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ABSTRACT: Ion scattering using ultralow energy projectiles is
considered to be a unique method to probe the nature of
molecular surfaces because of its capacity to probe the very top,
atomically thin layers. Here, we examine one of the most studied
molecular solids, water-ice, using this technique. When ice surface
undergoes the amorphous to crystalline transition, an ultralow
energy reactive projectile identifies the change through the
reaction product formed. It is shown that ultralow energy (2, 3, 4,
5, 6, and 7 eV) CH2

+ (or CD2
+) collision on amorphous D2O (or

H2O) ice makes CHD+, while crystalline ice does not. The
projectile undergoes H/D exchange with the dangling −OD (−OH) bond present on amorphous ice surfaces. It is also shown
that H/D exchange product disappears when amorphous ice is annealed to the crystalline phase. The H/D exchange reaction is
shown to be sensitive only to the surface layers of ice as it disappears when the surface is covered with long chain alcohols like 1-
pentanol as the ice surfaces become inaccessible for the incoming projectile. This article shows that ultralow energy reactive ion
collision is a novel method to distinguish phase transitions in molecular solids.

■ INTRODUCTION

Deposition of water vapor on cold surfaces creates two
distinctly different forms of ice, amorphous and crystalline
analogues where the former has more than one variety.1,2

Distinction of these forms is important to conduct model
studies as both the amorphous and the crystalline forms have
unique chemical and physical properties. Since its first report in
1935, there have been numerous studies on the amorphous
form of water.3−5 While distinction of amorphous solid water
(ASW) and crystalline water (CW) is possible by X-ray
diffraction,3 the most common tool for differentiation is
infrared spectroscopy.5−18 Structural differentiation is possible
by other methods such as TPD,13,19 LEED,20 electron
diffraction,21 and TEM.11 However, this differentiation must
be made at the very top layer as it is the one that
accommodates gaseous species of atmospheric relevance.
Various ion scattering processes are used to understand
molecular solids, in general,22 and water ice, in particular, and
these methods are summarized elsewhere.23,24

Low energy ion scattering is a unique tool for surface
characterization, especially for molecular surfaces. Reactive
collisions can distinguish adsorption geometry as well as the
molecular nature of the collision partner. Ions at extremely low
energy, of the order of few tens of electronvolt or less, are
sensitive to the very top of molecular films,25 especially the first
chemical bond at the vacuum−surface interface. The ion
scattering yield varies with the nature of the surfaces, and
surface structure differentiation is possible from scattering yield
measurements.26 Such changes are due to the difference in the
extent of neutralization, trapping, and accommodation.

However, reactive collision in which the scattered ion
undergoes chemical transformation by abstraction,27 ex-
change,28 or dissociation29−33 can also be characteristic of the
structure of the surface. When the ion energy is low, of the
order of a few electronvolt, this collision event is extremely
surface sensitive to the very first chemical bond of the air/
vacuum−surface interface and therefore can distinguish
structure, specific to the top layers.25 Ion/surface collisions in
the low energy regime need not always be reactive, and such
processes have been used to characterize molecular diffusion,34

nature of surface species,35 and surface transformations.36 For
example, we have found a new surface transformation at ∼110
K for ASW, and this transformation is noticeable in a film of six
or more monolayers of ice. While scattering events have been
shown to be sensitive to the nature of the surface (amorphous/
crystalline), there has been no report of distinguishing them by
reactions.
In this work, we show that exchange reactions of specific ions

can distinguish amorphous and crystalline ice. Such reactions
occurring under 10 eV are specific to the first chemical bond,
and therefore the information derived is unique in comparison
to other techniques described earlier. Variation of reactive ions,
easily achievable in mass spectrometry, can be used for such
structural distinction for other ice. As ion doses are low in this
static experiment, the properties of the surfaces can be retained
even after prolonged periods of irradiation.37−40
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■ EXPERIMENTAL SECTION

The instrumental setup and an outline of the experimental
procedures are given elsewhere.34,35 The low energy collision
experiments and the precautions used were described earlier.36

Briefly, the experiments described here were conducted in a
double-chamber ultrahigh vacuum (UHV) system with a base
pressure of <5.0 × 10−10 mbar. Each region of the system is
pumped by a Pfeiffer Vacuum (TMU 261) 210 L/s
turbomolecular drag pump. These two pumps are backed by
another Pfeiffer Vacuum (TMU 071P) 60 L/s turbomolecular
pump, which is further backed by a Pfeiffer Vacuum (MVP
055) 3.3 m3/h dry pump. The electron impact (EI) source
from ABB Extrel was used to generate positive ions. These ions
are extracted from the source and transferred into a quadrupole
mass filter (Q1) through a set of einzel lenses. Ion kinetic
energy was controlled by varying the ion source conditions and
tuning the rest of the optics. The scattered ions are detected by
another quadrupole (Q3). All of the quadrupoles and control
electronics are from Extrel Core Mass Spectrometry.
A high-precision UHV specimen translator with xyz axis

movement and tilt was used. Polycrystalline copper was used as
in previous experiments as the substrate for preparing
amorphous and crystalline ice films.27,41 Substrate plays a
crucial role in determining the quality of the grown film. Yet, in
the present case, the substrate effect is negligible due to higher
coverages used. It may be noted that the dewetting temperature
is much higher (∼160 K) for 50 monolayer (ML) ice films.42

The ice film grown at 120 K in ultrahigh vacuum is known to
be amorphous in nature and of low porosity, while deposition
above 140 K results in crystalline ice (CW).43 The ice surface is
prepared by exposing the cold substrate to water vapor at a
specific pressure as described below.
The copper surface was grounded in all of the experiments.

By varying the potential of the ion source block and tuning the
rest of the ion optics, it was possible to produce a beam current
of 1−2 nA for the mass selected ions. Various ions collide with
the surface at an angle of 45° with reference to the surface
normal, and the scattered ions were analyzed by a second
quadrupole. The ions in the entire scattering region feel the
same potential, and the einzel lenses on either side of the target
surface are nearly at the same potential. Thus, the ions are
subjected to a field free condition around the scattering center.
Scattering geometry is such that ions do not make a glancing
impact. The ion kinetic energy spread is largest at 1 eV, but
reduces significantly at higher energies.
Required projectiles were generated by ionizing CH4 (or

CD4 to produce CD3
+ and CD2

+) by electron impact and
subsequently selecting the desired ions through quadrupole
mass analyzer. CD4 was purchased from Aldrich. The liquids
used in our study (H2O, deionized water after triple distillation,
D2O, and 1-pentanol) were purified by many freeze−pump−
thaw cycles, before use. D2O (99.96% D isotopic purity) and 1-
pentanol were purchased from Aldrich. Molecular surfaces were
prepared by depositing the corresponding vapors and were
delivered very close to the substrate through a tube. The
exposure was controlled by a leak valve. The gas-line was
pumped thoroughly by a rotary pump to avoid impurities and
contamination. The distance between the gas delivery tube and
polycrystalline copper substrate was adjusted to obtain uniform
sample growth on the substrate. This was confirmed by our
previous experiments. When n-butanol (A) was deposited on
water ice (B), water molecules could not diffuse through n-

butanol layers at 120 and 140 K and get detected.44 This
observation confirms that the entire area under investigation
had uniform growth of A over B. Nonuniform coverages would
have made B to get detected. Delivery of molecules near the
substrate ensured that the vapors were not deposited in
unwanted areas. The deposition flux of the vapors was adjusted
to ∼0.1 ML/s. The thickness of the overlayers was estimated
assuming that 1.33 × 10−6 mbar/s = 1 ML. The 1 ML ice layers
have been estimated to contain ∼1.1 × 1015 water molecules/
cm2.45 In all of our experiments with ASW, the deposition
temperature was kept at 120 K, which is known to grow ASW
films.46 The pressure(s) of the gas(es) inside the scattering
chamber during deposition was 1 × 10−7 mbar. The films were
prepared on polycrystalline Cu substrate to make Cu@A (the
symbolism implies the creation of a layer of A over Cu). The
film thickness was large so that the underlying Cu did not have
any effect on the ice layer formed. The spectra presented here
were averaged for 75 scans, and the data acquisition time was
approximately 0.5 s per scan. The present instrumental setup
does not allow temperature programmed desorption (TPD)
measurements.

■ RESULTS
To check the distribution of ion kinetic energy (K.E.) of the
input beam, stopping potential measurement was performed at
Q1. In this measurement, Q1 was kept in the RF (radio
frequency)-only mode where it transmits all ions formed in the
source, and Q3 was set to transmit the desired mass.
Thereafter, a range of DC voltages are applied across the
quadrupoles to stop the desired ions. When the ions are
stopped at Q1, for example, the intensity of the ions falls to
zero. Figure 1 shows the results of stopping potential

measurements of 1, 2, and 3 eV CH2
+ ions. It is evident from

the figure that for 1 eV ion, the energy spread is 47%, which
reduces substantially (10%) in the case of 3 eV ions. With
further increase in the input ion kinetic energy up to 8 eV, the
spread decreases to 2% (data not shown). It is important to
note that this kind of ion energy spread is the best that has been
achieved so far in such instrumentation.23 Increased spread at
extremely low energy (1 eV) has been noted before.36 Stopping

Figure 1. Plot of CH2
+ stopping potential data at quadrupole 1 (Q1).

Results of a similar kind of stopping potential measurement performed
with quadrupole 3 (Q3) are shown in the inset. The experimental
scheme is shown at the bottom left.
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potential measurement in Q3 using CH2
+ (Q1 was set to select

the desired ion and Q3 was kept as RF-only mode) showed
little increase in energy spread in comparison to the stopping
potential data of Q1. Similar stopping potential experiment
using CH3

+ and CH4
+ revealed that other ions also followed a

similar trend (Supporting Information, item numbers 1 and 2).
The exchange experiment can be done with other ions too, but
with CH3

+ being a closed shell ion, exchange is not facile. In the
case of CH+, primary ion beam intensity was too low for low
energy ion scattering experiments.
Having established the ion kinetic energy distribution, we

performed ion scattering experiments to distinguish the nature
of the surfaces. In Figure 2a, 2 eV CH2

+ ion scattering spectrum

of D2O prepared at 120 K is shown where m/z 14 is due to
CH2

+, the incident projectile, while the new peak at m/z 15 is
assigned to CHD+, the H/D exchange product. We have
ensured that it is not due to CH3

+ by conducting CD2
+

collisions on H2O (to be discussed later). Scattering experi-
ments using other energy projectiles were also performed. After
these experiments, chemical sputtering47−49 experiments were
performed using 50 eV Ar+. The result is shown in Figure 2b.
Peaks at m/z 19, 20, 21, and 22 are assigned to H3O

+, H2DO
+,

HD2O
+, and D3O

+, respectively. This spectrum indicates that
all of the H/D exchange products remain present on the
surfaces. It may be noted that no such exchange products were
seen on the parent D2O ice surfaces. It also explains that H/D
exchange has taken place due to the collision of CH2

+ with
amorphous ice (D2O). Additionally, Figure 2c presents the
normalized intensity plot of CHD+ signal with respect to
increasing CH2

+ incident energy. This spectrum shows the
formation of more CHD+ as the kinetic energy of CH2

+

increases.
In the next set of experiments, CH2

+ was subjected to
collisions on crystalline ice (D2O), generated at 140 K (this
temperature was chosen because it is known to give crystalline
ice46,50). The results of those experiments are shown in Figure
3. It is evident from the figure that CHD+ signals are absent.
However, in this case, also H/D exchange takes place when

CH2
+ ion energy is raised to ∼8 eV. At this energy,

fragmentation of CH2
+ occurs, and fragments, such as CH+,

are believed to react at the surfaces. For further understanding,
the CH2

+ projectiles were replaced with CD2
+ and were

subjected to collide on amorphous ice (generated upon
condensing H2O vapor at 120 K). The exchange product,
CHD+, was observed here also. Subsequently, chemical
sputtering experiments were performed on the reacted surfaces.
The results are shown in Figure 4. All of the possible H/D
exchange products appeared in the sputtering spectrum. When
the CHD+ signal intensity was plotted with increasing CD2

+

kinetic energy (inset of Figure 4), it showed a shape similar to
that of CHD+ (upon CH2

+ collision with increasing kinetic
energy, Figure 2c). These results confirm that H/D exchange
occurs on amorphous ice by ultralow energy reactive projectiles
like CH2

+/CD2
+ (on D2O/H2O).

To understand the difference in reactivity of CH2
+ on

amorphous and crystalline ice, a control experiment was
performed at a lower projectile ion flux than the previous
experiments (so as to avoid ion-induced surface damage,
although insignificant at this energy range). At first, ultralow
energy CH2

+ was subjected to collide on amorphous ice (D2O),
and then the ice layer was annealed at 140 K to make it
crystalline. Figure 5 shows the results of an ultralow energy ion
scattering experiment performed on amorphous ice. As is
evident in the spectra, the H/D exchange is observable by the
appearance of CHD+ signal at 2 eV. At higher energy (8 eV and
above) surface-induced dissociation of the projectile led to the
generation of various other signals. This experiment was carried

Figure 2. (a) Ion scattering mass spectrum of 2 eV CH2
+ collision on

amorphous D2O at 120 K. The CHD+ signal at m/z 15 is also shown
separately in red with 5 times intensity enhancement. (b) Chemical
sputtering spectra upon 50 eV Ar+ impact on D2O surfaces, irradiated
with 1−10 eV CH2

+ for 3 h. (c) The CHD+ signal intensity with
respect to increasing incident energy of CH2

+. The experimental
scheme is shown as an inset.

Figure 3. Mass spectra observed upon collisions of varying energy
CH2

+ on 100 ML crystalline ice (D2O), generated at 140 K.
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out again by annealing the underlying ASW to CW. After that,
when the same experiment was carried out at the same energy
window on CW, no H/D exchange was found below 8 eV
energy (see Supporting Information, item number 4). The
reason is believed to be the chemical reactivity difference
between amorphous and crystalline ice surfaces with the
incoming projectile. The presence of free hydroxyl bonds on

ASW makes the H/D exchange possible with CH2
+, and,

consequently, the product CHD+ appears. However, there may
be other effects also that contribute to the chemical reactivity of
the two surfaces (see below). No observable H/D exchange
take place upon collision of CH2

+ on crystalline ice surfaces.
However, at a collision energy 8 eV and above, the reactive
projectile starts breaking down on the surface of ice, and it
generates fragmented products, which can make additional
reactions. So, reactive collision at this energy region is not
suitable to distinguish ASW and CW. To confirm the process of
formation of CHD+, 50 ML amorphous ice (D2O) surface was
covered with 200 ML 1-pentanol. After that, ultralow energy
CH2

+ was collided on it. Supporting Information item number
5 shows the scattered ion mass spectra observed upon collision
of 1, 2, 3, 5, 8, 10 eV CH2

+ on the condensed 1-pentanol
overlayer. It is evident from the spectra that the H/D exchange
product CHD+ is absent. After the ultralow energy collision of
CH2

+, chemical sputtering experiment was performed using 50
eV Ar+. The inset of Supporting Information item number 5
shows the resultant mass spectrum. The spectra resemble
normal chemical sputtering spectra of 1-pentanol. The
observation can be explained based on the following results.
On 200 ML 1-pentanol covered amorphous ice, reactive
collisions of ultralow energy CH2

+ did not yield any H/D
exchange, and no CHD+ signal appeared during the ultralow
energy ion scattering experiment. Additionally, CH2

+ did not
trigger any H/D exchange on 1-pentanol ice itself. Therefore, it
may be concluded that the amorphous ice surfaces (D2O) are
responsible for H/D exchange in the projectile; when
amorphous ice becomes inaccessible for the projectile (CH2

+)
due to the 1-pentanol overlayer, H/D exchange product does
not appear.

■ DISCUSSION
The study of stopping potential measurement revealed that
CH2

+, CH3
+, and CH4

+ follow a similar trend (Figure 1,
Supporting Information, item numbers 1 and 2). The stopping
potential experiments at Q3 showed that the ion kinetic energy
decreases slightly after colliding with the substrate (see Figure
1, inset). The reason for choosing low energy CH2

+ over CH3
+

and CH4
+ is the following. CH3

+ could not be used as it is a
closed shell ion, and hence its reactivity is very low toward
water molecules. CH2

+ (or CD2
+) and CH4

+ (or CD4
+) are

suitable ions for the purpose of this reaction as these are open
shell ions. CH4

+ was discarded as it did not produce CH3D
+ at

low energy; instead, it started breaking down on the ice surfaces
beyond 5 eV (Supporting Information, item number 3). All of
the aforementioned ions undergo thermoneutral reactions with
water ice surfaces. When CH2

+ was allowed to impinge on
D2O, the H/D exchange product CHD+ was seen. On the other
hand, this product is not observed during collision on
crystalline ice surfaces.
Results indicate that there are differences in chemical

reactivity between amorphous and crystalline ice surfaces as
mentioned before. There may be several effects that can affect
the change in reactivity of the surfaces in microscopic detail,
which include the difference in population of free hydroxyl
groups on the two ice surfaces, dewetting,20,51−56 film
morphology change due to collapse of pores,57 etc.
Crystallization-induced dewetting is unlikely to be playing any
role in this case as ice films are thick.36,58 Dewetting of ice films
grown on Cu(111) occurs around 160 K for a 50 ML film,36

and dewetting temperature increases with film thickness.56

Figure 4. Chemical sputtering spectra observed with 50 eV Ar+ on
reacted amorphous ice (H2O) formed after impact of 1−10 eV CD2

+

for 3 h. CHD+ signal intensity with increasing energy CD2
+ is shown in

one inset. Schematic presentation of the experiments is shown in
another inset.

Figure 5. Ion scattering spectra observed upon collision of 1, 2, 3, 5, 8,
and 10 eV CH2

+ on amorphous ice (D2O). Schematic presentation of
the experiment is shown in the inset.
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Note that our experiment is on 100 ML films conducted at 140
K. Morphology change due to the collapse of pores will not
contribute at 140 K as the pores collapse near ∼118 K.59 In
view of these facts, it is likely that free hydroxyl groups present
on the ice surfaces are responsible for the reactivity change.
Shen and colleagues reported coverage of dangling hydroxyl
groups on the liquid water−air interface to be one-quarter of
the available OH bonds.19,60 Amorphous ice surfaces have a
large number of dangling hydroxyl groups exposed to
vacuum.57,61,62 This population on the surfaces reduces when
the amorphous ice is annealed to the crystalline form due to
massive reconstruction that takes place during phase
transition.61 It may be noted that the absorbances of dangling
hydroxyl bands decrease to near zero values around 140 K.57

Thus, due to the large population of free hydroxyl groups on
the amorphous ice surfaces, a larger extent of H/D exchange
reactions occur here. On crystalline ice, the reaction does not
occur to the same extent, and CHD+ is not detected. However,
the formation of CHD+ is not ruled out as crystalline ice
surfaces also possess free hydroxyl groups on its surfaces.
Probably, the signal intensity is below the limit of detection in
the case of CW. The reaction is proposed to proceed as CH2

+ +
D2O → CHD+ + HOD, where CH2

+ and CHD+ are the gas-
phase species and are detected by the mass spectrometer.
Exchange reaction is a thermoneutral process. With increase in
CH2

+ kinetic energy, the H/D exchange product intensity
increases (Figure 2c). Two factors are mainly responsible for
this. First, scattering intensity increases with the increase in
incident ion kinetic energy. Second, above 8 eV kinetic energy,
the projectiles were fragmented on ice surfaces, and the
products opened another path for more H/D exchange. This
also contributed to the enhancement of the intensity of the
CHD+ ion. To establish this reason, ASW layers were prepared,
onto which ultralow energy CH2

+ were subjected to collide.
This collision results in normal H/D exchange due to the
presence of a large number of dangling −OD bonds on the
surfaces (Figure 5) as mentioned above. After that, when the
ASW was transformed to CW by annealing at 140 K, the same
ultralow energy projectile did not cause detectable H/D
exchange (Supporting Information, item number 4) product.
The role of ASW in the reactive collision was confirmed by
another investigation. First, 50 ML ASW (D2O) layer was
developed on Cu followed by 200 ML 1-pentanol layer. 200
ML thick 1-pentanol ensured that no D2O molecules diffuse
through the 1-pentanol layers and appear on the surface. On
this sandwich surface, when the ultralow energy CH2

+ was
impinged, no CHD+ signal was found. It is concluded that due
to the presence of solid 1-pentanol cover, reactive CH2

+ could
not interact with the dangling −OD of the ASW (D2O). Hence,
no H/D exchange product appeared. This was again confirmed
by 50 eV Ar+ sputtering spectra (inset of Supporting
Information, item number 5). The mass spectra consist of
peaks, which originate from the sputtering of 1-pentanol. These
control experiments confirm that the H/D exchange originated
from the interaction of ASW (D2O) surfaces with ultralow
energy projectile (CH2

+). Whenever the ASW surface was
modified or covered, low energy H/D exchange did not take
place. It can be further confirmed that this kind of ultralow
energy reactive scattering is extremely surface sensitive
particularly in the projectile kinetic energy range of 2−7 eV.

■ SUMMARY
This work shows that reactive projectiles of low energy react
differently with structurally different surfaces. CH2

+ with energy
in the range 2−7 eV are suitable in differentiating the nature of
ice surfaces. ASW (D2O) surfaces have dangling −OD groups
with which CH2

+ reacts and undergoes H/D exchange to yield
CHD+. Dangling −OD groups population on the surfaces
exposed to vacuum are very low on CW (D2O); therefore,
CH2

+ collisions with this kind of surfaces do not produce any
observable H/D exchange. Different experiments discussed in
this Article describe a suitable method to distinguish ASW from
CW with ultrahigh surface specificity.
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