surprisingly, a
surface that was sonicated in ethanol and subjected
to subsequent analysis by TOF-SIMS still exhibited
measurable abundances of the 3+ and 2+ ions. This
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Figure 3. High-mass range of the positive mode in situ TOF-
SIMS mass spectrum (m/z = 800—5000) of a COOH-SAM
surface before (a) and after (b) soft landing of 5 x 10"’
Au;,Ls3 (L = DPPP) (m/z = 1409.5) clusters.

indicates that the FSAM efficiently retains the charge of
the cluster and that the ion-induced dipole interaction
(mirror potential) of the cluster with the underlying
gold substrate serves to immobilize the cluster on the
surface so that it is not washed away during sonication
in solution. Moreover, the results suggest that the 2+
ions observed on the FSAM surface result from charge
neutralization that occurs at the time of collision with
the surface.

The TOF-SIMS spectra obtained before and after soft
landing of 5 x 10" Auy;Ls>" clusters onto a COOH-
SAM surface on gold are presented in Figure 3a,b,
respectively. Similar to the results for the FSAM surface,
the spectrum obtained prior to deposition shows that
the COOH-SAM surface is clean and contains only
peaks characteristic of the monolayer and underlying
gold surface. The spectrum obtained following soft
landing exhibits the same peaks as in the FSAM
spectrum, albeit with very different relative abun-
dances. In the case of the COOH-SAM surface, the most
abundant molecular ion corresponds to the doubly
charged AuyqLs®" (m/z = 2114.2) cluster. The triply
charged Auy;Ls>" (m/z=1409.5) cluster is relatively less
abundant, and a very small yield of the singly charged
Auq,Ls" (m/z = 4228.4) cluster is also observed. This is
in sharp contrast to the results obtained on the FSAM
surface where the triply charged Au;,Ls>" was by far
the most abundant species and the singly charged
Au;qLs" cluster was not observed at all. Larger relative
abundances of fragment ions, including AulL,"™ and
Auiols?", were also observed on the COOH-SAM in
comparison to the FSAM surface. The charge retention
observed in the current study is consistent with earlier
findings for small doubly charged organometallic ions
such as ruthenium tris(bipyridine) Ru(bpy)s;*>" which
retained a portion of their charge when soft landed
onto COOH-SAM surfaces.®* The current results, how-
ever, are in contrast with the observations for protonated
peptides deposited onto COOH-SAM surfaces which
were found to be efficiently neutralized 2> Based on
the fact that the Au;;Ls> ' clusters are native ions and not
molecules that are ionized through protonation like
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Figure 4. High-mass range of the positive mode in situ TOF-
SIMS mass spectrum (m/z = 800—5000) of an HSAM surface
before (a) and after (b) soft landing of 5 x 10" Au;;Ls> " (L=
DPPP) (m/z = 1409.5) clusters.

peptides, it is reasonable that their behavior is similar
to other native ions such as Ru(bpy)32+. In the case of
molecules that are ionized through protonation, charge
neutralization following SL occurs through loss of the
proton to the surface. In comparison, native ions such as
Au;iLs>" and Ru(bpy)s>" are neutralized by a different
mechanism involving electron transfer through the SAM
from the underlying substrate. As mentioned in the
previous paragraph, SAMs are capable of withstanding
significant potentials before electron tunneling through
the monolayer takes place. It should also be mentioned
that soft landing of cationic clusters onto the COOH-
terminated SAM likely results in a stronger surface im-
mobilization than deposition onto the FSAM surface. This
is due to the strong electrostatic interaction between the
negative carboxylate anions (COO™) on the surface and
the positively charged cluster. In a previous study, we
demonstrated that soft landing of doubly charged Ru-
(bpy)s*" ions onto COOH-SAMs results in the formation
of a strongly bound adduct which serves to anchor the
organometallic complex to the surface.* A similar strategy
has also been employed to attach the same Ru(bpy)s>"
complex to silica-coated silver nanoparticles in the
solution phase through a linker molecule containing
two carboxylate groups.”® The electrostatic interaction
between the Ru(bpy);>" cation and the carboxylate
anions was strong enough that the hybrid material was
able to promote catalytic photooxidation reactions.
The charge retention and neutralization of Au;,Ls>"
clusters soft landed onto an HSAM surface are demon-
strated in the TOF-SIMS spectrum presented in Figure
4b. A reference spectrum of the HSAM obtained before
cluster deposition, shown in Figure 4a, demonstrates
that the surface is clean and contains a self-assembled
monolayer. The spectrum taken after soft landing on
the HSAM reveals a situation that is very different to
that following deposition on the FSAM and COOH-SAM
surfaces. In particular, the most abundant intact molecular
ion is now the singly charged Auy;Lst cluster (m/z =
42284). The inset in Figure 4b shows a comparison
between the experimental and calculated spectra for
Auy;Ls ™, which exhibits very good agreement, providing
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Figure 5. In situ FT-ICR-SIMS abundance of (a) Auq;Ls>"
(m/z = 1409.5) and (b) Au;,Ls>" (m/z = 2114.2) during and
after soft landing of 10"" Au;;Ls>" onto an FSAM surface.
The red line indicates the end of soft landing.

further support for the peak assignment. A significant
abundance of the doubly charged Auq,Ls>" cluster
(m/z=2114.2)is also observed, and the triply charged
cluster Auqy;Ls>" (m/z = 1409.5) is found to be the
least abundant molecular ion. Moreover, the Au;;L, "
fragment ion that results from the loss of one dipho-
sphine ligand from Au;;Ls™ is shown to be the most
abundantion in the spectrum. The lower charge state of
the gold cluster and the large fragment yield obtained on
the HSAM surface suggest that some of the clusters are
neutralized rapidly upon deposition and that both de-
sorption and reionization are necessary to detect depos-
ited material by TOF-SIMS. The rapid charge reduction of
gold clusters deposited onto the HSAM surface is con-
sistent with previous finding from our laboratory, which
demonstrated that organometallic ions®® are efficiently
neutralized when soft landed onto HSAMs. Multiply
protonated peptide ions, in contrast, were found to
partially retain one proton on the HSAM surface®
and to lose all protons on the COOH-SAM. The results
presented for gold clusters, therefore, are very simi-
lar to previous findings for organometallic metal—
salen complexes.

To gain more insight into the charge retention and
neutralization kinetics of cationic gold clusters soft
landed onto different SAMs, we conducted an in situ
FT-ICR-SIMS experiment, which enables the analysis of
surface composition both during and after ion deposi-
tion. In this fashion, the abundance of different cluster
charge states on the surface may be monitored over a
period of several hours. The results for Auy;Ls>" de-
posited onto the FSAM surface are shown in Figure 5.
During deposition, both the triply charged Auy;Ls>" and
doubly charged Au;,Ls*" clusters exhibit a linear increase
in abundance with the triply charged ion being the more
abundant species. Following the end of soft landing, the
triply charged cluster exhibits a slow decrease in relative
abundance over a period of 5 h, as shown in Figure 5a. In

JOHNSON ET AL.

—_
>
)

4
o0
L

e
)
1

Abundance Au"L:+ / Au”L:+

S
'S

0 100 200 300 400
Time (min)

Figure 6. In situ FT-ICR-SIMS abundance ratio of Au;;Ls>"
(m/z = 2114.2) to Au,,Ls>" (m/z = 1409.5) during and after
soft landing of Au,;Ls>" onto an FSAM surface. The red line
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Figure 7. In situ FT-ICR-SIMS abundance of (a) Au,,Ls" (m/z
=4228.4) and (b) Auq,L," (m/z = 3816.2) during and after
soft landing of 10"'Au,;Ls>" onto an HSAM surface. The red
line indicates the end of soft landing.

contrast, Figure 5b indicates that the doubly charged
cluster exhibits a steady abundance that does not change
appreciably over this period of time. The ratio of the
abundance of Au;;Ls?" to AupqLs> exhibits a clear in-
crease over time, as shown in Figure 6. This behavior is
consistent with a mechanism where slow transfer of
electrons through the FSAM monolayer results in charge
reduction of Auy;Ls>" producing AuqiLs>".

AuqiLs®t +e — AupLs®" (1)

These FT-ICR-SIMS results confirm the findings of the
TOF-SIMS analysis presented in Figure 2b, which also
showed the triply charged cluster to be the most abun-
dant molecular ion, both immediately following deposi-
tion, after the surface had been stored for several days in
vacuum, and following ultrasonic washing in ethanol.
Soft landing on the FSAM surface results in the most
charge retention of the deposited ions, while clusters
deposited on the HSAM surface appear to undergo rapid
charge neutralization. Therefore, we also employed the
FT-ICR-SIMS technique to better characterize the charge
neutralization kinetics of Auq;Ls>" clusters soft landed
onto the HSAM surface. The results, presented in Figure 7,
demonstrate that the triply charged clusters are indeed
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rapidly neutralized upon collision with the surface. In
fact, no doubly or triply charged ions could be detected
during the FT-ICR-SIMS analysis, which is in contrast to
the TOF-SIMS results where low abundances of both
Auq;L3t and Aupils®™ were detected on the HSAM
surface. This is likely due to the lower sensitivity of the
FT-ICR-SIMS technique in comparison to TOF-SIMS.'®
During the FT-ICR-SIMS analysis, the most abundant
ions were found to be AujqLs' and the fragment ion,
Auy,Ls 7. Both of these species exhibit a linear growth
in abundance during soft landing and a rapid decrease
in abundance following the end of deposition. These
results provide further evidence that the triply charged
Auq;L3" ions are neutralized almost instantaneously
upon deposition. Moreover, because the clusters are
neutralized, they no longer have an ion-induced dipole
(mirror potential) interaction with the underlying gold
substrate to hold them in place. It is probable, therefore,
that the rapid decrease in the abundance of the singly
charged clusters following the end of deposition results
from desorption from the surface at the room tempera-
ture conditions at which the experiments are conducted.
It is also possible that localized heating from bombard-
ment of the surface with the 8 kV Cs™ primary ions serves
to accelerate the desorption process.

METHODS

Nanoparticle Synthesis. Ligand-capped gold clusters were syn-
thesized in solution according to literature procedures.>*~>8
Briefly, a gold precursor, chloro(triphenylphosphine)gold(l)
(99.9% Sigma-Aldrich), was dissolved in a 1/1 mixture of metha-
nol and chloroform (Sigma-Aldrich) to create 100 mL of a
0.1 mM solution. A bidentate capping ligand, 1,3-bis(dipheny-
Iphosphino)propane (97% Sigma-Aldrich), was then added to a
concentration 0.1 mM. After mixing of the gold precursor and
capping ligand, a weak reducing agent, borane tert-butylamine
(97% Sigma-Aldrich), was added to a final solution concentra-
tion of 0.5 mM. The solution was stirred rapidly at room
temperature for 3 h until it turned a deep orange color indicat-
ing the reduction of Au(l) and the formation of gold nanopar-
ticles. The nanoparticle solutions were stored in the dark at
room temperature in Pyrex jars. The nanoparticle solutions were
diluted for use in electrospray ionization without any further
purification.

Formation of Self-Assembled Monolayer Surfaces on Gold. The gold
substrates used to create alkyl thiol self-assembled monolayers
were purchased from Platypus Technologies (Madison, WI) and
have the following specifications: 10 x 10 mm, 525 um thick Si,
50 A Ti adhesion layer, 1000 A Au layer. 1H,1H,2H,2H-Perfluor-
odecanethiol (FSAM), 16-mercaptohexadecanoic acid (COOH-
SAM), and 1-dodecanethiol (HSAM) were purchased from Sig-
ma-Aldrich. The FSAM, COOH-SAM, and HSAM surfaces were
prepared following literature procedures'®"'°? using nondena-
tured ethanol as the solvent, which was also purchased from
Sigma-Aldrich. The acetic acid used for the preparation of the
COOH-SAM surfaces was purchased from Fisher Scientific. The
gold substrates were ultrasonically washed in ethanol, cleaned
using a Boekel (Boekel Scientific, Feasterville, PA) ultraviolet
cleaner, and immersed in glass scintillation vials containing
1 mM solutions of thiol in an ethanol solvent for the FSAM
and HSAM and a 2% acetic acid solution in ethanol for the
COOH-SAM. The monolayers were allowed to assemble for at
least 12 h and then ultrasonically washed for 5 min in ethanol.

JOHNSON ET AL.

CONCLUSIONS

The results presented herein demonstrate that
monodisperse gold clusters may be prepared on sur-
faces in different charge states using soft landing of
mass-selected ions onto carefully chosen substrates.
Specifically, ligand-capped gold clusters may be pro-
duced through solution-phase reduction synthesis,
introduced into the gas phase using electrospray
ionization, isolated according to mass-to-charge ratio,
and deposited onto surfaces under well-controlled
conditions. Evidence obtained by in situ TOF and
FT-ICR-SIMS indicates that by changing the terminal
functionality of self-assembled monolayer surfaces on
gold from FSAM, to COOH-SAM, to HSAM, it is possible
to tune the most abundant charge state of deposited
AuqLs clusters from 3+, to 2+, to 1+, respectively.
Moreover, spectra acquired over extended periods of
time show that the charged clusters are stable in vacuum
and, in the case of the FSAM surface, in ambient con-
ditions and even in solvent environments. The results
demonstrate that the size and charge state of small
metal clusters, both of which are known to significantly
influence their chemical and physical properties, may
be controlled on surfaces through soft landing onto
appropriate substrates.

The surfaces were then rinsed with pure ethanol, dried with
nitrogen (N,), and mounted in the SIMS sample holder.

ESI-MS Analysis of Nanopartide Solution. Electrospray ionization'®
mass spectra (ESI-MS) (m/z = 50—1500) of the gold nanoparticle
solutions were obtained in the positive ion mode using a
Bruker HCT ion trap mass spectrometer (Bruker Daltonics,
Bremen, Germany). A spray potential of 4 kV was employed,
and the potential gradient in the source region of the instru-
ment was kept at <5 V to minimize in-source fragmentation.
The nanoparticle solutions were diluted by a factor of 10 in
pure methanol and introduced at a flow rate of 0.05 mL/h
using a syringe pump.

Soft Landing of Mass Selected lons. The soft landing experiments
were conducted employing a custom-built instrument coupled
to a time-of-flight secondary ion mass spectrometer (TOF-SIMS)
which has been described in detail elsewhere.'® Briefly, triply
charged Auq;Ls>" ions were generated through electrospray
ionization,'® introduced into vacuum using an electrodynamic
ion funnel,’® focused in a collision quadrupole, mass-selected
with a quadrupole mass filter, deflected 90° by a quadrupole
bender, and transferred to the surface through a series of two
einzel lenses. An optimized ion current of ~40 pA was directed
at the surface for 2 h, corresponding to a total delivery of 5 x
10" ions to a circular spot approximately 3 mm in diameter. The
kinetic energy of the ions impacting the surface was controlled
by adjusting the potentials applied to the second collision
quadrupole and the surface and was set at ~20 eV for all of
the experiments described herein. Assuming that all of the ions
retain their charge once deposited onto the surface, the max-
imum potential resulting from the total charge delivered by the
ion beam to the surface can be estimated® and was calculated
to be ~0.4Vfor 5 x 10" triply charged Au;,Ls> " ions delivered
to a spot size of 3 mm. Because this potential is much smaller
than the kinetic energy of the ions, it does not interfere with ion
deposition. It follows that all of the ions delivered to the
substrate are able to approach the surface and can become
immobilized.
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In Situ TOF-SIMS Analysis. /n situ analysis of surfaces was per-
formed using 15 keV Ga™ TOF-SIMS in a commercial PHI TRIFT II
instrument (Physical Electronics, Eden Prairie, MN). In TOF-SIMS,
the sample is bombarded by 15 keV primary gallium ions (Ga™,
500 pA, 5 ns pulse width, 10 kHz repetition rate) which induces
desorption of material from the surface. The positive secondary
ions ejected from the surface are extracted into the mass analyzer
which consists of three separate electrostatic sectors. The mass
spectrometer compensates for the kinetic energy dispersion of the
secondary ions and achieves a mass resolution of around 4000 at
1000 amu. All positive mode spectra were acquired at the center of
the deposited spot for 2 min. Negative mode spectra were not
obtained.

In Situ FT-ICR-SIMS Analysis. Experiments were performed using
a specially designed 6T FT-ICR instrument configured for study-
ing ion—surface interactions.289%%° Briefly, mass-selected clus-
ter ions produced in a high-transmission electrospray source
undergo normal-incidence collision with a SAM surface posi-
tioned at the rear trapping plate of the ICR cell. During ion SL,
the surface is exposed to a continuous beam of mass selected
ions. In situ analysis of surfaces during and following SL is
performed by combining 8 keV Cs* secondary ion mass spec-
trometry with FT-ICR detection of the sputtered positive ions
(FT-ICR-SIMS).*? Static SIMS conditions with a total ion flux
of about 10'° ions/cm? (current 4 nA, duration 80 us, spot
diameter 4.6 mm, 10 shots per spectrum, ~200 data points)
were used in these experiments that typically lasted for 6 h.
Each SIMS spectrum was averaged over 10 shots correspond-
ing to an acquisition time of 10 s. The kinetics data were
obtained by sampling the SAM surface every 2 min for
approximately 6 h.
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