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Structure and bonding in neutral and anionig@y clusters are studied with electronic structure calculations.
Geometry optimizations with the B3LYP/6-315(2d) density functional method produce several minima,
some with distinct multiplicities, for each molecule and anion. The most stable anionic structures are confirmed
with additional geometry optimizations at the QCISD level. Equilibrium geometries, harmonic frequencies,
and atomic charges are presented. These results, in combination with assignments of photoelectron spectra
based on ab initio electron propagator theory, explain the energetic preference of anions for planar structures,
while, in contrast, uncharged clusters favor three-dimensional geometries.

Introduction Photoelectron spectroscopy is an informative probe of mo-
o ) ) ] lecular electronic structure, but accurate treatments of electron
Many varieties of chemical bonding between aluminum and cqrrelation often are needed to produce a quantitative assignment
oxygen atoms are expressed in the structural, thermodynamic.of the most intense spectral features. Determination of the correct
and reactive properties of ceramics, minerals, nanoparticles, anthyder of final states may require correlated levels of theory.

catalytic supports that contain these two ubiquitous elements. some final states may not correspond even qualitatively to the
In all of these materials, bonding interactions between oxygen predictions of uncorrelated methods.

and aluminum are chiefly ionit.In solid phases of ADs, Electron propagator theory provides a framework for the

valence electrons of Al are transferred to O atoms, thus gy grematic inclusion of correlation in an orbital picture of
producmg closed-shell AT gnd G ions whose electrostatlg bonding and spectrd.Propagator calculations produce Dyson
interactions are the principal component of the resulting o hiai5°and correlated electron binding energies without many-
insulator’s cohesive energy. These ionic interactions also arep,qy \yave functions or energies of individual states. Several,
expected in aluminum-rich A0y and ALOy~ clusters. Quantum o ently derived propagator approximations have been shown
mechanical calculations on molecules and anions wiiere 4 e accurate and efficient tools for the computation of vertical
1-3,5 have shown how structure reflects ionic bonding and 5nq adiapatic electron binding energies. The association of

localization of electrons on aluminum atods. Dyson orbitals to these transition energies facilitates interpreta-
In a systematic study of anion photoelectron spectra wjrere  tion of chemical bonding in terms of familiar concepts.
= 0-5, Wu et al. reported that the electron affinity of neutral | previous workg;we reported ground-state geometries and

clusters increases with oxygen contéht.ow-energy features  energies of the low-lying states of neutral and anionic forms of
in these spectra corresponding to Al-centered orbitals becomea| 0. Al;0,, Al;0s, and AkOs. Ab initio electron propagator

less numerous and complexyagrows, thus demonstrating the  ca|culations were employed to assign the anion photoelectron
evolution of electronic structure from the metallic cases Al gpectra of ref 7 and to characterize structure and bonding in
to the oxide limit, AbOs™. Such results suggest that electrons hese clusters. In a more recent article, optimized geometries,
are transferred from aluminum atoms to form closed-shell, harmonic vibrational frequencies, and atomic charges were

oxide dianions. Whey = 5, the 10 valence electrons of Al examined and trends in isomerization energies aOAland
are transferred completely to the oxygens and the electron a|,0 - were explained.

affinity of the corresponding qncharged cluster is especially In this paper, we discuss stable structures and relative energies
large. For several of these anions, the presence of more tha f

'bf neutral and anionic AD,. Optimized geometries, harmonic
one isomer has been inferred from the variation of relative peak ADs. Op g y

intensities with respect to laser fluence and ion-source condi-
tions’ For the case wherg = 3, subsequent computatiohal

vibrational frequencies, atomic charges and isomerization ener-
gies are presented. Photoelectron spectra are assigned by
comparison with calculated electron detachment energies of

and _e_xperlmenté‘? stu_dl_es have_ conS|der_ed structures and ahions. Some general structural trends may be discerned in the
transition states pertaining to anion photoisomerization. Con- analysis of these data

sideration of the electron detachment energies of more than one
anionic isomer therefore is essential for convincing spectral .
assignment3-* Computational Methods

All density functional (DF) calculations have been done with

* Corresponding author. the Gaussian 98 prograth.Geometry optimizations without
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Figure 1. Optimized AkO, and AkO4~ structures. Bond distances in A. B3LYP and QCISD (in parentheses) energy differences in eV.

symmetry constraints were performed with the hybrid B3E¥P  vertical electron detachment. The normalization integral of the
DF and the 6-313G(2d) basis?* This basis has proven Dyson orbital,
satisfactory in previous studies of aluminaimxygen clusters?3
Optimized geometries were verified with frequency calculations. p= f |<I>Dyson(x)|2dx
To locate distinct minima on potential energy surfaces, opti-
mizations have been started from many initial geometries.
Neutral doublets and anionic singlets and triplets were consid-
ered. One cannot eliminate the possibility that global or low-
lying minima remain undiscovered, but the variety of initial
geometries and spin multiplicities investigated here is compa-
rable to that of recent, successful studies of similar clugtérs.
Only the most stable anionic structures from DF calculations . . .
were reexamined with ab initio geometry optimizations. Qua- stre_ngths lie between 0 and 1. Since the Dys_,on orbitals are
dratic configuration interaction with single and double excita- subjecttoa ”0”'00?" energy-depengient potent_lal known as the
tions (QCISDYS and 6-311G(d) basis sets were usé€Opti- self-energy, relaxation and corrglauon corrections to VEDEs
mized QCISD geometries obtained with the 6-311G(d) and and_ pole strengths are present in these values. Plots of Dyson
6-311+G(2d) basis sets are very similar in test calculations on orbitals are generated with MOLDEN. L
smaller AkO, clusters.) QCISD geometries were assumed in The NR21 and BD-T1 electron.propagato_r approximations are
subsequent electron propagator calculations of the vertical used heré: The NR2 method is appropriate for VEDES of

electron detachment energies (VEDES) of the anions with the closed-shell species. For ionization energies of typical, organic
6-311+G(2d) or 6-311-G(2df) basis sets For the triplet molecules below 20 eV, average absolute errors are less than
anions, CCSD(T) calculatioffsof VEDES Wefe performed with 0.2 eV. For species with stronger correlation in the initial state,
the 6-é1]:|—G(2df) 6-311-G(2d), or 6-31%G(d) basis sets. the BD-T1 method is likely to give superior results. NR2

i i - jql4
To each VEDE calculated with the electron propagator, there Cmacl,(ﬁglims ?;?.gr?;ﬁo rrggﬂg:gh?%%_%fg?? ?a?t'scl)?{sz:r? o
corresponds a Dyson orbital, putal Yy ing ulati ploy

the same basis withoditfunctions.

is known as the pole strength. In the zeroth order electron
propagator, VEDEs are given by Koopmans'’s theorem (that is,
VEDESs equal negatives of occupied, canonical, Hartfeack
orbital energies of the anion), Dyson orbitals equal canonical,
Hartree-Fock orbitals and pole strengths equal unity. In the
present correlated calculations, however, Dyson orbitals are, in
general, linear combinations of HartreEock orbitals and pole

1/2 . . . . .
DpyeorXy) =N f W aniod XX Xg -+ Xn) W™ neyran Geometry Optimization and Isomerization Energies
(XXX g0+ Xyy) Xy OX5 OX.... Oy Many initial geometries were tested for each structure. For
each species, several stationary points were found. Figure 1
whereN is the number of electrons in the anion axds the presents the most stable neutral and anionic structures. Energetic

space-spin coordinate of electron The Dyson orbital thus information from QCISD calculations on anions is shown within
represents the change in electronic structure associated withparentheses.
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Figure 2. Dyson orbitals for VEDEs ofC;, Al;O,~. Labels X, A, B, and C refer to final states listed in Table 1.
A P TABLE 1: Vertical Electron Detachment Energies of C,,
_For Al3Oq, ther_e are two stable, three-dimensional structures, AlO+~ (eV). Pole Strengths in Parentheses for EPT
with an energy difference of 0.26 eV. The most stable structure cgjculations
hasCs, symmetry and high coordination numbers for each atom.
In the second(C,, structure, there are two bridging oxygens

final state Koopmans NR2 BD-T1 expt. [7]

lying above and below the plane of the three Al nuclei. X?B, 5.06 3.55 3.97 3.9
Somewhat higher in energy are two plan@s, isomers with , (87)  (0.88)

. L2 . A?B, 4.98 3.70 4.12 3.9
four-member rings consisting of two O and two Al nuclei, (0.87) (0.88)
followed by another planar structure wi@ symmetry. More B2A, 6.51 4.78 523 50
than 1 eV higher than the ground-state lies a structure with a (0.86) (0.91)
six-member ring and an exocyclic oxygenPay isomer with C?Aq 6.35 6.33 6.59
four bridging oxygens and a highly unstable structure that (0.91) (0.91)

resembles a transition state found in the anion.

Al304~ has two structures of comparable stability, with an however, monocoordinate and bicoordinate oxygens and alu-
energy difference of 0.09 eV in DFT calculations. At this level MINUMS occur.
of calculation, the most stable anion is planar and 8as Anion Electron Detachment Energies.Vertical electron
symmetry. This structure is similar to the third most stable detachment energies (VEDESs) of the two, lowest isomers of
structure of the neutral. The second most stable isomer bears 8304~ were evaluated at various levels of electron propagator
strong resemblance to the fifth neutral isomer. At the QCISD theory. For the lowest VEDE of th&€;, anion, the best
level, the order of the two structures changes, but the energycalculation, 3.97 eV, is provided by the BD-T1 approximation
difference is only 0.03 eV. In any case, this value is very small and the 6-311G(2d) basis. Higher VEDEs occur at 4.12 and
and one cannot say with certainty which isomer is more stable. 5.23 V. (See Table 1.) All three VEDEs correspond to Dyson
The lowest triplet ha®,y symmetry and lies approximately 0.4  orbitals that are dominated by 2p functions on the terminal
eV above theC,, singlet. Nonplanar, anion structures that O0xygen atom. (See Figure 2.) Only in the Dyson orbital for the
resemble the two lowest neutral isomers lie-0057 eV above fourth VEDE does one encounter a large contribution from an
the Cy, anion at the DFT level; these figures change to-0.7 aluminum-centered orbital. This ordering resembles the results
0.9 eV with QCISD total energies. There is also another triplet obtained for the kite form of AD;~, which has the same
at 0.8 eV (or 0.6 with QCISD). Another singlet that resembles structure as th€;, Als0,4~ singlet except for the absence of a
the fourth uncharged minimum was found at 1.12 eV. The figure terminal oxygen in the former aniéf. In the AO;™ case, a
enclosed in a rectangle at 1.00 eV is a transition state. The Dyson orbital centered on the terminal aluminum atom had a
nuclear displacement with negative curvature lasymmetry higher VEDE than two Dyson orbitals centered on ring oxygens.
and pertains chiefly to motion of the exocyclic aluminum. Such  In the second singlet, the lowest BD-T1 VEDE occurs at 4.02
a transition state lies between tBgsinglet and its mirrorimage. €V (see Table 2) and corresponds to a Dyson orbital that is

Reoptimized structures at the QCISD/6-311G(d) level are very localized chiefly on the Al with only two oxygen neighbors.
similar to the DF results. For AD, and AkO4~, several isomers ~ (See Figure 3.) Antibonding relationships with oxygen 2p
lie within an energy range of 1 eV. Some of these structures functions can be seen in the contours. Dyson orbitals corre-
play a role in the photoelectron spectra (vide infra). sponding to subsequent VEDESs at 4.79 and 4.92 eV are centered

Three-dimensional geometries are preferred over planar oneson the oxygen with only one aluminum neighbor.
for the neutral system, while planar geometries are favored over Electron correlation affects the ordering of the final states in
three-dimensional ones for the anions. In the two lowest isomersboth isomers. Pole strengths are close to 0.9 and therefore
of Al304, three-dimensional structures enable all aluminums to validate the one-electron picture of these VEDEs. NR2 VEDEs
have three oxygen neighbors. Each of the oxygens has twoare 0.3-0.4 eV smaller.
aluminum neighbors, with the exception of the apical, tricoor-  In the photoelectron spectrum taken with 193 nm radiation,
dinate oxygen of theCs, structure. In the planar structures, there is a broad peak centered near 3.9 eV with several
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Figure 3. Dyson orbitals for VEDEs ofCs Al;0,~. Labels X, A, B, and C refer to final states listed in Table 2.

TABLE 2: Vertical Electron Detachment Energies of Cq
Al304~ (eV). Pole Strengths in Parentheses for EPT
Calculations

final state Koopmans NR2 BD-T1 expt [7]

X2A 3.84 3.69 4.02 3.9
(0.89) (0.90)

ACA 5.96 4.42 4.79 5.0
(0.86) (0.88)

B2A’ 5.86 4.55 4.92 5.0
(0.86) (0.88)

CA 7.41 5.67 6.07
(0.86) (0.87)

Photoelectron spectra with longer photon wavelengths have
been reported as wellln the 355 nm spectrum, peaks are seen
at 1.85, 1.95, and 2.9 eV, while with 266 nm radiation, a feature
near 2.05 eV isobtained. In the latter case, a complicated rising
pattern of peaks begins near 2.4 eV. The authors state that close
examination of the 193 nm spectrum suggests that peaks with
extremely weak intensities coincide with the low-energy features
seen with longer wavelengths.

None of the VEDEs calculated for the two lowest singlets or
the lowest triplet is close to these low-energy peaks. Electron
propagator calculations in the BD-T1/6-3%®(2d) approxima-
tion obtain VEDEs of 2.38 and 2.32 for the third and fourth

secondary peaks between 3.4 and 4.5 eV. Another prominentsinglets. In addition, the VEDE of the second triplet obtained
peak occurs near 5.0 eV and has subsidiary features from 4.6with CCSD(T)/6-313#G(d) total energies is 2.47 eV, this value

to 5.8 eV. The present predictions on the lowest VEDE of the
Csanion and on the two lowest VEDEs of thig, anion suffice

to account for the first feature. The second and third VEDEs of
the Cs anion and the third VEDE of th€,, anion may be
assigned to the second broad feature.

VEDEs of other anion isomers were calculated as well. For
the Dyg, B, anion, VEDEs were evaluated with CCSD(T)/6-
311+G(2df) total energies. Values of 3.66, 5.41, and 5.54 were
obtained for the?A;, 2B,, and “B; final states, respectively.
Estimated error bars af0.2 eV for the relative energy of the
triplet suggest that these VEDESs could be contributing to the
two chief features of the 193 nm spectrum. In the triplet, singly
occupied @ and b spin—orbitals consist chiefly of functions
on the terminal aluminums in symmetric or antisymmetric
combinations, respectively. QCISD optimizations on a singlet
converge to a similaiD,q structure that has a dominant, closed-
shell electron configuration with two electrons assigned to the
& orbital. This structure lies 1.1 eV above the lowest singlet
and its lowest VEDE obtained with BD-T1 calculations is 4.19
ev.

is likely to increase with the use of larger, more polarized basis
sets. These results also employed anion geometries that had been
reoptimized with QCISD total energies. The relatively high
energies of the three, latter anions (609 eV) imply, however,

that they can make only minor contributions to the spectrum.
Nayak and Nooijen also considered VEDEs of these species
and obtained 4.29, 2.22, and 2.30 eV for structures that
resembled the third singlet, the fourth singlet, and the second
triplet of the present work?

Given the failure of the high-energy isomers to account for
the low-energy features in the 355 and 266 nm spectra,
consideration was given to iermolecule complexes of £and
Al30,~. The latter anion has two low-lying, planar isomers that
both haveC,, symmetry and are within 0.2 eV of each otRér.
One structure is a bent AIO—Al—O—Al chain and the other
(called the kite) has a four-member,@, ring with an exocyclic
Al attached to one of the ring oxygens. QCISD optimizations
on Al;O, (Oy) complexes (no DFT optimizations were at-
tempted for these aniermolecule complexes) encountered
several minima, but the lowest structures for each anionic isomer
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Figure 4. Schematic representation of the potential energy surfaces and Mulliken atomic charges for the most stable struct@esnd Al
Al;0,4~. Energy differences in eV.

retain C,, symmetry. Both complexes are planar and the the chain or kite isomers of AD,~ could be responsible for
midpoint of the diatomic molecule is bisected by tgeaxis of the low-energy peaks from 1.85 to 2.05 eV.

the anion in each case. The ground states are triplets, for the Trends in Isomerization Energies.For AlsO4~, Figure 4
multiplicities of the anion and the molecule are singlet and shows schematic potential energy surfaces for the anionic and
triplet, respectively. For the complex of the chain anion and neutral clusters. Similar energies were found for the first two
0O, CCSD(T)/6-31#G(2d) calculations produce a VEDE of  singlet anionic structures with DF and QCISD calculations. The
1.91 eV for both the lowest doublet and quartet final states. calculated VEDE for structure | is 3.97 eV and for structure 1|
This value may be compared with the 1.8 eV VEDE that was this quantity is 4.02 eV. In contrast, VEDESs for the next two
assigned to the chain isom&t’ The Dyson orbital for the singlet anions (lll and V) are 2.38 and 2.32 eV, but their
lowest VEDE is dominated by functions on the central energies relative to the lowest singlet are 0.73 and 0.87 eV,
aluminum. The large distance between this aluminum and therespectively. If one neglects differences in relaxation energies
midpoint of the Q bond, 4.5 A, implies that the VEDE and its  due to nuclear rearrangements in@®J, the neutrals of structures
associated Dyson orbital will undergo minimal alteration in the Il and IV are expected to be approximately 0.9 eV more stable
presence of the coordinated molecule. Additional evidence for than those of | and Il. Relaxation energies are unlikely to reverse
this interpretation is provided by the nearly identical VEDEs this trend. Thus, planar isomers are favored foiOyl” and the
calculated for the doublet and quartet final states. For the three-dimensional species are favored fogGl Application
complex of the kite isomer of the anion with,Cthere are of the same kind of arguments to the lowest VEDE (3.66 eV)
VEDES corresponding to doublet and quartet neutrals at 2.23and the relative energy (0.43 eV) of thgyq triplet anion

eV. In addition, another doublet and another quartet occur at indicates that the corresponding neutral cluster lies approxi-
3.42 eV. For free AJO,~, in comparison, VEDEs at 2.29 and mately 0.1 eV above its planar counterparts with structures |
3.5 eV were assigned to the kite isomér. Corresponding and II.

Dyson orbitals are localized on ring aluminums, not on the  Vibrational Analysis and Atomic Charges. Harmonic
exocyclic aluminum that is nearest to the Midpoint in the vibrational frequencies (Tables 3 and 4) and Mulliken atomic
anion—molecule complex. Here, the distance between the charges (Figure 4) have been obtained for the most stable neutral
exocyclic aluminum and the midpoint of the coordinated and anionic minima.

diatomic molecule is also approximately 4.5 A. The present In Figure 4, atomic charges in &4 and AkO,~ indicate
results on aniofrmolecule complexes display small shifts in that the oxygen atoms are negative, as one would expect from
the VEDEs with respect to the uncoordinated anion. Given the the electronegativities of oxygen and aluminum. If one compares
ability of the anion source to produce 38k~ clusters with the neutral and the anion of structure lll, the charges of the
varyingy and the presence ofxin the He carrier gas, it seems  aluminums that are equivalent by symmetry in the anion are
reasonable to expect thats8l,~(O,) clusters containing either 0.8, whereas in the neutral system these charges are 1.1. Charges
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TABLE 3: Calculated Harmonic Vibrational Frequencies TABLE 4: Calculated Harmonic Vibrational Frequencies
(in cm™1) of Low-Energy Isomers of AO, (in cm~1) of Low-Energy Isomers of AlzO,;~
Al;O04 Harmonic Frequencies (cm™) Al,O4 Harmonic Frequencies (cm™)
228 | 229 | 313 | 314 | 326 | 505 | 506 | 560 21 | 38 | 116 | 202 | 258 | 273 | 311 | 304

e|le|le|e|la|e|e|e b, | by | by [ ba | by | ba | @ | by

361 | 569 | 654 | 69T ) 217 | 799 500 541 | 554 | 648 | 840 | 858 | 1025 | 1070

e a4 aq az a4 e e

ai | b2 ai | ba| a ay ay

by |as | bo|a | by |a | a | a m at | a |@ | a8 |@a| & |@ak| a
631 | 681 | 740 | 756; | 756 792 845 496 | 567 | 652 | 688 | 747 | 1005 | 1055

b; | a1 | a | by | b2 b ay

35 | 44 | 113 | 164 | 232 | 247 | 318 | 396 122 | 122 | 156 | 317 | 335 | 335 | 539 | 39

by | by | by | bz | by | b2 [ & | by by | ba @ | a1 | by | b2| by | b2

537 | 666 | 708 | 792 | 807 925 1074 553 | 629 | 743 | 793 | 793 810 813

triplet
ar | by | ai | a | by | a & ° a | a | a | b2 | by | a a4

32 | 44 | 147 | 176 | 238 | 269 | 313 | 362 226 | 226 | 314 | 315 | 315 | 478 | 478 | 544

< ; o bs b4 b4 b, b1 b2 aq by ﬁ e e a e e e e e

587 | 643 | 740 | 779 | 809 | 1026 | 1213 544 | 554 | 616 | 654 | 694 | 762 762

ay | b2 | a | b2 | a ay a

83 | 142 | 170 | 258 | 271 | 332 | 379 | 445 112 | 220 | 236 | 263 | 320 | 430 | 534 | 537

by | b |a |a | by |a | a | a

545 | 558 | 679 | 697 | 722 743 801

on the oxygen atoms arel.0 and—0.6 for the anionic system

and become-0.9 and—0.5 for the neutral. Aluminum atoms  cgnclusions

are more positive in the neutral system. Therefore, the Cou-

lombic attraction energy between aluminum and oxygen atoms  Density functional optimizations produce a three-dimensional,
is more pronounced for the neutral than for the anionic structure. ¢, structure for doublet AD, and two, planar, approximately
For the neutral system, structure Il is the most stable isomer jspenergetic singlets for ADs~. A low-lying triplet with Daq

because Coulombic attractions are accentuated by enhanced, mmetry was found as well. Distinct patterns of stability occur
atomic charges and high coordination numbers. The SaMesor the neutral and anionic structures. Fors@i, planar

behavior is obtained for structure IV. If one compares the neutral g re | and 11 are more stable than the three-dimensional
and anion of structure 1V, the charges of the aluminums are . . .
. isomers. For neutral AD,, three-dimensional structures Il and
1.3 and 0.6, whereas in the neutral system these charges ar?v learlv | . han the ol
1.5 and 1.1. The charges on the oxygen atoms-&ké for are clearly lower in energy than the planar ones.
both systems. Because of the more positive charge on the Electron propagator results for the VEDEs of the two lowest
aluminum atoms in the neutral system, the Coulombic attraction structures of AJO,~ are in close agreement with photoelectron
energy between aluminum and oxygen atoms is more pro- spectra. Dyson orbitals pertaining to these ionizations may be
nounced for the neutral than for the anionic structure. For the concentrated on aluminum or oxygen atoms with low coordina-
neutral system, enhanced Coulombic interactions favor structuresion number. In one isomer, the lowest VEDE pertains to an
Il and 1V with respect to the planar isomers. aluminum-centered Dyson orbital, whereas in the other case,
Dyson orbitals corresponding to the lowest VEDESs of each the Dyson orbital for the lowest VEDE is concentrated on an
isomer are compatible with the corresponding changes in atomicexocyclic oxygen. The lowest triplet anion and two relatively
charges. For example, for the lowest VEDE of the low@8t  stable singlets may also contribute to the photoelectron
anion, the Dyson orbital is concentrated on the monocoordlnatespectrum_ VEDESs of AD,(Oy) complexes are close to the

oxygen, which is also the S'te. that loses 0.5 ele_ctrons in the observed, low-energy features seen in spectra produced with
Mulliken scheme. For th€s anion, the Dyson orbital for the _
longer-wavelength radiation.

lowest VEDE is localized on the bicoordinate aluminum, which
loses 0.6 electrons. In the remaining structures of Figure 4, the Vibrational frequencies and Mulliken atomic charges were
Dyson orbitals for the lowest VEDEs consist chiefly of functions reported for the more stable neutral and anionic minima. The
on the sites with the lowest coordination numbers and the largeststability order of the anionic and neutral compounds may be
changes in Mulliken charges also occur in these positions.  explained by Coulombic attractions and repulsions between
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aluminum and oxygen atoms. In the anions, aluminum atoms

J. Phys. Chem. A, Vol. 107, No. 14, 2003595

(7) Wu, H.; Li, X.; Wang, X.-B.; Ding, C.-F.; Wang, L.-Sl. Chem.

have smaller positive charges than in the neutrals and electro-Phys:1998 109, 449.

(8) Desai, S. R.; Wu, H.; Wang, L.-Snt. J. Mass Spectrom. lon

static attractions with negatively charged oxygens are weaker. p;ocassed 995 159 75.

In the neutrals, three-dimensional structures are favored, for the

(9) Cui, X. Y.; Morrison, I.; Han, J.-GJ. Chem. Phys2002 117,

ions have higher coordination numbers. Planar structures havel077.

more atoms with low coordination numbers and are favored by
the anions. Thus, the uncharged clusters bear a closer resems,

(10) Akin, F. A.; Jarrold, C. CJ. Chem. Phys2003 118 1773.
(11) (a) Ortiz, J. V. InComputational Chemistry: Re&ws of Current
ends Leszczynski, J., Ed.; World Scientific: Singapore, 1997; Vol. 2, p

blance to the three-dimensional structure of ionic bonds found 1. (b) Ortiz, J. V.Adv. Quantum Chem1999 35, 33. (c) Ortiz, J. V.;
in bulk phases. In the anions, separation of negative chargesZakrzewski, V. G.; Dolgounitcheva, @1 Conceptual Trends in Quantum

leads to a preference for planar geometries.
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