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lon Emission from Water Ice Due to Energetic Particle Bombardment
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lon emission from water ice due to energetic particle bombardment is investigated in a combined molecular
dynamics and tof-SIMS experimental study. Specifically, emission of water clust€t$,®), where A

denotes positive alkali metal ions,™iNa", K*, Cs' or negative halogen ions; FCI~, |-, from frozen ice

films is investigated. In the experiments, different concentrations of Nal and Kl salts were dissolved in water
before freezing. The influence of ion charge and concentration is investigated. Cationic clusters eject more
effectively than anionic clusters in both the simulations and experiments. Although in most cases the increase
of the salt concentration results in a higher absolute ion yield, this dependence is rather complex and is
discussed in terms of ion pairing and clustering in the original solution and during emission.

1. Introduction systems. We consider attachment of ions already present in the
. ... . sample to parent molecules. This mechanism appears to be a
lon emission from condensed phases under nonequilibrium niversal way of forming secondary ions, almost independent
conditions is important in @ number of desorption techniques f the molecule being investigatdThe parent molecules can
including secondary ion mass spectrometry (SIMS)atrix- associate with ions of both charges, positive ions such as, Na
assisted laser desorption/ionization (MALBRNd electrospray K+, Cst, or Agt, and negative ions such as,FCI-, |-, or

ionization? For the special matrix of water ice, the formation  a;~ |t has been proposed that an increase of ion concentration
mechanism and structure of ionic water clusters is of interest ;, he sample solution can promote the yields of charged
to many researchefslon emission from frozen samples  .omponentd! This connection, however, is not straightforward
bombarded by energetic ions is a commonly considered methodyecayse the probability for an ion to emit and to be attached to
for p_roduct|on of cluster ions (_)f \{olayle I|qU|cPs'I_'he energetic iy molecule(s) is determined by complex movement of ions
particle bombardment of Na in ice is the basis for explaining i, the collision cascade region and recombination of oppositely
the appearance of an excess of Na in the atmosphere of Europasharged ions, thus reducing the number of emitted ions. We
a satelite of Jupitef. o _start our investigation of ionization with this study of the
Here we consider the Ion emission process due to energeticmovement of simple ions in a molecular system to answer the
particle bombardment as in SIMS experiments. Although some guestion of how readily these ions eject and attach to the parent
studies of ion emission were performed two decades ago onmolecules. The influence of ion charge and concentration on
relatively simple system&? no systematic efforts have been the ion yield has not been systematically studied to the best of
made to understand ionization in organic and biological systems. our knowledge.
There are many stages in the bombardment event that can ag g realistic model system for theoretical and experimental
conceivably control the ultimate emission of ions. Namely, ions sty dies, water ice has been chosen for investigation. This
can be preformed in the original samflenergetic collisions  material is an important matrix for SIMS experiments on frozen-
or electronic processes can create ions, ions can then benydrated biological cells lons of the type (HO)*(HsO)n
neutralized as they depart the substrate and, of course, the ionH,0y+(H,0), and OH (H.O), are observedd 14 although the
stability is important. The influence of the matrix structure and jntensity and cluster size distribution defy simple patterns.
the interactions among the ion and matrix molecules in the preformed ions can be made by adding simple salts, in which
original sample on the emission dynamics is unknown. The case the mass spectra exhibit peaks corresponding to clusters
challenges of tackling the ionization problem either experimen- gch as N&a(H,0),. These ions probably form by a mechanism
tally or theoretically are daunting. _ ~similar to the ions observed for organic and biological samples,
This study presents the initial step of the detailed theoretical thus we believe that the water ice system is a good model system
and experimental investigation of ionization in molecular for the investigations.

Here we employ the molecular dynamics (MD) method to

"'Part of the special issue "Fritz Schaefer Festschrift’. study the mechanism of attachment of simple cations or anions

531502‘?"5;?”?”& E‘S“Jhecgze": +1-814-863-2103. Fax:+1-814-863- {5 water molecules ejected from an ice matrix. This approach
¥ D'epartmén{gof ghe'mist;y_ has be_en shown_to be_effective in describing the motion of the
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tion potentials for water and ions with water, an essential input previously?228were used to maintain fixed-6H bond lengths

to the MD approach, are well establishédhe ultimate goal in the water molecules as well as a fixee-B—H bond angle.
is to include quantum mechanical effects into the MD approach To be consistent with the assumption of nondissociating water
to describe motion of hydronium ioHs'®and hydroxyl ions? molecules, a low energy, 300 eV, for the incident primary Ar

collisional ionization of water molecules, and dissociation of particle has been employed. The Ar particle is aimed along the
neutral water molecules into ion pairs by collision in order to surface normal within a rectangular aree66 A?) around the
elucidate a comprehensive picture of ionization events during jon for the given set of trials. For each ion, 450 trajectories
energetic collision cascades. were performed. Each trajectory lasted for more than 7 ps,
Specifically, in this initial work molecular dynamics calcula-  syfficient time for the sputter yield to reach a constant value.
tions were performed to describe the emission of ionic water a|| emitted clusters, however, were monitored over the next
clusters A (H,0),, where A" denotes positive or negative ions, 250 ps to allow the clusters to undergo unimolecular decom-
Li*, Naf, Cs", F~, CI~, and I, from an ice film, deposited on position.
a A 111 surface, under bombardment by 300 eV Ar atoms. The protocol for heating/cooling the system has been

An amorphous ice film with a single ion within-23 layers of d bed? T th le. 12 | fanh |
the surface as well as a sample with eight"Nand CI ions describea: To prepare the sample, ayers or a hexagona
ice were placed on the metal surface. The system was heated

were explored in the calculations. To complement the MD 300 K and ilibrated 50 hi A
simulations, experiments were performed on a water film with © and equilibrated over 50 ps at this temperature. An

dissolved Nal and KI salts of different concentrations. The films 10N Was then placed on top of the film. Following a 20 ps
were frozen on a silver substrate and then were exposed to s£Auilibration at 300 K, the system with the ion was cooled to

beam of 20 keV G ions. 77 K. After this procedure, the ion remained withir2 layers
Different solvation structures of cations and anions in water ©Of the ice surface. For preparation oétfh M solution of NaCl,
are shown to lead to larger absolute yield of cationig#O), 8 ion pairs were added to the ice. The system was equilibrated

clusters as compared to anionic (,0), clusters. This finding ~ over 100 ps at 300 K followed by a fast cooling to 77 K.
is supported by related experimental data. An effect of salt Periodic boundary conditions in the directions parallel to the
concentration in the original sample on the experimental ion surface were applied for all sample preparation procedures.
yield is discussed in terms of ion pairing and clustering in

concentrated solutions. 3. Experimental Section

Positive and negative SIMS spectra were acquired with a ToF
SIMS apparatus described in detail elsewtéréhe samples

The system investigated is a film of water ice adsorbed on a Were prepared by taking;2. of each salt solution and spreading
Au{111} substrate. The metal substrate is included in order to them onto individual silver substrates. The sample and substrate
assist in confining the projectile energy in the surface region were quickly immersed into liquid nitrogen while affixed to a
and reflecting this energy toward the vacugfn?! All details copper sample block. The sample was transferred to the analysis
of the HO—H0, H,O—Au, and Au-Au interaction potentials ~ chamber and loaded onto a sample stage cooled with liquid
including the potential parameters have been described €arlier. nitrogen to maintain a frozen sample. Samples of Nal and KI
Briefly, to model the waterwater interaction, a rigid version  were investigated at 0.0001 M, 0.01 Mah M concentrations.
of the extended simple-point-charge (SPC/E) water model was Table salt, NaCl, could not be investigated due to isotopic
used?® For the Au-HyO interaction, a potential developed interferences at the mass of Ghith OH~(H20). The samples
previously was applieé The gold substrate was represented were placed in the spectrometer at the same time and the data
by a many-body MD/Monte Carlo corrected effective medium were taken on the same day. The analysis chamber has been
potential functior?® Halide and alkali ion interactions with water  modified slightly to accommodate the fitting of both Gand
were treated classically. The ions were represented by a pointc,+ jon sources? In principle, to compare quantitatively with
charge having a Lennard-Jones center dhlibn—ion interac-  the calculations, the experiments should be performed with the
tions used in calculations of the concentrated NaCl solution were g+ ion source with low incident energies. The Gsource,
described by the Huggins-Mayer potential for the non-Coulom- powever, caused considerable sample charging and reliable

bic part of the interaction spectra could not be obtained. The use of an electron flood gun
C does not solve this problem. Thedt beam does not produce
U(r) = Aexp(-Br) — = (1) as much surface charging as atomic projectiles because it seems
r to result in a more electrically balanced surface aftgstC
with parameters taken from the literatde. bombardment in comparison to the atomic projectile bombard-
In the majority of calculations, the target included an Ment. Thus, the & ion sourcé® with 20 keV kinetic energy
amorphous ice film at 77 K consisting of 1056 water molecules Was used. A total time of 10 to 20 s of primary beam at 0.6 nA
with one ion near the surface, representing infinite dilution. A dc¢ current was needed to remove a water overlayer acquired
total of 8 Na' and 8 Ct ions were incorporated for the 1 M from the sample transfer, and to expose a fresh surface for
NaCl calculation. The water film was placed on thel1} analysis’! Charge compensation using low-energy electrons was
surface of a 9-layer crystallite of 1980 Au atoms. No periodic Nneeded to detect signal for negative SIMS spectra. Although
boundary conditions were applied during the calculation of ion the nature of the collision cascades generated by low-energy
emission. atomic beams and high-energydC beams are qualitatively
Since as a first step, only the formation of hydrated alkali different32 we present arguments below that the observed ion
and halide cluster ions are considered, we have assumed thasignals are strongly influenced by the iewater interaction.
the water molecules are not dissociated during the collision Hence it is the structure of the solid rather than the specifics of
cascade. The constraint technique RATFE.&nd the velocity the dynamics of the collision cascade that lead to the observable
Verlet algorithm, implemented into the MD code as described cluster yields.

2. MD Simulations



lon Emission from Water Ice J. Phys. Chem. A, Vol. 108, No. 15, 2002995

TABLE 1: Number of lonic Water Clusters Ejected in 450 124
Trajectories of 300 eV Ar Atoms Bombarding the Ice Water ] _
Film with One lon (The counts include bare ions as well as Li"(H,0)
water solvated ions.) 10+ £
total number of
ions sputtered ions 8
Li* 97 o T T W
Na* 95 5 64 = =
Cs* 83 b
= 18 i}
cl- 8 44
[ 16 E

4. Results and Discussion

L el

4 6 8 10 12 14 16 18 20
Number of H,0 molecules

The general trend found in the calculations, more effective 0
emission of cations versus anions, is first discussed in terms of
the ion solvation structures in water. The experimental results
corroborate this finding. lon pairing and clustering in the original 12+
mixture and during atomic bombardment is proposed to be
responsible for a much slower than linear increase in ion yield
as a function of salt concentration as well as for the effective
emission of bare ions from concentrated solutions as observed
in the experimental data.

4.1. Cation vs Anion Effect. The total numbers of ionic
clusters emitted from the infinite dilution samples by 300 eV
Ar projectiles are given in Table 1. The main observation is
that cationic water clusters are emitted more effectively than 44
the anionic water clusters. The mass distributions of cationic l
clusters extend to clusters with 17 water molecules as shown 2]
in Figure 1. In contrast, a simulation of bombardment of a Ag
surface that results in a similar total yie¥lon average 17 Ag ] D
atoms versus our average 26 water molecules, gives a maximum ¢ 0 4 6 8 10 12 14 16 18 20
cluster size of Ag Presumably, the larger cluster range for Nurber:of L0 méleeiios
solvated ions rather than metal clusters is due to the long ranged 8
ion—dipole and dipole-dipole interactions in the ionwater 12+
system. ] o

The more effective emission of cation water clusters as 10
compared to anion clusters can be explained by the different ]
solvation structure of positive and negative ions in water. Both 8
MD and ab-initio calculations of the ion solvation structure in
bulk water and at the liquigvapor interface indicate that cations
interact strongly with neighboring water molecules via cation
oxygen attraction, while the interaction of an anion with nearest
water molecules is weakét34 The catior-oxygen interaction 44
results in reorientation of water dipoles in the vicinity of the
ion, thus disrupting the hydrogen bond network. Consequently, 24 H HH

[]
12 14

P
N.—

104 Na'(HZO)n

Intensity

[

Cs'(H,0),

Intensity

the local structure can be characterized as an almost preformed
solvated ion with weak bonding to the remaining liquid. The g 5 1

preferred orientation of water molecules around a central anion, 0 2 4 6 8 10
however, is similar to the orientation around a central water Number of H,0 molecules
molecule, i.e., the anion in water does not introduce a large

_pertu_rbatlon and the_ hydrogen bond neMork retains its StruCturalFigure 1. Calculated size distributions of catiomwater clusters for
identity near the anioff The net effect is that even though the 300 ev Ar bombardment of the ice film with one ion near the surface
interaction of the anion with water is locally weaker than the of the film. The number of trajectories performed for each iorf, Li
cation with water, the interaction of the anion and its solvation Na', and Cg, was 450.

structure with the whole medium is stronger than that for cations.

This feature of the iorwater interactions is illustrated in ) o )
Figure 2, where the interaction of the sphere of a given radius ©f the Na'—water complexes with the remaining system is
including the sodium or chlorine ion in the center and sur- Weaker than that for the Ct-water complexes, while the bare
rounding water molecules with the rest of the water molecules Na“ is more strongly bonded to the solution than the @in.
is calculated as a function of the radius. The ion position is  Desorption of a cation along with its first solvation shell
2—3 A below the water surface. The symbols for the smallest requires, therefore, less energy than desorption of an anion with
radii correspond to the interaction of the bare ion with water. its solvation shell. The detailed analysis of sputtering trajectories
The next radius corresponds to the first solvation shell of water shows that the water molecules initially adjacent to the cations
molecules around the Naor CI~ ion. The interaction energy  mainly accompany them in the ejection event. The contribution

AL

16 18 20
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Figure 2. The interaction energies of the sphere, with the ion in the center and surrounding waters forming a solvation shell, with the rest of water
molecules as a function of the sphere radius.

d TABLE 2: Numbers of lon-Containing Clusters for 300

of bare cations to the ion yield at low concentrations shoul Trajectories of 300 eV Ar Atoms Bombarding the 1 M

also be smaller when compared to that of cluster ions. Solution of NaCl (Numbers in the left column, n, m, x,
To check the theoretical findings, the ionic clustergA;0),, indicate how many of Na" (n), ClI=(m), and H,O (x) species

where At denotes positive alkali metal ions, NaK™*, or are in the emitted clusters.)

negative halogen ionmlwere measured in TeFSIMS experi- total number of charge of

ments. The yields of positive and negative water clusters emitted  Na,"Cl,, (H20)« ejected clusters cluster

from the 0.0001 M solution of Nal and Kl are presented in 1,0,0 ) +1

Figure 3. Although the yield of Na clusters exceeds the yield 0,1,0 3 -1

of K clusters, emission of positive ions is noticeably more 1,0,>0 21 +1

effective than emission of anion-containing clusters, consistent 0,1,>0 4 -1

with the theoretical predictions. Spectra similar to those for Nal i %i 8 3; _f

were also observed for NaBr and Csl solutions at a single 210 10 +1

concentratior$® In addition, for both the Nal and Kl solutions, 2,2,>0 6 0

the intensities of the (D)*(HO), species are considerably 3,2,20 2 +1
2,4,>20 1 -2

greater than the intensities of the OHi,0), specie® although
it is not possible to ascertain that the hydronium ions are present
(or created) at the same concentration as the hydroxyl ions. cluster is the one with one cation and one anion, that is, a neutral
4.2. Concentration Effect. The concentration effect, observed ~species that would not be detected. In total there are 52 charged
in the experiment, is demonstrated in Figure 4 for both cations clusters of which 11 (21%) are bare ions. For the isolated ion
and anions of Nal and KI. Even though the original salt calculations, the bare ions only contribute-3% to the total
concentration differs by 2 and 4 orders of magnitude, all the Yield. Thus, the calculations confirm the experimental finding
data fit on the same linear scale. The distributions look similar that there are a relatively large number of bare ions. The
for the 0.0001 and 0.01 M solutions, while the spectra for the mechanistic reason for the large number of bare ions as well as
1 M solutions exhibit relatively higher yields of bare ions, such for the deficiency in ion yields for the higher concentrations
as Na, K*, and I. relates back to the structure of the ionic solutions of the original
The observation of a relatively large number of bare ions for film.
the 1 M solutions relative to the lower concentration solutions  For 1 M NaCl solutions at room temperature, simulations
is consistent among the various systems studied experimentally show quite clearly that there is considerable clustering of ions
To investigate the concentration effect, we modeled the sput-in the water®4° One prediction at room temperature is that
tering of a sample of eight Neand eight Ct ions in the water 16% of the total ions are clustered as neutral NaCl dimers, 19%
sample, a concentration that is approximately 1 M. The yields as singly charged trimers, 2% as neutral tetramers, and the
of species ejected are given in Table 2. The most abundantremaining 63% of the ions are in similar environments as the
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the saturation of the ion signal as being caused by ions of
350001 I B Na'(H,0)_ opposite charge associating under high-temperature conditions.
30000 : To evaluate properly the ion yield at low concentration in
T 1 H,0), the simulation, we should perform calculations with a large
sample with multiple ions incorporated at the concentration of
] interest. It is possible, however, to estimate a value. The®%5 A
bombardment zone, if extendle8 A deep into the surface,
corresponds approximately to 0.0001 M. For the isolated ion
5000 simulations,>20% of the incident particles give rise to an
ejected ion (Table 1). The total ion yield at high concentration
(Table 2) is approximately 16%. Thus, the simulations are
consistent with the experimental observation that the ion yield
is not proportional to concentration.
4.3. Features Not UnderstoodSome features remain unclear
8 in terms of this simple model. Although no mass effect was
found in the calculations, the overall positive ion signals for
Number of H,0 molecules Nal and Kl series of low concentration differ by more than an
1200 - order of magnitude. We also do not understand which factors
| B K'(H,0) control the maximum cluster size in both positive and negative
i series. The maximal cluster size, observed in the experiment,
10004 £ 1(H0), is limited to 6-8 water molecules, while the calculated spectra
extend to 1518 water molecules.

Intensity, arbitrary units

0 1 2 3 4 5 6 7

8004
5. Conclusions

600+ This combined calculation and experimental study of the

ejection of preformed ions in keV particle bombardment has
400 elucidated several important features of the emission process.
First, we observe significantly more cations than anions in the
2004 spectra for the low initial concentrations of ions. Moreover, a
distribution of solvated cation clusters extends to 17 water
molecules. From a microscopic viewpoint, the anions do not
0 1 > 3 4 5 & 7 8 disrupt the hydrogen bond network in the water, thus the anions
are trapped inside the matrix and do not readily eject. The
cations, on the other hand, establish a preformed complex that
Figure 3. Size distributions of cation and anion water clusters obtained breaks down the hydrogen-bonded network, thus allowing the
experimentally with 20 keV &' bombardment of water ice with  cluster to eject more easily. The concept that ions (or other
dissolved Nal and Kl at 0.0001 M concentration. species) can destabilize the original matrix and thus alter the
ejection properties in SIMS experiments is new and has potential
dilute solution®” According to other daté the concentration  general applicability to other matrixes besides water ice.
of the complexes with two or more ions of the same charge in e observe that the initial distribution of ions in the solution
close vicinity of one another can reach 0.2 M for the 1 M jnfluences the yield at high concentrations. The original solution
solution. These ion clusters can and do have intervening Waterhas regions of ions of Opposite Charge in close proximity_ These
molecules but are recognizable as localized entities. As thejons tend to neutralize each other, thus the yield of detected
density of the liquid decreases, a situation that occurs during jons is not proportional to the initial concentration. There are
the partide emission in the bombardment event, the amount of also Configurations of nearby ions of the same Charge_ These
clustering of ions increases because there is less water toconfigurations are destabilized during the bombardment event
stabilize individual solute ions. In opposite charge complexes, and bare ions tend to be ejected. Certainly, there can be
the ions form neutral species that cannot be detected. In theassociation of ions of opposite charges during the sputtering
like charge complexes, the ions repel each other in the lower gyent, especially with the ¢g bombardment at 20 keV. It is
density conditions and eject as bare ions. also conceivable that the bombardment event causes ions of
The above discussion explains the presence of the bare iondike charges to interact and repel each other. Although these
at high concentration in terms of the initial film structure and dynamic events can be important, the pairing of ions of opposite
a minimal collision cascade caused by 300 eV Ar bombardment. and like charges in the initial film can explain the major features
The Go™ bombardment event leads to numerous overlapping of the concentration effect. Neutralization of charges of opposite
collision cascades that create a highly disordered region in asign should be ubiquitous in all SIMS experiments with
short time leading to a dense liquidlike regi#These motions preformed ions.
should further enhance pairing of opposite-charged species and The major ions observed in the experimental spectrum are
repulsion of like-charged species. Thus, at high concentrations,the clusters associated with hydronium, hydroxyl, and water
the number of ions that reach the detector is not proportional ions. The initial hydronium and hydroxyl ion concentrations
to the initial concentration in the film. A concentration effect are presumably around 10 M with the water ion, HO™,
has also been observed in studies of laser-irradiated aerosotoncentration even lower. To account for these high observed
particles?! These authors observe that the ion signal is linear signals, the water ions must be formed during the collision
in concentration of ions up to a little over 0.0001 M and then cascade. The next step in our modeling studies will be to include
saturates as the concentration approaches 1 M. They interpretollision-induced ionization events.

Intensity, arbitrary units

Number of HZO molecules
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Figure 4. Size distributions of ionic water clusters for cations and anions at 0.0001 M, 0.01d\, Mrsalt concentrations obtained experimentally

with 20 keV Go" bombardment of ice with dissolved Nal and KI.
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