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We report the observation and characterization of a series of stable bimetallic 18-valence-electron
clusters containing a highly symmetric 12-atom icosahedral Au cage with an encapsulated central
heteroatom of Group VB transition metals] @ Au,, (M =V,Nb,Ta). Electronic and structural
properties of these clusters were probed by anion photoelectron spectroscopy and theoretical
calculations. Characteristics of tM@ Au,, species include their remarkably high binding energies
and relatively simple spectral features, which reflect their high symmetry and stability. The adiabatic
electronic binding energies oM @Au,, were measured to be 3.70.03, 3.770.03, and
3.76:0.03 eV forM =V, Nb, and Ta, respectively. Comparison of density-functional calculations
with experimental data established the highly symmetric icosahedral structures for the 18-electron
cluster anions, which may be promising building blocks for cluster-assembled nanomaterials in the
form of stoichiometrid M @ Au,]X™ salts. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1799574

I. INTRODUCTION attain their stabilities from the strong relativistic effect, the
aurophilic attraction, and the perfect 18-electron bonding to
Gold clusters and nanoparticles have become an active central heteroatom’ssé 6p, and & shellst**” Shortly
research field lately because of the discovery of remarkablgfter, we were able to produce experimentally one of these
catalytic properties of nanogdiénd their potential applica- clusters, namely, W@Ay, as well as its 4 analog
tions in nanoelectronics, nanosensors, and as biologicalo@ Au;,, in the form of anions in the gas phase, and char-
markers: The chemistry of gold is dominated by the strong acterized their structural and electronic properties using PES
relativistic effectd and the so-called aurophilic attractidn, and further DET calculation€ Nearly identical PES spectra
leading to highly unusual structures for gold clusters andyere observed for W@ Ay and Mo@ Au,; the closed-shell
compounds relative to those for copper and silver. One of th@jectronic structure of W@Ay and Mo@Ay, were re-
most interesting findings has been the planar gold clustejealed by the observation of a large energy gap in the PES
anions with more than ten atorfis. These unique planar spectra. However, the other two members of the predicted
cluster anions were experimentally discovered using ionvi@Au,, clusters have not been experimentally observed
mobility,® interpreted on the basis of the strong relativistic and confirmed. The charged nature of Ta@Auwand
effects of Au>’ and were further confirmed by_ a joint pho- Re@AU, suggests that they should be able to be prepared
toelectron spectroscopfPES and density-functional theory srajghtforwardly in the gas phase and detected by mass
(DFT) study?Among other exciting d|scover|esO Iﬂ elemental spectrometry. However, the positively charged Re@Au
gold clusters include the tetrahedral Aluster® ang the  means that it cannot be studied by ultraviolet PES, whereas a
golden fullerene Ay, cage cluster reported recentfy! very high electron binding energy is expected for Ta@Au

Despite the fact that the bare 13-atom gold cluster aniomaking it more challenging to be characterized experimen-
has been shown not to possess a high symmetry icosahedgg|),,

(1},) structure® Pyykko and Runeber§ recently predicted a Following our previous work on W@Ay and
series of highly stable gold clusters containing an icosahedrq\lﬂo@Aul—2 18 here we report the successful preparation and

Aup, cage and a central heteroatomM@Au(M  confirmation of Ta@ AWy, using PES and DFT calculations.
=Ta ,W,Re"), which is valent isoelectronic to the known In addition, we also prepared itsd4and 3 analogs

InAuj; cage'>® These remarkable clusters were shown tONb@ A, and V@A, and obtained nearly identical PES

spectra for all the thre® @ Au,, (M =Ta,Nb,V) clusters. As
3Electronic mail: Is.wang@pnl.gov expected, extremely high electron binding energies were ob-
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served for these three species. Analogous to W@/And  duce the computational cost for these heavy eleniérifs.
Mo@Au,,, our DFT calculations again revealed low-lying Specifically, the 13 valence electrons for V, Nb, and Ta and
Oy, and Dy, structures. The molecular orbital energy levelsthe 19 valence electrons for Au were explicitly treated in the
and the simulated PES spectra for theclusters are in good variation calculations. The corresponding pseudopotential
agreement with the observed PES spectra, confirming theit@lence Gaussian basis setss1f6d)/[6s5p3d] for V, Nb,
high symmetry structures and stability. Our results also demTa, and (&6p5d)/[7s3p4d] for Au, were augmented by
onstrate that the Ay cage is highly flexible to accommodate adding X and 1g type polarization functions as proposed by
the central heteroatom. Martin and Sundermani?. The vertical electron detachment
energies(VDEs) were calculated using a combin&&CF-
TDDFT approach that we outlined befdf®® From this ap-

Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS proach, the ground-state energies of the anions and the neu-
A. Experimental method tral species were calculated via SCF energy difference from
he DFT(B3LYP) calculations, whereas the excited states of

The experiment was carried out using a magnetic—bottl(%he electron-detached neutral species were calculated by us-
time-of-flight PES apparatus equipped with a laser vaporiza- P y

ton supersoic cster sourt Bty he MAu (w79 0BT metiods. Sice e loca dencly exhare
=V,Nb,Ta) cluster anions were produced by laser vaporiza: P 9 P

tion of the corresponding AM mixed targe(approximatel tentials suffer from the notorious wrong asymptotic behavior,
) ponding getappre Y TDDFT methods for high-lying excited states and anionic
10:1 AuM atom ratig in the presence of a helium carrier

. . . - species are known to be unreliable because of the underesti-
gas. Various mixed cluster aniodAu, were produced

. . fmated TDDFT ionization threshofd:*” For example, TD-
from the cluster source and were analyzed using a time-of-:

: . .~ DFT tends to underestimate excitation energies for high-
flight mass spectrometer. The cluster species of current inte[-. . 29
_ ~lying excited states by up to 1 eV or mote® We therefore
est,MAu;,, was mass selected and decelerated before bein . .
ose to use the B3LYRC) self-contained asymptotic cor-

photodetached. Two detachment photon energies were use

in the current experiments: 266 n@.661 e\ and 193 nm rection sphemel pro]E)osed IbY Hiraet al. to ﬁmend t::.eh
(6.424 e\). Photoelectrons were collected at nearly 100%a§ymptot!c prob emg or applying TDDFT m_et ods to high-
lying excited state®® In this scheme, use is made of the

efficiency by th? magnetic bottle and analyzed in a 3.5 .Casida-Salahub asymptotic correction and the Zhan-—
long electron flight tube. Photoelectron spectra were cali-

brated using the known spectrum of Rhand the electron Nichols—Dixon linear correlation relation between the ex-

L . perimental ionization energies and the highest occupied
kinetic energy resolution of the apparatusHKEK) was . opn opam orbital energid$* For all the calculations, the
~2.5%, i.e.,~25 meV for 1 eV electrons.

extra fine integration grid was used to obtain highly accurate
DFT results.
B. Computational methods

T_he calculations were pe_rformed using density-”l_ EXPERIMENTAL RESULTS
functional methods implemented in the Amsterdam Density
Functional(ADF) progrant'~?*and thenwcHEM program?* Figure 1 displays the PES spectra &fAug,(M
In the ADF calculations, we used the gradient-corrected=V,Nb,Ta) at 266 and 193 nm. The 266 nm spectrum of
exchange-correlation functional of Perdew—Wang 1991VAuj, [Fig. 1(a)] revealed one intense bafldbeledX) with
(PW91).2>28 Al the valence and core electrons of the atomsa VDE of 3.79 eV. A similar intense peak was also observed
in MAuy, were included in the variation treatment and un-in the 266 nm spectra of NbAw([Fig. 1(b)] and TaAy, [Fig.
contracted all-electron Slater basis sets were used with qual{c)] at slightly higher VDEgTable |.
ity of triple-zeta with two polarization functionéTZ2pP).?’ However, in addition to the similar and intense feature
The zero-order regular approximatiéAiORA) was adopted (X) observed in all three spectra at 266 nm, other relatively
to account for the scalar and spin-orbit relativistic efféfts, weak features were also present in these spectra. In the case
which are known to be extremely important fod Systems, of VAuy, [Fig. 1(@], these features appeared to be continu-
particularly for gold® Geometry optimizations were per- ous starting at-2.6 eV. In the cases of NbAyand TaAy,,
formed for the icosahedral (), octahedral ©Q,), andDsg, these features were discrete, but they were different for the
structures to determine the lowest energy geometries of thisvo species. These weak features were not associated with
anions. The total energy calculations including spin-orbitthe main intens& band in each case, because their relative
coupling effects were performed at the optimized scalarintensities could be varied, depending on the source condi-
relativistic geometries. The second-order energy derivativetons, though they could not be eliminated. There were two
were calculated to determine the stationary nature of the diferigins for these weak featuregt) contaminations, an?)
ferent structures. structural isomers. Because of the heavy masses of the

In the NwCHEM calculations, we used the hybrid BALYP MAu,, specieq>2400 amu, the limited mass resolution of
method, which makes use of the Hartree—Fock exact exaur time-of-flight mass spectrometevi{AM ~400) did not
change and Becke's exchange functional and Lee—Yangallow resolution of mass peaks separated by mass/charge ra-
Parr correlation function&’ 2 The Stuttgart energy- tios of <~6. Minor contaminations due to oxide,
consistent quasirelativistic small-core pseudopotentials werbl,Au,O, , or different M/Au compositions, M,Au, ,
used to account for the scalar relativistic effects and to remight contribute to theM Au,, spectra. Structural isomers
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266 nm x 193nm  x AL . the MAu,, anions are highly electronically stable and they
7 are closed-shell systems with 18 valence electrons.
@ C) The 193 nm spectrum of VAY [Fig. 1(d)] revealed nu-
Veanz VeAurz merous bands at higher binding enerdiebeled asA, B, C,

D, andE), which are well separated with the ground-state
transition(X). The A band at a VDE of 5.08 eV represents
the first excited state of neutral VAgand the other features

£ x E correspond to higher excited states. Since the weak features
.Eg due to contamination were not well resolved, we were con-
F Nb@f;)m_ Nbé?um' fident that the well-resolved higher binding energy bands
g were due to the main isomer of VAW Similar higher bind-
w ing energy features were also observed in the 193 nm spectra
£ of NbAuy, [Fig. (e)] and TaAy, [Fig. Xf)]. In fact, all the
-] W—, observed PES features for the three systems have a one-to-
X o, CE one correspondence to each other and they also have very
similar VDEs, as given in Table I. The similarity of the spec-

Ta @f:)m_ Ta@(;)m_ 3 tral patterns for the three systems is further proof that they
were indeed from th&1 Au;, species. As shown below, these
spectral patterns are well reproduced from the theoretically
simulated PES spectrum for thgTa@ Au,, cluster.

| AL Ll Lt RALALLEAR) LELLE LLLL] LLLLL L L L Ll L L) L L U L L
° B:ndinngnergsy (eV)4 ° 1Binc|2ing gner‘;y (eSV) ¢ IV. THEORETICAL RESULTS

FIG. 1. Photoelectron spectra dfAu;, (M =V,Nb,Ta) at 266 nm(4.661 One of th.e most n_nportant questions that we want to
eV) and 193 nm(6.424 eV, address here is to confirm the lowest energy structures of the

MAu,, clusters. While exohedral structures fwfAu,, are
obviously less stable, the endohedral structures can adopt
ﬁeveral different geometries, including those with Oy,
nd Dg, symmetries, as we have shown previously for
Au;, and MoAu,.*® Our previous study indicated that al-

were also possible contributors to the weak features, as wi
be shown later from the theoretical results. Similar problem

existed in our previous work on W@ Ayiand Mo@ Ay, .2 .

However, because of the large HOMO-LUMBIOMO and {/T/%JQATJ the:[rl]g Strus(;:ldrc?url: izriﬁrregoézr irllvlgn@e?y ?(r)]q[he
LUMO are the highest occupied and lowest unoccupied mo- lobal ;;i,nimumrl] structure. We )t/herefore of gy d all-
lecular orbital, respectivelygaps existed in those clusters 9 h ) ) pertormed a
and the resulting lower electron binding energies, we Werglectron DFT calculations on the closed-shilliAu,, (M

able to obtain uncontaminated spectra using a lower detach- ViNb,Ta) anions with different endohedral structures to

ment energy(2.331 e\l.18 Nevertheless, we were confident s;aarc;h for the gllobal rfmmma:j. we fou:g thtat the |c§)sahe<t.'1r_al
that the intens&X band in the 266 nm spectra in Fig. 1 rep- structures are always favored even without Symmetry restric-

resents the ground-state transition frdhAuZ, to MAuy,, tions during the geometry optimizations. The computed ADF

from which we were able to evaluate the ADEs and VDEstOtal energies and _relatlve energies from scz_;\Iar-reIat|V|st|c
and spin-orbit coupling calculations are listed in Table II.

ADEs—adiabatic electron detachment energi iven in .
( s—adiabatic electron detachment energias give The geometry parameters, total energies, VDEs, and

Table I. The ADEs represent the electron affinities of theADES of thel. anions an .. neutrals calculated from the
neutralM Au,, clusters. The extremely high electron affini- h - 5d 7 -
NWCHEM program are listed in Table Ill. The optimized

ties forMAu,, (M =V,Nb,Ta) are in accord with the fact that structures of Ta@ A with I,,, Oy, andDg;, symmetries are
shown in Fig. 2, the calculated valence molecular orbital

TABLE . Ob d adiabaticADE) and vertical(VDE) detachment energy levels ofM@Au;,(M=V,Nb,Ta) are depicted in
. Observed adiabati and vertica etachment ener- . . .
gies in eV from anion photoelectron spectraMdAuy, (M =V,Nb,Ta). The Fig. 3, and the simulated PES spectrum of Ta@Asigiven

numbers in parentheses represent the experimental uncertainties in the 148t Fig. 4.

digit.
Observed features  VAug, NbAu,, TaAuy, V. DISCUSSION
ADE? X 3.70(3) 3.77(3) 3.76(3) A. Comparison of the PES spectrum of TaR@Au 7,
VDE X 3.79(2) 3.88(2) 3.90(2) W@Auy,, and Au 15
A 5.08(4) 5.14(4) 5.19(4) L .
B 5.39(3) 5.48(3) 5.53(3) It is instructive to compare the PES spectra of
C 5.63(3) 5.71(3) 5.76(3) MAu;,(M=V,Nb,Ta) with those of W@Ay, and Aug,
D 5.77(3) 5.82(3) 5.87(3) which we have characterized previou$h} In Fig. 5, we
E 621(3)  ~6.28 ~6.25 compare the 193 nm PES spectra of VAwith those of
#The ADE of an anion also represents the electron affinity of the correspond\-/\_/@ AUIZ (Ref- 18 and ALES (Ref- 8) The similarities and
ing neutral species. differences between the spectra of jAand W@ Ay, are
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TABLE Il. PW91 total energies and relative energiesd®@ Au,, (M =V,Nb,Ta) ions calculated using ADF
with all-electron TZ2P basis sets. The scalar-relativisB®) and spin-orbit(SO) coupling calculations were
both performed with ZORA approximatiofsee text The total energiegin eV) are relative to the restricted
atomic fragments, and the relative enerdi@skJ/mol) are those relative to the respective total energies of the
icosahedral structurd ().

Ei(SR) AE(SR) Eo(SO) AE(SO)

V@Au,, Ih —39.8091 0.00 —10564.3068 0.00
Oy —39.5963 20.53 —10563.9801 31.52

(D —39.4019 39.29 —10563.8084 48.09

Nb@ Au;, Ih —42.3900 0.00 —10575.2088 0.00
Oy, —42.3427 4.56 —10575.0822 12.21

D5y, —42.2422 14.25 —10574.9830 21.78

Ta@Au, Ih —42.0502 0.00 —11084.5739 0.00
O —41.9281 11.78 —11084.3948 17.28

D5y, —41.8724 17.16 —11084.3335 23.19

immediately revealed: except for the very low binding en-ground-state PES spectral transition reflects the geometrical

ergy band at 2.1 eV for W@ Ay [Fig. 5(b)], its higher bind-  changes between thesq WAu,, and thel, WAu,,. Since

ing energy features show obvious similarity to the spectrathe geometrical structural changes are very small, a very

features of VAY,. VAu;, and WAu, are valent sharp ground-state transition was observed in the 532 nm

isoelectronic—both are closed shell with 18 electrons. Thespectrum of WAy, previously®® On the other hand, for

low binding energy band in the spectrum of WAIs due to  VAu,, the detachment transition happens from theAu 5.

the extra electron that occupies the LUMO of WAuThe  The neutral final VAy, state is not Jahn-Teller stable under

similarity of the higher binding energy part of the two spec-1, symmetry and would distort t®5y, splitting the final

tra suggests they have similar molecular orbital energy levstates. The electronic state splitting is seen clearly from the

els, i.e., similar symmetry and geometrical structures. In factsimulated spectrurtFig. 4), which agrees well with the rela-

the V-Au distance(2.761 A in 1, V@Auy, and that(2.755 tively broad spectral width of th¥ band in the PES spectra

A) in 1,W@Au,, are nearly identical. The spectrum of of TaAu;,, as well as in those of VAY and NbAU,.

VAug, is in fact simpler than that of WAY because VAW, is On the other hand, the spectrum of AdFig. 5c)] is

closed shell and only doublet neutral states are allowed upomuch more complicated with many more features, which dis-

photodetachment, whereas WAthas a doublet ground state play no resemblance to either the spectrum of MAar

and both singlet and triplet neutral states are produced in th&/Au,. lon mobility experimerithas ruled out either a pla-

PES spectrum. nar or anl, structure for Ay,, which is likely to have a low
The bandwidth of the ground-state transitiof) in the  symmetry 3D structure, commensurate with its complicated

spectra of VAyY, and WAu,, reflects the Jahn-Teller distor- PES spectrum.

tions in VAu, and WAU,,, which both possess degenerate

electronic states in this, symmetry and are subject to Jahn- B. Electronic structure and energy-level diagram

Teller instability. However, there are major differences in theof the icosahedral M@ Au3, clusters

two systems in terms of the photodetachment transitions: in o

g . ur

the former the Jahn-Teller effect is in the final neutral states

whereas in the latter it is in the initial anionic state. In

WAuU;,, the detachment transition takes place from th

ground state of the Jahn—Teller-distortegy WAuU,, and the

theoretical calculations indicate that all the
MAu;,(M=V,Nb,Ta) anions prefer the icosahedral struc-
ture, with the energies of th®, and Dg, structures being
ehigher(TabIe Il). With the increase of the central atom size,
the energy difference between tlg, and thel, structures
tends to diminish, consistent with the enhané&dAu inter-
TABLE lll. Optimized M-Au bond lengths, B3LYP total energies for the action in theOy, structure. However, this trend is clearly
I M@ Aug, anions and th®s4 neutrals, and the adiabatiéDE) and ver-  Offset by the increased relativistic and aurophilic effects,
tical (VDE) electron detachment energies for the anions calculated by using

NwcHEM. The bond lengths are in A. The total energies are in hartree and

ADEs and VDEs are in eV. All the anions are optimized withsymmetry
and the neutral clusters witbsy symmetry.

M-Au Eror ADE  VDE

V@Au,, 2.736x2, 2.765¢10  —1703.196 44
Nb@Au,  2.786x2, 2.804<10  —1688.569 20
Ta@Au, 2.784x2, 2.806<10  —1688.61453 -
V@Au,, 2.761x12 -1703.32346  3.46  3.47 @) (®) ©

Nb@ Au, 2.804x12 —1688.702 69 3.63 3.65
Ta@Au, 2.805x12 —1688.748 64 3.65 3.66 FIG. 2. Optimized geometry structures of Ta@Awith different point-

group symmetriesta) |,, (b) O, (c) Dg, .
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FIG. 3. Calculated energy-level diagrams of valence molecular orbitals of
M@Au;, (M=V,Nb,Ta). Theh, levels shown with electron occupations
correspond to the fivefold degenerate HOMOs.
which favor thel,, structure with its favorable Au-Au inter- ‘
actions. Interestingly, the spin-orbit coupling effects tend to 0o 1 2 3 4 5 6

stabilize thely, structure relative to th®,, and Dg,, struc- Binding Energy (eV)

tures. The calculated ADEs and VDEs agree well with the

experiment, in particular for those df, Nb@Au, and 5\'/%-;-_ CO”(;F()"")”;OT 0tf1§ah3e phOTt‘;e'ec”O” Zpecirat:\af ‘t/)A“IZvd(b)

Ta@A,. The calculated values 105 V@ A are sighty 1025, 00 0B, L e e e S

lower than the experiment. respectively.

The calculated molecular orbital energy-level diagrams

for the thred , M @ Auy, speciegFig. 3) are nearly identical,

which underlies the similarities of their PES spectra in Fig.hg-t1, energy separation is consistent with the observed

1. The molecular orbital energy-level diagrams are in qualidlarge X-A separation. The closely-lying orbitals below

tative agreement with the PES spectra. The ground-statdOMO-1 are also in agreement with the observed spectral

peak (X) in the PES spectra is due to electron detachmenpatterns at the higher binding energy side. We further calcu-

from the HOMO ), whereas thé band in the PES spec- lated state-specific VDEs to simulate the PES spectra of

tra is due to detachment from HOMO-1,(). The large Ta@Au;,, as shown in Fig. 4. Clearly, the overall pattern of

the simulated spectrum compares well with the experimental

spectrum. The high electron affinity, the prominent threshold

bandX, and the larg&X-A energy gap were all reproduced by

U the simulation. The excellent agreement between the molecu-
lar orbital energy levels, as well as the simulated spectrum,

and the experimental spectra lend considerable credence to

the global minimuml}, structures of theéM Auy, clusters and

confirmed the correct identification of the main spectral fea-

tures ofMAuy, in Fig. 1. Since the cluster temperatures were

/\ J\[\J expected to be at room temperature, @eisomer may also
3 4 s

have a small contribution to the weak features, in particular,
in the spectra of NbAy, and TaAy,.

VDE (eV) VI. CONCLUDING REMARKS

G 4 Simulated el detach . - Despite the high stabilities of thig, M @Au, clusters,
FIG. 4. Simulated electron detachment spectrum for Ta@ Alihe spec- ; ;
trum was constructed by fitting the distribution of the calculated verticalthe 12 Au atoms formmg the icosahedral cage appear to be

detachment energies with unit-area Gaussian functions of 0.04 eV full wigtfather fluxional, as eVi_denced_ by the Clos?'Y'lyi@B and
at half maximum. D5, structures. TheD,, isomer involves a slight rearrange-
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ment of the 12 Au atoms on the cage, whereadXhestruc-  'H. F. Zhang, M. Stender, R. Zhang, C. Wang, J. Li, and L. S. Wang, J.
ture involves a rotation of a hemisphere of theAu,, cage lZPhyS- Chem. BL08 12259(2004.
against each other. The correspondimg/ibrational mode is M. P. Johansson, D. Sundholm, and J. Vaara, Angew. Chem., Ind3:d.

) o 2678(2004.
predicted to have a very low frequency around 30 &M 13%_Gu, M. Ji, S. H. Wei, and X. G. Gong, Phys. Rev(i@ press.

We calculated the frequencies for the corresponding vibral*p. Pyykkoand N. Runeberg, Angew. Chem., Int. B4, 2174(2002.
tional modes inM @ Au,,(M=V,Nb,Ta) to be 37, 27, and °D. M. P. Mingos, J. Chem. Soc. Dalton Trari@76 1163.

16 ! : .

27 cmi'l, respectively. It is interesting to note that only for = C- E- Briant, B. R. C. Theobald, J. W. White, L. K. Bell, D. M. P. Mingos,
~th P y is signifi g | | y h and A. J. Welch, J. Chem. Soc., Chem. Comnil@81, 201.

VAulZ the |, cage structure is significantly more stable t amry, Autschbach, B. A. Hess, M. P. Johansson, J. Neugebauer, M. Patzschke,

either theO;, or the D, structure. P. Pyykkg M. Reiher, and D. Sundholm, Phys. Chem. Chem. Py&1
Heretofore we have confirmed and characterized two of (2004. _ _
the three M@ Auy, (M =Ta W, Re*) cage clusters origi- X. Li, B. Kiran, J. Li, H. J. Zhai, and L. S. Wang, Angew. Chem., Int. Ed.

: 41, 4786(2002.
nally predicted by Pyykko and Runebéfyfurthermore, we 19, ' Wang, H. S. Cheng, and J. Fan, J. Chem. P92, 9480(1995.

have extended this family of clusters to include and 3 20| s. Wang and H. Wu, iddvances in Metal and Semiconductor Clusters.
heteroatoms. The confirmation of their existence as highly IV. Cluster Materials edited by M. A. DuncanJAI, Greenwich, CT,
stable gaseous molecules suggests that they may exist in thé998, pp. 299-343.

bulk f " Th h d lust ith ADF 2003.01, SCM, Theoretical Chemistry, Vrije Universiteit, Amster-
ulk Torm or on surfaces. € Charged cage clusters, el erdam, The Netherlandéttp:/Avww.scm.com

M@ Au, or M @AUIQ, may be more promising for potential 22G. te velde, F. M. Bickelhaupt, S. J. A. van Gisbergen, C. Fonseca Guerra,
bulk syntheses because the coulomb repulsion between twcE. J. Baerends, J. G. Snijders, and T. Ziegler, J. Comput. CA2n@31
charged clusters and the necessity of counterions are botff2°0?:

d ¢ in k ina th f fusi in the bulk C. Fonseca Guerra, J. G. Snijders, G. te Velde, and E. J. Baerends, Theor.
advantageous In Keeping the cages from fusion in the DUlK. Chem. Acc.99, 391 (1998.
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