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Abstract

Soft and reactive landing of mass-selected ions onto surfaces has become
a topic of substantial interest due to its promising potential for the highly
controlled preparation of materials. For example, there are possible applica-
tions in the production of peptide and protein microarrays for use in high-
throughput screening, protein separation and conformational enrichment
of peptides, redox protein characterization, thin-film production, and the
preparation of catalysts through deposition of clusters and organometallic
complexes. Soft landing overcomes many of the limitations associated with
conventional thin-film production techniques and offers unprecedented se-
lectivity and specificity of preparation of deposited species. This review dis-
cusses the fundamental aspects of soft and reactive landing of mass-selected
ions on surfaces that pertain to applications of these techniques in biomate-
rials, molecular electronics, catalysis, and interfacial chemistry.
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Electrospray
ionization (ESI): a
process in which
ionized species in the
gas phase are produced
from a solution via
highly charged fine
droplets by means of
spraying the solution
from a narrow-bore
needle tip at
atmospheric pressure
in the presence of a
high electric field
(1,000 to 10,000 V
potential)

Laser vaporization:
removal of material
from a solid or liquid
sample with energy
delivered by a short
laser pulse to form
ionized gas-phase
species and particles

Magnetron
sputtering: formation
of gas-phase ions and
particles through the
removal of atomized
material from a solid
via energetic
bombardment of its
surface layers by ions

Molecular layer
deposition (MLD): a
process in which
molecules are stacked
on substrates one by
one in order of
preference in vacuum

Cluster: a small group
of atoms or molecules

Secondary structure:
the conformation at a
local region of a

polypeptide

84

1. INTRODUCTION

Mass spectrometry is a versatile technique for the identification and structural characterization
of large molecules. The advent of soft ionization techniques such as electrospray ionization (ESI)
(1-2) has enabled the ionization of a wide variety of complex molecules without significant frag-
mentation, and nonthermal ion sources such as laser vaporization (3—4) and magnetron sputtering
(5-6) have provided access to materials that currently cannot be produced through conventional
techniques. Most mass spectrometry studies rely on ionization of a molecule of interest or of a
complex mixture followed by mass analysis. Alternatively, mass spectrometry may be used as a
preparatory technique in which mass-selected ions are deposited onto solid supports or into liquid
materials (7-18). Preparatory mass spectrometry offers several unique advantages for deposition of
complex molecules on substrates, including the ability to generate high-purity uniform films (19-
20), unprecedented selectivity and specificity of preparation of deposited species (11, 21-22), the
ability to focus and pattern an ion beam (23-24), and flexibility in both ion-formation (1, 3, 25-26)
and mass-selection (27-32) processes. This review highlights applications of mass-selected depo-
sition of complex molecules for selective immobilization of biological molecules and catalytically
active complexes on substrates.

Deposition of high-purity thin films is widely used in materials science and microfabrication
(33). Molecular layer deposition (MLD) that relies on self-limiting surface reactions between
polyatomic molecules and surfaces is the method of choice for preparation of ultrathin organic
films and mixed organic-inorganic interfaces (34-35). MLLD is often preferred over solution-phase
approaches because it enables a substantially higher degree of control over the deposition process
and hence produces high-quality films (36). Despite its widespread use, MLD suffers from several
limitations, which are discussed in a recent review (37). Specifically, because MLD relies on gas-
phase deposition of neutral molecules, it is usually limited to thermally stable organic reactants
that have sufficient vapor pressure. In addition, the reactivity of molecules with solid supports is
often reduced in the absence of solvent. Here, we demonstrate that deposition of hyperthermal
ions overcomes these limitations. First, soft ionization techniques can produce ions of thermally
labile molecules of low volatility without significant fragmentation, and nonthermal ion sources
can generate a variety of homogeneous or heterogeneous clusters that are not amenable to thermal
volatilization. Second, ions may be easily accelerated prior to deposition to the kinetic energy that
is necessary to overcome the barrier associated with an interfacial reaction.

In this review, we discuss the fundamental aspects of soft landing (SL) and reactive land-
ing (RL) of mass-selected ions on surfaces that pertain to future applications of these tech-
niques in biomaterials, molecular electronics, catalysis, and interfacial chemistry. SL was first
described in 1977 by Cooks and coworkers (7) for collisions of small sulfur-containing ions with
metal surfaces; intact deposition of mass-selected ions with charge retention was reported by the
same group 20 years later (38). Subsequent studies showed that complex ions, including clusters
(39-45), organometallic complexes (46-50), peptides (11, 22, 51-57), proteins (9, 11, 23, 58), DNA
(59), and viruses (60), may be deposited on substrates as intact species. Furthermore, retention of
charge (57), secondary structure (55), and biological activity (23) has been demonstrated for pep-
tides and proteins soft-landed onto surfaces, and deposition of mass-selected clusters (14, 61-63)
and organometallics (46-47, 64—68) has provided an alternative approach for the preparation of
monodisperse catalyst materials (63).

RL is a process in which ion-surface collision induces interfacial reactions (24, 69-70).
Depending on the properties of the projectile and the surface, RL can initiate a variety of reactions.
Examples of RL include patterning of Si(CDjs);* ions on OH-terminated self-assembled mono-
layer (SAM) surfaces (71); controlled modification of polystyrene surfaces by collisions of
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Figure 1

(@) Three-dimensional molecular modeling representation of the soft-landing process for (CH3), SINCS™
projectile ions impinging on a fluorinated self-assembled monolayer (FSAM) surface. (b,c) Mass spectra
recorded by 60-eV Xe™ sputtering of (5) an FSAM surface and (¢) the same surface after treatment for 1 h at
a collision energy of 5 eV, with (CH3)3SiOSi(CH3), * ions (72/z 147), at a total dose corresponding to 7% of
a monolayer. Reproduced from Reference 38 with permission. Copyright 2003, American Association for
the Advancement of Science.

low-energy CF;* and C;F;5™ ions (72-73); pinning of size-selected Agy4;" clusters to a graphite
surface (74); reactive deposition of mass-selected metal-carbon (MgCi;™) clusters on carbon-
covered grids, which results in cluster assembly (75); covalent bond formation between Csg*
clusters deposited onto a graphite surface (76); covalent immobilization of peptides (54, 56) and
proteins (58); and many others.

The physical and chemical processes that occur during the interaction of hyperthermal
(<100-¢V) ions with surfaces, including elastic and inelastic scattering, charge transfer, disso-
ciation, and SL and RL, have been extensively reviewed (10, 55, 77-85). Charge retention has
a significant effect on both the structure and the reactivity of deposited complex molecules.
Neutralization of projectile ions by electron transfer to or from the surface is a dominant pro-
cess in collisions of complex ions with metal surfaces (78, 86). The extent of neutralization is
substantially reduced when conductive substrates are coated with insulating thin films (84). The
deposition of intact polyatomic ions with charge retention was first demonstrated for collisions
of (CHj;),SiNCS™ ions with fluorinated SAM (FSAM) surfaces (38). Figure 1a illustrates an SL
experiment in which one ion approaches the surface and two ions are embedded into the layer.
Intact polyatomic ions trapped in the FSAM for many days were subsequently released from the
matrix by low-energy Xe* sputtering (Figure 1b,c). At relatively high collision energies, ion de-
position may result in fragmentation of the projectile and trapping of the resulting fragments (87).
This deposition regime is known as crash landing. Surprisingly, no crash landing was observed for
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Secondary ion mass
spectrometry
(SIMS): a type of
mass spectrometry in
which secondary ions
are ejected from a
sample surface as a
result of bombardment
by a primary beam of
atoms or ions

Time-of-flight
secondary ion mass
spectrometry
(TOF-SIMS): a
technique that uses a
pulsed primary ion
beam to desorb and
ionize a species from a
sample surface for
subsequent mass
analysis by time of
flight from the surface
to a detector

Fourier transform
infrared
spectroscopy (FTIR):
a technique that
simultaneously collects
infrared spectral
information in a wide
range of wavelengths

Amide I: a vibrational
band of peptides and
proteins that involves
mainly the
carbonyl-stretching
vibrations of the
peptide backbone and
is a sensitive marker of
peptide secondary
structure
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deposition of peptide ions on SAM surfaces at the fairly high collision energy of 150 eV, which
suggests that the internal excitation was rapidly dissipated by the trapped ions. Similar results were
reported for SL of crystal violet on plasma-treated silver substrates and for deposition of proteins
onto liquid surfaces (88).

2. SOFT LANDING AND REACTIVE LANDING OF BIOMOLECULES

Deposition of peptides and proteins on surfaces is of interest for various biological applications
ranging from characterization of molecular recognition events at the amino acid level and iden-
tification of biologically active motifs in proteins to the development of novel biosensors and
substrates for improved cell adhesion. It is also important for the understanding of interactions
between peptides/proteins and surfaces in the absence of solvent (89-94).

The process of immobilizing biomolecules on substrates often utilizes SAM surfaces because of
their well-defined structure and biocompatibility and the availability of various terminal functional
groups that control the physical and chemical properties of the monolayer (90, 95). Peptides and
proteins adsorbed onto SAMs are held either by weak van der Waals forces when the SAM s ter-
minated with nonreactive functional groups (e.g., CH; or CF3) or by strong electrostatic binding
with the COOH-terminated SAM (COOH-SAM) (55). Alternatively, biomolecules may be co-
valently attached to SAM surfaces terminated with reactive groups [e.g., N-hydroxysuccinimide
(NHS), 16-mercaptohexadecanoic acid fluoride, anhydride, etc.], an important prerequisite for
the fabrication of protein microarrays and biosensors, the synthesis of biomaterials, and other
biotechnology applications (54, 96). Existing approaches for the immobilization of biomolecules
onto SAMs are based on solution-phase synthetic strategies and require relatively large quantities
of purified material. Alternatively, SL and RL may be utilized for highly specific preparation of
biomolecules on substrates, which eliminates the effects of solvent, sample contamination, and
analyte agglomeration in solution on the quality of the film.

2.1. Deposition of Peptide Ions

Systematic studies of the SL of protonated peptides on surfaces demonstrated that when the
FSAM surface is used as a target, a substantial number of ions retain one and two protons (57, 97).
In situ secondary ion mass spectrometry (SIMS) experiments indicated that a singly protonated
peptide is formed by partial proton loss of a deposited doubly protonated molecule, and complete
neutralization occurs mainly at the time of ion-surface collision (97). Partial charge retention was
also observed for multiply protonated proteins soft-landed onto FSAM surfaces (9). Comparing
the rates of proton loss on different SAM surfaces indicated that the neutralization efficiency
increases in the order FSAM <HSAM <COOH-SAM (53).

Covalent immobilization of peptides with RL was studied using arginine-glycine-aspartate
(RGD)-containing peptides as model systems (54, 56). Synthetic surfaces containing the RGD
motif are commonly used for stimulated cell adhesion. Deposition of a doubly protonated cyclic
pentapeptide ¢(RGDfK) onto an NHS-SAM surface resulted in covalent linking of the peptide
through formation of an amide bond between the surface and the amino group of the lysine
side chain (Figure 24) (56). The nature of the binding was determined by time-of-flight SIMS
(TOF-SIMS) and Fourier transform infrared spectroscopy (FTIR) characterization of the mod-
ified NHS-SAM. Local coverage obtained via RL was estimated by comparing the intensities of
the amide I band of the peptide immobilized using solution-phase chemistry and RL. Remarkably,
similar local coverage of 60% of a monolayer was obtained in comparable reaction times of 4 h
for RL and 2 h for reaction in solution, whereas RL required only one-fiftieth as much material
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(@) Schematic drawing of reactive landing (RL) of the doubly protonated cyclic pentapeptide ¢((RGDFK) onto an
N-hydroxysuccinimide self-assembled monolayer surface. (b)) RL efficiency as a function of the kinetic energy of
the projectile ion. Reproduced from Reference 54 with permission. Copyright 2008, Royal Society of Chemistry.

(56). In another experiment, the local coverage obtained for RL of a linear GRGDSPK peptide
was approximately 15 times higher than the coverage obtained in solution after the same reaction
time (54). These findings indicate that surface modification performed with RL is very efficient
and requires smaller amounts of material than do traditional approaches.

A subsequent study demonstrated that the reaction takes place during collision between the
ion and the surface (54). The reaction yield in these experiments was independent of the charge
state of the projectile ion, which indicates that efficient neutralization of peptide ions took place
upon collision. In contrast, the kinetic energy of the projectile ion has a strong effect on the
RL efficiency. Figure 2b shows that RL efficiency increases with collision energy, reaches a
maximum at approximately 40 eV, and gradually decreases at higher collision energies because
of the competition between RL and scattering of ions off the surface (54). Similar behavior was
reported for RL of small organic ions (50, 71, 98) and proteins (58). The increase in RL efficiency
with collision energy indicates that the reaction is associated with a substantial barrier that is
responsible for the slow reactivity of peptide molecules with an NHS-SAM in solution. Apparently,
local heating of the surface during ion-surface collision efficiently promotes the reaction, leading
to high yields of RL products. Therefore, the RL approach has a significant advantage, given
that heating of the entire substrate in solution to achieve a higher reactive yield may result in
melting and degradation of the SAM (99). The RL efficiency was estimated by examining collisions
of protonated diaminododecane with NHS-SAM. Almost every collision between this simple
projectile ion and the surface results in bond formation (100).

RL of peptides on surfaces enables characterization of their redox properties. For example,
Mazzei et al. (101) and Pepi et al. (102) used cyclic voltammetry (CV) to examine the electro-
chemical properties of microperoxidase 11 (MP-11)—an undecapeptide that contains the active-
site microenvironment of cytochrome c—deposited on gold surfaces and on multiwalled carbon
nanotubes (103). The authors demonstrated that MP-11 deposited on both substrates is stable and
retains its native properties and electron-transfer functionality. Detailed analysis of the electron-
transfer kinetics, redox potential, and reorganization energy indicated that the soft-landed MP-11
was in close contact with the surface. The deposition efficiency of approximately 8% was estimated
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(@) Schematic drawing of (top) electrospray deposition (ESD) and (bottomz) soft landing (SL) of peptide ions on self-assembled monolayer
(SAM) surfaces. ESD of AcA;5K from solution results in the formation of a peptide layer dominated by the 3-sheet structure, and a
stable o-helical peptide layer on SAM surfaces is formed by SL. () Infrared reflection-absorption spectroscopy spectra of an AcA ;5K
layer on the hydrocarbon SAM surface prepared by (top) ESD and (bottorz) SL. The purple areas correspond to characteristic absorption
of the B-sheet conformation, and the position of the «-helical band is highlighted in gold. Reproduced from Reference 22 with
permission. Copyright 2008, Wiley.
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the amino acid
sequence of a protein
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bonds that form a
twisted, pleated sheet
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from the CV data. Notably, this value reflects only the efficiency of RL of redox-active molecules
because molecules that lose their redox activity cannot be observed with CV, and all loosely bound
molecules are probably washed off the surface. The maximum RL efficiency was obtained with
the kinetic energies of 100 V per charge for multiwalled carbon nanotubes (103) and 150 V per
charge for gold surfaces (101). These experiments demonstrated that RL is a promising approach
for the immobilization of redox-active peptides and proteins on electrodes.

The physical and chemical properties of thin peptide films on substrates are determined by
both their primary and secondary structures. For example, immobilization of «-helical peptides
linked to various photosensitizers has been used to generate sensitive molecular photoswitches
on solid supports (104). The large macrodipole of x-helical peptides accelerates electron transfer
between the photosensitizer and the metal surface. In addition, x-helical peptides are effective
enantioselective catalysts of some epoxidation reactions (105). SL and RL may be used for con-
trolled preparation of a-helical peptide films that cannot be prepared by absorption of a peptide
from solution (22). Very different FTIR spectra were obtained following deposition of the AcA;sK
peptide from solution and from the gas phase (Figure 3). The spectrum obtained by electrospray
deposition (ESD) is dominated by absorption bands that correspond to a mixture of the 3-sheet,
a-helix, and other secondary structure motifs, whereas the spectrum obtained by SL yields a
narrow amide I band that corresponds to the «-helical conformation (22). Similarly, a narrow
a-helical amide I band was obtained following RL of AcA;5;K on an NHS-SAM. These findings
indicate that whereas ESD resulted in the formation of a peptide layer dominated by the f-sheet
structure, a stable o-helical peptide layer was formed by both SL and RL, which demonstrates
the utility of these techniques for the controlled preparation of conformationally selected peptide
layers.
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More recently, the effect of the chemical functionality of the SAM on the secondary struc-
ture of immobilized peptide molecules was examined by use of in situ FTIR. Figure 4 shows
FTIR spectra obtained following SL of AcA;s;K onto hydrocarbon SAM (HSAM), FSAM, and
COOH-SAM (106) surfaces. Clearly, the HSAM surface predominantly stabilizes the «-helix,
whereas a small fraction (5%) of AcA;sK deposited onto the FSAM and a larger fraction (22%)
deposited onto the COOH-SAM adopt the 3-sheet conformation. FTIR characterization demon-
strated that there is a slow transition from the «-helical to the 3-sheet conformation on the
COOH-SAM and no conformational change on the HSAM. Interestingly, almost identical FTIR
spectra were obtained following SL of [AcA;sK 4+ H]* and [AcKA,5 + H] " ions, which adopt very
different conformations in the gas phase; this finding indicates that for these rather small peptide
systems, the initial gas-phase conformation of the ion is significantly altered by the surface.

2.2. Deposition of Proteins

SL may be utilized for the purification and immobilization of protein molecules for subsequent
chemical characterization via a variety of analytical and biochemical approaches. In a pioneering
study by Cooks and coworkers (23), protein arrays were prepared by SL of selected charge states
of multiply protonated proteins on a gold surface. Figure 52 shows a photograph of a protein
array obtained by SL of cytochrome ¢, lysozyme, insulin, and apomyoglobin at different positions
on a surface. Mass spectra of proteins rinsed off the surface showed no signs of fragmentation
during SL. An ESI spectrum of apomyoglobin rinsed off the surface (Figure 56) contained only
multiply charged ions of the protein, which confirmed intact deposition on the surface.
Retention of biological activity following SL was demonstrated for trypsin, lysozyme, and
various kinases, which demonstrated the utility of this approach for selective preparation of pro-
tein arrays for potential application in high-throughput screening (23). The SL efficiency was
independent of the selected charge state of the proteins. However, the collision energy and the
properties of the substrate had a profound effect on protein SL. Maximum SL efficiency, defined
as the amount of recovered material per number of ions directed at the surface, was observed
for ion kinetic energies of approximately 3 eV per charge, whereas an order-of-magnitude-lower
efficiency was obtained when the kinetic energy was increased to 10 eV per charge. Retention of
biological activity was observed on liquid glycerol-based surfaces but not on SAMs (9). Similarly,
the SL efficiency was approximately four times higher for liquid surfaces than for FSAM. The
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(@) Blue-light photograph of a microarray of four proteins that were soft-landed onto a gold substrate; each spot has a radius of 1 mm.
(b) Electrospray ionization mass spectrum of soft-landed apomyoglobin following rinsing of the spot. Reproduced from Reference 23
with permission. Copyright 2003, American Association for the Advancement of Science.

Highly ordered
pyrolytic graphite
(HOPG): a form of
high-purity carbon
with a smooth
nonpolar surface

difference in SL efficiency was attributed to partial charge retention by proteins deposited onto the
FSAM surface, which resulted in charge accumulation on the substrate and prevented additional
ions from approaching it.

In contrast, Volny et al. (58) reported a complete loss of charge for proteins soft-landed onto
plasma-treated metal surfaces. The conformationally rigid trypsin and the flexible streptavidin
were used as model systems in these authors’ studies. Fluorescence detection was used to observe
the removal of proteins upon rinsing. The protein ions that had soft-landed at nominal kinetic
energies of 130 to 200 eV were arranged on the metal-oxide surface in two distinct layers. The
top layer was readily washed off with a solvent, whereas the bottom layer remained tethered to the
surface following extensive rinsing. The immobilized proteins showed 50-60% biological activity
(58).

Surfaces and interfaces play an important role in modifying protein conformations through
electrostatic and hydrophobic interactions. Conformational changes induced by protein-surface
interactions were examined for various solid substrates, including metals (107), naturally occurring
minerals, and SAMs (108-110). Immobilization of proteins has a dramatic effect on both the
secondary structure and the function of adsorbed molecules. FTIR studies showed that protein
deposition on the hydrophilic COOH-SAM results in higher yields of the 3-sheet conformation
and lower yields of the a-helix, as compared with hydrophobic HSAM and FSAM surfaces.

Protein aggregation on surfaces is another interesting phenomenon (110-112) that may be
studied with SL. The atomic force microscopy images in Figure 6 show two-dimensional fractal
clusters formed following deposition of multiply protonated bovine serum albumin onto a highly
ordered pyrolytic graphite (HOPG) surface at low and high coverage (16). The degree of aggre-
gation increases with coverage. The aggregates are formed both at step edges and on terraces,
indicating that bovine serum albumin molecules are relatively immobile because of their strong
interaction with the surface. Similar aggregation behavior was observed upon adsorption of fib-
rinogen onto the HOPG surface from solution (113). The proposed mechanism of aggregation
assumes that, although hydrophobic regions of the protein interact with the HOPG surface, hy-
drophilic regions participate in the binding of other protein molecules in solution. SL is uniquely
suited to study the propensity of protein aggregation on surfaces in the absence of solvent, which
is important for obtaining a fundamental understanding of the factors that affect this process.
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Figure 6

Atomic force microscopy topography of bovine serum albumin deposited on a highly ordered pyrolytic
graphite surface under vacuum (10~¢ mbar) at room temperature. Fractal aggregations formed by string-like
particles were found on the surface, indicating that diffusion-limited aggregation occurred at (#) low and (b)
high coverage. Reproduced from Reference 16 with permission. Copyright 2006, Wiley.

3. SOFT LANDING OF CLUSTERS

Deposition of nanoscale clusters onto surfaces may be used to create model catalytic systems that
can provide insight into the factors that influence the effectiveness of heterogeneous catalysts
(61). A large proportion of industrial catalysts consist of small metal particles supported on metal-
oxide substrates (114). Consequently, a fundamental understanding of the effect of factors such as
particle size, charge state, morphology, and interaction with the support on catalytic activity and
selectivity is critical to rational design of improved catalytic materials (115). SL of mass-selected
cluster ions allows one to investigate such factors with atomic-level precision, which is not possible
with conventional reduction synthesis techniques (116). Moreover, nonthermal sources of cluster
ions, such as laser vaporization and magnetron sputtering (3, 5), allow the generation of unique
heterogeneous materials that cannot be easily produced in solution.

In the nanoscale-size regime, the addition or removal of single atoms often results in large
changes in both the chemical and physical properties of clusters (117). For instance, the gas-phase
reactivity of small (i.e., containing fewer than 20 atoms) anionic gold clusters with both carbon
monoxide (CO) and oxygen (O,) exhibits large variations with size depending on whether the
cluster has an open- or closed-shell electronic structure (Figure 7) (118). Similar intrinsic size
effects have been observed in the reactivity of small metal clusters soft-landed onto thin metal-
oxide supports (119-123). For instance, Heiz and coworkers (124) investigated the CO dissociation
activity of monodisperse nickel (Ni,, where z = 11, 20, and 30) clusters deposited onto magnesium
oxide [MgO(110)] surfaces. Using thermal desorption spectroscopy (TDS) combined with FTIR,
the authors found that Nisy clusters exhibit an intrinsic size effect that results in dissociation
of CO at a lower temperature than on Nij; or Niy. The increased activity was attributed to
a higher proportion of sites on the Nij clusters that bind CO in a precursor state that leads to
dissociation. More recently, Kaden and coworkers (40) examined the size-dependent CO oxidation
activity of palladium (Pd,, where z = 1,2, 4,7, 10, 16, 20, and 25) clusters soft-landed onto rutile
Ti0O,(110) surfaces. TDS experiments combined with X-ray photoemission spectroscopy revealed
a nonmonotonic variation in CO oxidation reactivity with increasing cluster size that was strongly
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Figure 7

Compilation of experimental results from the literature on the relative reactivity of Au cluster anions in the
adsorption reaction of one O; and one CO molecule, respectively, as a function of the cluster size, 7.

(@) Reactions between Au,~ and O;. For comparison, all data are normalized to the reactivity of Aug~.

(b) Reactions between Au,,~ and CO. Again, the data are normalized to the reactivity of Aug~ toward O,.
Reproduced from Reference 118 with permission. Copyright 2005, Elsevier.

correlated with the Pd 3d electron-binding energy (Figure 8). Lower CO oxidation reactivity
was associated with larger Pd 3d electron-binding energies, which indicate the presence of stable
valence electronic structures of the supported clusters.

SL also has been used to determine how defects in support materials influence catalytic activity.
For example, Yoon etal. (125) demonstrated that F-center surface defects in the MgO support are
critical to the enhanced catalytic activity of soft-landed Aug™ clusters toward the oxidation of CO
to carbon dioxide (CO,). TDS revealed a significantly enhanced yield of CO; at low temperature
(140 K) for Aug clusters supported on defect-rich MgO substrates compared with surfaces that
were defect-poor. The FTIR spectra of CO molecules bound to the Aug/MgO (defect-rich) surface
indicated a significant redshift of the CO band resulting from electron back-donation from the
cluster to the CO antibonding orbitals. Theoretical calculations confirm that the electron density
trapped in the F-center defect of the MgO surface is partially transferred to the supported Aug
cluster (126) and that this density on the cluster then activates the CO bond, resulting in enhanced
oxidation reactivity. In addition, the authors of this study proposed that the F-center defects on
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Figure 8

CO oxidation activity observed during temperature-programmed reaction (TPR) (left axis) compared with
shifts in the Pd 3d electron-binding energy, relative to expectations from smooth bulk scaling (right axis), as a
function of cluster size. Abbreviation: XPS, X-ray photoemission spectroscopy. Reproduced from

Reference 40 with permission. Copyright 2009, American Association for the Advancement of Science.

the MgO surface anchor the deposited Aug clusters (Figure 9), thereby preventing their migration
and agglomeration into larger inactive particles.

SL of size-selected clusters has also been used to identify new catalytic materials with enhanced
activity toward industrially relevant reactions. For example, although propylene oxide is an im-
portant intermediate used in the production of chemicals, until recently no direct method for the
oxidation of propylene to propylene oxide by use of O, had been developed. By using SL com-
bined with temperature-programmed reaction experiments, Lei and coworkers (127) found that
Ags clusters deposited onto alumina supports catalyze the partial oxidation of propylene to propy-
lene oxide, with negligible formation of the unwanted by-product CO,. Theoretical calculations
indicate that, upon exposure to O,, an oxidized Ag;O trimer forms on the surface. This trimer

Figure 9

(@) View of the energy-optimal structure of Aug particles adsorbed on the MgO(100) surface containing an
O-vacancy F-center. (b) Isovalue surface of the 2¢~ F-center wave function showing the electron density
trapped in the O vacancy. Reproduced from Reference 126 with permission. Copyright 2006, American
Chemical Society.
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exhibits enhanced activity and selectivity toward the formation of propylene oxide due to its open-
shell electronic structure. In another publication (128), the same group examined the effect of two
common contaminants, hydrogen (H,) and water (H,O), on the catalytic activity and selectivity of
Aug_yg clusters soft-landed onto alumina toward the epoxidation of propene. The authors found
that the presence of H, or H,O in the reactant stream results in a significantly higher selectivity
toward propene oxide, rather than toward the unwanted by-product acrolein. Density functional
theory calculations indicate that the H, and H,O contaminants maintain a hydroxy-terminated
alumina surface that is critical to the enhanced selectivity toward propene oxide. Importantly, this
study demonstrated that the expensive and dangerous H,, which is normally used to enhance the
selectivity of the reaction, may be replaced by the abundant and safe H,O.

One of the unique advantages of nonthermal sources of cluster ions is that they can produce
materials that are currently not accessible through solution-phase synthesis. Therefore, in ad-
dition to the properties of pure metal clusters, the properties of heterogeneous metal carbide,
sulfide, and oxide clusters soft-landed onto various support materials have been investigated. For
example, in 1992 Castleman and coworkers (129) discovered metallocarbohedrene (MsC;,) clus-
ters in the gas phase. Several years later, in an effort to isolate these clusters in the condensed
phase, the same group investigated the SL of ZrgCy,™ clusters, which were generated by laser
vaporization of a metal-graphite target, onto carbon-covered grids (75). The resulting materials
were studied by high-resolution transmission electron microscopy (TEM), which demonstrated
that, under hard landing conditions, the metal-carbon clusters rearrange to produce the bulk
metal carbide and that, under SL conditions, a face-centered cubic (FCC) structure with a lattice
parameter of approximately 1.5 nm is formed; this structure arises from cluster assembly on the
surface.

In a similar vein, Lightstone and coworkers (42) examined the SL of molybdenum sulfide
(Mo4S6™) clusters, generated by magnetron sputtering, onto Au(111) surfaces. The interest in
Mo4Ss™" stems from its widespread application as a hydrodesulfurization catalyst. TDS experiments
combined with Auger spectroscopy revealed that the clusters remain isolated on the surface up
to coverages of approximately 0.15 monolayer, whereas at higher exposures, cluster crowding
and island formation are observed. Heating of the substrate to 500 K caused cluster diffusion
and aggregation on the Au(111) surface. Using density functional theory calculations, the authors
predicted the optimum binding geometry of the Mo4Ss™ cluster to the surface and showed that
CO molecules bind preferentially to the Mo atom top site, as opposed to the side sites.

The influence of cluster-cluster and cluster-surface interactions on the self-organization and
agglomeration/sintering of particles on surfaces has also been investigated with SL techniques. In
an early publication, Goldby etal. (130) investigated the diffusion and aggregation of silver clusters
containing between 50 and 250 atoms deposited onto graphite surfaces. Employing scanning
electron microscopy (SEM), the authors found that for all sizes, the clusters are mobile on the
surface and tend to coalesce into larger three-dimensional particles with a consistent diameter of
approximately 14 nm. These 14-nm particles were observed to be mobile and to condense into
larger aggregates. In addition, the impact angle of the clusters with the surface influenced the size
distribution of the larger aggregates: Impact angles further from surface normal resulted in larger
islands, due to the enhanced initial surface mobility of the deposited clusters.

More recently, Tainoff etal. (131) reported the self-organization of platinum nanoclusters into
dense catalytic arrays. In this study, a size-selected distribution of platinum clusters ranging from
2 to 3 nm in diameter were produced by laser vaporization and deposited at low energy onto
HOPG surfaces. TEM images revealed multiple surface regions containing highly ordered arrays
of platinum clusters (Figure 10). In contrast, when the entire size distribution of platinum clus-
ters was deposited, no ordered arrays were observed with TEM. Furthermore, self-organization
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Figure 10

Typical transmission electron microscopy morphologies of platinum cluster (2-3-nm) arrays obtained at
different magnifications. Reproduced from Reference 131 with permission. Copyright 2008, American
Chemical Society.

appears to depend on the chemical identity of the cluster, given that equivalent-size gold clusters
exhibit no formation of arrays on the surface.

Several researchers have investigated the RL, or pinning, of small metal clusters on substrates
to create isolated species on the surface that do not diffuse and agglomerate. For instance, Kenny
etal. (132) examined the implantation depth of size-selected Ag;~ clusters into graphite surfaces
as a function of kinetic energy. Using scanning tunneling microscopy and molecular dynamics
simulations, the authors found that for small clusters, the implantation depth is proportional to the
velocity of the bombarding cluster, rather than the kinetic energy. Additional studies demonstrated
thatfor size-selected clusters, there is a critical size-dependentimpact energy that must be exceeded
for clusters to become pinned to the surface (133). Moreover, for larger clusters containing between
20 and 200 atoms, the implantation depth varied linearly as a function of both the cluster size and
the kinetic energy. There are various applications for small metal clusters pinned to surfaces in
this fashion. For instance, Leung et al. (134) showed that Au,; clusters pinned to graphite surfaces
may be utilized to immobilize proteins.

4. SOFT LANDING OF ORGANOMETALLIC COMPLEXES

Deposition of metal-ligand complexes onto surfaces may be used to prepare high-purity thin films
of organometallics. These materials are of interest to the evolving field of hybrid organic-inorganic
interfaces (135). More specifically, solution-phase organometallic catalysts exhibit high selectivity
toward desired products due to their single-site nature but are difficult to separate from products
and remaining reactants because they are mixed together in solution (136). In comparison, solid-
phase heterogeneous catalysts often contain various active sites, which reduce catalytic selectivity
but remain widely employed because they enable easy recovery of products. Recently, investigators
have attempted to exploit the best aspects of both materials by immobilizing organometallic com-
plexes on inorganic supports (137). SL and RL of mass-selected ions constitute a novel approach
for the preparation of surface-bound organometallics that uses fewer raw materials and solvents
and avoids the purification steps involved with solution-phase synthesis techniques.

The feasibility of generating and transferring gas-phase organometallic ions to surfaces intact
was demonstrated by Judai et al. (47), who used collisions of V,(benzene),,* cluster ions with a
polycrystalline gold surface cooled to 18 K and covered with approximately 30 monolayers of
argon. FTIR spectra of the surface taken 1 h after deposition indicated the presence of neutral
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V(benzene), complexes with a sandwich-like structure. This study, therefore, established that IR
spectroscopy of ions deposited into an inert matrix may be used to obtain information about the
structures of organometallic clusters generated in the gas phase. Subsequently, Mitsui et al. (46)
investigated the SL of the same V(benzene),™ cluster ions onto clean gold surfaces and long-
chain alkanethiolate SAMs on gold. TDS experiments revealed significantly stronger binding of
the cluster ions to the surface of the SAM in comparison to the clean gold surface, which was
attributed to penetration of the complexes into the alkanethiol matrix. In addition, IR spectra of
the surfaces established that the V(benzene), clusters have no preferential orientation on clean
gold but are oriented with the molecular axis tilted 70-80° on the SAM surface.

Charge reduction has been examined for the deposition of Co'(salen)* and Mn(salen)*
[where salen refers to N,N’-ethylenebis(salicylideneaminato)] complexes onto HSAM and
FSAM surfaces (86). In contrast with protonated molecules that undergo proton loss upon
immobilization on the surface (97), charge loss by deposited organometallic complexes and metal
clusters on thin insulating films requires electron transfer through the insulating layer to the
deposited species. Charge retention by a significant fraction of precursor ions on the FSAM and
complete neutralization on the HSAM were observed. The results demonstrate efficient electron
transfer from gold to the complex deposited onto the HSAM and inefficient, if any, electron
transfer on the FSAM surface.

SL may be employed to create catalytically active materials through immobilization of metal-
ligand complexes on SAM surfaces. For example, in a recent study, Peng et al. (49) examined the
oxidation-reduction chemistry of organometallic metal-salen complexes soft-landed onto inert
FSAM surfaces. Metal-salen complexes are widely employed as solution-phase catalysts to pro-
mote reactions such as olefin epoxidation and ring-opening polymerization of cyclic carbonates
(138). Furthermore, electrochemical studies in the solution phase have shown that VO(salen) re-
acts in acidic media to form VO(salen)* and deoxygenated V(salen)*; the latter is an important
intermediate in the catalytic reduction of O, to H,O (139). The authors demonstrated, through
SL of VO(salen)™ and a proton donor, [Ni(salen)+H]*, into an FSAM surface, that it is possible
to observe the same acid-mediated reduction of VO(salen)* to V(salen)" in thin films produced
by ion deposition. Using in situ TOF-SIMS, they tracked the relative abundance of the reac-
tants and products on the surface in vacuum over a period of several days. A pronounced growth
in the relative abundance of V(salen)* and Ni(salen)" with time was observed, indicating that
[Ni(salen)+H]* donates its proton to the monolayer forming an acidic environment, which then
mediates the deoxygenation of VO(salen)* to V(salen)*. Furthermore, the authors showed that
(@) exposure to O; regenerates the original VO(salen) complex, thereby completing a full redox
cycle, and (#) this cycle may occur multiple times, which is consistent with catalytic behavior.

In a subsequent study, Johnson & Laskin (50) demonstrated the feasibility of preparing surface
immobilized organometallic catalysts through gas-phase ligand stripping and RL of mass-selected
ions. In this study, ruthenium tris(bipyridine) [Ru(bpy);>*] dications were reactively landed onto
COOH-SAMs forming strongly bound Ru(bpy),-thiol adducts. In situ TOF-SIMS showed that if
one of the bipyridine ligands is removed through gas-phase collision-induced dissociation (CID)
prior to deposition, a significantly larger yield of the surface immobilized complexes can be ob-
tained. Therefore, through the use of a mass spectrometer, CID can be employed to convert
a relatively inert closed-shell organometallic complex into a highly reactive open-shell species
that exhibits enhanced activity toward RL (Figure 11). In addition, if the prepared substrates
are exposed to the gaseous reagents O, and C,Hj, the immobilized complexes undergo a redox
cycle consistent with catalytic behavior. SL, therefore, may be used to prepare and isolate high-
purity thin films of organometallic complexes, to achieve orientational control over the resulting
materials, and to generate catalytically active substrates.
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Ru(bpy),?*

Figure 11

Graphical representation of the immobilization of Ru(bpy),?* on COOH-terminated self-assembled
monolayer surfaces through gas-phase ligand stripping and reactive landing of mass-selected ions.
Reproduced from Reference 50 with permission. Copyright 2010, Wiley.

5. FUTURE OUTLOOK

Preparatory mass spectrometry using SL and RL of mass-selected ions is uniquely suited for the
controlled immobilization of complex molecules on substrates. However, the ability to prepare
functional materials using these techniques is limited because typical ion currents obtained using
ESI are two to three orders of magnitude lower than those utilized in micro- and nanofabrica-
tion. Development of high-transmission bright ESI and laser-based ion sources is an important
prerequisite for converting SL and RL into practical microfabrication approaches. In addition,
combining SL with ion-mobility separation will enable precise control of both the primary and
secondary structures of deposited species, which is important both for practical applications and
for understanding the effect of the surface on the secondary structure of immobilized molecules.
Moreover, the unique capabilities of the mass spectrometer may be used to manipulate molecules
in the gas phase, through either CID or ion-molecule reactions, to generate new species that are
not obtainable through solution-phase synthesis.

Immobilization of peptides and proteins by use of SL and RL enables detailed studies of
the interactions of biomolecules with surfaces in the absence of solvent. Such studies provide
information about binding energies, the kinetics of conformational changes, and the agglomeration
of proteins and other complex molecules following adsorption. Also, deposition of size-selected
clusters allows one to study, with atomic-level precision, the influence of factors such as size,
morphology, charge state, and interaction with the support. SL and RL of metal-ligand complexes
constitute a novel approach for the preparation of organometallic thin films that are catalytically
active.

Preparation of materials relies on a fundamental understanding of structure-function relation-
ships. Sensitive characterization is essential for in situ analysis of the effect of the surface on the
higher-order structure and the activity of deposited species. Most existing surface-characterization
techniques often provide limited structural information and are not always capable of in situ, real-
time analysis of modified surfaces. Future applications will explore the utility of nonlinear surface
spectroscopy techniques for the determination of conformations and orientation of biomolecules
and organometallic complexes that are immobilized on solid supports.
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SUMMARY POINTS

1. SL helps overcome the limitations of MLD for the preparation of thin films of complex
molecules on solid supports.

2. The advantages of SL include highly specific preparation of deposited species; deposition
of uniform films; patterning; and deposition of a broad range of analytes, including
biomolecules, clusters, and organometallic complexes.

3. Nonthermal ionization sources combined with SL instrumentation provide access to
unique materials that cannot be easily produced through conventional techniques.

4. RL enables precise control of the kinetic energy of the ion, which leads to high yields of
interfacial reactions.

5. SL and RL may be used to prepare novel biomaterials.

6. SL of proteins enables the preparation of protein arrays and the purification of proteins
for subsequent characterization and provides a new means for studying aggregation and
conformational transitions of adsorbed proteins.

7. SL of size-selected clusters may be used to create model catalytic systems that pro-
vide insight into the factors that influence the activity and selectivity of heterogeneous
catalysts.

8. RL may be used to tether metal-ligand complexes to substrates, thereby creating hybrid
surface organometallic catalysts that combine the most beneficial aspects of homogeneous
and heterogeneous catalysts.
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