JOURNAL OF CHEMICAL PHYSICS VOLUME 117, NUMBER 15 15 OCTOBER 2002
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A combined experimental and theoretical study of small gold cluster anions is performed. The
experimental effort consists of ion mobility measurements that lead to the assignment of the
collision cross sections for the different cluster sizes at room temperature. The theoretical study is
based ormab initio molecular dynamics calculations with the goal to find energetically favorable
candidate structures. By comparison of the theoretical results with the measured collision cross
sections as well as vertical detachment enerQi€3Es) from the literature, we assign structures for

the small Ay, ions (n<13) and locate the transition from planar to three-dimensional structures.
While a unique assignment based on the observed VDEs alone is generally not possible, the
collision cross sections provide a direct and rather sensitive measure of the cluster structure. In
contrast to what was expected from other metal clusters and previous theoretical studies, the
structural transition occurs at an unusually large cluster size of twelve atom2002 American
Institute of Physics.[DOI: 10.1063/1.1507582

I. INTRODUCTION Landman’ and Grmbeck and Andreoff carried out density
éunctional studies on neutral and anionic gold clusters and
predicted minimum structures up to the decamerkkiteen
and Landmaf( located the planar—3D transition at=7.

The properties of small metal clusters have been in th
focus of a large number of experimental and theoretical in
vestigations for more than two decade3From the theoret- ) . ,
ical point of view one might classify these metal cIusters_EXpe”memal mference_s related to.s.truc_ture and e.nerggtlt_:s of
according to the difficulties they present for an accurate callSlated gold clusters include CO”'S'On'md%%eod dissociation
culational treatment. In this sense, alkali-metal ClustersgtUdles of singly and multiply ch.argegllg);%z, ’ phqtoelec-
proved particularly useful in that they were at once comparalfon spectra of gold cluster aniofis,**" electronic one-
tively easy to generate experimentally and amenable to conf2hoton dissociation probes of gold clustérations and neu-
putational quantum chemistry. As a consequence, it had@!9 complexed to xendfi as well infrared multiphoton
proven possible to assign and understand the geometr@ssociation spectra of cluster cations with adsorbed sensor
structures of sodium clusters by comparison of calculatednolecules:®?*Recently we were able to assign the structures
and measured absorbance spectra—for sizes up to more thghsmall gold cluster cationsn(<14) by a combination of
ten atom$:” In short, there is a strong tendency to maximizeion mobility measurements and density functional theory
the number of bonds per atom leading to a transition fron{DFT) calculations’® In short, we found that cationic gold
planar to three-dimensional structures at very small clusteglusters are planar up t=7; starting at A§ they form
sizes of about six atoms, depending on charge state. Mudhree-dimensional structures. For gold cluster anions, the
less is known for transition-metal clusters where electronicnly (indirect structural data comes from a zero kinetic en-
structure and chemistry are dominated by the interplay beergy (ZEKE) photoelectron spectroscopPES measure-
tweens andd electrons. In a sense, the coinage met@ls, ment on Ay (which inferred a planar highly symmetric ge-
Ag, Au) with their filled d shell can be regarded as a bridge ometry from resolved vibrational structdte
between the “simple’s-only alkali metal and the more com- Here we report on a structural assignment of gold cluster
plicated transition metals. As a result they have become thanions by means of gas-phase ion mobility measurements.
object of numerous experimerftal’ and theoretical This method has been proven to be a powerful tool to gain
studies:®~** Especially silver clusters have been intenselygeometric information for molecular ions in the gas phase. It
studied®®*1%23*4\/e have recently shown with ion mobil- involves the determination of the time it takes for an ion to
ity measurements that, starting an=5, silver cluster cat- grift through a gas-filled cell guided by a static electrical
ions form compact three-dimensior(@D) structures, in line  fie|d. If we compare two ions of the same mass, the larger
with theoretical predictions of BoneKouteckyet al’* I molecule will have a longer drift time than the smaller, more
comparison to silver, much less is known about gold clusters;ompact ion, i.e., it has a larger collision cross section. This
partly because an accurate theeoretical treatment requires teyss section allows us to determine the structures of the
inclusion of relativistic effect? Recently Hakinen and  ¢jyster ions since it can be compared with cross-section pre-
dictions from theory(see below. The ion mobility method as
dAuthor to whom correspondence should be addressed. such was first developed by Mason and McDarflellore
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recently, Bowers and co-workérs® combined this method 120 1
with modern mass spectrometry, and Jarrold and co-workers /,@/}i’é
have applied the technique to a variety of semiconductor and 100 + iy gj,g'ﬁi@
metal cluster ions, especially aluminum, silicon, tin, and stags?
lead®"—4° < 80 £
< i B
é s !/I/{
Il. EXPERIMENTAL SETUP AND METHODOLOGY § 60 !’;/ﬁ’
w | 34
The experimental setup used to obtain collision cross § 40 | 5,,/;/“
sections of cluster ions has been described in detail " » anions
elsewheré! It comprises a combination of a cluster source, a 20 | o cations
time-of-flight mass spectrometer, an ion mobility drift cell,
and a quadrupole mass filter. The cluster source is a variant P
of a setup used in Ref. 42 with a rotating disk target, pulsed 0 5 10 15 20 25

valve (General Valve Corp.to provide the cooling gathe-

lium, backing pressure 5—10 baand supersonic expansion
through a conical nozzl¢l-mm orifice. The vaporization FIG. 1. Cross sections obtained form the ion mobility measurements for
laser(Continuum-ND 61, second harmonic, 532 nm, 30 Hz positively and negatively charged gold clusters. It is obvious that the small

. . . . gold cluster anionsr(<13) have much larger cross sections than the corre-
is focused collinearly through this nozzle onto the rotatingsponding cations. The dashed line is a fit to the cationic cross sections with

target disk. This target is made by soldering a gold foilthe functionQ(n)=§m(n¥% o, + 1,92 nis the number of atoms, and the
(0.1-mm thick, 99.9%, Chempupbnto a 50-mm-diam steel parameters,, andr, are determined to 1.47 and 1.15 A, respectively. This
sample holder. To enhance the cluster growth, we use a smdif] function is used to normalize the calculated and experimental cross sec-
(10-mm-long, lO-mm-Wid)econdensatio'n regiop prior to the g(i);s,z)ll.e., essentially to remove the size dependence of the cross gettion
expansion through the nozzle into high vacuum

(10 °-10 *mbar) of the source chamber. s _ _ .

After vaporization/expansion, the ion packet enters thdunctionaf and the resolution of the identff§** (RI) ap-
extraction region of the time-of-flight mass spectrometer. AllProximation to the Coulomb energy. Grids of m3 qudfi®
Au, ions are then accelerated by a pulsed electric fieldVere chosen for the D_FT q.uadrature. Scalar relativistic
(4.5-kV acceleration voltageat right angles to the primary small-core pseudppotentlals with 19 valencc_a elecffonsre
beam and transferred into the main cham{@90-mm dis- €mployed. . Basis sets were of splitvalence plus
tance. A particular ion mass is isolated by means of a puIse(f_’OIf”‘”z""t'o'/f (SVP) quality for the AIMD simulations; equi-
mass gate, decelerated to the respective injection energ%f”“m structures and energy differences were calculated in
(typically 100-eV laboratory frameand injected into the the larger[7s5p3d1f] basis described in Ref. 33. For the
drift cell (110-mm-long, 0.5-mm entrance and exit orifices, Stationary points found we confirmed that they represent lo-
filled with 8 mbar helium as buffer gasThe ion packet cal minima by means of force constant calculations. All cal-
drifts through the buffer gas in the cell under the influence Oicu!atL%ns were performed using tlRRBOMOLE program
a weak electric fielddrift voltage 50—300 V. After leaving ~ SUlt€: _
the cell it passes through the quadrupole mass fifterre- In ordgr to actually assign structl_Jres one has to compare
jection of possible fragmentation productnd is detected the experimental cross sectiofs. Fig. 1) with the cross
by means of a channeltron electron multiplier. Typically 1% S€ctions of cqlculated candidate structures. A S|mpl_e bqt
of ions injected into the drift cell are transmitted. crude method is to put hard spheres at the atom positions in

The transient signal from the detector is fed into anth€(optimized cluster and calculate its angle-averaged pro-
EG&G MCS (micro channel scalgboard(2-us dwell time.  J&ction are_a[_prolect_lon approximatidt! (PA)]. Somewhat
Drift time distributions are acquired as a function of the ap-"More sophisticated is the so-called exact hard-sphere scatter-
plied drift voltage, and from the plot of the arrival tintdis- N9 Model(EHSS, developed by Shvartsburg and Jé_lr'%ﬂd-
tribution maximun against drift voltage, we obtain the ion This model mcorporates the exac@ scattering dynamics under
mobility and finally the collision cross section. Typical ex- the assumption of a purely repulsive potentfzdrd spheres

perimental errors of the collision cross section are in thetentered at the positions of the nuclei. The only adjustable
range of = 2%. parameter in both the PA and EHSS model is the smallest

distance between an atom of the constituent cluster and the
buffer gas(helium) atom, i.e.,r 5, +rpe. These simple mod-
els have worked reasonably well for a large number of cat-
Potential energy surfaces were scanned for minima byonic systems®38-4%4%ecently we successfully used them
ab initio molecular dynamic$AIMD ) using a classical treat- for the structural assignment of gold and silver cluster
ment of nuclear motion. Typical simulation times ranged be-cations?>33
tween 5 and 10 ps, with 1000 or more individual time steps, Due to the electron spill-out the assumption of a fixed
at temperatures between 500 and 2000 K. The most promatomic radius independent of the cluster size is not a good
nent minima of the potential energy were optimized subseapproximation in anionic systems. Consequently the PA and
quently. No symmetry constraints were imposed. All calcu-EHSS method can produce substantial erfor§%), as has
lations were carried out using the Becke—PerdeWBB86 been shown by Jarrold and co-workers in measurements

number of atoms

IIl. COMPUTATIONAL METHODS
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of silicor®® and indiuni? cluster anions. They therefore 1.3 -

implemented a different approach, the scattering on an elec- o o o
tronic density isosurfacéSEDI) method: in order to calcu- 1 -8”-"""
late the cross section the candidate structure is not composed oM 104

of hard spheres, but the contour of the electron density dis- g i ;
tribution is used instead. This method also contains one ad-
justable parameter, the threshold electron density above 3.;%" ) >, ‘ %
which a volume element in space is considered “inside” the { % { ? ’ R
molecule, and below which it is “outside.” The cross section 19 { g1 °
is then calculated from the overall surface area defined by all L g éz.l?
the inside volume elements. | e e 07_..,05"" F { {

11 12-

3

relative cross section

10-IvV

The advantage of this method over the hard-sphere ap- ; °
proach is that it takes the electron spill-out in anions into
account in a natural wagwhich leads to expansion of the
electron density distribution in spacgOur approach is a
slight variation of the algorithm of Jarrold and co-workers
inasmuch as we use the projected area of the electron cloudG. 2. Relative cross sections of the gold cluster anions obtained by divid-
instead of an exact elastic scattering on the isosurf&iece ing the experimental and calculated cross sections through the fit function

L - SV 2 i - — i
SEDI is (like PA and EHS$not a parameter-free approach &(0=3m(n"a+ 1) with ra,=147 A andr,e=1.15A (cf. Fig. 1.

h t Id cluster anion-Afor calibration This plot removes the cross-section increase due to the increasing number of
we have 1o use one gold ¢ n\U ' atoms per cluster and in this way enhances the effect of the different cluster
i.e., to adjust the threshold electron density so that the exshapes. The full circleé®) and error bars represent the experimental data.
perimental and calculated cross sections match. We use tf&e open circlesO) represent the cross sections of the candidate structures
trimeric cluster. Ag . for this purpose for two different rea- (cf. Table I, Fig. 4. The dashed line connects the “best” candidate struc-

- L 4. . ' . tures (based on cross section, calculated energy, and vertical detachment
sons: .FIrSt, Its .strl.Jcture is well known to be' linear b?gszezd Oftnergy. In most cases these are lowestDFET) energy[labeled with -I(see
experimental finding$ and quantum chemical datd'®??  aiso Fig. 4 and Table). Exceptions are Afi, Aug,, and Al;, where only
Second, Ad should be large enough that its electron densitycandidates that are slightly higher in DFT ene(ibeled with -1 are in line
distribution and helium-cluster—anion interaction potential*ith experiment.
can be considered typical for the larger anionic gold clusters

as well. (The cross sections of the dimer and especially the ) . . B )
atomic anion are expected to be significantly more strongly"créases again to 15%-20%, above,fthe anion cross

influenced by the extra electron. sections quickly approach the values for the cationic
Besides cross sections we have also used another clus@?ec'es_f%r Ay the difference between cations and anions
property to benchmark the candidate structures we obtail? ONlY 3.5%. One has to consider two possible reasons for
from theory against the experimental data: Tagbal ! and the larger cross sections. First, they may result from larger
Ho, Erving and Linebergéf have measured the vertical de- effective atomic radii for anionic clusters. Second, different
tac’hment energyVDE), i.e., the energy required to remove structures may pertain for gold cluster cations and anions.
the extra electron from the anion by means of photoelectroﬂ-he rationale for larger atomic radii comes from the fact that
spectroscopy. This property is easily accessible to caIcuId-” an anionic cluster the electron cloud is more extended than

tions, it represents the energy difference between anion arijat in the corresponding neutral cluster, a phenomenon that

neutral as calculated at the geometry of the anion. We agd1as Peen nicknamed “electron spill-out” and that has been

sume that our cluster anion source and injection procedur@irect!y Zconfirmed inmobility measurements of indium
give rise to the same anions as probed in Refs. 11 and 12 Clusters® One would expect that this effect quickly de-
creases with increasing cluster size—the influence of the sur-

plus electron is stronger when there is only a small total
IV. RESULTS AND DISCUSSION number of valence electrons.
) ) In the following we will use the combination of both
~ The experimental cross sections for the gold cluster angy,ss section and VDE data to confirm or rule out the candi-
ions are shown in Fig. 1, together with the results for theyate structures obtained from the DFT calculations. PA,
gold cations® Included is a fit for cationgdashed lingthat 4SS and SEDI methods differ slightly with regard to
assumes near spherical shapes and that describes the larggfss-section predictions. These differences have no influ-
gold cluster cationsr(>12) reasonably well. To facilitate ence on the following structural assignments in which SEDI

the comparison(by essentially removing the size depen-\jyes are discussed unless otherwise noted. With increasing
denceg the cross sections of the anions are divided by this fit,|;ster size the results are as follows.

function (cf. Fig. 2). It is obvious for all cluster sizes where

a comparison can be made that the anions have significantIX _

larger cross sections than the corresponding cations—2Y

especially the negatively charged dimers, trimers, and tet- We obtain in the experiment a cross section for the
ramers are effectively more than 20% larger than the correatomic anion of 32.5 A The calculated value is only 28.8
sponding cations. The difference is smaller for the pentameA? [with the electron density threshold calibrated at the tri-
and hexametaround 10%, for clusters with 7—10 atoms it mer(see below]. Such a comparatively large cross section is

T T T T T T T T T T 1

0 5 10 15

number of atoms
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4.5 7 o the electron density threshold to match this value and obtain
Cha 13-141

0.0253¢/A3. This density threshold is used in all cross sec-
tion calculations for all cluster sizes.

Auy
In the calculations we find three different isomers within
an energy range of 0.15 eV. The lowest is a zig-zag chain
(4-1; cf. Fig. 4. It has a cross section of 62.0°AA linear
. S form (D..;, symmetry is 0.07 eV higher in energy but does
0 5 10 15 not represent a local minimum. Only 0.02 eV above the zig-
number of atoms zag chain is ar-shaped structuréd-Il) with a cross section
i _ of 58.5 A2. This energy difference is clearly smaller than the
FIG. 3. Experimental and calculated VDE. The full circ(@), squaregsl), . . . . .
and error bars represent the experimental data of Ho, Ervin, and Lineberg(grror inherent in the computatlopal mEth_Od’ which we esti-
(Ref. 12 and Tayloret al. (Ref. 11, respectively. The open circle®) ~ mate to be about 0.05-0.1 eV in this size range. 0.14 eV
represent the VDEs of the candidate structures that are lowe@FHit) higher is a rhombic structurgl-1ll) with a cross section of
22::93/[?;11?{:}{;5134(386 also Fig. 4 and Tablg| land some of the higher- 54 9 &2 The experimental cross section is 58.§ #hich is
o ' in almost perfect agreement with the value of Mshaped
structure 4-II, while we can clearly rule out both the zig-zag
not unusual for atomic ions and simply reflects the fact thachain and the rhombus on the basis of the mobility measure-
the mobility of Au™ is close to the point charge limit.e., ment. This assignment is also in line with the VDEs: the
dominated by the long-range interaction of the ion chargexperimental value of Ho, Ervin, and Linebertfeis 2.79
with the polarizable helium buffer gas and not by the size of=0.05 eV; Tayloret al** obtained a somewhat lower value
the ion as reflecting the short-range repulsive interagfich ~ of 2.63+0.2 eV. The calculated VDEs for structures 4-, II,
Refs. 33 and 34 The electron affinitycalculated as energy and Il are 3.37, 2.81, and 2.79 eV, i.e., on the basis of these
difference between Au and neutral Auis 2.28 eV, in ex- data we can also rule out structure 4-I, but not distinguish

cellent agreement with the experimental value of 2.308%V. between structures 4-Il and 4-lll. To summarize, only the
Y-shaped structure 4-Il is compatible with both the VDE and

Aus mobility data.

The calculated DFT bond length is 2.636 A, in excellent
agreement with the relativistic coupled cluster singles andAus;

doubles [CCSZHT)] results of Wesendrup, Hunt, and The lowest-energy isomer we find is \&-like planar
Schwerdtfegef? who obtain a distance of 2.632 A and also structure, 5-1. It has a calculated cross section of 6220 A

with the experimental value of 2.582.007 A by Ho, Ervin,  1pe experimental value is in reasonable agreement, 63.7 A
and Lineberget? With this distanc€and the SEDI threshold goiy  Hiinnen and Landm#A and Gimbeck and
calibrated at Ag) we calculate a collision cross section of pnqreonf® find the same structure as the global minimum.
40.0 ’_&2; our experimental value is 42.12AThe_ calculated 5 vDE is calculated as 3.2 eV, which is in good agreement
VDE is 2.09 eV, in reasonable agreement with the experiyith the available experimental dat2.98+0.2 eV (Ref. 11)
mental data of Tayloet al™ (1.9 eV) and Ho, Ervin, and 5143 12-0.05 eV(Ref. 12]. A V-shaped chaif6-11) is only

. 2 . .
Lineberget” (2.010.01 eV); see Figure 3 and Table I. 0.13 eV higher in energy. It can be ruled out however, since
3 both its cross section of 72.1%&nd the VDE of 4.26 eV do
Aug not agree with experiment. Another plarixrlike) structure,

In our calculations we find the lowest-energy structure towhich is the most favorable cationic structdfds 0.66 eV
be linear(structure 3-1; see Fig.)4The energetically closest higher in energy and does not represent a local minimum.
isomer is a triplet state’E’) with D5, symmetry, it is 1.16 The lowest three-dimensional structure is a square pyramid
eV higher in energystructure 3-1}. The ground-state Au-Au (5-111); it is 1.02 eV higher in energy than structure 5-1 and
distance is 2.587 A. Unfortunately there are no experimentahas a cross section of 59.8 Aclearly smaller than the ex-
data for this bond distance. Our number is again in excellenperimental value.
agreement with the relativistic CC$D results of Wesen- On the other hand, the VDE of this structure is 3.27 eV.
drup, Hunt, and Schwerdtfegé& who obtain a distance of Like the VDE of structure 5-I this is reasonably close to the
2.573 A. It should be noted that the atomization energiegxperimental dat&2 This also implies that the VDE is not
(Au; —2Au+Au™) agree surprisingly well: we obtain 4.84 always an unequivocal distinction criterion between different
eV, Wesendrup, Hunt, and Schwerdtfeger 4.76%Rxperi-  candidate structuretf. the VDEs of structures 4-1l and
mentally known from PES data is the vertical detachmen#-IIl). It represents only a useful tool tale outa candidate
energy, Tayloret al. find 3.77+0.2 eV we calculate 3.69 structure. Thedistorted trigonal bipyramid(structure 5-1\f
eV (Fig. 3. The fact that experimental as well as higher-levelis even higher in energi+1.24 eV}, and its cross section of
theoretical results are quite well reproduced by our DFT cal59.8 A2 is also significantly smaller than the experimental
culations suggests that DFT is reliable for the larger clustersalue. On the other hand, the VDE of this isomer calculates
as well. Our experimental cross section is 5077 ie adjust  to 3.15 eV, again in line with experiment. To summarize,
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TABLE I. Calculated and experimental cross sectitinsA?) relative energie¢in eV) and vertical detachment
energieg(in eV).

Symmetry State RelativE Qe Qeypt VDE (calg VDE (expb

1 28.8 32.5

2 D..i 25y 40.0 42.1 2.09 1.9,
2.01+0.02°

3 D..i N 0 50.7 50.7 3.69 3.77

3-113P D g’ +1.16 2.62

4-12b Con A, 0 62.0 58.6 3.37 2.63,

4-11 C,, 2p, +0.02 58.5 2.81 2.790.05

41112 Do 2Asg +0.14 54.9 2.79

5-| Cy, A, 0 62.0 63.7 3.2 2.98,

5-112P Cs, A, +0.13 72.1 4.26 3.120.05°

51112 Cyu, A, +1.02 59.8 3.27

5-lva C,, A, +1.25 59.8 3.15

6-1 D3 Y 0 69.9 68.6 2.35 29

6-11°P Cs, A, +0.14 69.6 2.59

6-111° Con A, +0.23 69.4 3.44

6-IvP C,, 2p, +0.28 69.9 3.86

6-Vv@ Cs 2n’ +0.61 66.4 3.00

7-1 Co, A, 0 76.8 75.4 3.55 3.38

7-112P Cs, A, +0.50 73.3 3.87

7-2 Cs, A, +0.67 68.7 3.58

8-l Dan 2Asg 0 84.1 82.3 3.0 2.79

8-112 C,, 2p, +0.21 80.6 3.13

8-112 C,, 2p, +0.95 74.4 2.74

9-1 Cy, A, 0 87.8 86.7 3.87 3.78

9-Il Cy, A, +0.21 87.6 3.61

9-11I® Do A, +0.77 87.3 3.19

9-Iv Cu, A, +0.39 87.3 3.69

10-P° Cs, 2p, 0 95.0 91.7 4.02 2.98

10-11 Do A, +0.15 91.5 3.08

10-112 Con A, +0.31 97.9 3.22

10-1v@ Cs 2p, +1.41 81.0 2.88

11-1 Cs A, 0 98.3 95.7 3.81 3.7

11-112 Cs, A, +0.05 101.2 3.98

11-1112 Dn, A, +0.17 101.8 3.84

11-IV2 Cs A +0.22 101.7 3.78

11-\P C. A +0.24 94.3 4.06

11-VI Cs a +0.27 98.9 3.62

12-| D3 2A; 0 102.6 89.7 3.34 3.07

12-11 Co 2p; +0.65 92.6 98.8 3.20

13-P Cs A 0 112.8 95.8 4.14 3.93

13-11 Cs, A, +0.24 99.7 411

aStructures that can be ruled out on the basis of their cross sections.

bStructures that can be ruled out on the basis of their vertical detachment energies.
°SEDI values referenced to Au

‘Reference 11.

®Reference 12.

based on the cross-section data and on the large energy ddan, however, clearly rule out three-dimensional structures:
ferences there is no doubt that Athas aW-like planar  The lowest-energy three-dimensional structure 6-V is 0.6 eV
structure (5-1), even though the VDE data are compatible higher in energy and its cross section of 66.4 does not

with the 3D structures 5-Ill and 5-1V as well. agree with the experimental value. The VDE of the hexamer
is unusually low, 2.0 eV according to the measurement of
Aug Taylor et al!! According to our calculation only isomer 6-1 is

The lowest energy structure we find is highly symmetri-in reasonable agreement with this val2e34 eV; see Fig. 3
cal and p|anar: It is an isosceles triangfgL D3h symme- while the structures 6-11-6-V have VDEs that are Slgnlfl—
try). This structure has a cross section of 699 ik good cantly larger(2.59, 3.44, 3.86, and 3.00 ¢V
agreement with the experimental value of 68.% A is the _
same structure that W&inen and Landman fifd and it is AUz
also in line with the vibrationally resolved ZEKE PES data  According to our calculations the lowest-energy struc-
of Gantefw, Cox, and Kaldor! We find several other planar ture of the heptamer is also planar. It can be looked upon as
isomers, 6-Il, 6-1ll, and 6-1V, within 0.3 eV. Unfortunately square with three of its edges bridged by additional gold
their cross sections agree with that of 6-1 within 0.8 /e  atoms(7-1). It has a cross section of 76.8Awvhich agrees

Downloaded 29 Jul 2008 to 129.132.208.61. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 Structures of small gold cluster anions 6987

91| 9-lit 9V

SN A
" NFE ok @

3 3-1

n=3 O —O ﬁ n=9

R~ NG S
- hmGa
=N

n=12

n=8 Ty \ /
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FIG. 4. Candidate structures from full geometry optimizatiomihin the symmetry indicated in Table. IFor respective energies and cross sections see also
Table I. The structures in the first ro@-1,4-1,5-1,..) represent the structures that are energetically most favorable at the DFT level.

with the experimental value of 75.4%Awithin experimental  a collision cross section of 84.1%An good agreement with
error. The VDE of this structure is 3.55 eV, in good agree-the experimental value of 82.3%°AFurthermore, its VDE of
ment with the experimental value of 3.38 E\We find only 3.0 eV agrees reasonably well with the measurement of Tay-
one other isomer within 0.5 eV: It is three-dimensional andlor et al. (2.79 e\).}! Closest in energy+0.21 eV} is an-
consists of a square pyramid with two of its base atomother planar structure, 8-1l, basically a central atom hexago-
bridged by additional atom&-I1). Its cross section of 73.3 nal ring with one edge bridged. Its cross section of 80%6sA

AZ? significantly deviates from the experimental value as doesomewhat lower but also in line with the experimental data.
its calculated VDE of 3.87 eV. Therefore we can rule out thatThe VDE of this structure is 3.13 eV, which also is in rea-
structure not only for energetical reasons but also on theonable agreement with experiméalbeit 8-1 agrees better
basis of the mobility and VDE data. The lowest-energy hep\We therefore cannot strictly rule out structure 8-Il. We have
tamer structure found by Hainen and Landmd (7-111) is not found any low-lying three-dimensional structures: The
0.67 eV above structure 7-1 and can also be ruled out on thiwest three-dimensional structure we find is a bicapped oc-
basis of the cross section of 68.7.MNote, however, that the tahedron(8-1l), the favored structure found by 'Kk&inen
VDE of this structure is 3.58 eV, essentially the same as foend Landmanf’ According to our calculation it is, however,
the planar structure 7-1 and in line with the experimental0.95 eV above 8-1 and has a cross section of 742418%
VDE [3.38 eV(Ref. 11]. Again, the VDE proves to be an below the experimental value. Its VDE is 2.74 eV, not much
insufficient distinction criteria. We investigated a series of 20different from the value of 8-1 and the experimental number.
other candidate structures, including the pentagonal bipyrd-See also note added in proof”.

mid and the hexagonal ring with one central atom. These

structures represent the global minima for,A@Ref. 25 and B

Aus (Ref. 33, respectively. For the anion Authey can be AU

clearly ruled out since both are on the order of 0.85 eV Again we find a planar structure to be lowest in energy,

higher in energy. structure 9-I(Fig. 4). This structure is based on a hexagonal
ring (cf. 8-1) and has a collision cross section of 87.8 A
very close to the experimental value of 86.7. Ahe VDE is

For the octamer we find a highly symmetricdD 4,), also in good agreement with the experimental data: the cal-

“starlike” planar structure(8-1) to be lowest in energy. It has culation predicts 3.87 eV, and the measurement is 3.78 eV.

Auyg
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Depending on the arrangement of the two extra atoms adja- . A
cent to the ring one can think of two other isomersGof,
andD,;, symmetry, 9-1l and 9-IIl. On the basis of the mobil-

. . . 0.8 A
ity measurements we cannot distinguish between them but

they are significantly higher in energy,0.21 and+0.77 eV. ) 05 |

Their VDEs are 3.61 and 3.19 eV, respectively, significantly ‘g '

below the experimental value.78 eV (Ref. 11)]. In total, z B
we investigated more than 15 different candidate structures g 041

and performed extensive molecular dynamics simulations.
The lowest three-dimensional structure we fi(@V) is

based on the “starlike” structure for the octam@rl) with J
one additional atom centered on top of the inner four- T
membered ring, which is 0.39 eV above the favored structure
9-I. In structure 9-1V, essentially eight of its atoms are in one
plane and accordingly the cross section of 873ifnot  FIG. 5. Typical arrival time distribution of Ag. Aug, is the only cluster

much different from the value for the planar isomers 9-| tosize that shows two peaks in the arrival time distribution, i.e., two isomers
9-11l (A andB) with largely different cross sections.

0.2 A

0 0.5 1 15 2
arrival time (ms)

Allzo surements we can rule out 11-11, 11-11l, and 11-1V since they
For the cationic gold decamer we have recently found have cross sections of about 101.5 @&f. Table |), signifi-

that it has a fairly compact, three-dimensional structure tha@anﬂy above the experimental value of 95.7. Ahe cross

can be looked upon as a fragment of the gold bulksection of structure 11-¥94.3 &) is in best agreement with

structure’® When looking at the mobility data alorief. Fig.  experiment, but structures 1198.3 A2) and 11-V1(98.9 A?)

1) itis clear that theanionicdecamer must have a completely aso agree reasonably well. The VDE data support structure

different, much more extended structure: The cross section of1-|. The calculation predicts 3.82 eV for this structure; the

Auy, is 18% larger than the cross section of jj\umuch  experimental value is 3.71 é¥Structure 11-V can be ruled

more than what is reasonable due to the “spill-out” of the gut since its VDE is above 4 e\¢f. Table ).

extra electron for such a large cluster. This surprising finding

is, however, in agreement with the DFT predictions: In our

search for the global minimum we find two planar structuresy,,,

(10-1, 10-Il) to be lowest in energy and almost degenerate ) )

(10-1l +0.15 e\). The calculated collision cross sections are _ 1he dodecamer is the only cluster size that shows two

95.0 and 91.5 A the first is just above the experimental dlfferenF peaks in th_e arrival time dlSt!’IbUtIOI’I, i.e., two iso-

error, the latter is in excellent agreement with the experimenMers with largely different cross sectiofsee Fig. 3. The

tal data of 91.7 A On the basis of the mobility data we firSt isomer has a cross section of 89.?.@§om'erA), the

therefore cannot clearly distinguish between the two candisécond of 98.8 A (isomerB). The latter is in line with a

date structures. The situation is less ambiguous when consiglanar structure, as can be seen from Fig. 1. The cross sec-

ering the VDE: the experimental number is 2.98 8¥ruc- tion oilsomgrA, on the other hand, is almost identical to that

ture 10-1 has a calculated value of 4.02 eV, 10-11 of 3.08 eV.Of Aur, [which represents a segment of the gold bulk struc-

To summarize, structure 10-Il is our most likely candidatetur® (cf. Ref. 33] and therefore corresponds to a three-

structure. Again we performed an extensive search for othefimensional structure. In the calculation we find a highly

isomers. The next higher structure we foufl®-1ll, +0.31 symmetricplanar structure(12-1) to be lowest in energy. The

eV) can be ruled out on the basis of the mobilig7.9 A2) VDE of this structure is 3.34 eV, in good agreement with the
data. H#kinen and Landman found a three-dimensional€XPerimental value of 3.07 eV.The calculated cross section

structure, 10-1V, to be lowest in energy—according to our'S 102.6 &, almost 4% larger than the cross section of iso-
1 L 2 - . .

calculations, it is, however, 1.41 eV higher in energy and ha&erB (98.8 X). This difference is larger than what we found

a cross section of 81.0%clearly smaller than the experi- for the smaller cluster sizes and beyond the experimental

mental value. The VDE of this structure is 2.88 eV, in rea-effor limits. A possible explanation is that the structure 12-|

sonable agreement with experiment. “See also note added #§ Not the structure of isomeB. Another possibility is that
proof”. the structural assignment is correct but that the cross-section

calculation with the SEDI method slightly overestimates the

_ cluster size. We tend to this latter possibility because we find
Ay that in the SEDI calculations for the cationic gold clusters we

The calculation again predicts planar structures to beneed a larger density threshold to fit the experimental data
lowest in energy; the two lowest 11-1 and 11¢H0.05 e\  than that for the anionic clusters. Whatever the correct inter-
are almost degenerate. We find three other structures 11-lllpretation is, the isomeB with the larger cross section must
11-VI within 0.27 eV of the lowest. They are all based on ahave an open, noncompact structure. Isofevith its cross
hexagonal ring and essentially plandrl-V is somewhat section of 98.8 Ais in line with a three-dimensional struc-
tilted, slightly bowl-like). On the basis of the mobility mea- ture, as can be seen from Fig. 1: Its cross section is almost
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identical to that of Ag,, which is three dimensional. We consequence of the spuriously smeltl separation observed
performed an extensive search for a reasonable threé? DFT treatments of transition-metal compouriis.
dimensional candidate structure. The most likely candidate

we found is structure 12-11 with a cross section of 92%iA V. SUMMARY

line with the experimental data for isomar Its VDE of 3.20 The combination of DFT, VDE, and mobility measure-

eV agrees with the experimental data; it is, however, 0.65 €\\a s facilitates an unequivocal distinction between two-
higher in energy than that of structure 12-1, our candidate foyiansional and three-dimensional structures for small an-

isomer B. In this size range an exhaustive search for the .- gold clusters. For sizes up to 11 atofescept for 9
global minimum becomes overly demanding. Structures 12-| v ore we cannot definitely rule out 9JVwe find that the
and 12-11 should be considered as reasonable candidates fBBId cluster anions are planar. According to the mobility

the two isomers, but we cannot rule out other structures. data, three-dimensional structures set imnat12 (Figs. 1

and 2. DFT seems to overestimate the stability of planar
Auyz structures somewhat; it predicts Auo be planar, while the

In the mobility experiment we find one peak with a crossexperimental data shows that it is three dimensional. The
section of 95.8 A DFT predicts a planar structure based oncomparison of the vertical detachment energy for the differ-
the same hexagonal tiling that we observed for the smalle@nt structures with the experimental data, while very useful
clusters[13-I (cf. Fig. 4]. This structure has a cross section to rule outa possible candidate, has been shown to be not so
of 112.8 &, 17% larger than experiment, and can be C|ear|yhelpful for the confirmation of a candidate: especially for
ruled out. Only 0.24 eV higher in energy, we find, however,AUs . AUs , Aup,, and Aug, completely different isomeric
a three-dimensional candidate struct(8-11) with a cross forms have essentially the same VDE. It is a surprising and
section of 99.7 Athat is in much better agreement with the unexpected result that gold cluster anions are planar up to 11
mobility measurement. Both structures have essentially th@toms. The transition from 2D to 3D structures occurs much
same VDE, 4.14 and 4.11 eV, which agrees with the experiearlier in all other metal clusters investigated so(&ee, for
mental value of 3.93 eV. Again we cannot rule out otherexample, Refs. 6, 7, and R5Relativistic effects seem to
candidate structures for the global minimum—but it is obvi- Provide a plausible explanation for this anomalous behavior
ous that Ay, is not planar. (Extremely compact 3D struc- of gold. Nevertheless, further experimental and theoretical
tures such as an icosahedron, on the other hand, can also Werk is necessary to understand the details of the 2D-3D

ruled out—its cross section would be 91.8, Auch smaller ~ transitions in metal clusters. .
than the experimental data. Note added in proofRecently Hakkinen and Landnmn

repeated the calculations for gold cluster anions, Aand
confirmed our observation of planar structures, especially the
geometries 8-1, 9-1, 10-1, 12-I.
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