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Molecular dynamics calculations were performed to simulate the collisions between a helium atom and either
a water dimer or various geometries of the NZQh™ cluster. The trajectory calculations were interrogated

to document the partial conversion of the collision energy into internal excitation of the cluster. Owing to the
small size of helium, the collision energy, which is transferred as an impulse to the cluster, is deposited
initially on one of the atoms of the cluster. The amount of transferred energy in the atom that is collided
depends of its mass, and more interestingly if it is involved in a H-bond like bonding with a water molecule.
The general rules that have been drawn to describe the energy transfer allowed us for a picewise construction
of collision-induced-dissociation cross sections, each piece being the energy tranferred toward a specific atom
of the cluster. This offers a framework for extracting quantitative information on binding energies from collision-
induced-dissociation experiments by helium in M)t systems (M is a metal atom). Importantly, the fit

to the experimental data that is allowed by the present model is not restricted to the threshold energy region

of the CID cross section. An application is given for the HeAu(H,0), ;" collision.

1. Introduction been found in this casér18 (i) a direct impulsive mechanism

d (IM1) where both the energy deposition and the dissociation
are impulsive; (ii) a two step impulsive mechanism (IM2) where
the energy is deposited impulsively into the cluster, but the
dissociation which follows is an evaporation; and (iii)) an

electronic mechanism involving electronically excited levels of
the cluster (EM). In this classification, impulsive energy

deposition is indicated by opposition with the formation of a

Collision-induced-dissociation (CID) is a well-establishe
technique to inform on the structure and energetics of molecular
ions and ionic clustersTwo recent reviews cover the subjéét.

A heavy projectile, Xe, is commonly used to run such
experiments when quantitative thermochemistry is the main
purpose With this projectile indeed, all the collision energy
(almost exclusively the ion kinetic energy in most experiments) lona-lived complex
is transferred into the ionic target as vibrational excitation and 9 piex.

the dissociation proceeds through an evaporation process. At Mofe recently, h;"u? has been usedeas a+prcc>:1ectlleoln+a cib
threshold, the dissociation products are left essentially at 0 K, experiment to probe the energetics of Fght", Co(H0)z",

+ ; ; : }
thus providing an accurate information on binding energies. and Au(HO)." cluster ions produced in a supersonic expan

. . . . . i 19,20 H
Fancy data analysis techniques, including corrections to accountS'on- >’ These works have shown that two isomers of these

for the time window of the experiments, are needed to give the lons exist in the beam. One' has .bOth water molecules directly
full power to the method:® attached to the core metal ion (first solvation shell water). In

Lighter rare gas projectiles, such as neon or argon, can alsothe other, one of the water molecules is not directly bonded to

be used in CID experiments. For example, a CID study of VO the metal and is located in the second solvation $Adlhere

has shown that with neon as projectile, the increase of the CID are two reasons for the light heliu_m projectile to b.e able i.n this
cross section at threshold is too siow to bring a useful case to transfer enough energy into the cluster ions to induce

information on the VV—O binding energy. The poor efficiency its dissociation and to bring meaningful information on its

of light gases as CID projectiles on heavy targets has also beerfnergetics: (i) helium has a small size afjithe cluster ion

observed on the theoretical si#éi@ This is easy to rationalize target contains atoms of very different masses, H (1 amu), O
with the help of impulsive models based on classical mechanics.(16 amu), and' elther Fe (55 gmu), Co (59 amu), or Au. (.197
The collision of a light projectile with a target formed of heavy am_u). Henge, in an impulse picture of the He(target C.OII'S'On’
atoms is indeed essentially elastic and transfers almost nohe“um collides only one atom in the su_t_)unlts forming the
collision energy as internal excitation of the tardet2 This cluster. Such a localized energy deposition has already be

point has been exemplified a number of times in calculations enc.ogntegfd in the somehow different contexi of HeAr,
where projectile of various masses, Ne, Ar, and Xe are collided _co|||3|ons. The important point in He M(H0), " collisions

with targets such as Alnd Al3.131*Nevertheless, studies exist, IS t_hat the energy transfer is optimum when th? mass of the
where the lightest rare gas, helium, is used as a projectile in helium projectile matches that of the atom which has been

CID experiments. For example, both experimental and theoreti- coIIided._V\_/i_th this mgt_:hanism in mind, we therefore ant_icipate
cal studies have been performed in the group of Barat anol_that the initial deposition of the energy into the cluster is very
Fayeton on Ng + He collisions at fairly large collision inhomogeneous. ) L o
energies (100 eV). Three different dissociation mechanisms have 1 N€ present work aims at bringing some light into the energy
transfer in M(HO),™ + He collisions (M is a metal atom). More
*To whom correspondence should be addressed. FAX: 33-1-69 08 84 Precisely, it explores the possibility of a piecewise contruction
46. E-mail: jmm@drecam.saclay.cea.fr. of the energy transfer, each piece being the atom that is collided
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by helium, with the aim of interpreting quantitatively CID
experiments performed on M{B),+ + He systems.

For this purpose, molecular dynamics simulations were
performed on relevant models of the above-mentionedtHe

M(H,0),* collisions, which address specifically the question ) Mo

i i i i 000000 0O o0
energy transfer into a composite system. Of course, high quality 300000 A
potentials which well reproduces the structure of the water : oo QOOQ
molecules have been used in the calculation. Two different O@%QOCQ
targets have been considered. First, the most stable geometry o© Ooooo%c@
of the water dimer (KHO), was investigated as a benchmark of o .OO 000000000
our approach. Second, three different geometries of the Na- OOOOCOOCO * e} OOOOOOO
(H20)s" cluster ion were considered as a representative model QOCOOCOOO OOO o°
of M(H,0),". By the way, the effect of the cluster geometry in 00@ 09 o% o©

i SO0 0C
the He-Cluster energy transfer has been examined. These (9, OpAe S
results are further used to predict the energy dependence of CID Y, ooc- oQ
i . - OO~ S

cross sections, in H& Na(H,0)s* collisions and more generally 00000000
in He + M(H,0),* collisions, where M is a metal, hence giving Ogoooo

the framework to extract a quantitative information from CID

measurements with helium. An application is given for the He :

+ Au(H.0),* system where detailed experimental data on CID e

are availabl&® High quality ab initio calculation were performed

on A_U(HZO)2+ in ord(_-:-r to check the reliability of the information Figure 1. Sampling scheme of the trajectories on each face of a

provided by analysis of the CID data. dodecahedral surrounding the cluster which is to be collided (a water
As a side result, the present work allows to better understanddimer in the figure). Each circle indicates the starting position of a

the fragmentation mechanism that follows the energy transfer. different trajectory.

2. Simulation Method at the end of the calculation such that it does not interact with
o _ ) the cluster any more.
The He + M(H20)," collision is modelized by classical Initial TemperatureMolecular dynamics calculations involv-

dynamics using a molecular dynamics program. The use of ing clusters could be performed by fixing an initial temperature
classical mechanics rather than quantal is justified by the largeto the cluster that corresponds to an experimentally determined
energy transfers that are to be considered in the present workone21-23 |n that case a statistical averaging over thermal
We are concerned indeed with collision-induced dissociation. deformations of the cluster is needed. We shall see in section 5
Hence, the only energy transfers toward the cluster that arewhen calculating CID cross sections that only large energy
relevant here are those exceeding the binding energy of, at leastiransfers toward the cluster are relevant here, especially because
one water molecule of the cluster. Such energy transfers arethe behavior of the cross sections substantially above the CID
large compared to the vibrational constant of the weak vibra- threshold is the most important. As a result, effects associated
tional modes that are excited by collision with helium, thus with the internal energy contained by the cluster can be
justifying classical mechanics. As we shall see, the use of neglected. Hence calculations have been performed fo K
classical mechanics leads to a series of simplifications such asinjtial temperature of the cluster, the trajectories being sampled
neglecting the zero-point energy and the internal energy of the as explained in next paragraph in order to account for the various
cluster before collision. impact geometries of helium with the cluster.

We first describe rapidly the molecular dynamics program  Trajectory SamplingThe calculations are performed in a
and the way the simulations are conducted. Then we report inreference frame whereef0 K cluster is at rest before collision
more detail the model potential used to describe realistically and located at the origin of the reference frame.
the interaction energy between the subunits forming the clusters. The sampling procedure is schemed in Figure 1. Each helium
Finally we describe rapidly the initial structures of the clusters trajectory is initiated as starting from one of the 12 faces of a
before collision with helium. dodecahedral whose center is the origin of the reference frame.

2.1. The Molecular Dynamics Program and the Trajectory The direction of the initial velocity of helium is perpendicular
Sampling. The Molecular Dynamics ProgranThe program to the face from where the trajectory is starting. The starting
has been described extensively in former wa#ks? It has been position of the trajectory on each face is regularly sampled by
optimized to treat of the dynamics of weak cluster modes, increment of 0.25 A. By the way, each trajectory amounts for
disregarding the hard modes corresponding to the deformationsa cross section of 0.2& 0.25/12= 5.2 x 10-3 A2 This will
of the molecular subunits forming the cluster. In the present be used when using the trajectory calculations to calculate CID
case, this corresponds to keep the water molecules as rigid. Thesross sections.
integration algorithms are that of Vertéffor the translations A dodecahedral has no symmetry element in common with
and that of Fincha#® for the molecular rotations. the cluster that is to be collided. Hence, an initial spatial

Input ParametersSteps of 0.5 fs are used to integrate the orientation of the cluster can be chosen, so as no symmetry
movement equations. This ensures a stability of the energyaxis of the cluster coincides with a symmetry axis of the
always better than 0.05% over a full trajectory calculation. dodecahedral. By the way, the set of trajectories that was
Trajectory calculations are started at distances larger than 10 Acalculated fully samples impact directions and impact parameters
for He + (H-O), and larger than 12 A for He- Na(H,O)s™: on the cluster. The sampling on the impact parameter is provided
these distances depend on the trajectory that is sampled (sedy the various starting points on each face of the dodecahedral,
below). The trajectories are followed respectively for 480 and where the sampling on the impact direction is provided by the
900 fs. With this choice, helium is far enough from the cluster twelve faces of the dodecahedral.
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The distance between the center of the dodecahedral and eachumber of centerd The multipole distribution of each molec-
of its faces determines the closest starting distance betweerular subunit is described by sets chargeipole + quadrupole
helium and the cluster, respectively chosen as 10 A and 12 A located on each atom and on one point per chemical bond. The
for He—(H»0), and He-Na(H,O);™ as said above. The trajec- multipolar multicentric development is derived from the wave
tory sampling corresponds to calculating 6912 and 20172 function obtained via an ab initio calculation. An extended basis

trajectories to simulate the He(H20), and HerNa(HO)s* set and the electronic intramolecular correlation have to be
collisions, respectively. introduced in the calculation in order to describe accurately the

Collision Energy.A values of 5000 m st was chosen for electrostatic interactions and the corresponding electric fiéfds.
the initial velocity of helium colliding the water dimer. This The repulsion and dispersion terms are the sums of -atom
corresponds to a center of mass collision energy of 0.47 eV. A atom contributions. Repulsion takes into account the variation
collision energy of 1.26 eV was examined for Na@})s*. It of the electronic population of each atom in the molecules and
corresponds to a 8000 m’sinitial velocity of helium. We shall its influence on the van der Waals radius. The dispersion terms
see the reason for exploring a single collision energy in section include contributions up t€€;y/R° as well as an exchange
4.2. contribution.

2.2. Interaction Potential. A right choice of the intermo- The recent developments of the model potential introduce

lecular potential shows up as providing realistic predictions of additional atomic parameters in the dispersiospulsion terms

the initial cluster geometry. Of course, it is the necessary in order to allow for the description of cations such as sodium,
condition to get reliable predictions in the molecular dynamics j.e., cations which do not lead to a significant charge transfer
calculations. For this reason, the interaction potential used in toward the molecular environments. Furthermore, some atomic

the present work is described in some details. parameter of atoms in molecules have been readjusted. A full
We have used a model potential that has been initially account of this is given in ref 30.

proposed by (%I:;\g/erle et &27It has been reexamined g'rSt by In the Present Casdhe multipole distribution of the water

Brenner et af®?® and more recently by Derepas et*allt molecule is obtained at the second-order MeHBtesset

includes all the important contributions to the interaction pertyrbation (MP2) level of theory using a large basis set built
energy: electrostatic, polarization, repulsion, and dispersion. g, the primitive sets of van Duijnevelfdtcontracted to obtain
Each contribution is expressed by an analytical formula which pgsis set of quadruplequality (O, 14s7p/8s4p; and for H, 10s/
derives from its expression at the second order in the exchange4s) and augmented by two sets of polarization functions (sets
perturbation treatment of the interaction. It has been chosen toy¢ polarization functions: O(1.5, 0.35) and H(1.4, 0.25). We
givg a reliable desgription of the corresponding interaction at then obtain a good agreement between the calculated and
all intermolecular distances:*’ experimental permanent dipole moment of the molecule. For
Model Potential.We first examine the general construction  the sodium cation, the multipole distribution consists of a charge
of the potential, then we shall see how it is applied for of +1 ua and the polarizability is the experimental one.
modelizing the (HO). and Na(HO)s™ clusters. Furthermore, the atomic parameters of the sodium cation and
The potential energy surfaces are expressed in terms of thethe water molecule atoms, required in the calculation of the
6(n — 1) + 3mintermolecular degree of freedom where n is dispersior-repulsion terms, have been derived from sophisti-
the number of water molecules of the system and m the numbercated ab initio calculations performed on thex@% and Na
of metal ions (n = 0 or 1). The molecules are frozen at their systems according to the strategy developed by Derepast al.
equilibrium geometry and are described by six coordinates, three  The second approach mentioned above for calculating the
coordinates for the rotation (Euler angles) and three other for polarization term is very time-consuming in the calculations.
the translation. Hence, the first approach was used. Of course we have checked
The electrostatic term treats of the interaction between all that doing so, does not introduce dramatic distortions in both
the permanent mUltipOleS. Its expression is therefore a Straight-the geometry and energetics of the C|uster§q}j and Na-
forward summation of multipole-multipole interaction terms. (H,0);* considered here. [This would not have been the case
Polarization is inherently an-body term which can be  for Na(HO),". Two equilibrium structures ((40)Na"(H,0)
calculated according to one of the following two approaches. and Na (H.0)(H.0)) are predicted by the second approach,
The first approach is approximate but efficient in terms of whereas only one appears when using the approximate first
calculation time?-29 |t treats the total polarization energy as approach. The existence of two isomers is further confirmed
the sum of the polarization energy of each molecule forming by ab initio calculatior?9] The geometry of the water dimer is
the cluster in the field created by the permanent multipoles of the same along both approaches, withim28 for distances
all the cluster constituents. Only dipolar polarizabilities of each and 0.2 for angles and is close to that available from other
molecular subunit are considered, theses dipolar polarizabilitiestheoretical works334 The strength of the H-bond is also
being derived from mean bond experimental polarizabilities. comparable in both approaches and is close to that found
Such an approach accounts for the most imporigbtdy terms, experimentally (0.23t 0.03 eV3 0.23 4+ 0.01 eV#9). When
but contributions of high order such as polarization via turning to the three isomers of the Na)s* cluster ions
guadrupole polarizability, hyperpolarization, or back polarization considered here, both approaches lead to almost identical
(induced moments polarizing neighboring molecules) are ne- energies and structures for the two most stable isomers. The
glected. energetics of the third isomer is close also (see Table 2 in the
In the second approach, the description of the polarization next section), but not the geometry. The second shell water
term is improved by taking into account the correction to the molecule is farther away from the other water molecule in the
electric fields resulting from the induced dipofés. simplified approach. This is not believed to cause troubles for
In the calculation of the electrostatic-polarization terms, the the purpose of the present work.
multipole distribution of each molecular subunit is generated  2.3. Equilibrium Structures. The procedure developed by
from the multipolar multicentric development of the electronic Bertolus et aP’ is used to determine equilibrium structures. It
distribution through a systematic procedure of reduction of the can be resolved into three steps: (i) a global exploration of the
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= = s Emea— B 0@, 4 ,in the most stable isomer, 94ersus 118 and 122.
' This indicates that the presence of the second shell water
molecule reduces the effect of repulsion between the remaining
first shell water molecules. The sum of pairwise interactions
(without polarization) between the second shell water molecule
and the directly bonded water molecule leads to an attractive
binding of 0.12 eV (0.18 eV in the water dimer), whereas the
binding to the ionic core amount to 0.35 eV and corresponds
| to only electrostatic interaction. This indicates clearly that the
+(a) +(b) bond involved in this case is not a true H-bond. This can be
i EagHi(_))i L | Na(H,0), observed also when considering the angffé, which is very
| different from the corresponding angle in the water dimer,°216
' versus 106.2
The last isomer that is considered for NaQ¥%™", isomer (c),
has one water molecule in the second solvation shell, but in
5 contrast with isomer (b), it is involved in only one “H-bond”.
\y__ﬁg_d—( | This isomer has therefore a filament structure. The contribution
—[g; d.© | of pairwise interactions in the energetic of the “H-bond” is 0.093
' * | eV with the other water molecule and 0.35 eV with the cation.
Again, the binding of the FD molecule is not a pure H-bond.
As well, the anglg3© has a different value from that found for

Figure 2. Structure of the clusters before collision with helium. The the equivalent angle in the water dimer.
values of the angles and distances that label each structure are given

in Table 1. The geometry of the water dimer and that of the isomer (a) . ; + .
of Na(H,0)s" are associated with global minima of the corresponding 3. Ab initio Calculation on the Au(H20)y2" Cluster lons:

potential energy surface. The other two isomers of Negt cor- These calculation were performed to test the procedure used
respond to secondary minima. in section 5.2 for analyzing CID data and getting quantitative

) ) ) information on both the structure and the binding energy of the
potential energy surface is performed using the Monte Carlo ay(H,0), ,* cluster ions.

growth method, (ii) the isomer conformations obtained from

this exploration are sorted out, (iii) each isomer geometry is geometry optimizations have been performed at the MP2 level
optimizgd_ by a local minimizat_ion method and the_existence of of theory and then harmonic frequencies of the optimized
each minimum on the potential energy surface is proved by goometries have been calculated at this level in order to both
calculating the Hessian. _ characterize the obtained stationary points and determine the
The structure found for the water dimerAB), and for the  zero-point energies (ZPE). Second, single-point energy calcula-
three most stable isomers of the NaQ}%" clusters are shown  tions at the coupled cluster theory with perturbative triples
in Figure 2. The angles and distance defining the structure (ccsD(T)) have been performed on the MP2 optimized
quantitatively are given in Table 1. The calculated energetics gepometries.
of these ions are given in Table 2. As said above, both the = o the water molecule, we used the basis set described in
binding energy and the geometry found for the water dimer are ggcion 2.2. For the gold atom, as heavy elements exhibit
close to that available in the literatuf&*® relativistic effects which have significant influence on physi-
A guideline should be drawn at this point. Strictly speaking, cochemical properties such as ionization potential, we used the
an H-bond is the intermolecular bond in the water dimer. When averaged relativistic effective core potential (RECP) developed
considering the Na(kD)s;* clusters hereafter, we will see that by Roos et aP® (60e-, [Kr]4d%4f14 core) and the original
the energetics of the bond between a water molecule in the associated basis sets were augmented by additional one p diffuse
second solvation shell and the remaining of the cluster deviates(0.0504) and two f polarization functions (0.8204, 0.1940)
both in energy and geometry from a pure H-bond. A substantial resulting in a (5s6p4d2f/4s4p3d2f) basis set. We have checked
contribution of the metal ion core is superimposed to the that, at the MP2 level of theory, the basis sets chosen allow to
interaction energy between the second shell water molecule andeproduce correctly the experimental values of physicochemical
the first shell one that is bonded to it. Hence, the bond between properties of the entities involved in the system (i.e., ionization
two such water molecules deviates from the above definition potential, polarizability, or permanent moment). The binding
of a H-bond. Nevertheless, by convenience, we still call it a energies of the cluster®§) were computed as the difference
“H-bond”, but with quotation marks to stress the difference.  petween the energy of the entire system and the sum of those
The most stable isomer of NagB);* has the three water  of the isolated species. Furthermore, the basis set superposition
molecule in the first solvation shell. It hagia symmetry, little error (BSSE) was taken into account in the calculation of the
perturbed from the highdds symmetry. The hydrogen atoms D¢'s and was computed in the counterpoise approximation (CP).
are disposed so has the cluster resembles an helix. The calculateRinally, from both theD, values obtained at the CCSD(T)/MP2
adiabatic binding energy of one water molecule in this isomer, level with BSSE and the ZPE values obtained at the MP2 level,
0.74 eV, is in excellent agreement with the value experimentally the Dy values were computed.
determined in the group of Armentrout, 0.220.06 eV?® For the clusters carrying two water molecules, two starting
The second isomer of NagB):™ (isomer (b) in Tables 1 configurations have been considered and lead to two different
and 2 and in Figure 2), has a water molecule in the second equilibrium structures. In the first configuration denoted after-
solvation shell, which is bonded to the two others by an “H- ward (HO)Au(H,O)*, both water molecules are in the first
bond”. This isomer belongs to ti@ symmetry group. Thé®), solvation shell. They are bonded to the gold ion directly and
angle of this structure is smaller than the corresponding anglesdo not interact with each other. In the second configuration

/'J :
0,"”

Na(H,0),"

The calculations were conducted in two steps. First, full
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TABLE 1: Angles and Distances Defining Quantitatively the Stru

Poisson et al.

ctures Shown in Figure 2

(H20), C2 B =106.2,p =6.
Na(H0);" (a) C, almostD3

Na(H.0);" (b) C 00) = 94°, f0) = 2
Na(H20)3+ (C) C

50, ddim =2.88 A

0@, =118, 0@, = 121°, d® = 2.38 A

16, d®); =2.32 A, d®, = 2.90 Ad®); = 3.95 A

00 = 173.8, B0 = 214, d9; = 2.30 A,d®, = 2.80 A, d9; = 3.98 Ad®), = 2.36 A

aThe second column gives the symmetry group to which each cluster ion belongs.

TABLE 2: Energetics of the Water Dimer (H,0), and of the
Three Isomers of Na(HO)s* Labeled (a), (b), and (c) in
Figure 22

structure total energy (eV) incremental BE (eV)
(H20) 0.22%/0.22 0.21
Na(H.0);" (a) 2.59/2.58 0.74
Na(H0)s" (b) 2.43/2.42 0.58
Na(H0)s" (c) 2.36/2.38 0.51

a2The second column displays the binding energy of the clusters,
whereas the third column gives the incremental binding energy, given
the binding energy of Na(D)," (1.85 EV). Strictly speaking, these
energies refer t®. and ADe, but correspond to dissociation energies
Do andADy in the perspective of a classical calculatiéCalculations
using the refined approach (see text, section 2.2plculations using
the approximate approach for the polarization energy term.

TABLE 3: Geometrical Parameters (Bond Lengths in
angstroms and Angles in Degrees) for the Au(kD); 2"
Systems

Au—0 distance angle
this this
cluster work refd42 refd4l work ref42 ref4l
Au (H0)* (Cy) 212 212 213 15% 149 133
(2.14p 2.16
(H20)Au(H0)" (C;) 2.05 2.08 141
(2.07y
Au(H20)(H0)* (Cs) 2.07 120.7
4.03 157.0

aMP2 level within basis set: RECP of Dolg (60e-, [Kr}44f* core)

4. Results and Discussion of the Molecular Dynamics
Calculations

4.1. Energy Transfer Mechanism.The collision duration
between helium and the cluster tells whether the collision can
be considered as sudden or not. Of course there is some
flexibility in defining the collision time. Only collisions transfer-
ring more than 60% of the helium kinetic energy to the cluster
are considered for this purpose. In this case, trajectory calcula-
tions have shown that helium spend about 34 fs within the van
der Waals spheres about the Nak™ clusters. This duration
is shorter than the shortest vibration period that is expected for
the intermolecular deformation modes of the clusters: 66 fs for
a mode of 500 cm! energy. Hence the subunits forming the
cluster do not have time to move during the collision. As a
result, the collision can be considered as sudden and the energy
transfer to weak modes is essentially impulsive. This fits with
the standard picture where CID is described as a two-step
process. We discuss this question further in section 6.

4.2. Histograms of Energy Transfer.From above, we know
that the cluster has no time to move internally during the
collision with helium (remember that only the weak modes of
the cluster are taken into consideration in the present work).
As a result, the cluster behaves as a “wall”, against which helium
rebounds. Hence the helium trajectory remains the same
whatever the collision energy. Of course, the impulse given to
the “wall” changes as the collision energy is changed. It is

associated with a (8s7p5d1f/7s5p4d1f) basis set for the gold atom andProportional to the relative impulse of helium with the cluster.

the aug-ccpVDZ basis set for the others atoms. The values in Hence the energy transferred into the cluster is simply a fraction
parentheses correspond to the values optimized at the CCSD(T) level.of the collision energy. This justifies that calculations are

b MP2 level within basis set: RECP of Dolg associated to a (1058p7d1f/ performed at a Slng'e collision energy. [We have checked this
9s5p6d1f) basis set for the gold atom and the augmented TZ2P basis

set of Dunning for others atoms (O, 10s6p2d1f/5s3p2d1f and H, 532p1d/s'[6|1|'[.ernent nu(;ngezrlcally bﬁ/ running calculafltlons on-HeHsz)z d
3s2pld). The values in parentheses correspond to the values partiaII)FO Isions at 0.92 eV. The percentage of energy transferred to

optimized at the CCSD(T) level, i.e., only the A® bonds are the cluster at this energy is quantitatively comparable to that
reoptimized at this levef Out-of-plane angle formed by the AW presented in the present section at 0.47 eV collision energy.]
bond and the bisector of the two water hydrogeisu—0O—0 angle, Of course the fraction of energy transferred into the cluster
angle formed by the ©0 bond and the bisector of the two water  changes from one trajectory to the other. As a result, the relevant
hydrogens of the second water of the molecule. property provided by the calculations when sampling trajectories
is an histogram giving the number of trajectories responsible
for transferring a given fraction of the collision energy into the
cluster.

This consideration can be refined further when considering
)both the impulse character of the collision and the small size
of helium. It is indeed worthwhile to interrogate each calculated
- : trajectory in order to determine which atom of the cluster has
The ca;:éjlatlons have performed using the GAUSSIAN 98 been collided by helium. The criterion that was chosen for such
package a propose is to assign the collision with helium to the atom

The results are reported in Table 3 and 4. For comparison, which had the closest approach with helium during the collision.
the results obtained by Hrusat al. for the Au systeft as This assignment is questionable in three cases: (i) when helium
well as those of Feller et & .for Au and (HO)Au(H,0)" are rebounds several times in the cluster; (i) when helium collides
also reported in the tables. The present calculations are in gooda hond just between two atoms; (iii) for collisions at large impact
agreement with the previous calculations when available. This parameters, when helium is flying at quite large distances from
give confidence on both basis set and level of theory that is the cluster, the assignment is ambiguous. Many trajectories
used here, i.e., CCSD(T)/MP2 level corrected for BSSE within correspond to the later situation but they are not associated with
a reasonable basis set (at least RECP with a associated basia significant energy transfer. For this reason the effect of this
set with f functions for the gold atom and tripleguality basis ambiguity is not very important as long as significant energy
set for others atoms). transfers are considered.

denoted afterward Au(}®)(H.O)*, one water molecule is in
the first shell and is bonded to the gold ion directly whereas
the other molecule is in the second solvation shell. These
structures are the somehow equivalent to structures a) and c
already seen for the Naf®);* ions in section 2.3. The
incremental quantitieAD. andADg have been calculated also.
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Figure 3. Histograms giving the number of trajectories that lead to a given percentage of the collision energy transferred into the water dimer by
collisions with helium. Each histogram is labeled by the name of the cluster atom which is collided by helium. The cluster structure and the atom
labeling are shown in the cartoon at the top right corner of the figure. The line in the histograms labeled H1 and H2 is to help the discussion.

The histograms describing the energy transfer to the various examination of the histograms shows that their shape fall into
atoms of (HO), are shown in Figure 3. Similarly, the histograms three categories that are examined now. The first one corre-
corresponding to the energy transfer into the isomers (a), (b), sponds to He colliding with a heavy atom (oxygen or sodium)
and (c) of Na(HO)s* appear in Figures 4, 5, and 6, respectively. and the two other when He collides with an H-atom.

The structure of the cluster that is collided is recalled in each  Collision with Heay Atoms.The left-hand side of the
figure. Each atom of the cluster is labeled in the cluster scheme, histograms shown in Figures-8, corresponds into a very small

as in the corresponding histogram. The symmetry of clusters percentage of the energy transferred to the cluster and does not
(see Table 1) implies the equivalence of some atoms in eachcontribute that much to the CID cross section calculated in
structure. For example, the six H-atoms of the most stable isomersection 5. Hence, this part of the histograms does not need to
or Na(HO)s™ are almost equivalent. The histograms of equiva- be discussed extensively. Nevertheless, it contains a steric
lent atoms are averaged in Figures@& For clarity of the information on the accessibility of the various atoms of the
figures, the horizontal scale of the histograms is shown with a clusters for large impact parameter trajectories. For example,
5% sampling, whereas calculations have been performed within Figure 3, the accessibility of the oxygen atom O1 is larger
a higher resolution of 0.25%. than that of O2, which carries the H-bond. In Figure 4, the

The vertical axis of each histogram gives the number of accessibility to the three equivalent O-atoms of isomer (a) is
trajectories that leads to the percentage of energy transferredvery small because of the steric hindrance due to sodium on
which is given in the horizontal axis of the Figure. A rapid one side and the H-atoms on the other. The O-atom labeled O2
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200 . . T . tively 52%) observed in Figure 3 (respectively Figures6}

' from the molecular dynamics calculations. Finally, the maximum
energy transfer to sodium is only of 38% because of its larger
mass than oxygen as describe by the impulsive model in Table
5 of Appendix A.1.

Interestingly also, the shape of the histograms associated with
the heavy atoms, O and Na has a resemblance with that predicted
by the line-of-center model, which is recalled in Appendix A.2.
The fact that the calculated histograms differ from the ideal
step functions predicted by the model can be attributed to the
oversimplified hard sphere assumption of the line-of-center
model.

Collision with H-AtomsAs mentioned above, the accessibility
of the H-atom is given by the number of trajectories leading to
a low percentage of energy transfer. We can check that the
H-atom HZ, which is involved in the H-bond of (}D), (figure
sor 1 l 3) is less accessible than the three other H-atoms. A similar

observation can be done with the H-atoms involved in the “H-

L T bonds” of the isomers jband (c) of the Na(k)s™ clusters
L. (Figures 5 and 6).

Percentage of collision energy The shape of the H-atom histograms differ substantially from
Figure 4. Same caption as Figure 3 for the Na@);" structure of that of the heavy atoms discussed above. Two types of
lowest energy (isomer (a)). histograms are observed whether they are associated with (i) a
H-atom that is bonded only to an oxygen atom in a water
molecule (Hwithi =1, 2, or 3 in Figures 36). These H-atoms
are named “Free H-atoms” hereafter; and (ii) a H-atom that is
involved additionally in a H-bond or a “H-bond” (Hwith i =
1, 2, or 3 of Figures 3, 5, and 6). They are named “Bonded
H-atom” in the following.

“Free H-Atom”. The H-atoms labeled H1 and H2 in B,

do not play the same role in the structure in the cluster ion.
! This is apparent in the structure recalled in Figure 3. Neverthe-
sl X2 X2 less, they have a character in common: none of them is involved
. in an H-bond. Strikingly, the histograms associated with these

- meﬂ H-atoms look very similar. Their shape can be resolved into

5 | two components: a quasi linear decay between 10 and about
250 01 0 20 540" g0; #0100 02 60% is followed by a slower decay up to 90% energy transfer.
- ] A similar observation can be done when considering the
X2 ] H-atoms labeled H2 and H3 in Figures-@. Again none of
these atoms are involved in a “H-bond”.

4 ] I The origin of the slow decay in the histograms is quite
T i puzzling since it goes up to energy transfers larger than those
0: 207407 60 20100 B < TA0: 0 SL100 predicted by the impulse model of Appendix A.1. An energy
Percentage of collision energy transfer of 64-69% of is predicted by the model, whereas up
to 90% is observed in the histograms. The visualization of
individual trajectories helps to unravel the origin of the slow
o L ) B} . decay. For this purpose, Figure 7 displays the percentage of
in Flgure 5, Whl_ch is involved in two “H-bonds”, is almost not energy transfer to the most stable structure of N&(4" as a
accessible. In Figure 6, the three O-atoms O1, O2, and O3 havéynction of the impact parameter of helium. The left-hand side
almost the same histograms of those of the oxygen O1 atomsy the Figure shows one of the face of the dodecahedral where
of Figures 5 and 4. Finally, the Na-atom, which is bonded 0 2 5 hejium trajectories are initiated. The gray scale represents
water molecules, has about the same histogram as that of Na inpe percentage of energy transfer. The darkest zone corresponds
Figure 5. to the largest energy transfer. The Figure shows that the transfer
The relevant trajectories for the CID cross section calculated js maximum for the top-right water molecules and minimum
in section 5, end up with a significant percentage of energy for the bottom-right one. The bottom-right one is almost parallel
transfer, say more than 20%. to plane of the Figure, whereas the top-right is almost
The first important observation that can be done in Figures perpendicular to it. [The disposition of the water molecules with
3—6, is the sudden drop of the percentage of energy transfer atrespect to the dodecahedral face appears in the 3D picture in
about 35-50% for the all the heavy atoms, O and Na. This right hand side of the figure.] From this, it appears that energy
upper limit of the energy transfer fits well with the impulsive transfer is optimum when the initial velocity of helium is close
model recalled in Appendix A.1. The model predictions are to the direction of an ©H bond, with helium colliding the
listed in Table 5. It appears that 40% (respectively 53%) of the free H-atom at a non zero impact parameter. Such a collision
collision energy goes into the O-atoms in collision withbQ transfers the collision energy as a rotation of the corresponding
(respectively Na(kD)s*) in agreement with the 38% (respec- water molecule. A possible reason the energy transfer is so large
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Figure 5. Same caption as Figure 3 for the isomer (b) of N&gM".
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Figure 7. Impact parameter effect in the energy transfer between helium and the most stable structure,@)fNd{gbmer (a)). The figure on

the left represents one of the dodecahedral faces where the trajectories are initiated. The 3D representation of this initial conditions can be seen o
the right-hand side of the Figure which has been tilted by aboutv@® respect to the left-hand side of the Figure. The gray scale in the left figure

is darker when the percentage of energy transfer is larger. The cluster structure that appears in white in the figure is a projection on the tlodecahedra
face. The bottom right water molecule is almost parallel to the dodecahedral face (plane of the figure) as seen in the figure on the right, whereas
the top right one is close to perpendicular to this surface. The initial velocity of helium is perpendicular to the plane of the figure.

in this case, is the HeH collision which cannot be represented lead to such a transfer is quite small and explains why only a
as purely impulsive. The water molecule is indeed likely to start small number of trajectories corresponds to energy transfers
rotating during the collision with helium. This corresponds to |arger than 60%.

helium feeling a less repulsive apparent potential. Hence, the .
recoil velocity of helium is smaller, and the energy transfer to  Bonded H-Atom”. The other type of H-atoms are involved
the water molecule is enhanced. Of course, such a classical" & H-bond (H1 in Figure 3) or in a “H-bond” (HL and H2
picture of the water rotation should be regarded with caution, in Figures 5 and 6). The histograms corresponding to these
owing to the inherent quantal character of rotations in such a atoms do not exhibit the tail at large energy transfer. This is
light system. Anyway, the number of impact parameters that easy to rationalize, taking the origin of the tail discussed above.
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These atoms indeed cannot be accessed along-#d bbnd tierey

Collision

because of the steric hindrance. ~l~  Energy ihersy
In fact, the shape of these histograms is close to that F A L
encountered above for the heavy atoms. There is a difference > e ]
however. The impulsive model predict a maximum energy g 1000 | induoe ragmentaion ]
transfer that is larger than observed in the MD calculations, 5 A e
more than 60% versus about 50%. A possible reason for that is g 2ol ]
the steric effect due to the “H-bonded” water molecules. The ; - R _
only access to the “H-bonded” H-atom is indeed to arrive almost E i < >
perpendicularly to the plane of the water molecule to which it 2 w0l ]
belongs. This does not allow for a pure head on collision with i
respect to the H-atom because the van der Waals radius of 200 [ 8
oxygen is larger than the length of the OH bond in the water r
molecule. As a result, He atom can hit the H-atom only when P P A IS I I I e = = = = TP
0 20 40 60 80 100

having a non zero impact parameter with respect to the H-center.

: s
A reduced energy transfer is expected in this case. el Sy

Figure 8. Histogram giving the total energy transfer to the filament
L . . isomer (isomer (c)) of Na *. It is the proper sum of the histograms
5'_ Pfeo_“CF'O“ of Cross Sections for Collision-Induced that ap;()ear in Igié)ure 6. ('It'ﬁéa bottom scpalepgives the percentagge of the
Dissociations collision energy that is transferred collisionally into the cluster, the
L . top scale gives the absolute amount of energy transferred, the highest
When the energy transferred collisionally into the cluster yajye peing the collision energy. The vertical line corresponds to the
exceeds the binding energy of a water molecule, a dissociationthreshold energy for loosing a water molecule. It moves to the left-
should occur. If the excess energy is small and if the cluster hand-side of the figure when higher and higher collision energies are
has a large number of degrees of freedom this could take timeconsidered.
and be even not observable experimentally if the time window
of the experiment is not sufficie€ The question of a time
window for dissociation also appears in the present calculations.
Trajectories are followed indeed for only 900 fs in the He
Na(H,O):™ collisions. Within this time window, although
dissociation is certain, only few trajectories end up with the
loss of a water molecule. This question is examined further in
section 6. The point here is to calculate the energy dependence
of CID cross sections, given the histograms presented and
discussed in the previous sections. This is done first for the -
(H20), and Na(HO)s™ + He collisions where histograms have
been calculated. The calculation is then extended to the more I
general M(HO),t+He collision and applied to Au@®D); 2" of ST T

+ He. 00 05 1_0| s 2.0 25 3.0
5.1. Cross Sections for (HO), and Na(H,O)s™ + He CID. Collision Energy (eV)

The hlstogr.ams des,c”b'“g the gngrgy transfer have been Sorteq:igure 9. CID cross sections as a function of the collision energy.
in the previous section for the individual atoms of theQht The four curves refer to collision of helium with §8), and the isomers
and Na(HO)s" clusters. Of course a global histogram describing (a) (Na"(H.0)s), (b) (Na"(H20)(H-0)), and (c) ((HO)Na"(H,0)(H.0))
the energy transfer toward the entire cluster is also given by of Na(H:0);* as labeled in the figure.

the calculation. The global histogram associated to the filament )
isomer (isomer (c)) of Na(sD)s" is shown in Figure 8. The energy dependence of the CID cross sections as

The following set of assumptions enables the global histo- calculated for collisions of helium with (D), and the isomers

n P
grams to predict the energy dependence of CID cross sections.(a)’ (b) ,and (c) OT N‘.a(bok. are shown In Figure 9'.A.‘t
. . threshold, the contributions originate essentially from collisions

1. When energy is transferred into the cluster, above the

threshold energy to lose a water molecule, the cluster actually\-Nhere th? energy is transferred toward H-atoms that are not
. ) ’ involved in an “H-bond”. The percentage of energy transfer is
dissociates. ) o indeed maximum for these atoms.

2. The bottom scale of the global histogram, when multiplied 14 gyr knowledge, no detailed energy dependencies of CID
by the collision energy, becomes the absolute amount of energycross sections in Her Na(H,0)s* collisions exists from
transferred into the cluster. Itis shown as the top axis in Figure gxperiments that can be compared to the present calculation.
8. This is justified by the impulse character of the energy The experimental and theoretical information that is available
deposition into the cluster. in the literature for energy transfers in heliumwater cluster

3. Then, all the trajectories which transfer more energy into collisions corresponds to too small collision energies (in the
the cluster than needed for removing a water molecule are 0.005-0.02 eV range) to allow relevant comparisons with the
counted into the CID cross section. This corresponds to the sumpresent work344
of all the trajectories that are to the right of the vertical line 5.2. Generalization to M(H,0),* + He CID: An Applica-
labeled “Energy threshold” in Figure 8. tion to Au(H»0);;" + He Collisions. The more general

4. As a final step, the absolute value of the CID cross section M(H.O),™ + He collisions are considered here. No global
is obtained by multiplying this number by the elementary cross histogram describing the energy transfer to these clusters has
section (5.2x 1072 A2 which corresponds to the present been calculated. Nevertheless, from the discussion of thé He
sampling of the trajectories. Na(H.O)s* collisions, the nature of the metal ion core does not

20¢
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seem to play an important role, except for the mass difference. =T
Moreover, the energy transfer appears as local and sensitive tc 6
the local environment of the atoms (“H-bonded” or not) that
are collided. Hence, it seems possible to use the histograms
calculated for the Na(lD)s* + He collisions in the more
general context of M(kD), z"+He collisions. Certainly, these
histogram have to be corrected to account for the mass difference
between M and Na. This is done hereafter, taking the Au-
(H20), 2" cluster ions as an example. Detailed experimental data
are available indeed for these collisidi#s we shall see, doing

so offers a procedure to extract meaningful information on the 3 -
Au and Au(HO);" binding energies from the CID experimental U
data, the reliability of which can be tested using the ab initio
results reported in section 3.

The first step toward this goal is to assume a structure to the
cluster. For instance, two different structures can be imagined
for Au(H20);*: the most stable, having the two water molecules 0 2 4
in the first shell and the another one having one water molecule Collision Energy (eV)
in the first shell and the other in the second shell. For example, Figure 10. Energy dependence of the CID cross-section inHau

the second structure has one heava/ ion (AUwo O-atoms, 40 He+ Au(H,0),* collisions. The experimental results of ref 20
one H-atom involved in an “H-bond” and three H-atoms that are given by the open circles and stars, respectively. The corresponding
are not involved in an “H-bond”. best fits by the procedure explained in the text are shown as the solid
The second step is coming from the fact that changing the curves labeled Al and A2. Al is associated with 1.74 eV binding energy
ion mass from Nato Au* certainly changes the histograms of for the water molecule in Au. A2 assumes the presence of a filament

n isomer and a compact one in the ratio 1:9 with incremental binding
energy transfer from those calculated for HeNa(H.0)s energies of 0.4 and 1.95 eV, respectively. The dotted curves labeled

collisions, simply because the maximum energy transfer scalesg1 and C1 on one hand, B2 and C2 on the other are used to estimate
as suggested by the impulse model (see Appendix A.1 and Tablethe errors bars on the binding energies. The dashed curve shows the
3). Afirst way (hereafter called theecalculatingprocedure) to CID cross section predicted by the scaling procedure (see text) when
account for this is to rerun the molecular dynamics calculation, using the fit parameters above.

just replacing the mass of sodium by that of Au. The histograms . . . .
J P g y 9 account for the experimental dispersion of the collision energy.

that are obtained, thus serve has “universal” histograms to The dispersion due to the dispersion of the ion kinetic ener
describe the energy transfer to the Au-, O-, and H-atoms, . P 0 P 0 9y

according to their local environment, i.e., involved in an “H- in the ion beam is negligible under the experimental conditions
bond” or not. A second way to accou'nf far the replacement of of ref 20. In contrast, the effect of the thermal motion of helium

Na'" by Au™ needs almost no calculations. It is called hereafter fﬁT ~ |30(|) tK ggféneg"g'ble'tl.t IS a_ccounted fodr. by ?veragmg
thescalingprocedure) The idea is to use histograms describing € calculate Cross section sigma according to

the He+ Na(HO)s" collisions, and just scale the percentage

of energy transfer, according to the impulsive model recalled m,

H H H ~ T

in Appendix A.1 to account for the heavier mass of the gold F(Eyy) = L 0 |Egqy + 3/2|<B-|-—e +

o
|

ross Section (A2)

ion. Helium makes indeed an elastic collision with the metal Mye + Mc

ion core and the energy scale of the corresponding histogram

can be adapted according to the reduced mass of theartéeal 5 Mye

ion pair. The maximum energy transfer that is expected in this /szTT + E,, cosO| (sin6)/2 dd (1)
case is shown in Table 5. It is very small for the gold ion. It is Mhe ™ Me

;)nly maiglnally+affected for the other atoms when switching wheremue is the mass of heliumme that of the cluster ion,
rom Na" to Au™. - - . . .
) ) . andE. is the collision energy when assuming a fixed helium
The third step is to sum these histograms, whatever the WaY target ]
they have been obtained, according to the structure that has been 1,4 energy dependence of CID cross sections measured
assumed for the cluster. For example, with the filament structure
of the Au(HO)" ion, Au*(Hz0)(H.0), one has to sum one  j, Figure 10. They are compared to best fits, shown as solid
histogram corresponding to the heavy ion (Autwice the  jina5'A1 and A2 in the figure when the histograms are obtained
hlstqgram foE an O-atom, one histgram for an H-atom involved by the recalculating procedure. The sensitivity of the fit in
in a "H-bond” and three times the histogram for a H-atom that yetermining binding energy is illustrated by the dotted curves
is not involved in a "H-bond". This provides us with the global  5yained when changing the binding energies by 0.1 eV for the
histogram describing the energy transfer toward the filament gt threshold and 0.15 eV for ther second (compare the curve
isomer of Au(HO),". A1l to the curves B1,C1 on one hand and A2 to (B2,C2) on the
The final step is to calculate the energy dependence of the other).
CID cross section, as explained in the previous section. The The energy dependence of the CID cross section that is
difference here is that the incremental binding energy of water calculated when using thecaling procedure to get the histo-
is not known here. Instead, it is used here as a parameter to fitgrams is shown in Figure 10 as the dashed curves. It uses the
the experimental results in order to get the energetics information pest fit parameters obtained using tieealculatingprocedure.
on the ion from the experimental resufts. A significant disagreement is observed which would result into
[In order to get a reliable fit, the comparison between the a 25% underestimation of the binding energies if the scaled
calculated CID cross section and the experimental one musthistograms were used to fit the experimental results. The origin

experimentally, both for Au and Au@®),™ in ref 20 are shown



1724 J. Phys. Chem. A, Vol. 106, No. 9, 2002

TABLE 4: Energetics (eV) for the Au(H,0); ;" Systems

De ADe Do ADo
this this this  this
cluster work ref42 ref4l work ref42 work work
Au (H20)* Cs 156 174 1.68 1.47
(1.56)

(H,0)Au(H,0)" C, 3.54 1.98 209 329 1.82
AU(H,0)(H:0)* Cs  2.24 0.68 2.03 0.56

Poisson et al.

last column of Table 4. This validates further the procedure
used to extract incremental binding energies from measured
energy dependence of CID cross section in-Hévi(H,0O),+
collisions.

Before leaving this section, it is important to outline that the
fit to the experimental data is not restricted to the threshold
region of the CID cross section. Instead, since the energy
dependence of the cross section is well accounted by the present

aEstimated complete basis set (CBS) CCSD(T) limit. This value is model, the parameters of the fit (binding energies and relative
obtained from the CBS MP2 limit given by extrapolating the average abundance of the isomer) are adjusted so as the energy
between the cp-uncorrected and the cp-corrected binding energies andjependence of the cross section is well reproduced above
correcting for higher-order correlation recovef\MP2 level and in hreshold. This certainly reduces uncertainties on the fitted
Eg{fd}gize;n%ﬁ'tatlgkifg ?;'trg'gigoﬁristﬁégsl%vs | Theses values arebinding elj_ergies that are due to the effects that normally affect
the reliability of the measured CID cross sections near thresh-
old: the weakness of the cross section and internal energy of

of this is due to the ambiguity already mentioned when assignin i )
guity y g gthe cluster in particular.

the energy transfer to the cluster atom which had the closest
approach distance with helium during the collision, in cases
where helium makes several collisions within the cluster. The
effect that is observed here is due to trajectories where helium We turn back here to the NagB)s™ and (HO): clusters. As
makes a first collision with Ng, transferring almost no energy  mentioned above, within the calculation time, most of the
and a second one with an O-atoms where energy is transferredirajectories do not show dissociation even when it is energeti-
In such a case, the energy transfer is assigned incorrectly to Nacally possible. For most trajectories indeed, the dissociation
and is scaled to zero when switching from™a Au* because mechanism is evaporation and the evaporation time exceeds the
of the mass ratio. This results into a poorer energy transfer thantime during which the trajectories were followed. This is
normal, and explains the underestimation of the CID cross especially true for the Na@®)s* clusters, since they have
section observed in Figure 10 when comparing the dashed curvesubstantially more degrees of freedom than the water dimers.
to the solid one. This effect is dramatic here because of the For the latter indeed the distinction, based on collision time
large mass difference between Na and Au. Instead, whenbetween evaporation and impulsive dissociation is not clear.
switching from Na to a metal, the mass of which is only a factor Remembering that the energy transfer to the cluster is essentially
2 or 3 different (a transition metal of the first raw for instance), impulsive, it thus appears that the dominant dissociation process
the effect can safely be ignored and thealing procedure is is the two step impulsive mechanisms (IM2) recalled in the
accurate enough to get reliable CID cross sections. As a policy, Introduction!’ This results fit well with the commonly accepted
we can consider that the histograms calculated for gold are picture where CID is a two-step procéés

adequate for describing the energy transfer toward cluster

6. Toward a Fragmentation Model

carrying an heavy metal ion, of course after scaling if the ion AT(v0)+P —— AT +P

is not gold. Similarly the histograms calculated for sodium are

adequate when the metal ion is a light one. In the present | (slow)

context, only the results obtained using thecalculating AT+ A )
1 2

procedure are discussed further.

The agreement between the best fit curve Al and the \yhere A" is the parent cluster, & and A its fragments, and
experimental results for Au is excellent. The corresponding best p the projectile.
fit value of the Au"—H,O binding energy, 1.74- 0.1 eV, is Nevertheless, besides this dominant process, trajectories exist
fully consistent with the theoretical values reported in Table 4. jn the calculation, which correspond to a direct dissociation.
This appears as a first validation of the procedure used here toThe associated mechanism is therefore the direct impulsive
extract binding energies from the CID experiment. mechanism (IM1) when following the classification of dissocia-

When turning to the Au(kD);" cluster, it must be recalled  tion mechanisms proposed in the group of Barat and Fayéton.
that two isomers have been found in our experimental Work, Hence, the calculated trajectories were also sorted for determin-
one corresponding to first shell water molecules with no “H- ing the impulsive dissociation cross section in Hé&a(H0)s*
bond” present ((HO)Au™(H20)) and the other to a filament collisions. The criterion to decide of an impulse dissociation is
structure involving an “H-bond” (At(H,0)(H.0)). As said that one of the water molecule is at moreritaA from the ion
above, the two isomers lead to a different summation of the core at the end of the calculation (900 fs). For the filament
histograms because the local environment of the H- and O-atomsspecies, the isomer (c), a cross section of ?*TwAs found at
is not the same in both isomers. Hence, the energy dependenca collision energy of 1.26 eV. This corresponds to 11% of the
of the CID cross section is different for both. The best fit curve total fragmentation cross section. In this case, the collision give
A2 involves three fit parameters: (i) the population ratio animpulse to the collided atom in the direction of a dissociation
between both isomers, (ii) the incremental binding energy of coordinate, with the consequence that most of the collision
water in the ((HO)Au™(H;0)) isomers, and (ii) that in the  energy goes as translation of the water molecule that has been
filament isomer Ad(H,O)(H.O). The best fit leads to the collided. Indeed, translation seems much better coupled to the
following results: the filament isomer corresponds tot1@% dissociation coordinate than rotation. This has three conse-
of the cluster ion beam; the incremental binding energies are quences: (i) rather few impact parameters lead to such energy
0.4+ 0.1 eV for the filament isomer AYH,0)(H,0) and up transfer; (ii) when the collision energy is in excess with respect
to 1.95+4 0.15 eV for the most stable isomerB)Au*(H,0). to the dissociation energy, only a small part of the collision
These incremental binding energies are in fair agreement with energy is kept by the cluster for a further loss of water. Instead,
those obtained from the ab initio calculations reported in the the excess collision energy is given to the departing water
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molecule as kinetic energy; (iii) the water binding energy that TABLE 5: Maximum Percentage of Energy Transferred to
has to be taken in to consideration is the activation energy of thle Various Atﬁ_m_s of th_eh(Hzcl)_)z, Na(H,0)s", and Au(Hz0)."
the direct dissociative coordinate rather than the adiabatic one.C1usters in Collisions with Helium

This energy can be estimated by the difference between the total H O Na or Au
energy of the initial M(HO),* cluster and the total energy of (H20)z 69% 40%

M(H20)," — 1 cluster keeping the same geometry as M* Na(H.0)s" 66% 53% 37%
except for the less bonded water molecule that has been  Au(H0)" 64% 60% 1.2%

removed. In system where the direct IM1 mechanism has an  aThe values are calculated using expression 3. The results for gold
overriding importance, the measured threshold energy for are used in section 5.2.
dissociation could be biased and fall between this limit and the
adiabatic binding energy. procedure to extract meaningful information on the binding
An interesting phenomenon occurs for trajectories having an €nergy of the most weakly bonded water molecule in these
impact parameter not exactly matching the condition for a direct clusters. _ ) ) _
dissociation mechanisms (IM1). In this case, part of the collision ~ The important paint that must be outlined here is that the fit
energy serves to heat the cluster. The collided water moleculet0 the experimental data using the molecular dynamics calcula-
still starts to leave the cluster but without enough energy to tion provides information that can be directly compared to
actually leave the attraction of the ion core. The water molecule theoretical calculations: structures and incremental binding
thus turns back, collides with the hot cluster moiety, and all €nergies of the M(kD)," cluster ions. The only fit parameter
the energy transferred to the cluster is then randomized beforethat cannot be simply compared to calculation is the abundance
the dissociation. This is the two-step direct impulsive mechanism atio between various isomers when present in the beam.
(IM2). Of course, when the collision energy is increased the Importantly also, the flt_to the expgnmental data that is allowed
same impact parameter leads to the IM1 dissociation mechanismby the present model is not restricted to the threshold energy
There is therefore a continuous shift from IM2 to IM1 as the region of the CID cross section. Instead, the parameters of the

collision energy is increased. fit are adjusted so as the model well reproduces the experimental
data way above threshold, in a region where the experiment
7. Conclusion signal are often more reliable.
Molecular dynamics calculations were performed to simulate  Acknowledgment. The authors acknowledge the C.E.A. that
the collisions between an helium atom and ap(@hd or a Na- has supported this work under the grant “Interaction ion
(H20)s™ cluster. Three different geometries of the Na{hs™ métallique moleule”.

clusters were considered. That of lowest energy has the three
water molecules in the first solvation shell. They are directly Appendix A. Energy Transfer Models
bonded to the metal ion. The two other geometries have one

t lecule in th d solvai hell. O f th A.1l. Impulse Model. Several impulse models are available
water molecuie In e second solva 'Orl shetl. ©ne of tNeSE i, the literature to describe collisions which transfer energy from
isomers has the filament structure,®)Na"(H,0)(H20).

. . the translation into molecular vibration, T-to-V energy transfers.
T,h? work ha_s dqcumented .thg partial conversion of the Let us cite that of Mahafi on atom-diatom collisions, and a
collision energy into internal excitation of the cluster. The water molecular model due to Uggerud and Derriékyhich reduces
molecules were treated as a rigid five-center systems. The, o\ atomic target to a pseudo-diatom. The later model predicts
interaction energy between the cluster subunits, water and metak, o+ the maximum of the T-to-V energy transfer occurs for an
ion, were calculated via a model potential which includes all .24 on collision of the atomic projectile A on an atom labeled

the important contributions: electrostatic, polarization, repulsion, B: of the polyatomic target B. The corresponding percentage of
and dispersion. Comparatively, the molecular dynamics program_;,_y energy transfer is given by

is fairly standard.

The calculations consisted in sampling trajectories to deter- mgm, M~ Mg m, +m,
mine how the collision energy, which is transferred as an YOE 0= 4 —— ' ©)
impulse to the cluster, is actually deposited on one of the atoms (mBi +my) Mg Mg

of the cluster. More precisely, an histogram is constructed for
each atom of the cluster which gives the number of trajectories where my is the mass of the projectileng the mass of the
responsible for a given transfer of energy to this atom. Of course polyatomic target, anang; the mass of the atomic subunit of
the energy transfer to heavy species, O and Na, is limited the target that is collided by the projectile.
whereas up to 90% of the collision energy can be transferred Expression 3 can be applied to the present He-cluster
to an H-atom. The important point is elsewhere. It appears that collisions. It predicts a different value forBfay Whether a H,
the energy transfer to a H-atom, depends crucially of its local an O, or the metal ion core is collided by He. The model
environment, whether it is involved or not in an “H-bond”. The predictions are displayed in Table 5.
amount of energy transferred goes up to 90% tawaia non A.2. Line-of-Centers Model. The line-of-center model is
“H-bonded” H-atoms, whereas it is less than 60% toward an another venerable tool in reaction dynanfie$’ It is probably
“H-bonded” H-atom. the simplest model that has been designed to account for the
The above histograms allowed us to predict the energy energy dependence of reactive cross-sections (a simple dis-
dependence of the CID cross section in N#@hii™ + He sociation in the present case) when a step barrier has to be
collisions. More importantly, they can be proposed as bricks surmounted (here, the endoergicity barrier of the dissociation).
allowing to construct a global histogram which describes the It is a hard sphere model of the collision between an atom A
energy transfer in the more general M®),* + He collisions and molecule B, which considers that all the kinetic energy
(M is a metal atom) and to calculate the energy dependence ofcorresponding to the movement along the line-of-center con-
the corresponding CID cross section. An application was done necting the center of A to that of B can be trapped by B to turn
for He + Au and He + Au(HO)," collisions offering a on the reaction. In the present context of He (i.e.;-8luster
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(i.e., B) collisions, the line-of-center energy is transferred into
B as internal excitation. This is the first step of the model. The

second step would be dissociation of the cluster. Let stay at the

first step for the moment. With this in mind, the fracti&flE
of the collision energyE that is transferred into B is given by

S, 0

E=1 5 (4)

whereb is the impact parameter of helium on the cluster Bnd
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