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The ability to deposit intact polyatomic ions with well-defined
composition, charge state, and kinetic energy onto surfaces makes
preparative mass spectrometry, also called ion soft landing, partic-
ularly attractive for preparing uniform molecular and ionic layers.
Early studies characterized the structures, charge states, and reactivity
of sparsely distributed soft-landed species. The recent development of
high-flux ionization sources has opened up new opportunities for the
precisely controlled preparation of both two-dimensional structures
and three-dimensional multilayer architectures by ion soft landing.
The deposition of large numbers of ions onto supports led to previ-
ously unknown phenomena being uncovered, thereby opening several
exciting research directions. Furthermore, faster ion deposition has
enabled fabrication of novel functional devices. This Review discusses
important phenomena and highlights key developments pertaining to
the preparation of well-defined interfaces for studies in energy storage,

catalysis, soft materials, and biology.

1. Introduction

Mass spectrometry, commonly used as a powerful tool for
a variety of analytical applications, is ideally suited for the
preparation of charged molecules with well-defined compo-
sitions and charge states. This capability prompted the
development of preparative mass spectrometry, in which
mass- and charge-selected ions are deposited onto surfa-
ces.l''% Molecular ions are typically delivered to surfaces with
kinetic energies in the hyperthermal range (1-100 eV). This
gentle deposition process, called ion soft landing, is analogous
to molecular beam epitaxy but uses charged species instead of
neutral molecules. Although ion currents are substantially
lower than typical fluxes of neutral molecules used in
molecular beam epitaxy, ion soft landing provides access to
a broad range of both stable and chemically labile charged
species, from small atomic ions to large protein complexes in
the megadalton mass range. Patterning of the ion beam and
control of the ion kinetic energy are important capabilities
that further distinguish ion soft landing from other deposition
techniques. Furthermore, gas-phase ion chemistry may be
used to generate species that cannot be synthesized in
solution, which opens up opportunities for examining the
properties of materials prepared from building blocks that are
unavailable by traditional chemistry methods.

Since its introduction by the Cooks group in 1977, ion
soft landing has been used predominately for studying
uniformly distributed isolated ions on surfaces. These studies
provided a detailed understanding of the physical and
chemical phenomena accompanying ion deposition, including
the structure and reactivity of isolated ions on surfaces, charge
retention, covalent-bond formation between ions and func-
tional groups on the surface, secondary structure, and
biological activity of soft-landed peptides and proteins. The
progress in this area of ion soft landing research has been
extensively reviewed'™ and will not be discussed here.
Instead, this Review will focus on an emerging and promising
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area in this field, in which mass spectrometry is being used to
prepare aggregates and multilayer architectures. Recent
developments in ion soft landing instrumentation have
resulted in at least an order of magnitude increase in the
achievable ion current, which prompted the transition from
studying isolated species to more complex multilayer materi-
als. The ability to conduct layer-by-layer ion deposition, which
will open up new applications using beams of mass-selected
complex ions, relies on understanding the physicochemical
processes accompanying ion—surface collisions. For example,
soft-landed ions often retain their charge and a substantial
potential may be created on the surface upon the accumu-
lation of ions.”! Understanding charge retention and process-
es that stabilize multilayered ion-based architectures is
critically important for controlling high-flux ion-deposition
processes.
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This Review is organized as follows. First, we discuss
recent developments in ion soft landing instrumentation.
Next, we describe a two-plate capacitor model, which helps
rationalize the accumulation of charged species of the same
polarity on surfaces. Finally, we present several examples of
high-flux ion deposition for preparing electrochemical energy
storage devices, catalytically active cluster assemblies, self-
organizing anion-based layers, and arrangements of large
molecules for applications in soft materials and biology.

2. Advances in Soft Landing Instrumentation

Ion soft landing experiments typically utilize custom-
designed vacuum-based instruments in which an ionization
source is coupled to a mass filter that delivers mass-selected
ions to the deposition surface.">>° Although a broad range
of ionization techniques and mass analyzers may be used for
ion deposition, continuous ionization sources and mass-
filtering devices provide the highest possible ion fluxes and
are, therefore, preferred over pulsed systems with lower duty
cycles. Electrospray ionization (ESI) is one of the most widely
used techniques for ion deposition, with or without mass
selection." EST produces fairly bright beams of ions present
in solution or polar molecules that ionize by formation of an
adduct or proton detachment. Alternatively, a nonthermal
magnetron sputtering source combined with gas aggregation
has been used to generate charged clusters and nanoparticles
of different size, composition, and structure that cannot be
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synthesized in solution.!"” These ionization sources are often
coupled to a quadrupole mass analyzer, which is used as
a mass-filtering device. For a detailed description of soft
landing instrumentation, the readers are referred to compre-
hensive reviews.">>° In the following, we highlight the most
recent developments, which have substantially enhanced the
achievable ion currents and opened up several exciting
research directions in this field.

Recent advances in ESI-based soft landing instrumenta-
tion focused on the improved transfer of charged droplets
from the emitter into the vacuum system of a mass spectrom-
eter and more efficient desolvation of the droplets at the
atmospheric interface. Ion currents in the range of 1 to 10 nA
have been achieved either by increasing the inner diameter**!
or precisely shaping the heated inlet of the instrument.['” The
implementation of the dual ion funnel interface enabled the
instrument to be operated with a higher gas load in the
vacuum, thereby resulting in an almost tenfold increase in the
ion current. The substantial increase in ion current is critical
to the preparation of 2D molecular structures and 3D
multilayer architectures.

Notable developments have occurred in physical cluster/
nanoparticle synthesis techniques based on sputtering and gas
aggregation. In particular, a new multi-magnetron source was
introduced which incorporates three separate metal targets
that may be placed at controlled locations within one
aggregation region.'®! A supersonic cluster beam apparatus
was also developed and used for the rapid prototyping of
cluster-based electrical components.'” In addition, high-
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power impulse magnetron sputtering was shown to produce
large currents of mass-selected metal clusters."s! A recently
developed “Matrix Assembly Cluster Source” (MACS)
produces several nanoamperes of equivalent current, which
corresponds to the combined flux of neutral and charged
nanoclusters.'” In this source, the clusters are formed by
condensation of metal atoms and ions inside a cold (ca. 15 K)
matrix.””! The process is initiated by bombarding the matrix
with a high-energy ion beam to promote atomic collisions and
sputtering of clusters generated through a collision cascade
into the gas phase. The variation in the diameter of the
clusters is about 10 % without mass selection.

The most probable cluster size is determined by the
temperature of the matrix, primary ion beam parameters, and
metal concentration in the matrix. Furthermore, colloidal
suspensions may be produced by depositing clusters onto
water-soluble polymer films and subsequently transferring the
polymer-encapsulated clusters into solution by sonication.”!
This approach should be, in principle, scalable to milliamperes
of ion current, which will result in an unprecedented rate of
cluster deposition.

3. Ambient Soft Landing

Certain advantages of soft landing of mass-selected ions in
a vacuum may be reproduced in the laboratory with
substantially reduced equipment and expense by using an
alternative approach called ambient ion soft landing.”? This
simplified soft landing technique involves deposition of
polyatomic ions from air onto a surface at a selected location
at atmospheric pressure. As shown in Figure 1, charged
droplets generated by ESI are passed pneumatically through
a heated drying tube to ensure efficient ion desolvation. Ion
polarity (4 /—) is then selected using electrostatic deflectors,
and the desolvated polarity-selected ions are soft landed onto
a chosen surface in open air. In contrast to traditional soft
landing experiments in a vacuum, where ions are selected by
their mass-to-charge ratio, here the ions to be deposited are
selected through the choice of a chemical compound that
produces mainly one ionic species in a given charge state
during ESL.”! This more accessible ion-deposition approach

R R 1
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Figure 1. Schematic diagram of the electrospray emitter, drying tube,
and electrostatic deflectors used for ion soft landing under ambient
conditions. Reproduced from Ref. [23] with permission. Copyright
2011, American Chemical Society.

Angew. Chem. Int. Ed. 2018, 57, 16270-16284

Reviews

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

has a number of advantages compared to conventional
solution-based preparation methods, such as drop casting
and spin coating, since it eliminates neutral molecules and
counterions from the surface.

Recently, it was demonstrated that ESI of solutions of
metal salts followed by heating in air transforms salt clusters
into naked ionic metal clusters. In essence, the heated, coiled,
drying loop serves to release the counterions while generating
naked anionic or cationic metal clusters.¥) This development
has important implications for the preparation of metal
clusters and nanoparticles for catalysts and optical sensors,
including species that are not readily synthesized in solution.
For example, ambient ion beams combined with nonconduc-
tive masks were used to prepare structured patterns of Ag
nanoparticles for surface-enhanced Raman spectroscopy
(SERS) with substantial enhancement factors of up to
10%.24 In another study, soft landing was used to create 2D
nano-networks of molecules on graphite under ambient
conditions. This resulted in a close-packing structure instead
of the more typical unorganized clusters formed by solution
deposition.” An interesting aspect of this study was the
detection of positively charged species, thus indicating the
retention of charge on the modified surfaces. In a recent study,
dandelion-like CuO-Ag hybrid nanostructures were prepared
on surfaces through electric field induction of electrosprayed
Ag ions and clusters.’! The process involved the production
of charged Ag clusters by ionization at atmospheric pressure
followed by soft landing and electrostatically induced self-
assembly of the ions on the tips of CuO nanowires. Ambient
soft landing was recently used to prepare protein chips for
analytical mass spectrometry.””) The chips were used for the
development of bioanalytical assays based on the interaction
between the immobilized protein and the sampled analyte
directly on the chip. Potential future developments for
ambient soft landing as an approach to surface modification
include the incorporation of electrode devices capable of
focusing, reacting, and separating ions in the open air, thereby
achieving some ion manipulations similar to those conducted
routinely in vacuum.”® New hydrodynamic interfaces to
ensure complete desolvation of ions in droplets produced by
electrospray will also increase the throughput and decrease
the contamination associated with soft landing in benchtop
instruments.”’!

Ambient soft landing benefits from the accelerated
reaction kinetics occurring in desolvating microdroplets. For
example, this approach was employed to derivatize biomol-
ecules through the efficient formation of amide bonds
between amines and carboxylic acids in charged microdrop-
lets.””) The derivatized species self-assembled on bare gold
surfaces through the formation of Au—S bonds. The inter-
action of charged droplets containing organic compounds
with solid surfaces was also shown to be more efficient than
the equivalent reaction performed in bulk solution.’!! The
increased reactivity was attributed to evaporation of the
solvent, which results in dramatic increases in the concen-
tration and pH value in the droplets. In another study, it was
observed that chemical reactions within organic layers and at
interfaces of organic films and an aqueous phase or the
atmosphere often exhibit markedly different reactivity to that
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shown by the same compounds in bulk solutions.*” In
summary, ambient soft landing is a versatile and cost-effective
technique for modifying surfaces with complex ions that
produce primarily a single ion through ESI. Recent studies
indicate promising uses of this method in the synthesis of
clusters and nanoparticles for catalysis and spectroscopy,
highly efficient and selective droplet reactions, and bioana-
lytical applications.

4. Charge Retention and the Capacitor Model
Since being discovered by the Cooks group in 1997,
charge retention by soft-landed ions on surfaces coated with
insulating layers has been extensively investigated.®*! It has
been demonstrated that the efficiency of charge loss by
deposited ions is affected by the properties of the surface,
mode of ionization of the projectile ion, and coverage.
Detailed discussion of this topic may be found in several
recent reviews.>>"%! Briefly, efficient charge retention, which
is largely independent of the properties of the surface and ion
coverage, was observed for stable anions.***” This observa-
tion was attributed to the high energy barrier for the
detachment of an electron from the anion for either partial
loss of charge or complete neutralization. In contrast, cations
undergo more efficient charge reduction when soft landed
onto  thin  insulating  self-assembled  monolayers
(SAMs).P3%1 The tunneling of electrons from the under-
lying metal surface through the insulating layer is the key
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factor affecting the charge reduction of native cations.
Electron tunneling rates are affected by the properties of
the SAM and may be controlled by tailoring the interface
dipoles of the layers facing the ion beam. Furthermore, the
accumulation of ions on top of the layer generates an electric
field gradient across the SAM, which facilitates electron
tunneling.® As a result, charge retention by native cations is
affected by ion coverage. Finally, protonated species soft
landed onto SAMs were found to undergo proton abstraction,
which was least efficient on fluorinated and most efficient on
carboxy-terminated SAMs.P”!

Regardless of the mechanism of charge reduction, partial
or complete retention of charge by soft-landed ions raises
a concern that a substantial potential may build up on the
substrates and block the ion beam from reaching the surface.
However, experimentally, a stable current is measured on the
conductive substrate during deposition even if charge is
retained by the soft-landed ions. The efficient deposition of
ions onto a layer of species with the same charge already
present on the surface seems counterintuitive at first, but may
be rationalized using a simplified parallel plate capacitor
model. According to this model, the presence of permanent
charges (the deposited ions) near the metal surface above
a thin insulating layer such as a SAM induces a displacement
of the electrons in the conductor. The conductive substrate, if
grounded, accumulates a charge opposite to that of the
deposited ions, which results in an electric field that may
be described by the model of image/mirror charges (Fig-
ure 2a). This preserves the overall neutrality of the system. If

R (ions)
—1 (5
—3 (29
—5  (81)
—13 (529
—17  (901)

25 (1961)
—40  (5025)
—60  (11289)

-60 -50 -40 -30 -20 10 0O 10 20 30 40 50 60
Gridpoint (x,0,3)

Figure 2. a) Representation of the parallel plate capacitor model in ion soft landing. The field of the grounded conductive substrate may be
modeled by point charges that are located at the positions of the ions mirrored on the conductive surface. b) Schematic diagram of the physical
model described in Equation (1). ¢) z component and d) x component of the force on a point charge at different positions over an array of

charges. See text for details.
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the layer of soft-landed ions and mirror charges is approxi-
mated by uniformly charged round plates with radius R
separated by a distance d (Figure 2b), the force F on an ion
approaching the center of the plate at distance D may be
expressed using Equation (1).)

_ZNew( D . Did
2 A\ VRTD? JR+(D+d)

1)

From Equation (1), it follows that for a large capacitor
(very large R), the electric field above the center of the plates
is extremely small and vanishes for infinitely large plates. This
approximation has been used previously to explain stable
deposition currents observed throughout the continuous
accumulation of charges of the same polarity on surfaces.!
However, the infinite parallel plate capacitor approximation
does not account for side effects at the borders of the plates.
To understand how the electric field develops over a mono-
layer of charges with increasing radius R at different positions,
we established the following model: The deposited ions are
represented as a two-dimensional array of evenly distributed
point charges located at grid points (x,y,0) within a given
radius R from (0,0,0). The radius of the array is varied by
changing the number of point charges while keeping the
density of the charged species constant. The same array of
point charges with negative values is located at (x,y,—1) to
represent the mirror charges in the underlying conductive
surface. The electric field above the two-dimensional array of
deposited ions and its mirror charge was calculated by adding
up the individual contributions of all the charges. In Fig-
ure 2¢, the z-component (repulsive force) that acts on an
approaching ion three grid units above the layer along a line
(x,0,3) is plotted for different radii R. Figure 2d represents the
corresponding x-component of the force. For small radii R
(small number of ions), the repulsive force in the middle
initially increases with R but, with the addition of further ions,
then drops. It follows that ions approaching the middle region
of an extended layer of deposited ions are affected little by
electric fields. In contrast, the lateral component of the field
(Figure 2d) close to the edge of the array increases gradually
at small radii and remains almost constant at larger radii.
Consequently, slow ions approaching the borders may be
relegated to the outer positions of the layer. Since the
experimental deposition profile is expected to be Gaussian
shaped, less pronounced border effects may be expected than
in this idealized array.

As the charge density on the surface increases, the
potential between the metal substrate and the layer of soft-
landed ions increases, which may, in the case of high-coverage
depositions, result in a breakdown of the capacitor through
electron tunneling and neutralization of the deposited ions on
top of the SAM. One example of capacitor breakdown was
reported for ligated gold cluster cations deposited at fairly
high coverage onto a fluorinated self-assembled monolayer
(FSAM) surface.* In contrast, recent multilayer depositions
of electronically stable anions did not result in considerable
neutralization.’®* Investigations pointed to preservation of
the anionic charge state on the surfaces. Characterization of
these layers showed that hydrocarbons (primarily phthalates)
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from the instrument background accumulated together with
the deposited anions, which helped stabilize the layers. These
layers with a high coverage of anions exhibited remarkable
properties as interfaces for supercapacitors*! or self-organiz-
ing layers,* as will be discussed in the following sections.
Based on the high density of anions that must be present in
such multilayer materials we propose that the layer is not
electrostatically stabilized by the image charges alone.
Instead, other stabilization mechanisms including coadsorp-
tion of neutral molecules and their partial oxidation must also
be taken into account. Understanding these processes at
a fundamental molecular level is an important challenge
facing research on ion soft landing at high coverage.

5. Designing Electrode—Electrolyte Interfaces Using
lon Soft Landing

Electrochemical interfaces are an integral part of energy
conversion and storage technologies.****! Charge transfer,
migration under electric fields, and ionic diffusion are primary
interfacial processes, which take place at operating electrode—
electrolyte interfaces (EEIs).*** The stability of solid EEIs
is dependent on the efficiency of these interfacial processes.
Numerous degradation mechanisms in solid EEI-based
electrochemical systems have been reported in the literature.
Examples include agglomeration and decomposition of
redox-active species on electrode surfaces (supercapacitors,
batteries), catalyst dissolution, and generation of undesired
parasitic side products during the oxygen reduction reaction
(ORR) at electrodes in polymer electrolyte membrane fuel
cells (PEMFCs).! A fundamental understanding of relevant
phenomena, such as dynamic changes in the local molecular
and electronic structures, chemical reactivity of species bound
to electrode surfaces, and intrinsic properties of electroactive
moieties at operating EEI, is essential to the development of
efficient and sustainable solid-state energy technologies.*!

Recent studies demonstrated that ion soft landing is
ideally suited for designing well-defined EEIs through the
deposition of mass-selected electroactive ions onto electro-
des. This capability is important to obtaining a detailed
understanding of molecular-level processes on electrodes
without the complications of side reactions, contaminants, and
electrochemically inactive counterions.®! For example, under-
standing the effect of counterions on the performance of
redox supercapacitors may be achieved through mass-
selected deposition of electroactive ions such as multielectron
redox-active polyoxometalate (POM) anions (Figure 3a).”
The elimination of strongly coordinating counterions from
EEIs prepared by the soft landing of molybdenum POM
anions ([PMo;,0,]*") resulted in a substantial decrease in the
interfacial charge-transfer resistance, which enhanced the
performance and long-term stability of a redox supercapaci-
tor.l! Specifically, more than a 30% increase in the energy
storage capacity of carbon nanotube electrodes (CNTSs) was
achieved by depositing only 50 ng (0.2 wt %) of pure POM
anions uniformly on top of the electrode. In contrast, more
than 100 ng of POM was necessary to achieve a comparable
capacitance as electrodes prepared by ambient electrospray
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Figure 3. a) Schematic representation of an EEI prepared using ion soft landing of [PMo,,0,]*~ onto CNT electrodes that do not contain strongly
coordinating cations as counterions. b) The total specific capacitance of electrodes prepared by soft landing (SL) and ambient electrospray
deposition (ESD) at different loadings of [PMo,,0,] ions. c) Atomically resolved STEM images of the uniformly distributed soft-landed
[PMo,,0,40)° ions. d) STEM images of the surface after ESD showing the formation of aggregates of [PMo,,0,,] as a consequence of the presence
of counterions. Reproduced from Ref. [48] with permission. Copyright 2016, Nature Publishing Group.

deposition (ESD; Figure 3b). Furthermore, the long-term
stability of the ESD electrodes was inferior to the ones
prepared using mass-selected ion soft landing. Scanning
transmission electron microscopy (STEM) images revealed
a uniform distribution of individual POM anions on electro-
des prepared by ion soft landing (Figure 3¢) and substantial
agglomeration of POM on electrodes prepared by ESD,
which affects their performance. Similarly, a remarkable
increase in the photoelectrochemical activity of metal oxide
electrodes was observed after deposition of a sub-monolayer
amount of mass-selected Ti nanoclusters.[*¥ These proof-of-
principle studies demonstrate the power of soft landing for
the preparation of high-efficiency technologically relevant
EEIs and provide the first mechanistic insights into relevant
processes occurring at EEIs.

In situ characterization of processes at solid EEIs pre-
pared using ion soft landing will facilitate the rational design
of improved functional interfaces for solid-state electro-
chemical devices. A solid-state in situ electrochemical cell was
developed to address this challenge. The cell is composed of
a screen-printed electrode and a specially designed thin
nanoporous membrane in which an ionic liquid (IL) serves as
a solid-state electrolyte (Figure 4a). Two different mem-
branes were developed to enable the characterization of both

www.angewandte.org
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the intrinsic redox and reactive processes at EEIs. The
nanoporous membranes were found to have excellent mass-
transport properties, comparable to those of liquid electro-
lytes, and to be stable in vacuum and different reactive
gaseous environments (Figures 4a,b).*) Soft landing enables
precise control over the stoichiometry and distribution of
electroactive species at EEIs (Figures 4c,d). The thin nano-
porous membrane mimics solid electrolytes used in numerous
devices, which facilitates understanding of electrochemical
processes occurring on technologically relevant EEIs.

The redox activity of POM anions was examined using an
electrochemical cell containing an aprotic IL membrane
(Figure 4c¢). Insitu cyclic voltammetry (CV) measurements
showed multielectron redox processes for [PMo;,0,,]*" (Fig-
ure 4e) and its doubly charged protonated analogue
[HPMo,,0,,]*". The different response of the two charge
states of POM anions in CV experiments was attributed to
inhibited electron transfer to the POM as a result of the
presence of H' ions in [HPMo,,O,]* . Additionally, two
complementary fragment ions of [PMo;,O]’", namely
[Mo,0,]* and [PMosOs] ", were produced in the gas phase
through collision-induced dissociation (CID) and deposited
onto the aprotic cell. CV analysis of the fragments revealed
a synergistic interaction between [Mo,0]* and [PMosO;5]~
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Figure 4. a) Schematic drawing of the in situ solid-state electrochemical cell prepared using ion soft landing. b) Scanning electron micrograph of
the nanoporous thin ionic liquid membrane. ¢,d) Schematic representation of redox and electrochemical reactions, respectively, studied using the
in situ cell. e) Representative cyclic voltammogram of soft-landed [PMo,,0,0]* showing multiple well-resolved redox steps obtained using the

in situ aprotic IL cell represented in (c); Cc"/Cc=cobaltacene redox couple, used as an internal reference. f) Representative cyclic voltammograms
of soft-landed Pt clusters showing significant oxygen reduction activity obtained using the in situ protic IL cell represented in (d). Reproduced
from Ref. [49] with permission. Copyright 2016, National Academy of Sciences.

and subsequent electron transfer within the cluster, which is
collectively responsible for the redox activity of the intact
[PMo,,0,]*" cluster. These experiments highlight the power
of ion soft landing combined with the in situ electrochemical
cell for understanding the contribution of individual building
blocks to the multielectron redox activity of deposited
electroactive species.

Electrochemical reactions may also be explored using the
in situ electrochemical cell with an appropriate IL membrane.
For example, the reduction of oxygen on bare Pt clusters (e.g.
Pt;,) produced by magnetron sputtering and gas aggregation
was examined using a protic IL (Figure 4 d). This protic IL cell
is stable in vacuum during ion deposition and serves as the
source of protons during the electrochemical reduction of
oxygen. The activity of Pty clusters (Figure 4 f) was compa-
rable to conventional Pt-based electrodes, which confirms the
reliability of this insitu cell for studying electrochemical
reactions of electroactive clusters.

In summary, the solid-state thin-film in situ electrochem-
ical cell combined with ion soft landing enables electro-
chemical characterization of well-defined uniformly distrib-
uted ions at EEIs. This capability will facilitate molecular-
level understanding of key electron- and ion-transfer pro-
cesses at technologically relevant nanoporous EEIs during
electrocatalytic operation. In general, the approach of
coupling in situ electrochemical techniques with soft landing
opens up new opportunities to probe electrode kinetics of
well-defined ions at operating solid—electrolyte model inter-
faces. This has strong implications for research in catalysis and
energy technologies.
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6. Catalytic Particles—From Isolated lons to
Particle Assemblies

Ton soft landing has been used for over 30 years to prepare
well-defined model systems of supported clusters for funda-
mental studies in heterogeneous catalysis.’*>!! Several review
articles describing this work are available in the litera-
ture.*719234 Briefly, Heiz etal. demonstrated the soft
landing of mass-selected metal cluster ions, produced through
laser vaporization and gas condensation, onto thin metal
oxide films.” Subsequent surface characterization using
infrared spectroscopy and temperature-programmed desorp-
tion combined with theoretical calculations provided insights
into the role of cluster size, surface defects, and interfacial
electron transfer on catalytic reactions promoted by sup-
ported clusters.”® Later studies established a correlation
between the oxidation activity of size-selected Pd, clusters
supported on TiO, and the binding energies of their 3d
electrons, as measured by X-ray photoelectron spectros-
copy.’l Characterization of the size-dependent catalytic
activity of Pd, clusters supported on graphite revealed
a substantial increase in turnover rates with decreasing cluster
size.’™ In addition to activity, the selectivity of reactions
toward desired products is another important metric of
overall catalytic performance that may vary with cluster
size. For example, size-selected Ptg ;, clusters soft landed on
supports were found to be highly active for the oxidative
dehydrogenation of propane while maintaining a high selec-
tivity for the formation of propylene.F”! Such “atom-by-atom”
insight into the catalytic activity and selectivity of supported
clusters is only possible through the preparation of well-
defined samples by the soft landing of mass-selected ions.
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The structural evolution of clusters on supports under
reaction conditions is critical to their long-term performance,
with the support playing a key role in determining stability.
For example, characterization of Pd, clusters soft landed onto
TiO, supports revealed that deactivation proceeds through an
alloy-like, strong metal-support interaction that chemically
modifies the clusters through electronic interactions with the
support.®) The structural evolution of size-selected (1.4—
22 nm diameter) cobalt nanoparticles during the oxidative
dehydrogenation of cyclohexane was also explored.l! Inter-
estingly, small and intermediate-size clusters retained their
morphology, while larger particles transformed into hollow
spheres as a result of the nanoscale Kirkendall effect. Larger
bimetallic nanoparticles containing Co and Pt were prepared
on alumina supports and characterized using in situ X-ray
scattering and absorption techniques to examine the evolu-
tion of their size, shape, and oxidation state under the reaction
conditions.” The changes in the oxidation states of Co and Pt
exhibited a nonlinear dependence on the Pt/Co atomic ratio
of the clusters. In another study, size-dependent structural
transformations (Ostwald versus Smoluchowski ripening) of
Au nanoparticles during CO oxidation were explored.[ In
all of these cases, extracting interpretable information about
how supports influence cluster reactivity and stability relied
on the preparation of precisely defined systems by ion soft
landing.

Until recently, cluster deposition experiments were per-
formed primarily in ultrahigh vacuum under controlled
conditions at low temperature and pressure. In recent years,
however, there has been an evolution from performing
experiments exclusively in this well-defined but idealized
vacuum environment to the solution phase. For example, the
activity of sub-nanometer-sized soft-landed clusters under
“applied reaction conditions” has been explored.**®l A
detrimental effect of the cluster size on the electrochemical
ORR was discovered. In a related study, liquid-phase CV
measurements on size-selected Pt, clusters soft landed on
glassy carbon electrodes without exposure to the ambient
environment were performed by using a unique vacuum-
based electrochemical cell.®®”! This study revealed surpris-
ingly strong effects of the cluster size, with Pt; clusters
promoting the reduction of O, to H,O, and Pt, clusters
promoting the oxidation and degradation of the carbon
support. The unusual behavior of Pt, clusters provides
important mechanistic insight into corrosion of the carbon
support—one of the major degradation modes in PEMFCs. A
commercial magnetron sputter gas aggregation source was
employed to prepare bare Pt Y nanoparticles larger than
1 nm in diameter, which were found to be highly electro-
chemically active toward the ORR. The remarkable activity
was attributed to compressive strain exerted by the core of the
nanoparticles on their surfaces.®®! Recently, the in-plane
multimagnetron sputtering approach!® combined with gas
aggregation was used for the preparation of PtRu alloy
nanoparticles, which were shown to be electrochemically
active and stable toward the ORR when deposited on glassy
carbon electrodes.™ In a following publication, the same
authors described an approach that involved seeding the
sputtering gas with a small amount of volatile hydrocarbons to
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synthesize TaC nanoparticles that surprisingly exhibited ORR
activity reminiscent of precious metals such as Pt.[*]

More recently, surprisingly high and strongly size-depen-
dent turnover numbers for the catalytic hydrogenation of p-
chloronitrobenzene in solution were reported for size-
selected Pt, clusters soft landed on Si wafers."!l Another
study illustrated how size-selected clusters soft landed onto
carbon electrodes may be used to control the morphology of
lithium peroxide discharge products that form on the
cathodes of lithium-oxygen batteries during electrochemical
cycling.”! Furthermore, electrochemical characterization of
soft-landed clusters has been used to examine an unusual size
dependence of the electrocatalytic conversion of CO, on Cu
nanoclusters.”” Specifically, it was observed that Cu,, enhan-
ces the efficiency of anodic redox processes, while Cus
enhances the efficiency of cathodic processes. Surfaces
containing clusters prepared by ion soft landing have, until
recently, been of low coverage to ensure there is limited
interaction between neighboring species. Low coverage also
minimizes the extent of cluster agglomeration, which is
important to ensure that the system remains well-defined
for catalytic testing and theoretical modeling. Nevertheless,
the flux of ionization sources has increased substantially and it
is now routinely possible to generate large enough ion
currents (nA) to deposit multiple layers of mass-selected
clusters in a realistic length of time (days).'"*'> It follows
that, over the last few years, unexpected phenomena have
started to present themselves at these high surface coverages
of clusters. For example, Ostwald ripening is a well-known
process by which the size distribution of clusters or nano-
particles evolves as smaller particles dissolve and the material
is redeposited onto larger particles.™ Recent experiments
revealed that size-selected Pt clusters on supports exhibit
remarkable intrinsic resistance to sintering under reaction
conditions as a result of suppression of Ostwald ripening by
elimination of its driving force (differences in the chemical
potential between different-sized clusters) through size selec-
tion.” These findings have substantial implications for the
preparation of both catalytically active and stable surfaces.["”

The electrochemical activity of size-selected Pt clusters
supported on glassy carbon electrodes for the ORR was
examined as a function of cluster coverage. A pronounced
increase in the O, reduction current was observed at a critical
edge-to-edge distance that was substantially greater than
what could be accounted for by the increasing cluster
coverage alone.’ This increased activity (Figure5) was
attributed to overlap of the electric double layers in solution
when neighboring clusters reached a critical separation
(coverage). The authors proposed that double layer overlap
results in the formation of potential hot spots which serve as
active sites with ideal binding strengths for both the reactants
and products (Sabatier principle). The higher cluster cover-
ages that are now obtainable also open up opportunities to
characterize size-selected clusters as supported catalysts
under “real” conditions of pressure and temperature.”” One
such approach involves the deposition of size-controlled
clusters from a MACS source to form multilayer stacks of
carbon clusters and polyvinyl pyrrolidone. The stacks are then
diced without substantial damage to the clusters to create
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Figure 5. Plot of the O, reduction current as a function of the cluster—
cluster distance. Reproduced from Ref. [77] with permission. Copyright
2013, Nature Publishing Group.

a catalyst powder that may be loaded into a reactor.” These
higher coverage capabilities will, therefore, extend catalytic
studies of size-selected clusters to industrially relevant con-
ditions of temperature, pressure, and reactant flow.

7. Self-Organizing lon-Based Layers

The deposition of large numbers of
ions onto surfaces makes it possible to
prepare new types of condensed-phase
layers. For example, crystalline architec-
tures of nanographenes were produced on
graphite surfaces by combining matrix-
assisted laser desorption ionization
(MALDI) with ion soft landing.” Poly-
crystalline structures containing rodlike
domains in different orientations were
observed using scanning tunneling micros-
copy. The structures produced using ion
soft landing were distinctly different from
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lying islands of inverse bilayers (Figure 6d) formed through
self-assembly of the molecular precursors. Self-organization
of these layers was found to be controlled by both molecule—
surface and intermolecular interactions.

In contrast to cations that readily lose their charge on
conducting surfaces, the high-coverage deposition of stable
anions generates layers containing charged species that
readily attract neutral molecules from the gas phase. A
recent study showed that these previously unreported ion-
based layers stabilized by coadsorption of gas-phase mole-
cules can exhibit self-organization processes known as
“dewetting” after exposure to ambient conditions.*!! The
strong influence of the properties of the deposited anions on
the self-organization process was systematically investigated
using a series of highly stable and structurally similar
dianions: [B;,X;,]> (X=F, Cl, Br, I). An example of the
observed dewetting of layers prepared by soft landing of
[B1,Cl,]* and [B,],,]*" anions onto different locations of the
same FSAM surface is shown in Figure 7. The two layers
developed remarkably differently after exposure to air
(Figure 7). In the case of the [B,,Cl,,]* -based layer, charac-
teristic droplet patterns formed on the surface within one day.
In contrast, the [B,I;,]* -based layer remained stable for
many days before developing into a colorful material over two
weeks under ambient conditions. The color originates from
a variety of different morphologies that scatter light and are
formed by dewetting mechanisms different from the process

those typically formed using vacuum sub-
limation or solution-phase deposition. In
particular, soft-landed nanographenes
were found to orient perpendicular to
the surface, which was attributed to the
presence of charge during deposition.
Subsequent self-assembly was proposed
to involve neutralization and diffusion of
the deposited species. In a later study, the 0
soft landing of positively charged sodium
dodecyl sulfate (SDS) species was used to
produce stable multilayered molecular

height / nm

200
distance/ nm

400 counts
/ a.u.

Figure 6. SDS layers on SiO, a) AFM image at sub-monolayer coverage. b) AFM image of

films (Figure 6).! X-ray powder diffrac-
tion and atomic force microscopy (Fig-
ure 6a—c) revealed a crystalline ordering
of the films, with both upright and flat

Angew. Chem. Int. Ed. 2018, 57, 16270 —16284

multilayer SDS islands; the cross-section is indicated. Inset: edge-filtered image: the red
arrows indicate straight edges. c) Cross-section: first the SDS layer (3.0 nm) and then three
stacked double layers (3.7-3.8 nm). The height histogram is derived from the whole AFM
image (b). d) Schematic model of layer formation of SDS on SiO,. Reproduced from Ref. [81]
with permission. Copyright 2012, Wiley-VCH Verlag.
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Figure 7. Optical microscope images comparing [B;,Cl;,]* - and [By,l;,]* -based layers after exposure to ambient conditions. An overview of the
surface is shown in the middle row, while light microscope images are presented in the bottom and top rows. In the case of [B,,Cl,]* -based
layers, holes are formed in the layers immediately upon contact with air. These holes grow and the borders merge into each other by forming rims

that break and result in the shown droplet pattern.

observed for the [B,Cl;,]*" layers. Droplet formation in the
[By,I;,]* layer could only be promoted by subjecting the
surface to wet nitrogen. In contrast, exposure of the
[B1,Cl,]*" layer to a large amount of water vapor resulted
in the droplets completely disintegrating. This shows that the
self-organizing material exposed to ambient conditions is still
a metastable phase with potential for subsequent morpho-
logical transformations.

Chemical characterization of the layers revealed that, in
addition to intact anions, they contain organic molecules
(mostly phthalates) originating from the background of the
vacuum system. X-ray photoelectron spectroscopy indicated
that 2-3 organic molecules are coadsorbed per soft-landed
anion. The intake of moisture into the hygroscopic layers was
found to drive the self-organization process, and the dewet-
ting mechanism was shown to be highly sensitive to the nature
of the deposited anions, the coadsorbed molecules, and the
underlying surface. Remarkable differences in the stability
and the time frame of the dewetting were observed along the
series of [B,X,]*” (X=F, Cl, Br, 1) anions. This unexpected
observation was attributed to differences in the internal
charge distributions of the anions [B;,Xy,]*". Computational
population analysis methods predict a strong negative charge
on the ligand shell for smaller halogens, while a slightly
positive partial charge is assigned to the halogens for X =1.

Based on these differences between the soft-landed ions
and the dramatic changes in the bulk properties of the
resulting layers, it is reasonable to propose that the charge of
the outer shell of the anions is a key factor in determining the
stability of the anion-based layers. Specifically, a large partial
negative charge on the surface of the anions with smaller
halogens may lead to stronger repulsion with the negatively
oriented surface dipole of the FSAM and to stronger water

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

binding. In contrast, the partially positively charged shell of
the [By,I;,]* anion may result in weaker interactions with
neutral species and, therefore, a less efficient incorporation of
water molecules into the layer. It follows that the intrinsic
properties of the anions, often shielded by their counterions in
the condensed phase, have a strong influence on the proper-
ties of high-coverage soft-landed materials.

The observed slow self-organization may be attributed to
charge imbalance in the layer generated by anion accumu-
lation, which stabilizes the layer through a strong electrostatic
binding to the surface (see the capacitor model, Figure 2 a). If
charge balancing proceeds over time under ambient con-
ditions, strong electrostatic interactions are replaced by
weaker interfacial forces that determine the final morphology
of the layer. These observations show the potential of ion soft
landing for the preparation of anion-based layers for under-
standing the self-organization of novel materials and con-
trolled formation of well-defined features on surfaces.

8. Biological and Soft Materials

High-flux ion deposition also has been instrumental in
understanding the assembly of large floppy molecules on
surfaces. For example, scanning tunneling microscopy (STM)
imaging of trioctyl triazatriangulenium (TATA) deposited
onto a Au(111) surface showed the formation of molecular
architectures (Figure 8, top)."!l It was found that the alkyl
chains of the trioctyl-TATA molecules are bent such that the
adsorbed molecules are chiral. Remarkably, out of eight
possible configurations of the octyl chains in the molecule,
only one was observed on the surface. Soft landing of trioctyl-
TATA molecules onto clean metal surfaces led to homochiral
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Figure 8. Top: STM images of homochiral trioctyl-TATA patterns with a) S and b) R chirality. The unit cells are shown with dashed lines.

¢,d) Models of the c) S and d) R arrangements. Reproduced from Ref. [82] with permission. Copyright 2015, American Chemical Society. Bottom:
STM images after deposition of charge-state-filtered CytC ions on a Cu(100) surface. The charge states and kinetic energies are indicated in each
panel. Reproduced from Ref. [83] with permission. Copyright 2014, American Chemical Society.

hexagonal arrangements. STM also has been used for imaging
soft-landed peptides and proteins along with their formed
structures on surfaces. In these studies, the charge state of the
protein is commonly used to control the initial conformation
(compact/extended) of the precursor ion.***¥! The evolution
of the conformation of cytochrome ¢ on Cu(100) as a function
of charge state is shown in Figure 8 (bottom).*? As expected
based on the Coulomb repulsion between the like-charged
groups, more extended conformations were observed when
higher charge states of the protein were selected for soft
landing. The initial charge state has also been identified as an
important parameter in determining the final conformations
of ubiquitin ions on SAMs.[®! Furthermore, infrared spec-
troscopy of the soft-landed ubiquitin ions indicated that they
undergo conformational changes over the course of several
hours. These changes likely result from either the folding or
self-assembly of the deposited species on the surfaces. Both
folding and dimerization have been observed for soft-landed
bradykinin ions using STM.® The relative yield of these
processes is strongly dependent on the properties of the
surface. For example, folded dimers of soft-landed bradykinin
ions were the dominant species observed on Cu(100), while
folded isolated molecules were observed on Cu(110).
Protein adsorption onto metal surfaces may result in
substantial changes in secondary and tertiary structure.
Recently, a new technique for imaging soft-landed proteins
in their native conformation was introduced.®™ In this
approach, proteins are soft landed onto freestanding gra-
phene sheets and their conformation is examined using low-
energy electron holography. Holography imaging of the
relatively small proteins (cytochrome c, bovine serum albu-
min, and hemoglobin) with sub-nanometer resolution was
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© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

demonstrated and the results confirmed that proteins were
present in vacuum in their fully neutralized folded conforma-
tion. It has been proposed that this capability will also enable
the imaging of hydrated proteins.

The covalent attachment of complex molecules to surfaces
is critical to several applications, including the preparation of
biosensors and protein microarrrays.*! Previous studies
demonstrated the efficient reactive landing of peptide ions
onto SAMs terminated with labile functional groups®” and
carbon nanotubes.™ Direct dynamics simulations provided
important insights into the effect of the charge state and
kinetic energy on the efficiency and mechanisms of reactive
peptide deposition.”*! Good qualitative agreement between
the experimental and theoretical results indicates the pre-
dictive power of direct dynamics simulations, which may be
used in future studies to design ion-surface reactions for
particular applications. Recent experimental studies exam-
ined the reactive landing of multifunctional molecules. For
example, the deposition of different generations of dendrimer
ions onto SAMs enabled a systematic study of the effect of the
number of functional groups in a complex projectile ion on
the efficiency of forming covalent bonds with the surface.’ It
was demonstrated that the reactive landing efficiency
increases in proportion to the number of exposed reactive
groups in the ion. In a related study, this observation was
extended to peptides and proteins.”!! In contrast to dendrim-
ers, which showed no measurable effect of the charge state of
the ion on the binding efficiency, more efficient bond
formation was observed for the higher charge state of
ubiquitin, which has an extended conformation. This finding
was attributed to the larger number of reactive groups on the
surface of the extended conformation.
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9. Summary and Outlook

Ton soft landing has a productive history in the prepara-
tion of low-coverage samples on surfaces for fundamental
studies in catalysis, surface science, and chemical analysis.
Recent advances in instrumentation, including electrospray
ionization, magnetron sputtering, the electrodynamic ion
funnel, and the matrix assembly cluster source, now allow
much larger fluxes of mass-selected ions to be delivered
routinely to surfaces. In addition, nonthermal ionization
methods as well as gas-phase techniques, such as collision-
induced dissociation and ion-molecule reactions, are being
exploited to generate new materials that cannot be synthe-
sized by condensed-phase methods. At the same time, more
accessible instrumentation has been developed that enables
some of the advantages of soft landing in vacuum to be
achieved on the laboratory benchtop under ambient condi-
tions. Rapidly desolvating droplets offer a new medium for
exploring and promoting reactions at interfaces. It is the
higher ion fluxes, however, that are revealing unexpected new
phenomena, including emergent catalytic hot spots at critical
cluster coverages and the formation of macroscopic films with
behavior that may be controlled through the intrinsic proper-
ties of the gas-phase ions. The surprising accumulation of such
large quantities of like-charged ions on surfaces may be
explained using a capacitor model that balances the charge of
the ions with that of an induced mirror potential in the
underlying conductive substrate. Other processes that may
control the self-organization of ion-based layers should be
explored in future studies. For example, exposing the layers to
an energetic electron beam may be used for the direct writing
of well-defined nanoscale features for potential applications
in photonics and nanoscale patterning. Importantly, the
properties of isolated ions, extensively investigated in mass
spectrometry experiments in the gas phase, may be used to
rationalize the design of new layered materials with previ-
ously unreported properties. However, the molecular control
demonstrated over these layers can only be fully exploited by
obtaining a physical understanding of their internal structure.
Dewetting mechanisms, which have been extensively inves-
tigated by the physics community, provide important insights
into the properties of these novel materials.

Although it is unlikely that ion soft landing will be able to
produce gram quantities of high-purity molecular building
blocks for materials synthesis, we anticipate that it will
complement the capabilities of well-established techniques
for the preparation of high-quality thin layers on substrates,
such as molecular beam epitaxy and atomic layer deposition.
In particular, the capabilities of these techniques in some
advanced commercial applications will be expanded to
include ionic building blocks and large, low-volatility mole-
cules. Current vacuum-based ion soft landing instrumentation
generates ion currents of up to 8 nA, which results in the
deposition of a monolayer over an area of 1 cm?*in less than an
hour. Space—-charge effects may present a challenge to
obtaining substantially higher ion currents (microamps)
under vacuum conditions. Clever approaches developed for
high-energy physics experiments, including counter-propagat-
ing ion beams of opposite charge and the introduction of

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ionizable background gases, may help surmount space—charge
limitations. Furthermore, soft landing under ambient condi-
tions may help alleviate some of the challenges associated
with deposition from higher ion fluxes and provide a practical
alternative for scaling up the deposition process. These
advances will allow ion soft landing to transition from the
realm of fundamental science using monolayers to the
preparation of 3D functional materials for incorporation
into macroscopic devices such as capacitors, batteries, and
photovoltaic systems. High-flux ion beams may also be
patterned using templates, masks, or alternating electric
fields, which direct ions towards specific spots on substrates.
This approach may be used to prepare surfaces with well-
defined active sites for applications in catalysis, energy
conversion and storage, and sensing.
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