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Atomic and electronic structures of neutral and anionic gold clusterg (@d Ay, 2<N=<10) are
investigated using the density-functional theory with scalar-relativégiinitio pseudopotentials and a gener-
alized gradient correction. The ground state optimal geometries of the neutral and anionic clusters are found to
be planar up ttN=7 and 6, respectively, with the much studiedsAcluster predicted to haveldyy, triangular
structure. The calculated electron detachment energies of the ground-state anions exhibit strong odd-even
alternations and structural sensitivity and agree quantitatively with photoelectron measurements. Photofrag-
mentation patterns of the cluster anions and their interplay with the photodetachment process, are investigated
and correlated with experiments.

Nanoscale gold particles and compounds play an imporé6.2° and the short bond of 2.63,2D,;, rhombus, andC,,
tant role in colloidal chemistry, medical sciencé, and “W-shaped” planar structure foN=3,4, and 5, respec-
catalysis® In light of the above and a recent discovery of tively. It is interesting to note that a cluster as large as Au
extreme size sensitivity of catalytic activity of supported prefers a planar,;,) structure at variance with alkatfsor
gold cluster$ (with up to 20 atoms as well as early obser- 1B elements CuRef. 19 and Ag?’ Three-dimensional3D)
vations of reactivity of gas-phase cluster anidfishere is an ~ structures are preferred fo#=8: a Ty capped tetrahedron
urgent need to understand structures and bonding in smdPr Aug, a Cs, structure for Ay, and aC,, structure for
neutral and anionic gold clustefs. Auyp.

We report here on systematic density-functional theory The anions have 2—-4 % expanded bond lengths with re-
(DFT) investigations of the atomic and electronic structuresSPect to the corresponding neutral cluster, and in some cases
of gold clusters, Ay, and their anions, Ay, with 2<N acquire a d|ﬁererjt ground §tate geometry, observed here for
<10. The vertical electron detachment energid3E) of the N=34,789. Ay has a linear structurébond length of

ground-state anions are found to be in very good agreemefit®° A), Au, has two essentially degenerate structures: one

with photoelectron spectroscopPES data®~2 and their isaC,, “Y-shaped” structure, similar to the ground state of

structural sensitivity is illustrated through comparison be-
tween the values calculated for the ground-state structure

and those corresponding to higher-energy isomers. The e
photofragmentation patterns of the cluster anions exhibit at&-43 2 3 1 o
dependence on cluster size with asymmetric fragmentatior 1Q ,)2 ) 3 . s
2
2

favored for all sizes, and the interplay between such pro- 01

cesses and electron photodetachment is correlated with re by ,
sults obtained via laser experiméhter Auj . s »
We use the Born-Oppenheimer local-spin-density mo-
Aug Au;3 Aug zmT7

Au

2 Au

N Au, AuS/Au5 AuE;/Au6 Au7
4
3

lecular dynamics (BO-LSD-MD) method'® employing
scalar-relativistit’ ab initio pseudopotentials for the 2Yo/Auj, Aug
5d'%s! valence electrons of goft,and the recent general-
Ernzerhof (PBE) (Ref. 16 is used for the exchange- gold clusters with 4—10 atoms; the geometries for the neutrals and
correlation potential. For comparison, some calculations fofNions withN=2,3 are given in the text. For 4uwe show the two
Au,—Au, clusters were repeated without the GGA by usingdegenerate structurégs,z2 discussed in the text. For the 2D struc-
the LSD parametrization by Vosko Wik and Nusair tures (top row) the pertinent structural parameters for interatomic
17 P y ! S . bond lengths d;;, in A) and bond anglesq(;, , in degreesjjk
(VWN).*" All the structures were fully optimized without y I
' . . Fefer to numbering of the atorhsre as follows: Ay: d;,=2.70,
any symmetry constraints, starting from a large number o

L2 . . . ? . . =58.9; Ay, (y9): d,=2.59,d,,=2.72, =59.8; Ay, (z2):
initial candidate geometries including the ones discussed ﬁlziz 61 d :Eéy&) b 152 o AL 5322_42 64 d LE2(723
127 &- y U237 4 ’ 1237 -~ . 12— & y U137 & ’

! a314~ 561, Al.h d12:2.66, d13: 281, AL{S . d12: 271, d13
paper. _ =2.76; Al dip,=d;,=2.72,d;3=2.77. For the 3D clusterot-

The optimized ground state structures of\Aand AY;  tom row) the average bond lengths are 2.79, 2.80, 2.80, 2.81, 2.77,
clustersN=4 ... 10, are shown in Fig. 1. We note that the 2.81, and 2.82 A for Afi, Aug, Aug, Alg, Al , AU, and
smallest neutral clusters acquire similar structures as alkali 0&u,,, respectively. The symmetries of the clusters are discussed in
other IB metals, namelZ,, obtuse triangléobtuse angle of the text.
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2.0 energieg Eg(N)] of the ground state neutral clusters, as well
= 18 as the second difference in the binding ener@ysed,
£ AZEg(N)=Eg(N+1)—2Eg(N)+Eg(N—1), (b) the
5 16 HOMO-LUMO energy gapsk,, ), and(c) the vertical de-
; 14 tachment energie@wDE) together with the experimental val-
QL " ues determined via PES.In general, the PBE-GGA de-
Le 12 creases the binding energy by 0.3-0.4 eV per atom
compared to the VWN-LSDOe.qg., for the dimer the VWN
10 and PBE values are 1.40 and 1.11 eV, respectjvelyile
2.0 increasing the interatomic bond lengths by 2—-@¥%e Fig. 1
PR (e.g., from 2.48 A to 2.54 A for the neutral dimer, and from
> 15 2.58 A to 2.65 A for the dimer anion We note that the
V_, 1.0 experimental binding energy of the dimgt.14+0.05 eV/
W4 atom(Ref. 21) and 1.1 eV/atoniRef. 22] and the measured
0.5 bond length[2.47 A (Ref. 22 are in very good agreement
0.0 with the calculated PBE-GGA results.
) For the neutral clusters both?Eg(N) and E,, exhibit
35 odd-even oscillations, indicating that even-numbered; Au
< clusters are relatively more stable than the neighboring odd-
2 3.0 numbered sizes. The HOMO-LUMO gap is particularly large
w25 for Au,, Aug, and Ay (1.96 eV, 2.05 eV, and 2.04 eV,
2 respectively. We also note thaEg(N=6) is a local maxi-
2.0 mum. The aniongat their optimal geometries, which differ
15 S T S T from those of the neutral ones fof=3,4,7,8,9) show a re-
(d)' o T verse odd-even oscillatiofE,; (N=o0dd)>E, (N=even)
35} I - [see solid line in Fig. @)]. We conclude that the spin-
— pairing effect stabilizes the clustefboth neutral and an-
> 3.0 x A 8-§ a- 8] ionic) with an even number of electrons.
: 25t e ,x . \\ , o0 Figure Zc) shows the calculated energies for vertical de-
RN ST X !/ 2 ' tachment of an electron from the ground state cluster anions
20 o o 4 for N=2—10, compared with early PES ddf(To the best
1.5 N S of our knowledge, up to date this is the most complete single
@ series of measurements in the size range of our interest.
35} 28 ® - Other experimental resultd!2 for a more limited size
< 30} I, "~ v // \\ | range of clusters, are in agreement with the data of Ref. 10
E ’ Q / ¢ N0 / \ The remarkably good agreement between the calculated vDE
L 2.5t as ! A \\ PR I values and the measured ori#i®e largest relative deviation,
20}t . IX ‘AL 2 4 ~15%, occurring for Ay) validatesa posterioriour deter-
’ mination of the optimal structures. This is further supported
1.5 1 2 3 4 5 6 7 8 g 0 by the often observed sensitivity of the detachment energy

N

(as well as the ionization potentiaf small metal clusters to
their structure?>? Below, we elaborate on the dependence

of the vDE on the isomeric structures of the cluster anions in
the case of Ay and Ay .

As noted above, Au has two essentially degenerate
structuregsee Fig. 1 aC,, “Y-shaped” (ys) structure and
a ‘“zig-zag” (z2 structure, as well as two close-lying
higher-energy isomeflseparated from the nearly degenerate
lowest-energy structures by less than 120 K in vibrational
temperaturel i, (Ref. 29]: a linear chainlc) (D..;) and a
rhombus (h) (D,y); a 3D T4 tetrahedron is a higher-energy,
Jahn-Teller unstable, structure. While the linear chain and all
Ag, found in Hartree-Fock—configuration interactidiF-  the 2D structures described above would be thermally acces-
Cl) calculations? and another one is a “zig-zag” structure, sible in a typical room-temperature photoelectron
not reported previously for any metal cluster anion, to theexperiment? the considerable differences in the vDE values
best of our knowledge. The anions acquire 3D structure foof these structural isomef2.78 eV, 3.30 eV, 3.53 eV, and
N=7: Au; and Ay, areCs, andC,, capped and bicapped 2.64 eV for theys, zz Ic, andrh structures, respectively
octahedra, respectively. imply that only theys andrh isomers can contribute to the

In Fig. 2 we display:(a) the calculated per-atom binding detachment threshold in the PES spectrum of Au

FIG. 2. (a) Binding energy per atonEg, for neutral clusters
with the inset showing the second differeneeé\?E in the binding
energy with respect to the particle numbér (b) HOMO-LUMO
gap,E,. , for neutral(solid triangles connected by dashed Jiaad
anionic(open triangles connected by solid ljrgusters.(c) Calcu-
lated (solid dotg and experimentally measuréRef. 10, open dots
connected by a linevertical electron detachment energies, vDE.
(d),(e) Calculated fragmentation energies féd) channels(l) and
(I (open squares and crosgeand (e) channels(l11)—(V) (open
circles, triangles, and diamonds
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Aug has attracted special past inter&st® due to its  (Il) (losing a neutral atoimwhile for Aug it is (IV) (losing a
exceptionally low vDE of about 2.0 eV, similar to the vDE neutral dimey, and(iii ) the symmetric fragmentation channel
of Au, ; these two cluster anions have by far the lowest(V) is never favored over the asymmetric ones.
detachment energies among all the cluster dizes Fig. 2c) Figures 2d) and Ze) imply that by lowering the laser
and Ref. 10 and PES featuring a large post-threshold gap ofenergy below the vDE of the cluster in question, photode-
2.5 eV, i.e., the gap between the fifktwest-energy peak  tachment could be excluded most easily for Awith N
and the next strong feature in the PE®e Fig. 1 of Ref. 9 =3,5,7,9, and consequently only fragmentation would be de-
and Fig. 9 of Ref. 10 This gap would correspond to the tectable(either by mass spectrometry or through identifica-
HOMO-LUMO gap of the neutral Aycluster assuming that tion of the fragments via analysis of PES dat&/e note that
the threshold peak of the PES is due to detachment from ongxperiments for Ay corroborate this scenario: In Ref. 8 a
electronic state. On the basis of the dkal mode! and photon energy of 3.53 eVi.e., below the VDE of Ag) was
HF-CI"® calculations, it had been suggested that the optiysed. and the PES of Auwas interpreted as a sum of the
mal geometry of Ay is a planarDey, ring similar to the  gpecira of Ag and Au™ associated with a two-photon pro-
carbon ring in & benzene molecule. _ cess(to first fragment the Ay cluster and then to photode-

Our calculafuons_ show that the plandly, triangular tach an electron from the resulting anjoifihis interpretation
structure(see F_|g. 1is the most stable structure for both Au is supported by our calculations since both chanfiéland
and Ay, . In this structure, Ayl has a low VDE of 2.29 eV} ¢ energetically favored for Ay with their fragmenta-
(only Au, has a lower calculated vDEand the correspond- o energies lying below the VDE of the clusf@ompare
ing neutral (optima) cluster has @ HOMO-LUMO gap of rig () with 2(c)]. Furthermore, the energetic order of the
2.05 eV[Fig. 2b)]. Examination of a number of structural channels, determined in Ref. 8, agrees with our calculations,
isomers for both neutral and anionic fAuincluding Dy, namelyE,aq(1) <Efrag(ll).
capped pentagoit;,, incomplete pentagonal bipyrami@, The results of our study, obtained through state-of-the-art
octahedronD.., linear chain, andg;, ring), has verified | Sp.GGA calculations, give insights into the systematics of
that: (i) all those anionic isomers lie at least 420 K higherhe evolution of the geometric and electronic structures of
[measured ifT,;, (Ref. 24] and they have vDE values rang- qo|q clusters (Ay and Ad; with 2<N<10). The VDEs of
ing from 2.5 to 4.2 eV, andii) the HOMO-LUMO gaps of  he anjonic clusters exhibit a strong structural sensitivity, and
the neutral clusters are less than 1.5 eV. In particular, thg,e remarkable agreement between the values calculated for
Den ring of Aug is Jahn-Teller unstabl@t can be be stabi- the optimal cluster geometries and the measured ones lends
lized against Jahn-Teller deformation only by consideringyrther support to our structural assignments. Using these
the. spin-quartet configuration, i.e., three unpaired electrongegyts, as well as the energetics of fragmentation of the an-
which is, however, 1300 K above the ground st pla-  jonic clusters, we predict a planar trianguBg;, geometry
nar structure and has a vDE value of 3.2)eWe thus con-  for the much studied Aji cluster, and corroborate the inter-
clude that the pr_ed|cted planrs, triangular ground state retation of laser experiments on Aucluster involving
correlates best with both the observed low vDE and the largg 1o ragmentation of the cluster and subsequent electron

HOMO-LUMO gap in the neutral cluster. detachment from the charged fragments.

Upon illuminating metal clusters with a laser, photode- Finally, we comment that the low VDEs for 4y (L=N

tachment of an electron from the cluster and cluster photo-<5) associated with larcE... values of the correspondin
fragmentation can be competing processes under suitable cir->7’ . 9L V ) P 9
eutral clusters, with their affinity levels lying above the an-

cumstances, although in general the photodetachment Ch}ﬁ&)onding (7*) LUMO of O,, make charge transfer from

nel is favored over fragmentation if the laser photon energ hese clusters to the adsorbed molecule energetically favor-
is high enougHi.e., above the VDE of the cluster anjdtt® 2 . ; 9 Y
able, resulting in weakening of the interoxygen bond and

We have studied the following five channels: stronger binding to the clusté?.This observation correlates

Auy—Auy_y+Auy (LI, (1)  with the measuretselective reactivity of gas-phase Au
clusters with @, and with recerftexperimental and theoret-
Auy—Auy_y+Auy  (ILIV,V), 2) ical observations pertaining to the low-temperature catalytic

) oxidation of CO by Ay (8<N=<20) clusters adsorbed on
whereM =1,2 correspond, respectively, to channilsand  \150(001) surfaces. Indeed, for AIMgO(001) (with and
() in Eq. (1), and to channeléll) and(IV) in Eq. (2), and  yjithout surface oxygen vacancjekSD calculations have
(V) is the symmetric channel withM=N/2 for N  ghown partial charging of the supported cluster, leading to
=2,4,6,8,10. Note that the symmetric chanfi] is degen-  activation of adsorbed Dwhich catalyzes the CO oxidation

Figs. 2d) and 2e) we show the fragmentation energies for

these channels and compare them to the calculated vDE val-

ues. Several observations can be mddethe energies for This research was supported by the U.S. DOE, AFOSR,
electron photodetachment and monomer photofragmentatiofind the Academy of Finland. Computations have been done
[channel(ll)] are fairly similar for Ay and Ay , but differ  on IBM SP2 at the Georgia Tech. Center for Computational
considerably for all the other sizéthe vDE being higher Materials Science and on Cray T3E at the Center of Scien-
than the fragmentation energjesii) the energetically fa- tific Computing (CSO, Espoo, Finland. It is a pleasure to
vored fragmentation channel depends nontrivially on thehank R. N. Barnett, U. Heiz, and M. Moseler for fruitful
cluster size, e.g., the optimal channel for Aand Aug,is  discussions.
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