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Unexpected stability of [Cu-Ar]?*, [Ag-Ar]?*, [Au-Ar]?*, and their larger
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Experimental observations following the ionization of neutral group 11 metal/argon complexes have
revealed the presence of doubly charged ions of the favimAr,]2* for n in the range 1-6. Of
particular interest are two features of the results. First, the unexpected stability of the dimer ions,
[M-Ar]?*, since similar species involving a molecule rather than a rare gas atom are often unstable
with respect to charge transfedb initio calculations show the dimers owe their stability to a
combination of a strong electrostatic interaction and the high ionization energy of argon. A second
feature to the results is the high relative intensities of ftMeAr,]>" and [M-Arg]?* ions.
Calculations show these complexes to consist of square-plagastructures, with the additional

two atoms in[M-Arg]?>" occupying axial sites, which are Jahn—Teller distorted. The calculated
relative binding energies support the preferential stability of these two structure00®
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I. INTRODUCTION terms of a simple model that equates stability with the posi-
tion of a surface crossing which defines charge trarisfer.
The criteria established for the appearance of a doubly  Reported here are the results of a series of experiments
charged atomic or molgcular cluster ‘?'epe”d upon a SUthsnd calculations undertaken on complexes of the form
balance between repulsive and attractive fofces. doubly oy L .
i . ) . [M-Ar,]°7 where M is either copper, silver, or gold and
charged cluster could be viewed as “thermodynamically _ .
stable if all routes to decay are endothermic; in contrast,ranges from 1,_8' G|vep the large differences betwiizn the
“kinetic” stability implies a metastable state, from which S€cond ionization energigtE) of these metals (M—M
there exists at least one exothermic reaction channel. Homdalues are given in Table) land the IE of an argon atom
nuclear dimer and trimer ions, 34 , invariably fall into the ~ (15.75 eV}, charge transfer might have been expected. In
latter category, where a strong Coulomb repulsion is councases where the M) state of either of these metals is asso-
teracted by the formation of a weakly-bound statehich in  ciated with a polyatomi&;*2 such as pyridine, it has been
some instances correlates with excited-state atomic 3iOhSobserved that two or more molecules are frequently required
For the more general case of a heteronuclear systerf,AX 1o form a stable complex. However, for argon, reproducible
the reasons for .formation of a b(_)und state can be SUMM3&s signals have been recorded fdiCu-Ar]2* and
rized as either(i) a curve crossing between a repulswe[Ag_Ar]u, and calculations show th&®u-Ar]>* should

A" +X7, potential surface and a boundA+ X , state. The . . .

i - o .~ also be stable. There is experimental evidence of larger
dominant contributions to the latter being ion-induced dipole M-Ar-12* clusters for all th tals. Metal q
and (for a moleculg ion—dipole interactions, ofii) a com- LM-Ar,]™" clusters for all three metals. Metal-rare gas dou-

bination of covalent bonding plus Coulomb repulsigiecht ~ Ply charged ions of the forniMg-Ar,]** have been ob-
and Mak have identified a third class of small doubly Served previously by Velegrakis and Luder, and found to
charged clustet,and this corresponds to the situation whereexhibit an intensity maximum at=6."* However, unlike the

all the charge is located on a single atom or molecule, e.ggroup 11 metals,Mg-Ar,]?" clusters are kinetically stable
A?".X,,. Thermodynamic stability is achieved when the in that the second IE of Mg at 15.07 eV is lower than that of
ionization energy of X is larger than the second ionizationan argon atom. Fanourgakis and Farantos have interpreted
energy of A. Several mixed rare gas dimer ions have beefhe[Mg-Arn]“ results using a combination ab initio cal-
found to fall within this category’ as has a series of rare cyjation and electrostatic interactions, and they found that
gas—molecule clustePsAlthough some slight energy mis- Mg-Arg]2* corresponds to a regular octahedtrOther

match may be accommodated through contributions fro . :

solvation eynergy doubly charged corr?plexes involving rare xamples taken from experimental studies of doubly charged
gases are norm’ally considered to be very susceptible tIgletal ion—molecule interactions have provided numerous in-
charge transfer followed by Coulomb-induced fragmenta-StanceS of charge transfer, and semiquantitative models have
tion. Fewer examples of metastability have been identifieroved to be very successful at interpreting these Helfin

for small systems, although NeKt,® Mg?*H, and HCF* contrast, mosab initio theoretical investigations have been

would appear to fall into the latter categdrill and Radom  limited to doubly charged complexes that are kinetically

have analyzed data on a range of doubly charged cations stable!’

0021-9606/2001/114(13)/5562/6/$18.00 5562 © 2001 American Institute of Physics

Downloaded 05 Oct 2005 to 129.215.220.250. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 114, No. 13, 1 April 2001 Stability of [Cu-Ar]?* 5563

TABLE |. lonization energies|E) of copper, silver, and gold. charge ratio in a magnetic sector. When referenced to the
Copper Silver Gold mass increm_ent separating singly charged ions, dpubly
charged species appeared in the mass spectra at half-integer
1st IEfeV 7.73 7.58 9.22 intervals. A second field-free region separates the magnetic
2nd IE/ev 20.29 2L5 20.5 sector from an electrostatic analyZ&SA), and the presence
Jonization energy of argon: 15.75 eV. of a gas cell in this region permits the collisional activation

of size-selected parent ions. For selected complexes their
fragmentation processes have been examined in the presence
Il. EXPERIMENTAL SECTION of ~10 ®mbar of air as a collision gas. The fragments aris-

ing from CID were identified by scanning the ESA in the

A detailed description of the general instrumentation]c ¢ MIKE vzed ion Kineti 20
used for generation, resolution, and detection of the clusteP™™m © (mass-analyzed ion kinetic enejggcans.

beam has been provided in previous wotkBriefly, argon T_hes_e scans were performed on doubly charged !ons with
carrier gas at a pressure of between 30 and 40 psi, undergolé'get'C energies of 10 k.e.v’ .Wh'Ch allowed fqr stralghtfqr-
supersonic expansion through a 2@én diameter conical ward detection and \_/erlflcgtloq of fragment ions resulting
nozzle, followed by collimation 2 cm downstreay & 1 mm from Coulomb explosion. Final ion detection took place at a

diameter skimmer. Midway between the expansion chamb aly detector, where phase sensitive detection was facilitated

and the mass spectrometer, the cluster beam passes overem'ea Stanford Research Systems SR850 lock-in amplifier.

mouth of a high temperature effusion cd@lCA Instruments,

EC-40-63-2) equipped with a crucible of pyrolytic boron !ll. COMPUTATIONAL DETAILS

nitride, in which metal vapor is generated. In order to maxi-  a|| geometry optimizations were performed using the
mize the surface area of metal, the cell is positioned at §)p4SDQ) method (Mdller—Plesset perturbation theory
slight angle(=30°) with respect to the vertical. Metal vapor tyyncated at fourth-order, including all single, double, and
is allowed to diffuse into the flight tube in order to create aquadruple substitutionsand the LANL2DZ basis set.
region where the vapor and the cluster beam can interacf.ANL2DZ is a double-zeta basis set which, for post-third
Metal atom attachment occurs via a pickup process that inroy atoms, includes some relativistic effects due to the ef-
volves the e\llflporatmn of rare gas atoms to stabilize the neyactive core potential representations of electrons near the
tral cgmplex. - nuclei. Calculation of th¢M-Ar]2* potential energy curves

~ Signal intensities measured on the apparatus over a Sgyjlized full MP4, including triple substitutions, with an aug-
ries of experiments have suggested that the optimal partighented LANL2DZ basis set. All calculations were per-
pressure of metal vapor is between t0and 10°torr.  formed usingsaussianga?! For the M +Ar curves an ini-
Above this pressure, disruption of the cluster beam results igg) guess wave function at each metal—argon distance was
reduced signal_ intensity, and at lower pressures the metaﬂ:’alculated. To obtain the M+Ar* curve a single point en-
argon cluster signals decrease. For copper, the above part@lgy was calculated at large which for Cu and Ag pro-
pressure was estimated from the observation that the effusiq,ceq a point on the Rt +Ar curve. Therefore, in order to
cell operated most effectively when the temperature was he'ﬂroduce the lower energy dissociation limit,"MAr™*, the

at 1350°C, as measured with a standard C-type thermoggon highest occupied molecular orbitdHOMO) was
couple. For silver and gold the optimum temperatures Wergapped with a metal-orbital from the valence s¢tisually
1100°C and 1500°C, respectively. Formation of neutrakpe lowest unoccupieLUMO) or SLUMO]. This new wave

metal/argon clusters results from the collision of metal atomsynction was then scanned backwards to yield an estimate of
with argon clusters, with kinetic energy from the collision

and the solvation energy of the neutral metal atom being
dispersed by the ejection of argon atoms. Del Mistro and
Stace have presented a theoretical description of the picku

process? 0010+
A shutter at the exit of the effusion cell is used to con- N
firm the identity of clusters containing metal ions. Where a £ { oA [Ag-(AN,]

survey has been performed of the relative intensities of par-g
ent ions of a given series, the difference was taken betweerg g0
the signal intensity with the shutter open and closed. Thisﬁ
approach removes any contribution from background signal®

that is not dependent on material originating from the effu- U

sion cell. Confirmation of the distribution of relative intensi- w

ties for[Cu-Ar,]2* and[Ag-Ar,]%" clusters can be found 0000

by utilizing both metal isotopes. 75 85 95
The neutral metal/argon clusters were ionized by 100 eV Mass (amu)

electrons within the ion source of a high resolution, double

. ; ; 2+
focusing mass spectromet®G ZAB-E), and were then ac- /- 1. Section of amass spectrum showing the presenc8pr]’ " and
[Ag-Ar,]<". Confirmation that these ions contain silver comes from using

gelerated by_a pqtential of 5 kV. After pas;ing throu_gh & the shutter on the Knudsen cell. The mass spectrum is dominated by singly
field-free region, ions were selected according to their massharged by-products of the pickup technique used to prepare complexes.
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FIG. 3. MIKE scans recorded f¢Cu-Ar;]?>" and[Cu-Ars]?>". The relative
n intensities of fragment ions are plotted as a function of their laboratory-

. . . o ) frame kinetic energies.
FIG. 2. Relative intensity distributions for the iongCu-Ar,]?",

[Ag-Ar,]?", and[ Au-Ar,]?* plotted as a function afi. Where appropriate
measurements have been made using both metal isotopes, where for
63C_u:et’E’Cu the intensity ratio is approximately 3:1, and fdfag:'®Ag the  [M-Arg]?" and[M-Arg]?* before undergoing a sharp de-
ratio is approximately 1:1. cline beyondn=6. Several groups have previously noted
comparatively intense signals corresponding to the stable
ingly charged combinations MAr, and M"-Arg,%2~%but
Eoth are not always seen for the same metal. However, the
pattern of behavior shown in Fig. 2 for the regios3—7, is
remarkably similar to that recorded by Velegrakisal. for
Ni*Ar, and Pt Ar, clusters’® We shall return to a discus-
sion of these points later in the text.

Figure 1 shows a short section of a mass spectrum re- Figure 3 shows the results of two experiments under-
corded following the ionization of mixed silver/argon clus- taken on the collision-induced fragmentation of size-selected
ters. In addition to the cluster ions of interest, the preparativéCu-Ar,]?>* complexes fom=3 and 5. In each case, the
technique leads to a wide range of singly and doubly chargegarent ion is transmitted through the electrostatic analyzer at
by-products. Included in this latter group are pure argora laboratory-frame kinetic energy of 5 keV. Products arising
cluster ions with various isotopic combinations, and argorfrom the unimolecular loss of neutral atoms are to be seen at
clusters containing traces of water, Oand N, and their  kinetic energies lower than 5 keV, while products resulting
fragmentation products. Figure 2 gives the relative intensitiefrom unimolecular loss accompanied by charge transfer can
of [Cu-Ar,]2", [Ag-Ar,]?", and[Au-Ar,]?>" cluster ions be seen anywhere in the kinetic energy range 0—10 keV. For
plotted as a function ofi. Since the overall intensities of the the smaller of the complexes, there is a significant charge
[Au-Ar,]?>" ions were much lower than those of clusterstransfer product, with the loss of Ardominating this route.
containing the other two metals, it proved difficult to under- The efficiency of this particular step has been noted in other
take accurate measurements winen2. For copper and sil- experiments on Qi) complexes? and is believed to be
ver the trend in intensity as a function ofis reproduced by driven by the underlying stability of the Cul, unit, which
measurements on both isotopes. As a function of size, thim the condensed phase is linéaFor[ Cu-Arg]?" the domi-
three metals exhibit identical behavior: each distribution in-nant fragmentation pathway is the loss of a single, neutral
creases to a peak pM-Ar,]2* and then drops slightly for argon atom, which would equate with the observation in the

the avoided crossing position. The same procedure was a
plied to[Au-Ar]?>*, but in this case it was not necessary to
switch orbitals.

IV. RESULTS AND DISCUSSION
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—e—CU + Ar TABLE IlI. Locations of the avoided crossings and the binding energies of
- N N [M-Ar]?* dimer ions.
> 2] = Cu’ + Ar
o T \\ [M-Ar]2* Binding energy/e¥ Avoided crossing/A
a@) ‘\ [Cu-Ar]2* 0.439 3.09
s 0 ¥ — s . [Ag-Ar]?* 0.199 2.94
g N ;-3* 1,..._._.--0 4 5 [Au-Ar]2* 0.670 3.35
§ -1__ et " . aDefined as the well depth minus the potential energy at the surface
e, R crossing.
—e—Ag” + Ar o _ _ _
s Ag AP quantity is the well depth_lymg belovy_the crossing po!nt.
> N These values together with the positions of the avoided
g L \ crossings are listed in Table Il. The principal intermolecular
20 —x : e interaction responsible for each potential well, can be iden-
5 2 %, . 3’.’.,.—-**‘“ tified from the fact that the combination of a Coulomb repul-
g -1 \°~-—o—-—°"‘=~.\_\_ sive potential and an attractive ion-induced dipole interac-
g, ] Tt tion, gives curve crossings that are withir0.1 A of those
o St given in Table Il. Thus, the reduced surface crossing distance
seen forf Ag-Ar]?* in comparison to the other two metals,
2+ can be attributed directly to the higher second ionization en-
—e— AU +Ar . .
- . . ergy of silver. Overall the three doubly charged dimers owe
* . e Au+ A their stability to a combination of high ionization energy and
% 14 \ moderate polarizability on the part of the argon atom. Al-
TR \ . though comparatively small, the binding energy calculated
- 0 Y, é T for [Ag-Ar]?" is certainly sufficient to accommodate one or
?, p ] 2 \-\.\ PO el S . more bound states. Since the route leading to the observation
s Sremee * of bound dimers probably involves argon evaporation, cool-
2. ing associated with the latter process will help to stabilize the

resultant ions. FofAu-Ar]?" the calculated binding energy
is the highest of the three systems studied; however, we be-

FIG. 4. Calculated potential energy curves for fd-Ar]2* dimer ions  lieve experimental factors to be responsible for our failure to
plotted as a function of internuclear separation. Details of the well depthghserve this ion.
and locations of the avoided crossings are given in Table II.

Internuclear separation (AD\)

_ _ _ B. Preferential stability of [M-Ar,]?>* and [M-Arg]?™*
mass spectrum of a comparatively intense signal foligns

[Cu-Ar,]?". As the complexes increase in size the probabil- Havi d for th bil f the basic di
ity of collision-induced charge transfer diminishes in favor . 1aving accounte or the stability of the basic dimer
uilding-block, the addition of further argon atoms to form

of neutral atom loss. The widths of the charge transfer pea | doubly ch d units should d without d
shown in Fig. 3, reflect the kinetic energy released as a resu}{'® 'arger doubly charged units should proceed without de-

of Coulomb repulsion between the two separating positiVé~:tabilizing the clusters. Thus, subsequent calculations have
charges. The peak widths recorded for fM:-Ar,]2* com- concentrated on explaining the relative stability of the
" n

2+ ; ;
plexes are very narrow in comparison to those seen for othe[f:/l +Ar,]"" 1on, and the effects of adding one and two fur-
[M-L,]2* systems, where L is a polyatomic ligafict! This ther argon atoms; however, for the sake of completeness, all
difference can be attributed directly to the much higher ion_ztructgres cpntalgm'g”b(ra]tweedn tvg? ar;]d SIX ({jslrgon (la\t.omshhave
ization energy of argon compared with that of a typical poly- een investigated. All three doubly charged metal lons have

c -~ lectronic configurations corresponding [t8g]nd®, where
atomic ligand, for example, pyridine at 9.25 eV. € X
g Pie. by n=3, 4, or 5 for C4*, Ag?*, or Au’", respectively. Based

on current knowledge of more traditional €ucomplexes’
together with the limited data available on those of
The first aspect of the results that needs to be examinefig(1l),22*°the structure anticipated for all thréM-Ar,]2*
is the reason for the stability of tHeM-Ar]?>" dimer ions.  clusters should be square-planar, with the o orbital
Figure 4 shows potential energy curves calculated for interholding the single electron. Such behavior is confirmed by
actions between the pairs@VHAr, and M"+Ar*. As ex- the calculations, and sample structures for [&ll-Ar,]?*
pected, the latter interaction is purely repulsive; however, theomplexes fon in the range 2—6 are shown in Fig. 5. Since
ion—neutral potential curve contains a stable well, which to-all three metals yielded structures that are qualitatively simi-
gether with the location of théavoided surface crossing lar only one set, that ofCu-Ar,]?", is shown in Fig. 5;
appears to provide sufficient conditions for the appearance dfowever, details of internuclear separation and charge distri-
stable ions. In all three cases the well depth-ik eV; how-  bution for the individual metal ions are summarized in Table
ever, with regard to observing a stable diatom, the importantil. All the [M-Ar,]>" complexes are calculated to be

A. The stability of [M-Ar]?* ions
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FIG. 5. Calculated structures fpEu-Ar,]?>* complexes witm in the range . - ) .
2-6. Structures involving the other two metal cations are very similar toresult, the axial atoms will be partially shielded from the

these. Details of bond lengths and angles are given in Table IIl.

square-planar and havéalg

Walker et al.

TABLE IV. Average and incremental binding energies|[fot-Ar,12* com-
plexes, where M is copper, silver, or gold. The units are electron volts and
the values given do not include zero-point energy.

[Cu-Ar,]?*" [Ag—Ar,]?" [Au-Ar,]?*

Av. BE? Inc. BE® Av.BE® Inc. BE® Av.BE?® Inc. BE

=}

1.154 1.101 1.145

1.045 0.936 0.966 0.831 1.051 0.958
0.899 0.606 0.824 0.538 0.909 0.623
0.812 0.552 0.760 0.569 0.843 0.644
0.728 0.390 0.661 0.267 0.733 0.294
0.661 0.329 0.593 0.252 0.656 0.272

D0 WN P

#Average binding energy as defined by Eg).
PIncremental binding energy as defined by Ez).

pected since Ni) and P¢l) are isoelectronic with Qi ) and
Au(ll), respectively. Where differences do exist between the
singly and doubly charged complexes, is in the degree of
charge delocalization away from the metal. As Table Il
shows, a significant fraction of the total charge has moved
from Au(ll) onto the argon atoms.

The addition of two further argon atoms to any of the
[M-Ar,]?* complexes, will involve filling the vacant axial
positions where they will encounter a filleﬁ orbital. As a

charge on the metal core, and although the calculations show
that these additional atoms are still bound to the complexes
via the central metal ion, their internuclear separations and

electronic ground state. These pinging energies reflect the reduced level of interaction with

structures are identical to those calculated by Velegraki§ 2+ Each of the calculatefM -Arg]2* structures appears
etal. for Ni™-Ar, and Pt -Ar,,%® which is not too unex-

TABLE IlI. Calculated properties dfM-Ar,]>" complexes for M=copper,
silver, or gold.

Structure Inter atomic separation Charge distribution
Complex  Symmetry [M—-ArJ¥A [M—-Ar’A M/q® Ar¥dg® ArPige
[CuAr?* Cep 2.4298 1.75 0.25
[AgAr]?* 2.5873 1.72 0.28
[AuAr]?* 2.6362 1.69 0.31
[CuAr,]?* Den 2.4294 1.52 0.24
[AgAr,12* 2.6139 151 0.25
[AuAr,]?* 2.6517 1.44 0.28
[CuAr]?" C,, 2.4795 25203 136 0.22 0.20
[AgArg]2* 2.6390 26930 1.35 0.23 0.19
[AuArg]2* 2.6786 2.7215 126 0.26 0.23
[CuAr,]?* Dan 2.5428 1.23 0.19
[AgAr,]?* 2.6817 1.20 0.20
[AuAr, ]2t 2.7176 1.08 0.23
[CuArs]?* Cap 2.5717 2.6830 1.12 0.18 0.15
[AgArg]2* 2.6970 2.9521  1.13 0.19 0.11
[AuArg]?* 2.7383 29776 101 0.22 013
[CuArg]?* D 2.5957 27542 103 0.17 013
[AgArg]?* 2.7117 2.9836 1.07 0.8 0.10
[AuArg]2* 2.7606 2.9992 094 0.20 0.12

8Equatorial argon atoms.

PAxial argon atoms.

‘g, the charge is in units of an electron.

to be a classic example of Jahn—Teller distortion in a near
perfect system, i.e., the full effect of orbital degeneragdy (
in Oy, symmetry is experienced by ligands which are them-
selves unperturbed by interactions with nearest-neighbors.
As can be seen from Table Ill, the difference in internuclear
separation between equatorial and axial atoms for octahedral
complexes is between 0.2 and 0.27 A, which is quite signifi-
cant. Likewise, atoms occupying the separate sites are distin-
guished by carrying markedly different fractions of the delo-
calized positive charge. Again these distorteg structures
(D4 square bipyramidsare similar to those identified by
Velegrakis et al. for Ni*-Arg and Pt-Arg.?® The results
presented here regarding Jahn-Teller distortion in
[(,Ag-ArG]2+ follow a similar trend to those presented by
Akessonet al® in an ab initio study of [Ag-(H,0)g]?".
The data for gold are certainly the first example of Jahn-—
Teller distortion in a Adll) complex.

Table IV lists the average binding energies, which were
calculated on the basis of a reaction energy corresponding to
the step

(1/n)MZ" +Ar—(1/n)[M-Ar,]2*. (1)

Similarly, incremental binding energies were calculated ac-
cording to a reaction energy for the process

[M-Ar,_;1?"+Ar—[M-Ar,] %", 2)

and these are also given in Table IV and plotted for all three
metals in Fig. 6. In each case it can be seen that between
[M-Arz]?* and[M-Arg]?" there are plateaus of stability,
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ol A [Ag.Ar"]z: V. CONCLUSION

- _:_LC\Z::]]Z Observations on the appearance and relative intensities
3 ’ of [M-Ar,]?* ions for M=copper, silver, and gold, have
3 08 been interpreted successfully usialg initio methods. Stabil-
g 074 ity of the dimer ions,[M-Ar]?>", with respect to charge
2 transfer is attributed to a combination of polarizability and
g 069 high ionization energy on the part of argon. Comparatively
E 05 intense complexes consisting of the combinations
g 0a [M-Ar,]?* and[M-Arg]?" are found to haveD,, struc-
g tures, with the latter having additional atoms occupying axial

0.3 ) \; positions, which are Jahn—Teller distorted. All three metals

02 i . . . . exhibit a very similar pattern of behavior.

2 3 4 5 6
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