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Candidates for the lowest energy structures of medium-sizgdnda 32, 38, 44, 50, and 56, clusters were
evaluated using gradient-corrected DFT computations. Both hollow cage and space-filling conformations were
considered. The cages were constructed using fullerene-based templates. The space-filling structures were
generated by employing a genetic algorithm. We have found that the space-filling isomers were lower in
energy except for two notable cases. LikesAldohansson, M. P.; Sundholm, D.; VaaraAhgew. Chem.

Int. Ed.2004 43, 2678], a hollow cage configuration of A4is more stable than its alternative space-filling
isomeric forms. The unusual stabilities of the cageAand Au, can be attributed to spherical aromaticity;

both exhibit large negative nucleus-independent chemical shifts and exceptionally large HAONUD gaps.

I. Introduction to be a local minimum, but it was not as stable as space-filling
isomers?®

All these findings suggest that hollow cage structures of
medium-sized gold clusters may compete with space-filling
alternatives. We have explored here this possibility systemati-
cally for Aun, n = 32, 38, 44, 50, and 56. These sizes were
chosen because of their relationship to fullerenes, as discussed
in the next section, which presents the methodological details.
The results are discussed in section Ill. A brief summary is given
in section IV.

Gold clusters exhibit remarkable size-specific catalytic activity
and selectivity? and are of potential importance as building
units in nanoscale devicés® The relativistic nature of gold
results in unusual structur€s?® Most relativistic density
functional theory (DFT) computations predicted planar con-
figurations for neutral Agiup ton = 11-145-10 although a
recent CCSD(T) treatmefit questioned some of the DFT
findings. lon mobility and photoelectron spectroscopy experi-
ments confirmed the planar structures of anionigAp to
n = 12) and cationic Agl" (up ton = 7) predicted by DFT
computationd?~1* Three-dimensional space-filling configura-
tions with low symmetry were given by LDA-DFT computations The reliability of DFT studies depends on the choice of the
for Aup clusters in then =15—20 size rangé.A beautifully functional and the basis set for the problem being investigated.
symmetrical Aug (Tq) isomer was identified by a combined We employed the Perdew, Burke, and ErnzethdPBE)
photoelectron spectroscopy/GGA-DFT stuéifrhe stability of parametrization of the exchange-correlation functional as well
this tetrahedral Agb, which represents a relaxed fragment of as a DFT-based relativistic semi-core pseudopotéh{iaSPP),
the face-centered cubic (fcc) lattice, has been associated withfitted to all-electron relativistic results, and a double numerical
aromaticity6 basis set including d-polarization functions (DND), as imple-

X-ray powder diffraction studies of gold particles-2 nm mented in the DMol packag®.
in diameter (about 46200 atoms) revealed a truncated de-  The accuracy of the PBE/DSPP/DND combination was
cahedral motit’18Several computational investigations of gold ~evaluated by computations on 4un = 1—-14 and 20. Table 1
clusters in this size range at different degrees of sophisticationdocuments the good agreement between the computed results
favored amorphous space-filling structut&s?? In contrast, an and the available experimental dat&>3234 In accord with
icosahedral Ag hollow cage configuration, based on a fullerene earlier computation$!3 we find the transition from 2D to 3D
template, was recently computed to be especially stable; thesestructures to occur at = 13 for anionic gold clusters and at
unusual geometric and energetic features were attributed to= 14 for neutral Ay. Our computations also verify the
aromaticity?3 Endohedral structures with-13 Au atoms inside  tetrahedral lowest energy structure of2Auts HOMO—-LUMO
the Au; cage were found to be lower in energy than compact gap (1.80 eV) and electron affinity (2.65 eV) are very close to
configurations for Ags-35.24 Recently, an icosahedral hollow those computed in ref 15 (1.82 and 2.61 eV, respectively; see
cage structure of A3, based on a g fullerene, was computed ~ also Table 1).

Our comparison of stability of hollow cage and space-filling
* Corresponding author. E-mail: jellinek@anl.gov. structures of Ay was performed for sizes defined by the
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II. Methodological Details
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TABLE 1: Results of Au, Computations Using the PBE

Functional, DND Basis, and DSPP Pseudopotential (See Text

for Details)?

system property this work experimént>32-34
Au IP (eV) 9.62 9.23
EA (eV) 2.07 2.30
Au, Re (A) 2.56 2.47
Ep (eV) 1.07 1.15
IP (eV) 9.43 9.50, 9.22
EA (eV) 1.82 1.92
Aus EA (eV) 3.51 3.88
Aug EA (eV) 2.68 2.70
Aus EA (eV) 3.01 3.06
Aus EA (eV) 2.09 2.06
Auz EA (eV) 3.32 3.40
Aug EA (eV) 2.80 2.73
Al EA (eV) 3.77 3.81
Ao EA (eV) 3.06 3.89
Aug EA (eV) 3.70 3.76
Aus, EA (eV) 3.21 3.03
Auis EA (eV) 3.88 3.91
AU, EA (eV) 3.29 2.94
Auzo EA (eV) 2.65 2.73,2.75

a|P is the ionization potential, EA is the electron affinity, aRg

andE, are the equilibrium bond length and binding energy per atom
of Au,. The EAs are computed as the difference between the total
energies of the equilibrated most stable structures of the neutral and

anionic forms of the clusters.

TABLE 2: Structure, Symmetry, Binding Energy Per Atom
(Ep), Binding Energy Per Atom Corrected by the Zero-Point
Energy (Ep), HOMO —LUMO Gap (A), and NICS of the
Lowest Energy Cage and Space-Filling Forms for Ay

system structure/symmetryeV/atom) (eV/atom) (eV) (ppm)

Aus;
Ausg
AU
Ausg

Ausg

aThis large, positive value may be an artifact arising from the
exceptionally small HOMGLUMO gap.

“capping method” used to generate the cages. All possible

cagely
space-fillingC,
space-fillingC,
cageDs
space-fillingC,
cageD-
cagel,
space-fillingC,
space-fillingC,
cagel,

E E A NICS
2.2603  2.2544 1.527-81.3
22301  2.2168 0.313
2.2635  2.2497 0.256
2.2534 22388 0.110 (988)
2.2916  2.2780 0.135
22901  2.2756 0.173 127
2.3365  2.3214 0.831-82.8
2.3329  2.3188 0.230
2.3731  2.3587 0.310
2.3348  2.3195 0.201-18.3

carbon fullerene isometsfor 20+ 2m (m= 0, 2, 4, 6, and 8)
atoms were considered; the carbon atoms were replaced by golc (>, AE =2.144eV

atoms, and an extra gold atoms was added over the center ofigure 1. Lowest energy cage and space-filling configurations of, Au
each pentagonal and hexagonal face. As the total number ofn = 32, 38, 44, 50, and 56. The enerd{ is referred to the energy of

faces is 12+ m, the size of the resulting gold clusters is
n = 32+ 3m, that isn = 32, 38, 44, 50, and 56. The number

of cage structures formed in this way for eaths 1, 1, 2, 6,
and 15, respectivel$? Because the length of the AAu bond

is about twice that of the €C bond, we rescaled the Cartesian

Wang et al.
Cage structure Space-filling structure
Ausz o
Ausg
Augy

Ausg

ALIs(,

the more stable isomer.

molecular dynamics and gradient-driven techniques. If the
energy of the offspring was lower than that of at least one of
the parents, the offspring took the place of the parent with the
higher energy. This procedure was repeated until the lowest

coordinates of all the atoms by a factor of 2 and then performed energy structure in the population remained unchanged in 5000
symmetry-constrained DFT optimizations. This recipe is, of consecutive iterations. The total number of iterations to achieve
course, not the only way to generate hollow cage structures of thjs varied between 15 000 and 50 000. Seven to twenty-two

clusters. It produces hollow conformations “inspired” by

fullerenes.

The space-filling structures of the clusters were generated viprational frequencies verified that the lowest energy cage and
using a genetic algorith#h (GA) with the Gupta-liké” and

Sutton-Cheff many-body potentials. Sixteen arbitrary configu-

low-energy configurations generated in this way for each cluster
size were then optimized with DFT. The computed harmonic

space-filling structures were minima.

rations were used as the initial population. Two configurations Ill. Results and Discussion

from this population were chosen randomly as parents to

Structures and Energies.The symmetries, binding energies,

produce an offspring through the mating and mutation proce- and HOMG-LUMO gaps of the lowest energy hollow cage
dure. The offspring cluster was then fully relaxed using and space-filling configurations of Aun = 32, 38, 44, 50,
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TABLE 3: Structure, Symmetry (“sym”), and Energy ( AE) 240
of the Different Isomers of Au,, n = 32, 38, 44, 50, and 56, o
As Obtained in Our DFT Computations? g —=— Space-filling
AE AE & 235 4 --0-- Cage
system  structure sym(eV) system structure sym(eV) E
Auz, cage Ih 0.000 Awo space-filling C; 0.932 %5 44
space-filling C; 1.254 space-fillingC,, 0.954 5 2301
space-filling C; 1.277 space-fillingC, 0.977 5
space-filling C, 1.311 space-fillingC,; 1.084 b
space-filling C; 1.414 space-fillingC, 1.124 5 225
space-filling C; 1.497 cage C, 1.157 g
space-filling G 1.576 space-fillingC,;  1.160 o
space-filling C; 1.584 cage Day 1.232 220 i i
space-filing C; 1.629 space-filingC;  1.294 30 35 20 45 50 55
space-f!ll!ng C, 1.703 space-fillingC; 1.343 n
Alizg :BZEZ;::::ES % 8ggg gggge-filling 83“ iiig Figure 2. Binding energy per atom as a function of cluster size in the
space-filling C; 0.080 space-filling Ci 1548 most stable hollow cage (open circles) and space-filling (solid squares)
cage Ds 0.385 space-filingC;  1.656 structures of A
space-filling C, 0.446 cage D, 1.748
space-filling Cs, 0.452 space-fillingC,;  1.929
space-filing C, 0.692 space-filingC,  2.195 the cage structure of Agmay be less clear-cut than in the case
Space'I!::!”g 8h (13-2(533 Alss Space'f}!'l:f‘g 81 g-ggg of Auz, the high stability and competitiveness of this cage is
Als :ng::fhlmg Ci 0.000 :SZ@ZZf:u:ﬂgd 0357 certainly unusual based on what one might expect for gold
cage D, 0.067 space-filingC;  0.361  clusters of larger sizes.
:ngg:g:::zg gi 8-22; zggggzg:::zg% i-ggg The HOMO-LUMO gap is an additional gauge of the
space-filling C 0473 space-filling Cs, 1512 relative stability of the cage and space-filling configurations.
space-filing Cs  0.498 cage C, 2.144 This gap for the cage structures of Aand Au is substantially
space-filling C, 0.580 cage C. 2273 larger than not only those of their space-filling isomers (see
23222:2:::28 gi 8:232 gggg gz g:gzg Table 2) but also those of both forms of AuAuss, and
cage T, 0.892 cage C, 2473 Ause. The lower energy, space-filling structures of pand
Ausp cage C, 0.000 cage Dsn 2.531 Ausg possess somewhat larger values. The highly competitive
space-filling C, 0.178 cage Cay 2.539 nature of the cage and space-filling configurations ofAE
cage Ds 0.404 cage D, 2.555 . : ; )
space-filing C: 0.508 cage Dy 2577 reflected by the small difference in their HOM@QUMO gaps;
space-filling ci 0.614 cage Cf 2.693 the less stable cage form actually has a slightly larger gap.
space-}‘!::!ng gl 8-2;‘1‘ cage gzti g-;gg Table 3 lists the stationary configurations obtained by our
:ngg:fhlzﬂg Ci 0760 ggg: cj 5896 DFT computations. Although we did not compute the vibrational
space-filling C; 0.810 cage D, 3.010 frequencies of all these configurations, at least those ®ith
space-filling Cs 0.825 cage Dy 3.584 symmetry should be minima. Consistent with the preference
space-filing C, 0.883 for amorphous packing in Aifound in earlier studie¥>2°most

2 Energies are referred to that of the most stable isomer. of our low-energy space-filling structures ha@e symmetry.
With the exception of Ag, the cage forms of the clusters were

and 56, are summarized in Table 2; their structures are depictedoptImIZGd under the symmetry of the fullerene templates from

in Figure 1. The lowest energy forms of two clusterszfand which they were generated. For theshuage, théDes symmetry
Ausg, are hollow cages. The other clusters prefer space-filling of the underlying 24-atom fullerene leads to HOMOUMO
isomers as their most stable configurations. In agreement with 9€generacy. The JahiTeller effect lowers the symmetry of
earlier studied324the hollow cage structure of Apis markedly Augg 10 De.
more stable (by 0.0392 eV/atom, or 0.0376 eV/atom with the  Aromaticity and NICS Analysis. Why are certain hollow
zero-point energy correction; see Table 2) than its lowest energycage structures of medium-sized gold clusters preferred? Can
space-filling counterpart. However, the &unollow cage wins one predict when a hollow cage form of a given,Awill be
out over the closest space-filling configuration only by more stable than its space-filling competitors? The aromaticity
0.0036 eV/atom, or 0.0026 eV/atom with the zero-point energy concept helps answer these questions; it was invoked to explain
correction. The competition is even more pronounced ilAU 6 tetrahedral structure of A6 and the preference for hollow
where the_ space-filling form Is 0.0015 e_V/atom, or 0.0025 cage in Au,.23 Aromaticity is associated with extra stability
eV_/atom W'th. t_he zero-point energy correction, lower in energy. arising from electron delocalization in complete circuits as are
This space-filling preference increases to 0.0101 eV/atom, or - . ) .

found in annulene rings and three-dimensional moleciiles.

0.0109 eV/atom with the zero-point energy correction, ingAu M ) . h h | ind d hemical
and to 0.0383 eV/atom, or 0.0392 eV/atom with the zero-point ggnetlc properties, such as the nuc eus-lln .epen ent chemica
shifts (NICS)?° may be used as quantitative measures of

energy correction, in Adgs. -
The accuracy of the computations is, of course, a factor in aromaticity. We computed NICS at the centers of the lowest

defining the energy ordering of the isomers. The accuracy of e€nergy hollow cage Aystructures (see Table 1) using the PBE
our computations is best assessed by comparison with thefunctional and the LANL2DZ basis détas implemented in the
experimental data presented in section I1. In addition, the relative Gaussian-98 packagéTest computations validated the change
energies of the isomers are, as a rule, reproduced with higherfrom the DND/DSPP (DMol) to the LANL2DZ (Gaussian) level
fidelity than their absolute energies. Whereas the preference for(program)*
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Figure 3. Electron densitities of states of the space-filling structures (left panels) and cage structures (right panels) gfrthe 39) 38, 44, 50,

and 56, clusters. For comparison the DOS of the fcc bulk gold is also shown. A Gaussian full width at half-height broadening of 0.05 eV is used
around each computed eigenenergy. The solid vertical lines correspond to HOMO, the dotted to LUMO, and the dashed to the Fermi level of the
bulk gold.

As judged by their highly negative (diatropic) NICS values TABLE 4: Symmetry, Energy (AE), HOMO —LUMO Gap
(ca —]829 - ¥I’ab|e 2)gth)é cage oy U(Cmrespof)é\an GA (A), NICS, and the Lowest Vibrational Frequency ¢min) of
' ppm, - <) 9 3 Lo the First Three Cage Isomers of Al
are strongly aromatic. In contrast, the hollow cage structures

of the other clusters, which are less stable than their space- _ . A\E A\/ NICS = Vi
filling counterparts are, at best, rather weakly aromaticstAu stucture  symmetry  (eV) (ev) (ppm)  (em™)
NICS = —18.3) or even antiaromatic (Agland Auy). Interest- cagé C; 0.000 0.831 —82.8 20.7

cage D3 0.404 0.793 —90.0 20.4

ingly, the 2k + 1)? skeletal electron counting rutéj* as an
indicator of spherical aromaticity, applies to both 4§ and
Ausg if one makes the assumption that each Au atom contributes 2 The configuration of the frontier orbitals of this cage structure is
to bonding only one (6s) valence electron. With this assumption, (b)(ay(ay.
Ausp and Auso possess the necessary “magic number” of skeletal
electrons: 32 withk = 3 and 50 withk = 4, respectively. indicator of cluster stability. As mentioned, NICS is a measure
However, the assumption that only a single electron per Au of the degree of electron delocalization in closed ciretitse
atom is involved is an oversimplification, because electrons in basis of aromaticity. However, the extra stabilization associated
d orbitals also contribute to bonding in gold clusters; alkali metal with aromaticity usually accounts for only-3.0% of the total
clusters behave differently. More detailed reasons for the binding energy. Although this contribution is important, and
apparent applicability of the R¢ 1)? rule to hollow cage gold often decisive, the usual bonding considerations (e.g., close
clusters are under investigation by our research groups. packing) may dominate. NICS also is not free from the
Density of States.Density of states (DOS) graphs based on contributions of local effects of the individual skeletal bonds
our computations are presented in Figure 3 for the lowest energyand the molecular symmetry may be important. Indeed, the
space-filling and hollow cage structures of Am = 32, 38, moduli of large negative NICS values of different isomers may
44, 50, and 56. The DOS of fcc bulk gold also is shown for not necessarily correlate with their relative energies. The data
comparison. Both common and dissimilar features are evident.in Table 4 for the cage forms of Agare instructive and suggest
The overall range of relevant energies and the peak at or arounda relationship with symmetry. None of the cage forms of
7 eV are common to all the DOS plots. Due to their lower Ausg have the highest possible symmetry, but all follow the
symmetry, the DOSs of the space-filling isomers are broader 2(k + 1)? rule, as discussed above. This rule is based on the
than those of their higher-symmetry hollow cage counterparts. spherical symmetry, which molecules can only approach.

cage C, 1.157 0.167 —79.2 18.7

The high (1) symmetry of Au, results in particularly well- Although theD3; Ausg isomer is not the most stable, it has the
resolved DOS peaks. The symmetry argument also explains thehighest symmetry and the most negative NICS. The NICS values
well-resolved fcc bulk gold DOS graph. of the two lower symmetr{, isomers are smaller in magnitude,

The large HOMG-LUMO gaps of the hollow cage Adand but individually are in line with their relative energies. The main
Auso isomers are among the most notable features discerniblepoint is that the NICS of all thesesfisomers are large and
in Figure 3. In contrast, the space-filling &and Auoisomers, negative.
as well as all the other clusters, have relatively small HOMO The HOMO-LUMO gap (Table 4) of the most stable Au
LUMO gaps. The large gaps of the &and Au hollow cages isomer is the largest. It is followed closely by the value for the
as well as their large negative NICS values reflect and help second cage structure, which is the third isomer ofpAuTable
rationalize their extra stability. 3, and the considerably smaller value for the third cage structure,
We complete the above analysis with the following cautionary which is the seventeenth isomer of #in Table 3. Along with
remarks. The value of NICS alone may not be an unambiguousthe relative energies, judicious evaluation of the NICSs and the
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(19) Garzon, I. L.; Michaelian, K.; Beltran, M. R.; Posada-Amarillas,

most stable isomeric form more completely than either of these A Ordeion, P.; Artacho, E.; Sanchez-Portal, D.; Soler, JPilys. Re.

quantities alone.

IV. Summary

Structures of medium-sized Aclusters have been surveyed

using gradient-corrected density functional theory. Hollow cage

configurations can compete energetically with their space-filling
counterparts. In particular, Ay like Aus, considered earlier,

favors a fullerene-based cage structure. The extra stabilities of

the hollow cage forms of both Apand Auy correlate with
their large HOMO-LUMO gaps and large negative NICS

Lett. 1998 81, 1600.

(20) Michaelian, K.; Rendon, N.; Garzon, |. Bhys. Re. B 1999 60,
2000.

(21) Doye, J. P. K.; Wales, D. New J. Chem1998 22, 733.

(22) Li, T. X.; Yin, S. Y.; Ji, Y. L.; Wang, B. L.; Wang, G. H.; Zhao,
J. Phys. Lett. A200Q 267, 403.
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(24) Gu, X.; Ji, M.; Wei, S. H.; Gong, X. GPhys. Re. B, 2004 70,
205401.

(25) Gao, Y.; Zeng, X. CJ. Am. Chem. So005 127, 3698

(26) Wang, J. L.; Wang, G. H.; Zhao, J. Ghem. Phys. Let2003
380, 716.

(27) (a) Remacle, F.; Kryachko, E. Bdvances in Quantum Chemistry

values. The latter indicate that spherical aromaticity may be Elsevier: New York, 2004; Vol. 47, pp 423164. (b) Remacle, F.;

responsible for the extra stability of the hollow cage configura-
tions of certain cluster sizes. In contrast, the icosahedra} Au
hollow cage does not follow the R@ 1)? rule, and has been
reported recentf? not to be aromatic and to be higher in energy
than its space-filling isomers.

The technological potential of nanosized stable hollow cages

Kryachko, E. SJ. Chem. Phys2005 122, 044304.

(28) (a) Kondo, Y.; Takayanagi, KScience200Q 289, 606. (b) Wang,
B. L.; Yin, S. Y.; Wang, G. H.; Buldum, A.; Zhao, J. Phys. Re. Lett.
2001, 86, 2046. (c) Oshima, Y.; Onga A.; Takayanagi, Rhys. Re. Lett.
2003 91, 205503.
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3865.

(30) Delley, B.Phys. Re. B 2002 66, 155125.

is quite diverse. For example, they may be used to encapsulate (31) DMOL is a density functional theory program distributed by

atoms, molecules, or other clusters,to be incorporated themselve§

inside carbon nanotubézand to be utilized as contacts between
organic molecules in molecular electronic devices.
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