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Abstract

Ion/surface collisions in the ultralow- to low-energy (1–100-eV) window
represent an excellent technique for investigation of the properties of con-
densed molecular solids at low temperatures. For example, this technique
has revealed the unique physical and chemical processes that occur on the
surface of ice, versus the liquid and vapor phases of water. Such instrument-
dependent research, which is usually performed with spectroscopy and mass
spectrometry, has led to new directions in studies of molecular materials. In
this review, we discuss some interesting results and highlight recent develop-
ments in the area. We hope that access to the study of molecular solids with
extreme surface specificity, as described here, will encourage investigators
to explore new areas of research, some of which are outlined in this review.
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1. INTRODUCTION

Chemical phenomena in molecular solids have implications for physics, materials science, biology,
and industry. These diverse processes range from adsorption, catalysis, wetting, and diffusion to
molecular recognition and self-organization—all of which are central to chemical and biological
functionality. Elementary steps involved in these molecular events can lead to complex overall
phenomena and require detailed studies of well-characterized surfaces under precise conditions.
Mass-selected ions of known kinetic energy impinging on ultrathin films of molecules represent
an excellent system in which various chemical phenomena can be modeled. This review outlines
some of the most fascinating recent advances in this developing and instrumentation-intensive
area.

Molecular solids are composed of periodically arranged molecules that form a lattice. This
periodicity may be short or long range, as in amorphous or crystalline solids, respectively. Such
solids are not common in the natural environment, where extended solids, such as silica, dominate.
The most common molecular solid is water ice; phenomena that occur on the surface of this solid
play pivotal roles in atmospheric chemistry, as in the case of ozone layer depletion (1–3). Although
elementary chemical reactions such as chlorine radical formation and reactions have been studied,
issues such as molecular diffusion, cage formation, and reactivity are important for molecular solids
under different pressure and temperature conditions, as in the case of gas hydrates. Thus, molecular
chemistry spans a wide range of thermodynamic conditions, from ice particles in interstellar space
at 10−15 bar to gas-hydrate formation at 105 bar; this review is limited to low-pressure conditions.
At low pressure, the molecular flux is correspondingly small, so investigations can be performed
only in ultrasensitive environments.

Figure 1 depicts hexagonal crystalline ice (Ih) grown on a Ru(0001) substrate; specifically,
three layers of ruthenium atoms in a hexagonal arrangement are shown. During epitaxial growth
on the ruthenium surface, the first layer of water molecules is adsorbed onto the surface. A second
layer then develops; it is connected by hydrogen bonds to the first layer of water molecules to
form a hexagonal cage-like arrangement. In this geometry, each alternative molecule is situated
equidistantly above or below a central plane to form a tetrahedral environment. Together, these
two layers are known as a bilayer (4). The second layer of water molecules is considered half of the
bilayer (hence the term half-bilayer) (Figure 1). The bilayer reproduces itself with an interlayer
distance of 2.75 Å (5) to produce an Ih network. In Figure 1, the atoms are projected toward
the reader, away from the text; therefore, the nearest atoms appear largest. Because of this effect,
the first and second bilayers appear to have different thicknesses. Because water molecules orient
epitaxially on the ruthenium surface, Ru(0001) is an ideal substrate for ice film growth. However,
the orientation of water molecules at the ruthenium–ice interface is uncertain.

Typically, all such experiments are performed in ultrahigh-vacuum (UHV) conditions at around
10−10 torr. Water vapor is usually condensed on a cold metal surface, typically single crystals whose
solid-state structure is similar to that of crystalline ice (CW), to generate thin ice films. The growth
of an ice film and its structure are sensitive to the metal surface. Density functional theory calcu-
lations suggest that the metal–water interaction is very strong in the case of Ru(0001) surfaces (6).
On a Ru(0001) surface, ice growth begins with a small cluster (7). Three-dimensional film growth
then occurs through the reproduction of bilayers (7), as described above. In practice, amorphous
ice (ASW) is prepared through the deposition of water vapor below 120 K (8). Thereafter, anneal-
ing at a temperature above 140 K generates CW. High-density ASW or compact ASW, which
has very low porosity, can be prepared by growth of the ice film at ∼125 K (9). However, the
temperature depends on parameters such as the nature of the surface, the rate of deposition, the
annealing rate, and time (5).
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Figure 1
Hexagonal ice growth on a Ru(0001) substrate. The gray balls represent ruthenium atoms, the black balls
represent oxygen atoms, and the white balls represent hydrogen atoms. Hydrogen bonds in the ice structure
are indicated by the black dashed line between the water molecules. The epitaxial growth of the ice is also
depicted. After the ice layer is extended to another bilayer, a unit cell of hexagonal ice can grow. For clarity,
the central plane, composed of the second bilayer, is not shown. The circles on the top {0001} plane of the
unit cell represent the oxygen atoms forming the third bilayer. The basal {0001} plane is marked by a yellow
arrow. Red dashed lines show the unit cell of ice. In the unit cell, a and c stand for lattice constants of
hexagonal ice; a is 4.50 Å, and c is 7.32 Å. The water molecules forming two half-bilayers (making the full
bilayer) are indicated by blue and green arrows. The water molecules arranged along the blue arrow, if
extended to the right, form a half-bilayer. This figure is based on several inputs from the literature.

Several techniques have been used to investigate the crystal structure of adsorbed ice films. Of
these, helium diffraction and low-energy electron diffraction (LEED) are discussed here. Use of
these techniques showed that an ice(0001) film grown on Ru(0001), Pt(111), or Pd(111) terminates
as a full bilayer rather than as a half-bilayer (5, 10–12). However, LEED I–V (intensity–voltage)
experiments (10) and total energy calculations (13) revealed that the topmost layer of the film
is modified significantly (5). Also, the upper monolayers undergo large-amplitude vibrational
motions, such that the oxygen atoms become invisible to LEED (5, 12). The small (2 × 2) peak
in helium diffraction experiments suggests that the topmost layer undergoes reconstruction (12).
X-ray absorption studies of the intermolecular distance between ice layers indicated that the
interlayer distance at the surface is greater than that in bulk (5).

In addition to the aforementioned techniques, a common analytical method used to study
adsorbed molecules is temperature-programmed desorption (TPD) (14–17). Desorption of
molecules from ice surfaces can be accompanied by processes in the surface that include diffusion
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(18–21), molecular volcano (19), crystallization (22, 23), and polymerization events, all of which
have been the subjects of detailed studies. We can better understand the molecular details of
processes taking place in such solids by using vibrational spectroscopy, which in conjunction
with TPD is often an indispensable tool (24–45). Also, surface-sensitive tools, such as X-ray
photoelectron spectroscopy (XPS), have been employed with TPD to study ice films (26, 46). Ions
whose energy ranges between 1 and 100 eV (47–71)—which is known as the hyperthermal energy
regime and, especially with energies below 10 eV (9, 72, 73), constitutes the ultralow-energy
regime—are novel probes for studies of new phenomena. Their novelty arises from the extremely
short interaction time between the ions and the surface. For example, Cs+ ions impinging on
a surface with 50-eV translational energy are present only for a few tens of femtoseconds in
the vicinity of 10 to 20 monolayers (measured typically in terms of exposure in Langmuirs;
1 Langmuir = 1 × 10−6 torr s of exposure) of condensed molecular solids. The term vicinity
refers to an area of radius 4 Å in which chemical interactions can occur (74). First, this extremely
short interaction time allows the ions to “observe” the dynamic events of the surface at ultrashort
timescales. Second, assuming 10–15% translational-vibrational energy transfer efficiency (74)
in collisional events, the surface is sufficiently excited to undergo change in itself or to cause
modifications to the colliding ions. This phenomenon causes either reactions or accommodation
of the products of collision that preserves the chemical nature of the partners and is known as soft
landing (75). Third, given that the collision event is precisely controlled, chemical modifications
can be made systematically. Fourth, because the ion beam can be controlled in time, as in
the case of an ion pulse, the dynamics of the events can be sampled. Fifth, because the ions
possess mass, energy, and direction, all these parameters can be individually or jointly used to
capture information on events occurring at the surface. Although many of these low-energy ion
phenomena have not yet been investigated adequately, future explorations will undoubtedly be
rewarding.

The microscopic processes that occur in these interactions strongly depend on the nature of
the projectile, its collision partner on the surface, its geometry and orientation, and the energy of
impact. Depending on all these parameters, various techniques (Table 1) have been employed to
study ion scattering processes. Certain factors, such as (a) the ability to create surfaces of interest
and manipulate ions with distinct energy, (b) the capacity to perform reactions with species derived
from mass-selected ions, and (c) the ability to carry out reactions in controlled conditions, have
contributed to the development of these techniques. All of these processes can broadly be referred
to as low-energy ion scattering (LEIS). Therefore, we use this acronym to describe the diverse
phenomena that occur in this energy window.

Below, we briefly discuss the instrumentation used to study low-energy ion impact phenom-
ena in molecular solids. We then provide an account of fascinating recent results and describe
highlights from the current literature. Finally, we conclude with future directions.

2. INSTRUMENTATION

As mentioned above, this area of research depends greatly on appropriate instrumentation. In this
section, we discuss several important techniques.

The essential purpose of instrumentation is evident from the title of this review. Instruments
enable production of low-energy ions, impact of ions at molecular surfaces, and analysis of the
products and their properties. Depending on the details of the investigation being performed, addi-
tional components may be added. The primary instrument may be coupled with other techniques
to probe surfaces and ions in more detail. In their simplest configuration, the instrumentation
should be capable of ion production and product ion analysis.
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Table 1 Various low-energy ion scattering processes

Technique Abbreviation Energy range Use References
Reactive ion scattering RIS 10–25 eV Detection of ionic and neutral

species from the surface
following ion collisions

76–78

Low-energy sputtering LES 30–100 eV Detection of preexisting surface
ions at the topmost layer by ion
impact

76–78

Reactive landing RL 10–20 eV Surface reaction and pattering
of molecules on active surfaces
by ion impact

79–81

Soft landing SL 10–20 eV Deposition of polyatomic ions
without damage at the surface
by ion collisions

75, 82

Surface-induced dissociation SID 20–200 eV Fragmentation of projectile ions
and associated chemical
reactions

65, 74

Ion/surface reactions I/S reactions 20–100 eV Chemical reactions between
impinging ions at molecular
solids or monolayers

65, 83–85

Chemical sputtering CS 30–350 eV Ejection of surface species as
ions after charge transfer from
the projectile

5, 74, 86

The simplest instruments have two stages. In the first stage, an ion of interest, produced by
an ion source, is energy-selected by an analyzer and subsequently collided with a molecular solid
surface. In the second stage, the scattered or product ions arising from the surfaces are analyzed by
a mass and/or energy analyzer. In addition to mass spectrometry, other techniques that can probe
molecular solids are reflection absorption IR spectroscopy (RAIRS), TPD, and XPS. Figure 2
depicts a typical LEIS instrument coupled with associated components. We briefly describe some
of these components below.

2.1. Vacuum System

All ion scattering/collision experiments are carried out under UHV conditions (pressure
<10−10 mbar) to obtain clean surfaces and to avoid loss of ions due to interactions with gas-
phase molecules. Vacuum chambers are made of stainless steel and are connected with a vacuum
system to achieve optimum pressure. A vacuum system generally contains turbo molecular pumps
(TMPs) backed by additional TMPs and connected to displacement pumps, such as rotary vane
or diaphragm pumps. Diaphragm pumps, although more expensive than rotary vane pumps, do
not release hydrocarbons. Entrapment pumps, such as titanium sublimation pumps or cryopumps,
can be used to create a high vacuum.

2.2. Ion Source

In ion scattering experiments, it is necessary to produce projectile ions prior to collision. Ionization
methods depend mainly on two factors, namely the ion of interest and the design of the instrument.
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Figure 2
Typical low-energy ion scattering instrument. The circle represents the vacuum chamber connected to the
vacuum pump and the pressure gauge. A rotatable substrate is placed at the center of the vacuum chamber,
onto which several molecular solids can be deposited. The temperature of the substrate can be regulated by
the combined use of a cryostat and a heater. The substrate is connected to a potentiometer, through which
voltage to the substrate can be applied. Also shown is a molecular beam deposition module (B), which
generates a molecular solid film at slow deposition rates to allow epitaxial growth of the molecules at low
temperatures. Abbreviations: EA, energy analyzer; G, pressure gauge; hv, light source; I, ion source; IG, ion
gun; M, molecular solid; MA, mass analyzer; MD, mass detector; P, vacuum pump; RAIRS, reflection
absorption IR spectrometer; S, substrate; TPD-MS, temperature-programmed desorption–mass
spectrometer.

The most common ionization methods used in ion/surface collision are electron impact ioniza-
tion, chemical ionization, and laser-induced ionization. Among these techniques, electron impact
ionization is the most common because of the stability of the ion current and the small spread of
the ions’ kinetic energy. Recently, electrospray ionization and laser desorption/ionization meth-
ods were used to produce more complex ions that cannot be created with conventional methods.
Several other ion sources (for instance, thermal ionization that produces Cs+ and Li+ ions) are
also available.

2.3. Mass Spectrometers

The ions are mass-selected and collided on the surface, and the scattered ions are then analyzed with
mass spectrometric techniques. Various mass analyzers, such as time-of-flight (TOF), magnetic

102 Bag et al.
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sector, quadrupole, linear quadrupole ion trap (56), quadrupole ion trap, Fourier transform–ion
cyclotron resonance (FT-ICR), and orbitrap analyzers, may be used for this purpose; we describe
the main types in this section.

In a TOF analyzer, ions with different mass-to-charge ratios are dispersed in time after flight
through a field-free drift path of known length. The advantages of TOF include the ability to detect
high mass ions and efficient analysis of product ions. Magnetic sector analyzers are momentum
analyzers; the charged particles are separated by momentum-to-charge ratio in a magnetic field
due to the Lorentz force. Quadrupoles are widely used mass analyzers that provide excellent ion
transmission and mass resolution. At least three instruments, located at the Indian Institute of
Technology (IIT) Madras (52, 53), the Israel Institute of Technology (87), and the University of
Arizona (88), use a quadrupole as the mass analyzer in both ion selection and analysis chambers.
The instrumental designs used at IIT Madras and Arizona are very similar: Two quadrupoles are
positioned at 90◦, and at the intersection of the ion optics is a surface whose collision angle is 45◦

with respect to the surface normal.
FT-ICR mass spectrometers offer very high resolving power and the highest available mass

accuracy. One can study the energy of the scattered ions ejected from the surface after projectile
ion collision prior to mass analysis by placing an energy analyzer immediately before the mass
analyzer. Such analyses can also be performed by stopping potential measurements in quadrupole
instruments.

2.4. Temperature-Programmed Desorption

TPD is a widely used spectroscopic technique in which gaseous molecules or atoms adsorbed onto
a surface are analyzed by desorption during heating. Heating is carried out by linear temperature
ramps. In TPD, the desorbed particles are analyzed either by a pressure gauge or by a mass
spectrometer. TPD provides information about, for example, the heat of adsorption, adsorbate
coverage, dissociative and nondissociative adsorption processes, the kinetics of desorption, the
type of adsorption sites, surface reactions, and the entropy of desorption.

2.5. Reflection Absorption IR Spectroscopy

RAIRS is a well-known surface-sensitive spectroscopic method. In this technique, the incident IR
beam (polarized or otherwise) is measured in absorption mode with an external detector following
reflection from the surface under study (Figure 2). Through measurements of specific vibrational
features, RAIRS provides information about the nature of the surface species that arise from
surface reactions. It is a powerful tool for surface structure determination due to the dependence
of absorption on the polarization of light. RAIRS is an important tool for determination of the
binding site of adsorbates such as CO and NO, and it supplies information about the surface
reaction pathways for catalytic processes.

3. RESULTS

3.1. Studies Using Self-Assembled Monolayers

One of the most-studied types of molecular solids consists of self-assembled monolayers (SAMs),
which are highly ordered molecular films grown on a well-defined surface, usually Au(111). To
provide a glimpse into the diverse phenomena that can be observed through LEIS, we present
the surprising finding of multiple fluorine abstraction by a single W+ ion collision event on a
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fluorinated SAM. W+ ions with a laboratory collision energy of 30 eV, produced from the impact
of W(CO)6 molecules on a CF3-terminated SAM (F-SAM) grown on Au(111), to provide a set
of peaks corresponding to WFn

+ ions (n = 1, 2, . . . 5) with a unique intensity pattern (89). Such
transition-metal chemistry was subsequently extended to many ions and surfaces in an effort to
better understand the chemical nature of surfaces with extreme surface sensitivity. The projectile
ions used in these so-called pickup reactions can be considered as chemical probes and used to
understand the surface. However, this process also can cause surface transformations that can be
used to pattern surfaces with reaction products formed by fluorine removal at selected impact sites.
A fascinating aspect of these collisions is the relative interaction between such F-SAM surfaces
and certain ions. Miller et al. (82) exploited this property to develop nonreactive patterning based
on ion soft landing. Developments in this area have been described in detail elsewhere (81, 90).

Another widely studied molecular solid is water ice. The properties, surface structure, and reac-
tions of ice have been studied in significant detail because of their importance to several chemical
and physical processes that occur at low temperatures (90, 91), as well as their catalytic role in polar
stratospheric clouds in the depletion of the ozone layer (1–3, 92) and their relevance in chemistry
in the interstellar medium (25, 93–95). Ice surfaces prepared at low temperatures offer a unique
environment in which to investigate various chemical and physical processes, such as diffusion
(21), cluster formation (40, 41), phase transition (96, 97), chemical reaction, hydrogen/deuterium
exchange (98–106), interactions with small molecules (46), and adsorption (26, 30). All these phe-
nomena can be promoted and/or identified with hyperthermal energy (1–100-eV) ion collisions.
They can also be followed with other well-known detection techniques. Several reviews on this
topic are available (48, 74, 81, 86, 107–109). Below, we describe some of these studies to illustrate
recent developments.

3.2. Molecular Diffusion/Intermixing

Hyperthermal energy ion collision is an effective technique for the study of ice surfaces and
diffusion processes within an ice structure. At low temperatures, ice surfaces provide a reaction
environment that is unique in comparison with that of the liquid state. Diffusional mixing of H2O
and D2O has been investigated with LEIS (110). In this study, the authors deposited amorphous
H2O onto a ruthenium substrate and performed fractional deposition of D2O onto the H2O
surfaces in the temperature range between 100 and 140 K, followed by time-dependent reactive
ion scattering. The time required for interlayer mixing was approximately 1 h at 100 K, but at
140 K, it was several seconds. At higher temperatures, diffusional mixing is easier to perform due
to molecular motion and self-diffusion. The activation energy of diffusion measured at the surface
was Ea

surface = 14 ± 2 kJ mol−1, whereas in the bulk it was Ea
bulk = 71 ± 4 kJ mol−1 (110,

111). Thus, diffusion at the surface is more significant than in bulk at 100–140 K. This finding
indicates higher mobility on the surfaces and demonstrates that reaction preferentially occurs on
ice surfaces, rather than in the bulk, at low temperatures.

The transport of protons or hydroxyl ions through ice is a fundamental phenomenon in physical
chemistry. Both protons and hydroxyl ions are likely to stay at the surfaces (112, 113). One proton
transport experiment involved the deposition of H2O onto a D2O layer; the excess protons were
generated from HCl ionization at the interfaces. At low temperatures (<120 K), molecular motion
was frozen, and proton or hydroxyl ion transport occurred by a proton hopping (Grötthuss)
mechanism; molecular reorientation required relatively higher temperatures (100). The same
research group also carried out a similar experiment with hydroxyl ions generated by sodium
hydrolysis (113). The surface affinity of protons or hydroxyl ions can be used to study catalytic

104 Bag et al.
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Figure 3
Spectra showing the difference in diffusive mixing between CHCl3 molecules at two different coverages of
amorphous ice (ASW): (a) 250 and (b) 300 monolayers (ML). At 300 ML, the diffusive mixing of CHCl3
molecules stops; the spectrum contains only H3O+ and (H2O)H3O+ peaks. At 250 ML, all the peaks arising
from the CHCl3 molecules are present. Reproduced with permission from Reference 53. Copyright 2007,
American Chemical Society.

reactions on ice surfaces. A more recent study revealed the asymmetric transport of hydronium
and hydroxyl ions through an ASW surface at low temperatures (<100 K) (78).

Hyperthermal energy Ar+ ion scattering and sputtering are other important tools to explore
the chemistry that occurs at the very top surface of molecular solids. Diffusion of small molecules
such as chloromethanes and their interaction with ice have been investigated with hyperthermal
energy Ar+ ion sputtering (53). In this study, different chloromethane molecules were deposited
on a polycrystalline copper substrate, followed by water ice deposition; the Ar+ ion sputtering
experiment was then performed in the temperature range between 110 and 150 K. The results
showed that various chloromethane molecules diffuse at different rates through ASW. In the case of
CCl4 molecules, diffusive mixing was almost completely precluded, whereas other chloromethane
molecules diffused easily through ASW. Figure 3 shows the diffusive mixing of CHCl3 molecules.
When 250 monolayers [one monolayer comprises ∼1015 molecules cm−2 (114)] of ASW were
deposited on 50 monolayers of CHCl3 molecules, the sputtering spectra showed CHCl3 peaks,
along with H3O+ peaks. However, for 300 monolayers of ASW, only H3O+ and H5O2

+ peaks were
present, implying that CHCl3 molecules can diffuse through 250 monolayers of ASW, whereas
CCl4 molecules can diffuse through only 4 monolayers. The interaction energies between the
chloromethanes and ASW are, in order, CH3Cl > CH2Cl2 > CHCl3 > CCl4—the reverse of
what occurs in the liquid-phase interaction.

The interaction between n-butanol (NBA) and ice has also been studied. NBA diffused through
1,000 monolayers of ASW, but water did not diffuse through 5 monolayers of NBA (47). Another
study of the interaction between carboxylic acids—specifically, formic acid, acetic acid, and propi-
onic acid—and water ice demonstrated structural reorientation and a strong interaction between
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acetic acid and formic acid and water ice, which led to the formation of oligomers. Propionic acid
did not strongly interact with the water ice (52).

3.3. Molecular Reaction/Interaction

Hyperthermal energy ions are useful for the study of reactions on surfaces and for the production
of surface modifications. A recent investigation of ultralow-energy (1-eV) proton collisions on ice
surfaces revealed that H2

+ ions formed from the surfaces (9). Figure 4 shows the formation of
H2

+ ions from H2O after collision of 2-eV H+ ions, as well as the results from 1-eV collisions.
H2

+ ion formation was more efficient in the case of ASW than with CW (9) because of the
presence of greater numbers of dangling −OH bonds on ASW. This reaction has implications
for interstellar chemistry and plasma-etching processes. A molecular dynamics study of proton
collision on CW revealed proton reflection and collision-induced water desorption at low incident
energies (0.05–4 eV) (72).

The reaction of small molecules such as CO (34), CO2 (115), SO2 (77), and NO2 (116);
hydrolysis of sodium (117); and ionization of HCl molecules (18) have been studied on ice surfaces.
The reaction between small molecules on ice surfaces is important in the context of atmospheric
and environmental science. Hydrolysis of sodium produces Na+ and OH− ions on ice surfaces;
the latter tend to reside on the ice surfaces, whereas the former migrate into the bulk (117).

1 2 3 4
0

7

14

21

28

35

42

49

H2
+

H+

H2
+

H+

H+

In
te

ns
it

y

m/z

100 ML H2O

+ +
+

Cu (125 K and 142 K)

100 ML H2O

Cu (125 K)

cASW 

cASW 

CW 

In
te

ns
it

y

0 2 4 6 8 10

0

5

10

15

0

5

10

15

20

25

m/z

1 eV H+

+ +
+

cASW 
D2

+

D+

100 ML D2O

Cu (125 K)

1 eV D+

+ +
+

Figure 4
Mass spectrum generated after bombardment of 2-eV H+ ions on compact amorphous ice (cASW) and
crystalline ice (CW). The spectrum from cASW is shifted vertically for clarity. (Top inset) The result of
collision of 1-eV H+ ions on cASW and D+ ions on condensed D2O, respectively, at 125 K. (Bottom inset)
A simplification of the experiment shown in the top inset. Abbreviation: ML, monolayers. Reproduced with
permission from Reference 9. Copyright 2011, American Chemical Society.
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Figure 5
Temperature-programmed low-energy ion scattering (LEIS) measurements for signals of interest detected
on the surface of a D2O–ice film exposed to 0.3 Langmuir of SO2 at 80 K. The reactive ion scattering (RIS)
yield on the left ordinate is the ratio of the LEIS product to the Cs+ signal intensity (CsX+/Cs+, where X is
a neutral molecule on the surface). The appearance of CsSO2

+ and CsDSO2
+ signals in LEIS indicates the

presence of SO2 and DSO2 species, respectively, on the surface. Other LEIS signals observed on the surface
include OD−, SO2

−, DSO2
−, and DSO3

−. The temperature ramping rate was 1 K s−1. Reproduced with
permission from Reference 77. Copyright 2009, American Chemical Society.

CO2 interaction on ice films in both neutral and basic conditions did not yield any CO2–water
complexes or hydrolysis products in the temperature range between 80 and 180 K. Sufficient
hydrogen bonding between OH− ions and the ice surface suppressed the ions’ reactivity toward
CO2 (115). NO2 adsorbs molecularly on ice surfaces at 90 K and readily converts to HONO
following heating at 140 K (116). This finding implies that the heterogeneous hydrolysis of NO2

is an important source of HONO formation. Efficient hydrolysis of NO2 at ice surfaces suggests
that the corresponding atmospheric reaction will be facile at the surfaces of water films, aerosols,
and icy particles.

A combination of hyperthermal ion collision and TPD has been used to investigate the in-
teraction of SO2 and water ice at temperatures above 80 K. Figure 5 shows the evolution of
different chemical species, measured from a D2O film adsorbed with SO2 through temperature-
programmed LEIS (5). The authors of this study identified three types of intermediate chemical
species, including a solvated SO2 species with a partial negative charge, a partially charged DSO2

species, and a strongly ionic DSO3-like species (77). Efficient formation of these species at low
temperatures indicates that the reaction involves a low energy barrier.

H2SO4 formation has also been observed through the deposition of H2O and SO3 in different
proportions (77). Interactions between molecules such as Cl2 (118), Cl2O (118), and ClONO2

(2, 119), which are relevant to polar stratospheric clouds, have been studied on ice surfaces with
static secondary ion mass spectrometry (SIMS) (119). The interaction between Cl2 and ice was min-
imal at 90 K. The Cl2 molecules and water reacted following heating to 130 K, which produced a
mixed film of water, HClO, and solvated HCl (118). Unlike Cl2, Cl2O did not react with water ice at
90 K; it showed only a hydrogen bond–like interaction at 130 K (118). ClONO2 deposited on pure
water ice began to desorb at 120 K without any reaction, but in the presence of HCl it reacted
promptly above 120 K and formed NO3

− ions, providing evidence for the formation of HNO3

adsorbate (119).
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Figure 6
Plot of Ar+ ion scattering intensity versus temperature variation on various ice surfaces. The ion scattering
intensity on a bare copper (Cu) surface is indicated by open circles, on 50 monolayers (ML) of amorphous
ice (ASW; H2O) by open squares, on 50 ML of ASW (D2O) by filled squares, and on 50 ML of crystalline
ice (CW; H2O) by filled circles. Comparing the ion scattering intensities of these four surfaces shows that
the phase transition can be probed with the ultralow-energy ion/surface collision technique. (Inset) Typical
1-eV Ar+ ion scattering mass spectra of 50 ML of ASW for three different temperatures, averaged for
50 scans. Reproduced with permission from Reference 120. Copyright 2008, American Chemical Society.

3.4. The Phase Transition

The phase transition of thin ice films can be studied with different spectroscopic or spectrometric
techniques. Two techniques are discussed here.

At IIT Madras (53), ultralow-energy ion scattering was used to probe a phase transition that
occurs at approximately 120 K. ASW and CW films were formed on a copper surface, and an
ultralow-energy ion scattering experiment was performed as a function of temperature. The result
(Figure 6) compares the 1-eV Ar+ ion scattering intensity variation on ASW, with respect to
CW. The transformation from ASW to CW is evident at 120 K but was irreversible because
the ion scattering intensity did not change when the temperature was lowered from 150 K to
110 K. When the kinetic energy of the impinging ions was increased to 8 eV, the ions were
unable to “identify” the structural change on the ice film. Therefore, ultralow-energy ions in the
range between 1 and 3 eV should be used for such experiments because, in the ultralow-energy
regime, collision of ions with surfaces depends on two factors: the translational energy of the
projectile and its potential energy. At 110 K, ice surfaces have a porous structure that disappears at
120 K due to surface reorganization. Thus, trapping and the possibility of neutralization decrease,
and the ion scattering intensity in this window increases (Figure 6). Moreover, the surface work
function varies among different surfaces. CW has a 0.3 eV–higher work function than that of
ASW (2.45 eV) (120). The structural transformation from ASW to CW reduces −OH dangling
bonds and increases the work function. This change affects the scattering intensity of noble-gas
ions, and structural transformations on the surfaces can be identified. In region 2 (120–155 K)
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the intensity remains constant because no further change occurs, and in region 3 (155–180 K),
desorption causes neutralization of the incoming ions through interaction with desorbing water
molecules. Thereafter, the bare copper surface is presented to the incoming ions. This behavior
can be verified with appropriate surfaces.

Other investigators used another important technique, temperature-programmed TOF-SIMS,
to study phase transition in a series of molecular solids. They studied glass transition (Tg) and film
morphology changes in various molecular solids, such as water, methanol, ethanol, and 3-methyl
pentane, on different metallic and nonmetallic surfaces. The Tg of vapor-deposited water ice
occurred at 136 K, at which temperature water is transformed into a glassy solid (121). However,
other reports indicate that the Tg of water is 165 K (122). This study revealed that intermixing of
isotopically labeled water ice occurs at 136 K and that a film morphology change takes place at
165 K (122).

Apart from that of water ice, the Tg of methanol has been investigated in detail. The results
showed that the Tg of vapor-deposited methanol films begins at 80 K, which is 23 K lower than its
calorimetric Tg (22). In addition to water and alcohol, n-alkanes with no apparent Tg have also been
studied. n-Pentane shows translational diffusion before crystallization (123). The translational
diffusion in the film indicates that a liquid-like phase may appear immediately before crystallization.
Another interesting aspect of such films is that they form droplets after crystallization, and their
dewetting temperature depends on their initial thickness (86).

The presence of the liquid-like phase in water ice films has also been investigated. The liquid-
like phase (or supercooled water) is important because it can be an extension of liquid water. Its
presence in an ice film can be demonstrated in various ways (124), including by observation of
the interaction between alkyl halide salts (e.g., LiCl, LiI, and NaCl) and ASW. A drastic increase
in the solubility of these salts is expected to occur in supercooled water versus CW because the
dissolution of salts into CW is suppressed (125–128). This solubility difference revealed that,
above 136 K and below crystallization temperature, there is a phase similar to liquid water, known
as the supercooled water phase, wherein molecules have long-range translational diffusion. In this
phase, alkali halide salts dissolve. The existence of this phase is limited to the temperature range
between 160 and 165 K (127). A further study confirmed that ASW is likely to transform into
low-density liquid (LDL) above 136 K, and then to high-density liquid (HDL or supercooled
liquid), prior to crystallization. This finding implies that glassy water shows polymorphism, that
is, the presence of two distinct phases (129). Interestingly, the LDL is considered ultraviscous
because of the lower solubility of alkali halide salts. The transition from LDL to HDL takes place
at 160 K (130). Similar to water, molecular solids such as ethanol also showed polymorphism
when vapor-deposited. An investigation involving the solubility of LiI in ethanol ice revealed
the appearance of the liquid-like phase at 97 K and the crystalline phase at 130 K (131). Another
molecular solid, toluene, shows self-diffusion and dewetting at 105 K and 117 K, respectively
(132).

The effect of substrate on Tg values has also been explored. The Tg values of thin films
are expected to be lower than bulk Tg values because of the nanoconfinement effect, which
is similar to the lowering of melting point of such confined crystallites (86, 133, 134). To
observe the substrate and the free-surface effect on the Tg value of ASW, investigators
vapor-deposited water at 120 K on graphite and other ionic liquids (131). Self-diffusion and
film morphology changes were observed in the deposited ice film; these effects arise from
instability at the graphite interface. Dewetting of up to 20 monolayers of water was observed
on the hydrophobic graphite surface. A similar effect on Ni(111) was not observed because of
the presence of a so-called dead layer at the interface between the metal surface and the ice
(135).
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3.5. Soft Landing and Its Applications in Organometallics

In soft landing, polyatomic ions whose energy is between 10 and 20 eV are deposited intact
onto a target surface (82). The ions are not neutralized in this process. Without breaking the
covalent bond, the polyatomic ions dissipate the kinetic energy during impact, and the dissipated
energy changes the vibrational and electronic energy of the surface and the polyatomic ions.
Soft-landing experiments play an important role in the fields of materials science, engineering,
catalysis, nanotechnology, and biology (86). In 1977, the Cooks group became the first to conduct
a soft-landing experiment (75). In another early study, positively charged organic ions prepared
from desorption/ionization were landed on a target surface (136). In subsequent soft-landing
experiments, (CH3)2SiNCS+ ions, N,N-dimethyl-p-toluidine ions, and m-trifluoromethylbenzoyl
ions were collided separately on a fluorinated SAM or a long-chain alkyl SAM (H-SAM) (82,
137, 138). The release of projectiles from the SAMs following chemical sputtering illustrates the
nondestructive nature of this process.

Soft landing has been used in organometallics; here, metal complex molecules are pro-
duced in the gas phase, then gently landed onto the desired surface without any change or
rupture of the chemical bond. Complex molecules that are difficult to synthesize in solution
chemistry are often used in such cases. Metal–benzene and metal–salen [salen refers to N,N ′-
ethylenebis(salicylideneaminato)] are common organometallic compounds used in soft-landing
experiments (139, 140). Nakajima and colleagues (139) produced V(benzene)+ and Vn(benzene)n+1

ions (known as multidecker sandwich cluster ions) by laser evaporation, followed by soft landing
onto an argon matrix prepared on polycrystalline gold surfaces at 18 K. Subsequent IR surface
analysis revealed the nondissociative deposition of the desired ions on the surface.

In other studies, ions of transition metals such as titanium, scandium, and chromium were
deposited at room temperature onto different SAMs (141, 142). The collision energy ranged
between 10 and 20 eV. The soft-landed molecules on the SAMs were stable because the desorption
energy calculated from the TPD experiments was high (143). These experiments were performed
with V2(benzene)3

+ multidecker complex ions, which were landed onto a 1-octadecanethiol SAM
at a kinetic energy of approximately 20 eV (143, 144). A TPD experiment on the soft-landed
surface showed the presence of V(benzene)2 and the V2(benzene)2 molecules on the surface. These
molecules may have arisen from dissociation during landing on the SAM and may subsequently
have become immobilized in the SAM layer (Figure 7) (86).

The trapping of soft-landed ions depends on the density of the SAMs. SAMs prepared on gold
are well ordered and more densely populated than those on silicon. Therefore, the desorption
energy of V(benzene)-complex ions from a C16-SAM prepared on Si(111) is much lower than that
of a C16-SAM prepared on Au(111) (142). The orientation of the molecules following landing
depends on the nature of the SAM. The molecular axis of V(benzene)2 molecules in the H-SAM
substrate remains at 70–80◦ with respect to the surface normal (141). The molecular orientation
of other complexes [M(benzene)2; M = Ti or Cr] shows a similar trend, although chromium-
complex molecules have a lower-than-70◦ angle with respect to the surface normal (144). However,
in the case of F-SAM surfaces, the angles differ because of the repulsion between the π-electron
cloud of the benzene ring of the complex and the closest outermost −CF3 and −CF2 groups on
the side chain of the fluorocarbon axes of the F-SAM (86).

The reactivity of the complex cations landed on the SAM was subsequently investigated in
detail. VO(salen)+ and [Ni(salen)+H]+ ions were produced by electrospray ionization and, after
mass selection, were allowed to soft-land onto an F-SAM on gold (145). The TOF-SIMS analysis,
performed over 4 days following deposition, caused the reduction of VVO(salen)+ to VIII(salen)+.
This result indicates that the reduction was interfacial, not beam induced. However, the yield of
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Figure 7
The IR spectrum in the range between 800 and 1,500 cm−1 recorded after the soft landing of approximately
one monolayer of V2(benzene)3 ions (2 × 1014 positive ions cm−2) at 200 K onto a 1-octadecanethiol
monolayer, along with the computed IR spectra of the singlet and triplet states of V2(benzene)3 ions. The
labels vs(CC), vi-p(CH), and va(CC) stand for the symmetric breathing mode of two terminal benzene rings,
the in-plane bending mode of these benzene rings, and the asymmetric C–C stretching mode of the central
ring, respectively. Reproduced with permission from Reference 86. Copyright 2012, American Chemical
Society.

VIII(salen)+ ions depended on the nature of the proton donor molecule needed for the reaction and
its residence time on the surface (145). In the reverse reaction, VIII(salen)+ was easily converted to
VVO(salen)+. This catalytic cycle of reduction and oxidation by a soft-landed vanadium complex
depended on two factors: the initial number of the proton source molecules and the rate of release
of the protons from the proton donor molecules (86).

4. SUMMARY AND FUTURE DIRECTIONS

The selected examples presented in this review, although they offer merely glimpses into an
exciting area, establish that many exciting areas of research have yet to be explored. Ultrahigh
surface sensitivity that can cause molecular transformations, extract chemical information, preserve
ionic species, and accommodate functional moieties—all in a spatially controlled fashion—is the
most fascinating aspect of such research. Completely new phenomena are expected to be discovered
on solids that have not yet been investigated.

One as-yet-unexplored research avenue involves catalysis at molecular solids. Another pertains
to the dynamics of events, which would probably be best explored with pulsed ion beams. All
such investigations can generate complete information only in conjunction with computational
studies, which can probe ultrafast dynamics. The development of techniques in this area would
enrich experimental efforts. From the experimental point of view, all these new approaches would
require new instrumentation with high transmission at low energies and high detector sensitivity.
Experiments on many molecular solids require temperatures lower than what can be attained
with liquid nitrogen. Given these diverse requirements, LEIS as an analytical tool will become
more instrumentation intensive during the coming years. Experimental curiosity and possible new
phenomena are likely to propel research in this area.
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