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The neutral and negatively charged(,Ar,, N = 1—14, clusters are investigated theoretically by use of a
polarizable model potential together, in the case of the anionic clusters, with a Drude-model approach to
incorporate dispersion interactions between the excess electron and the argon atoms and water molecules.
The (HO)Ar1; and (HO),~Ary; clusters are predicted to be “magic numbers”, with their high stability being

a result of their global minima adopting icosahedral-like structures. On the basis of these results, a mechanism
for formation of the anions is proposed. In addition, the rapid falloff in intensity ofithe7 anionic clusters

in the observed mass spectrum and the absence of observable signalfer ttcluster are accounted for.

| Introduction cis-water dimer trans-water dimer
Negatively charged water clusters have been the subject of

numerous experimental and theoretical stuédié®.Although b“

the water monomer does not have a bound anion state, the dimer

is a prototypical dipole-bound anion in which the excess electron

is bound in a diffuse orbital “trapped” by the dipole fieft20 r

Experimentally, (HO),~ ions were first produced by injection

of low-energy electrons into the high-pressure region of a seeded J

supersonic expansidi!? The diffuse nature of the excess u=4.02D u=249D

electron orbital of (HO),” was fIrSt.eXpe”mentaHy demon- Figure 1. cis- andtrans(H20), The cis structure is not a potential
§trated by Haperland et_.éll who, using eIe(.:tr_on detachment energy minimum in the absence of the excess electron. The dipole
in an external field, obtained an electron affinity of 17 meV. In  moments are from MP2/aug-cc-pVDZ calculations.

these experiments, the supersonic beam was seeded with argon
atoms to produce cold clusters. Subsequently, Bowen. 8t al (H o) “Ar
determined from photodetachment experiments a value of 45 2_2 7
+ 6 meV for the vertical electron detachment energy (VDE) of n=1
(H20)2~. They also observed weak HOH bending and OH =—
stretching vibrational features indicative of a geometry change _z
between the neutral and anionic dimers. Recently, Bouteiller et
al.’3 reported an adiabatic electron affinity of {Bl), of 30 +

4 meV from field-detachment of ().~ anions produced by  *z5 st
transfer of an electron from Rydberg helium atoms. =

Theoretical studies have shown that while@) has arans o)
like structure the anion has @s-like structure as shown in E

Figure 1. This geometrical change associated with electron g=
capture is due to the larger dipole moment, and hence, enhance(_O
electron binding for the cis orientation of the two water
molecules. To a large extent the difference between the recent
experimentally determined values of the VDE of,(®),~ and

of the adiabatic EA of (kH0), can be understood in terms of TOF
this geometry change. _
As noted above, one Way of prepanng the fragna@i— Flgure 2. (Hzo)ziArn Spectl’um from M. A. Johnson (ref 21) The

species is via the interaction of an electron source with a co- Stars denote peaks due toB);"Arn. The intense gray peak is due to

expansion of water and argon. The seeding gas helps cool the *

(H20). dimer, thereby suppressing vibrational hot bands and of (H,0),"Ar, determined by Ayotte and Johngdiis shown
electron autodetachment. The co-expansion with argon also leadsn Figure 2. The signals due to tie= 1 and 3-6 clusters are
to mixed (HO).~Arn clusters. A representative mass spectrum of roughly the same intensity, with that due to the= 2 ion
being roughly half as intense. There is a significant falloff in

T Part of the special issue “Fritz Schaefer Festschrift”. ion intensity forn > 6, with no detectable signal for = 10
* Corresponding author. ! ’
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Corcelli et al*? have reported a mass spectrum of the good agreement with experimental valdé@ere it is assumed
Cl~-H,0-Ar,, n = 1—13, clusters which displays intense peaks that the molecule is oriented in tla plane, with the rotational
throughn = 11 and low intensities fon > 12. This was axis being thez axis.) The DC model also locates an isotropic
interpreted in terms of icosahedral closingnat 11 with the polarizable site at the same position as the negative charge, with
CI~ ion occupying the center of the icosahedron and,®H  the polarizability chosen to reproduce the experimental value.
molecule substituted at one position of the first solvation shell. Finally, a single Lennard-Jones site is located on the O atom
This raises the question as to whether icosahedral-type arrange{c = 3.2340 A ande = 0.763 kJ/mol).
ments might also play a role in establishing the intensity pattern The Cohen-Saykally Arwater potential is of the following
in the mass spectrum of the {8),~Ar, clusters. form:

In this work, the potential energy minima and the finite . .
temperature properties of the {B),Ar, and (HO), Arp, N < ; _ ;
14, clusters are investigated theoretically. The goals of the V(RO.4) = VHRO.¢) — chlr?d(e*‘/l’)R " - Zecglsp
calculations are 2-fold: (1) to develop a detailed understanding = "=
of how the Ar atoms impact the electron binding, and (2) to (0.0)D,(RR™ (1)
determine whether certain sized clusters are especially stable ,
energetically and whether the observed ion-intensity pattern of whereV'®P represents the short-range repulsive interafmkﬂﬁ
(H20),~Ar,, reflects the relative stabilities of either the neutral andC2*P are the inductive and dispersion coefficients, respec-
or anionic clusters. Polarization and dispersion interactions tively, and theD,, are damping factors. The various parameters
between the excess electron and the Ar atoms necessarily actvere determined by fitting the parameters to 37 vibration
so as to enhance the electron binding. On the other hand, therotation—tunneling transitions observed for the A®l and
presence of argon atoms in the region of space that would ArD,O complexes, subject to constraints to build in the correct
otherwise be “occupied” by the excess electron will tend to long-range behavid® This potential includes through t@™
decrease the electron binding due to the exclusion of the excesserms a contribution due to the polarization of the Ar atom by
electron from regions of space occupied by the Ar atoms the dipole and quadrupole moments on the water monomers.
(hereafter referred to as an “excluded volume” effect). With  To include many-body polarization in the composite model
regard to the ion-intensity patterns, we recognize from the outsetdescribed above, Drude oscillators were placed on the Ar atoms
that factors other than energetics can influence cluster distribu-and were also substituted for the polarizable site in the DC
tions. For example, the observation of a particular anion may model for each of the water monomers. Each Drude oscillator
depend on sufficiently rapid Ar evaporation (from a starting consists of two chargesH and —q) coupled harmonically
larger cluster) to suppress autoionization. Still there are many through a force constarit. The polarizability of a Drude
examples where it has been established that a mass spectradscillator is given byg?/k (in atomic units). For water, thk
intensity distribution reflects primarily relative stabilities of the andq values were taken from ref 24 & 0.103, andy = 1, for
neutral or ionic clusters. One of the best known examples is which g%k value reproduces the polarizability value of the DC
carbon clusters, for which the fullerene members are especiallymodel). For Ar,k andq were chosen to be 0.395 and 2.086,

intense in the positive ion mass spectréin. respectively. With this choice?/k reproduces the experimental
polarizability of Ar, and the dispersion energy of»Analculated
II. Computational Methodology using the Drude model closely reproduces the contribution from

the R6 term in the Lennard-Jones potential (over the distance
range ofR = 3—8 A). The many-body polarization interactions
were calculated using the standard apprcd&ch,

To accurately describe by use of ab initio methods the binding
of an excess electron to clusters of polar molecules it is
necessary to employ very flexible basis sets and to include

electron correlations effects through high oréfe?*26 As a where

result, geometry optimizations of the {Bl),"Arp, n = 3, clusters UP'=U +U._ +U )
using suitable ab initio methods would be computationally ap PP self

prohibitive. In the present study, this problem is dealt with by with

use of a one-electron model for describing an excess electron

interacting with the HO molecules and the Ar atoms. Ny Nar
A. Potential Model for the Neutral (H Z_O)zArn Clustgr_s. qu= —( piW'EiO + Zpﬁr.EE) (3)

The neutral (HO),Ar, clusters were described by combining a = &

Lennard-Jones potential for the AAr interactions, the Dang-

Chang (DC) modér for the waterwater interactions, and the 1 Mo Nw Nar  Nar

Cohen-Saykally potenti# for the Ar—water interactions, Uy, = ——(Z p"T, o + Z Z P Tapl) (4)

together with additional terms, described below, to incorporate 2 347 =1 1=TR=1

many-body polarization.

The parameters for the AiAr Lennard-Jones potentiab ( NWp?N-p?N NArpﬁ“-pfr
= 3.405 A ande = 0.996 kJ/moB° were taken from the U = Z + (5)
literature. The DC water model employs the experimental i= ZOL?N k= Zotﬁ\r

geometry of the gas-phase monom@g{ = 0.9572 A, HOH

angle= 104.52), with two point charges@ = 0.519¢e) located = whereUy, describes the interaction energy between the induced
at the positions of the H atoms and a thif@ € —1.038e) on dipoles and the electric fields from the permanent charges on
the rotational axis, displaced 0.215 A from the O atom (toward other sitesUp, is the interaction energy between the induced

the H atoms). This point-charge distribution gives foiCHa dipoles, andUses is the energy needed to create the induced
dipole moment of 1.848 D, nearly identical to the experimental dipoles. In these expressiong?° is the electric field at
value of 1.825 B and quadruple moment componentsQyk polarizable sité due to the permanent charges from the other

= 2.235 DA, Qy= —2.047 DA, andQ,,= —0.188 DA, in sites (the charges associated with a water monomer do not
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interact directly with the polarizable site associated with that

monomer),o; and p; are, respectively, the polarizability and ’ )'. ’ J-.
induced dipole associated with siteNyw andNa, are, respec- 9
tively, the number of water molecules and Ar atoms, &pis

the dipole tensor.

Because the Cohen-Saykally potential already incorporates
two-body polarization interactions between water molecules and
Ar atoms, one has to be careful to avoid double counting of
such interactions when combining it with Drude oscillators to
incorporate many-body polarization. The obvious approach for
avoiding the double counting would be to eliminate the Figure 3. Second lowest-energy isomers @is-(H-0),”Ar and cis-
polarization contribution from the Cohen-Saykally potential. (H20)."Ar».

However, polarization and dispersion are not cleanly separable

in that potential. For that reason, we adopted an alternative binding energies associated with the full Hamiltonian (eq 6)
strategy of excluding from eq 3, the interaction of the Drude and using the configuration interaction (CI) method.
oscillators on the Ar atoms with the field due to the charges on ~ B. Geometry Optimizations. Analytical gradients have not
the water molecules (and the associated self-energy term in ecpeen worked out for the model potentials used to describe the
5). We do calculate the induced dipoles on the Ar atoms due to neutral and anionic (#D),Ar, clusters. For this reason, geom-
the electric field from the water molecules and use these to etries were optimized using the simulated anne&liagd Powell
include induced dipoteinduced dipole interactions between Ar  algorithm$* as described below.

atoms. Although, this approach does omit a subset of the many- The geometries of the neutral clusters were optimized for
body interactions involving both water molecules and the Ar both “cis” and “trans” orientations of the water dimer as shown
atoms, the errors due to the neglect of these terms are quitein Figure 1. In these calculations, the geometries of th(k

small. portions of the mixed (kD),Ar, and (HO),~Ar,, clusters were
To treat the negatively charged clusters, the model potential taken from MP2 optimizations on the isolated (). and
described above was combined with the Hamiltonian (H20),~ species, with the OH bond lengths and the HOH angles
of the monomers constrained to the experimental values for an
He 4 \/couple (6) H,O monomer.
The starting structures of theans(H,O),Ar, clusters were
whereHe is the one-electron Hamiltonian, generated by placing the Ar atoms at random locations in a

sphere of radius 3:69 A, with the size of the sphere growing
1 Q il with the number of atoms, and its origin being taken as the
H'=—-V72+ z— + Z— + e (7) center-of-mass of the water dimer. For tioes-(H20)Ar,
2 N [ ri3 clusters, three different choices were made for the initial
locations of the Ar atoms. The first choice followed the same
and\Veourlegives the coupling between the excess electron and procedure as used theans(H,O).Ar, clusters. The second
the Drude oscillators. In eq 7, ti@ are the permanent charges placed the Ar atoms in the vicinity of the H-donor water
associated with the water monomers, and ghare induced molecule. The third choice restricted the initial positions of the
dipoles associated with the Ar atoms and the water monomersAr atoms to the half sphere opposite the free OH groups. This
obtained from solution of eqs-3%. vexch-rep describes the short-  last choice was motivated by the use of the local minima of the
range repulsive interactions between the excess electron andeutral clusters for starting the anion optimizations and by the
the Ar atoms and water molecules. The electréin repulsive realization that the presence of Ar atoms near the free OH groups
potential was taken to be the threype Gaussian representation can prevent electron binding due to an “excluded-volume” effect.
of Space et aP? and the electronH,0 repulsive potential was  To demonstrate the latter effect, we consider(H.O),”Ar and

taken from a recent paper of Wang and Joréfan. cis-(H20),”Ar,. Drude-model calculations predict the most
The electror-Drude oscillator coupling is defined as stable forms of these two cluster anions to have structures with
the Ar atoms located opposite the free OH groups and with
qRT; vertical electron detachment energies of 3.2 and 3.0 kJ/mol.

Vcouple= z

or

f(r,) (8) There are also higher-lying local minima, shown in Figure 3,
with the Ar atoms on the same side of the water dimer as the
free OH groups. For these isomers the vertical electron

wherer; is a vector between the excess electron and the centerdetachment energies are calculated to be only 0.6 and 0.2 kJ/

of thejth Drude oscillatorR; is the vector locating the negative  mol for (H.0),"Ar and (HO), Ar,, respectively. As an
charge of thgth oscillator relative to the associated positive increasing number of Ar atoms are located in the vicinity of
charge, and(r;) damps out the unphysical short-range interac- the free OH groups, the excess electron becomes so weakly
tions, with the damping function for the coupling of the excess bound that, were corrections to the BO approximation made,
electron with Drude oscillators associated with the water the electron would cease to be bound even though the dipole
monomers being taken from ref 32 and that for the coupling of moment is larger than the “critical” dipole moment.

the excess electron to the Drude oscillators associated with the The initial temperature of the simulated annealing procedure

Ar atoms being determined in this study. The Sclimger was chosen to be 35 K which should be high enough that the

equation associated with eq 7 was solved using a large flexible barriers on the potential energy surface are readily overcome

Gaussian-type orbital to describe the excess electron. A productbut low enough to avoid evaporation (at least for the duration

basis set was then constructed using these one-electron orbitalef the calculations). It is relevant to observe that a recent

and harmonic oscillator functions to describe each of the Drude simulation of Ar,HF gave two peaks in the heat capacity
oscillators, and this basis set was used in calculating the electroncurve3® The first peak neafl = 11 K corresponds to the

3
J
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TABLE 1: Relevant Energies (kJ/moly TABLE 2: Vertical Electron Detachment Energies (kJ/mol)
Ar—Ar binding energy ~1.00 and Computational Times for (H,0), Ar,, h = 0—2
water—water binding energy (trans) —19.22 cis-(H20),~ cis-(H20)Ar~ Cis-(H20)Arz~
Ar—water binding energy -1.71
VDE of cis-(H,0) 3.33 cesbm

_ VDE 3.20 3.63 4.24
VDE of trans(Hz0), 0.03 CPU time 16h 31.0h 111.5h
trans— cis isomerization energy of @), 2.05 ’ ’ '
trans— cis isomerization energy of ¢@),~ —-0.98 Drude model
) ) ) ) ) VDE 3.33 3.62 4.62
2 All results obtained using the model potentials described in the  cpy time 13s 21s 3.2s
text.

L The binding energy of ArH,O is calculated to be-1.7 kJ/
migration of the HF molecule from the center of the cluster to mol as compared with the 1.0 kJ/mol binding energy of the

the surface, and the second peak near 30 K corresponds to argon dimer, and the 3.33 kd/mol VDEa@i&-(H,0), . Although
melting of the cluster. It is anticipated, therefore, that the Ar the energy for converting (), from its “trans’ global

atoms should be quite mobile at the 35 K initial temperature inimum structure to the “cis” structure is calculated to be 2.0

used to start the simulated annealing optimizations. kd/mol, the cis form of (HO),~ is calculated to be about 1.0

For each (HO),Ary cluster with a trans arrangement of the 1 3,016 more stable than the trans form. This can be understood
water molecules, 100 optimizations starting from different initial ;, (arms of the enhanced dipole moment of the cis structure
structures were carried out. For the cis clusters, 300 separatg,nich |eads to greater electron binding. '

optimizations, 100 for each of the three ways of initially locating
the Ar atoms, were carried out. The strategy for the optimiza-
tions was closely modeled after that used by Corcelli 8% ml
their study of CtH,OAr, clusters and proceeded as follows:
1. Starting from a given initial structure, a Monte Carlo

To examine the quality of the model potential, we also carried
out ab initio CCSD(T) calculatio% of the vertical electron
detachment energies of §8),Ar,~, n = 0—2, clusters using
the anion geometries optimized with the one-electron Drude
model and with the water monomers held rigid in the cis

simulation was carried out for';.OOO cyclesat= ?]'05 'E 0 orientation. The ab initio calculations were carried out using a
give compact structures to avoid evaporation in the subsequent,aqicset generated by adding to a modified aug-cc-pVTZ(-f)

annealing. (A cycle corresponds to one sweep through all the ;g sef940 seven diffuses and seven diffuse primitive

argon atoms.) Gaussian functions on the O atom of the acceptor water

2. Starting with the structure obtained from step 1, the cluster ,iacyle. The exponents of the supplemental functions were
was annealed from 35 to 1 K, in 0.5 K decrements, with 1000 ;. geometric ratios, ranging from 0.025 to>410°5 for the s

Monte Ca_rlo cycles being performed at each temperature.  ,1tions and from 0.06 to 9.6 105 for thep functions. (The
3. Starting at 1 K, the temperature was decreased by a factory, qgification of the aug-cc-pVTZ basis set consisted of substi-
of 2 every 500 cycles down t0 a temperature of <18, . tuting for the H and O atoms, respectively, fhandd functions
The Monte Carlo steps were carried out with the Metropolis from the aug-cc-pVDZ basis sé&tIn addition, thef functions
proceduré?® with the maximum displacements being dynami- on the O atoms and tretfunctions on the H atoms, present in

cally adjusted to maintain close to a 50% acceptance rate. Movesq 11 aug-cc-pVTZ basis set were excluded, hence the “f"
that placed Ar atoms withi2 A of themass center of the water qualifier.) The electron binding energies are summarized in

dimer we:e rejected. h for the anionic cl Table 2. For (HO),~ and (HO), Ar the model potential and
An analogous optimization approach for the anionic Clusters o a, initio calculations give nearly identical vertical electron

would have been computationally prohibitive even with the use jatachment energies, but for Bl Ar», the value of the VDE

of the Drude model. For that reason we chose instead to optimize,paineq with the model potential is about 10% (0.4 kJ/mol)
the anionic clusters using the Povi¢procedure starting from o oater in magnitude than that obtained from the ab initio CCSD-
each unique structure obtained from the simulated anneallng(-l-) calculations. However, even in the later case the agreement

optimizat_i(_)ns of thecis-(H20)2Arn c_Ius_ter_s_ . between the model potential and high-level ab initio results is
In addition to the geometry optimizations described above, satisfactory.

Monte Carlo simulations in the canonical ensemble were carried 5 Neytral (H20),Ar , Clusters. The lowest-energy minima
out. forlthe ngutral (KHO).Ar, clusters at a temperature of 35 K, of the neutraltrans(H20),Ar, and cis-(H,O),Ar, clusters are
which is believed to be close to that of the clusters produced yenicteq in Figures46. For each cluster size, the trans isomer
experimentally’” Actually, clusters with an internal energies s> 55 3 k3/mol more stable than the cis isomer, with this
in excess of that required to evaporate an argon have finite energy difference being close to that to associated with

lifetimes, whichbrlnaki§ a ri%(lnrous charaqgeriizgtion by te'lmPer' isomerization of the bare water dimer. The most stable forms
ature questionable. This problem was avoided in our SIMUIAtONS ot the trans (H,0)Arm, n = 1-3, clusters have the Ar atoms

by imposing a constraining region comprised of two overlapping |ocated on the same side of the-O bond as the free OH group
spheres centered on the O atoms. The sphere radii ranged fromyt 1o acceptor monomer. However, the larger trans clusters

6.5 A forn = 110 13.5 A forn = 14. These simulations e Ar atoms on both sides of the @ bond. The five Ar
employed frozen geometries for the water monomers and a fixed 5y o oftrans-(H,0)Ars form a ring around the ©0 axis.

O—O distance, but allowed for cidrans isomerization of the  Ts fiye-membered ring persists in the larger clusters. For the
water dimer. The simulations consisted of an equilibration stage, ,, o<t stable forms of theis-(H,0)Ar, n = 1-3, 5, and 6

followed by 5 000 000 production moves. The geometries were .| ,sters the Ar atoms are located on the side of theObond
stored every 1000 moves. For each saved structure, the energ}ﬁpposite the free OH groups, whereas in the other cis clusters

of the anion was calculated. there are Ar atoms on both sides of the-O bond. (Here the
“sides” are defined respect to the plane containing the two O
atoms and which is perpendicular to the plane containing the

Before examining the results of the calculations, it is two O atoms and the free OH group of the donor water
instructive to review the key interaction energies (see Table 1). molecule.)

Ill. Results
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trans-(H,0),Ar, cis-(H,O),Ar,

?

® -9 s -9

3
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3

Figure 4. Lowest-energy minima of the#ans(H20).Ar, cis-(H20)Ar,, and (HO)."Arn, n = 1-5, clusters. The neutral clusters were optimized
by use of the simulated annealing procedure and the anionic clusters by means of the Powell algorithm. For the anions, the orbital occupied by the
excess electron in the isolated(®),~ ion is depicted.

For both thecis- andtrans(H,O),Ar, clusters, the incremental  with the OH groups of the acceptor monomer (that to which
binding energy per Ar atom undergoes a sizable jump in the excess electron binds) pointing away from the argon cluster.
magnitude in going from the = 10 to then = 11 cluster. (See  The n = 11 and 12 anionic clusters display the largest
Figure 7.) This is a consequence of the=11 cluster adopting  incremental binding energies per Ar atom, with the change being
an icosahedral-like structure, with one water molecule occupying greater for then = 12 cluster. (See Figure 7.) The high stability
the center site and the other a surface site of the approximategt (H,0),"Ary, is due to its adopting an icosahedral-like
icosahedron. structure, with the single-donor water molecule occupying one

B. (H-0),~Ar , Clusters. Figures 4-6 also show the lowest-  Of the sites on the surface of the icosahedron. The most stable
energy structures of the anionic clusters, and the associatedorms of then = 11 and 13 anionic clusters have structures
binding energies are summarized in Table 3. In each anionic closely related to that of the ¢@),”Arq, species. The evolution
cluster, the water dimer is on the surface of the argon cluster of the icosahedral structure is apparent starting atnthe 5
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trans-H;0)Ar,  cis-(H,0)Ar, (H,0); Ar,

. an P

n=10

Figure 5. Lowest energy minima of theans(H,O)Ar, cis-(H20)Ar,, and (HO), Ar,, n = 6—10, clusters. The neutral clusters were optimized
by use of the simulated annealing procedure and the anionic clusters by means of the Powell algorithm. For the anions, the orbital occupied by the
excess electron in the isolated(®),~ ion is depicted.

cluster. We note also that for the= 13 cluster there is an  isomerize the water dimer from trans to cis together with that

isomer with an intact Agicosahedron “attached” to the H-donor  required to rearrange the Ar atoms. On the other hand, for the

water molecule lying only 1.2 kJ/mol above the global minimum larger clusters, the combined energy cost for isomerizing the

structure. water dimer and rearranging the Ar atoms exceeds the electron
For (H,0); Arpn, n = 0—6, clusters the most stable form of binding, with the consequence that the= 7 clusters have

the anion lies energetically below the most stable form of the negative adiabatic electron affinities.

neutral cluster, which implies that for these clusters the electron C. Monte Carlo Simulations. Table 4 reports for the (}0),-

binding more than compensates for the energy required to Ar, clusters the average energies and the numbers of saved
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trans-(H,0),Ar, cis-(H,O),Ar,

n=14

Figure 6. Lowest energy minima of thgans-(H20),Ar, cis-(H20)Arn, and (HO), Ar,, n = 11—-14, clusters. The neutral clusters were optimized
by use of the simulated annealing procedure and the anionic clusters by means of the Powell algorithm. For the anions, the orbital occupied by the
excess electron in the isolated(®),~ ion is depicted.

configurations from the 35 K Monte Carlo simulations that have distortions induced by the incoming electron could lead to
electron binding energies greater than 0.26 kJ/mol in magnitude.appreciable electron binding.

Clusters with electron binding energies less than about 0.26 kJ/  The (H0),~Ar, clusters observed mass spectroscopically are
mol in the Born-Oppenheimer approximation are expected not unlikely to derive from the “parent” (kD).Arn clusters. This

to bind the electron were corrections to the BO approximation iS 0n account of the fact that the resulting anions would be
included. The number of sampled configurations capable of SUbject to rapid electron autoionization. The most likely
binding an excess electron (according to the above definition) mechanism for .stab|I|zat|o'n of the anions against electron
drops off rapidly with increasing of Ar atoms, and for the detachment is via evaporative loss of an Ar atom,

9 clusters, none of the sampled configurations displayed electron
binding (based on the 0.26 kJ/mol threshold). Nonetheless, as

may be seen from Figure 8, at= 35 K the neutral cluster  The energetics involved in this process can be understood from
does sample configurations that expose the acceptor watefexamination of Figure 9, which reports the potential energy
molecule and with the water dimer well along the coordinate distributions calculated for a subset of the neutral clustefs at
for trans— cis isomerization. Even though these structures have = 35 K, as well as the thresholds for formation o6, Ar,—1

BO electron binding energies less than 0.26 kJ/mol, the and of (HO)Ar,-1.

(H0)Ar, + & — (H0), Ar,— (H,0), Ar,;+Ar (9)
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Figure 7. Incremental binding energ\E,° = E[(H20)Ar,] — E[(H20):Arn-1] and AE,~ = E[(H;0),"Ar,] — E[(H20),"Arn-1], of the trans
(H20).Ar, andcis-(H20)Ar,~, n = 1—14, clusters.

TABLE 3: Total Energies (kJ/mol) of the Most Stable TABLE 4: The Average Total Energies (kJ/mol) of the
Forms of the Neutral and Anionic (H,0),Ar , Clusters Neutral (H20),Ar , Clusters at 35 K& and the Number of
rans (H0pAME  Cis-(HO)AM? (H:0) Arm Structures Binding an Excess Electron
average number of configurations
m Bt AEw B AEw  Ea AEw VDE m energy binding an excess electrbn
0 —19.22 —17.18 —20.51 3.33
1 —2211 -2.89 —2016 —2.99 —23.79 —3.28 3.65 9 RS 25
2 —25.99 —3.88 —24.05 —3.88 —27.36 —3.57 4.62 > _23'97 333
3 —29.94 —-396 —28.04 —3.99 —-31.71 —-435 435 3 _27'24 117
4 —33.97 —4.02 —-31.94 -390 —35.24 —3.53 453 a —30.61 27
5 —38.95 —499 —-36.73 —4.78 —39.55 —-431 5.03 5 _34'21 15
6 —43.05 —4.10 —40.83 —4.11 —-43.72 —4.17 450 6 —38.01 6
7 —4791 —-485 —-45.66 —4.83 —47.02 —3.30 5.37 7 _41'93 >
8 —53.03 —5.13 —-50.77 —-5.11 —-51.30 —4.28 494 8 —46.46 3
9 —58.11 —-5.08 —-55.91 —-5.14 —-55.33 —4.03 5.06 9 _51'11 0
10 -6391 -580 -61.82 —591 -—-59.92 —458 5.37 10 —56.21 0
11 -7059 -6.69 —-68.48 —6.66 —65.94 —6.02 5.39 1 —62.54 0
12 —7485 —426 —72.69 —4.21 —-7242 —-6.48 559 12 —66.08 0
13 —-79.89 -5.03 —-77.74 —-5.06 —76.00 —3.59 5,59 13 —70.46 0
14 —-8522 —-5.34 -—-82.89 —-515 —80.08 —4.08 6.02 14 774'39 0

aThe (HO)Arn clusters were optimized by simulated annealing with
the geometries of the @), portions of the clusters kept frozen. The
anionic clusters were optimized with the Powell algorithm with the
geometry of the (kD). entity frozen at that of the isolated £8),~
ion. ® AEm = Em — Em-1.

aThe simulations employed rigid water monomers and fixe€GD
distances? Out of a total of 5000 configurations saved from the Monte
Carlo simulation of the neutral cluster. A structure is counted as binding
an excess electron if the calculated vertical electron detachment energy
is 20.26 kJ/mol.

Examination of the potential energy distributions reveals that
in all cases the threshold for the electron capture followed by
Ar atom loss (eq 9) occurs at an energy at which the neutral v
cluster has sizable population (assuming a cluster temperature
of 35 K). Moreover, for then > 7 clusters the threshold for
this channel lies energetically below that for -,

W

(H,0)Ar,+e — (H,0), Ar,— (H,0),Ar,_, + Ar +( e(‘))
1

which is simply a consequence of the< 6 clusters having ~ Figure 8. Snapshot configurations of ¢B),Ars, from theT = 35 K
positive electron affinities. As a result, for a subset of the Monte Carlo simulation. In the configuration on the left the water dimer

- is about halfway between the trans and cis arrangements. This
(H20)2"Arn, n = 6, clusters formed by the electron capture/Ar ¢, ngiquration would require only a small rearrangement of Ar atoms

atom evaporation channel (eq 9) further decay by either electronto pind an excess electron. The configuration on the right would require
detachment or loss of a second Ar atom is not feasible extensive rearrangement of the Ar atoms to bind an electron.
energetically.

On the other hand, afi = 7 anionic clusters formed by the intensity for then > 7 clusters as well as the correlation between
mechanism described by eq 9, are subject to electron autoion-the intensity of then — 1 ion signal in the mass spectrum and
ization. We believe that this explains the rapid falloff in anion the excess energy that must be present in a@J}Ar, cluster
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Figure 9. Potential energy distributions of the {B),Ar,, n = 2, 7, 11, 12, clusters & = 35 K. The potential energies have been binned, with
the individual bins reporting the number of saved configurations with energy bet#ee.25 andE in kJ/mol. The arrows report the threshold
energies for forming the neutral and anionie- 1 clusters. For (kD).Ar11, the net distribution has been decomposed into two overlapping Gaussian
distributions. The bordered columns correspond to the numbers of potential energy markeg-atisg

for accessing the threshold for formation ob®),~Arn—1. With atom loss channel is 10.7 kd/mol [in the case of@}Ar11].
regard to the latter, the calculations predict the largest excessMolecular dynamics calculations carried out by us lead to
energies to be for thea = 11 and 14 clusters, (10.7 and 9.2 average lifetimes of microseconds in this case. Thus, the lack
kJ/mol, respectively) which is expected to cause more rapid of signal due of (HO),"Ario appears not to be due to the
electron autoionization and could account for the absence (orabsence of (kD),Ar1; precursor with sufficient excess energy
only very weak signals) for (D), Arip and (HO), Ariz in to access the electron capture/Ar evaporation channel.
the mass spectrum. The potential energy distributions obtained from the MC
The energy at which the electron capture/Ar evaporation Simulations for (HO).Ar1; and (HO).Ar1; clusters are bimodal,
channel opens up is potentia”y relevant for a second reason’WhiCh indicates the coexistence of solidlike and IIQUIdllke phase
namely, the greater the excess energy in a neutral cluster, thedt T = 35 K. This was an expected result, since simulations of
shorter its lifetime toward evaporative loss of an Ar atom. Itis Arispredict “solid-liquid” coexistence over a temperature range
estimated that under the experimental conditions used to obtain0f 24—41 K with a pronounced peak in its heat capacity curve
the mass Spectrum reported in Figure 2' the time betweenWith a maximum at 34 K. Similar transitions have been predicted
formation of a neutral (lD),Ar, cluster and the initial electron ~ for the Ar, n = 10-12, clusters, but at somewhat lower
capture event is on the order of microsecoffdé/eerasinghe temperature$?4>
and Amar have studied using molecular dynamics simulations
the lifetimes of the Af, 12 < n < 14, clusters as a function of
excess energ¥: These calculations give cluster lifetime on the In this investigation, the neutral and anionic,(®),Ar,, N =
order of nanoseconds for excess energies on the order of 200—14, clusters have been characterized by means of model
kJ/mol. Based on the present calculations, the largest excesgotentials, with explicit treatment of the excess electron in the
energy required for the opening up of the electron capture/Ar case of the anionic clusters. The lowest-energy forms gD}

IV. Conclusions
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Ari; and (HO), Ary, are predicted to be especially stable and (12) Bowen, K. H.; Eaton, J. G. Iffthe Structure of Small Molecules

i _li i i i i and lons Naaman, R., Vager, Z., Eds.; Plenum: New York, 1988; Arnold,
to have icosahedral-like structures. The adiabatic EA is predlcteds_ T Eaton. J. G.. Patel-Misra. D.: Sarkas, H. W.: Bowen, K. . In lon

to be positive for th_e‘.f 6 clusters, but negative for the larger  anq Cluster lon Spectroscopy and Structure: Maier J. P., Ed.: Elsevier:
clusters. Both the finite temperature of the neutral cluster and Amsterdam, 1989. ‘ ‘

distortions induced by the incoming electron appear to be 5 SleghBOUtgrqeglgé;aDleosafr%Tz%S’ C.; Abdoul-Carime, H.; Shermann, J.
. . .J. Chem. Phy .

important in the electron captgre process. Moreover, we have (14) Coe, J. V.- Lee, G. H.. Eaton, J. G.: Amold, S. T.: Sarkas, H. W.:
proposed that the Observed anions have one feWer Ar atom tharBowen, K. H' Ludewigt’ C, Habeﬂand’ H’ Worsnop’ D.RChem. Phys
their neutral precursors, i.e., that the initial electron capture event199Q 92, 3980.

is followed by rapid ejection of an Ar atom. This provides a __(15) Wang, F.; Jordan, K. DAnnu. Re. Phys. Chem2003 54, 367~

mechanism for formation of .(N))Z‘Arn, n < 6, clusters that (ie) Fermi, E.; Teller, EPhys. Re. 1947 72, 399.
are stable against electron ejection or further loss of Ar atoms.  (17) Turner, J. E.; Anderson, V. E.; Fox, K968 174, 81.
On the other hand, the @), Arn, n = 7, clusters formed by (18) Jordan, K. DAcc. Chem. Red.979 12, 36.

i i i innizati ; (19) Chipman, D. MJ. Phys. Chem1979 83, 1657.
this process are still subject to 9Iectron autoionization. This (20) Simons, J.. Jordan, K. hem. Re. 1987 87, 535-556.
apparently accounts for the rapid falloff_ in intensity in the (21) Ayotte, P.. Johnson, M. A. Private communication.
(H20)2"Ar, mass spectrum for > 7. In addition, it is suggested (22) Corcelli, S. A;; Kelley, J. A.; Tully, J. C.; Johnson, M. A.Phys.
that the absence of signal due to the@j~Arigand (HO), Aris Chem. A2002, 106, 4872.

; iNnizAati (23) Kroto, H. W.; Heath, J. R.; O’brien, S. C.; Curl, R. F.; Smalley, R.
clusters could be due to the rapid autoionization rates of the E. Nature 1085 318 162.

precursor (HO),"Ara; and (HO),"Aryg, clusters. (24) Gutowski, M.; Jordan, K. D.; Skurski, B. Phys. Chem. A998
102 2624.
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