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Systematicab initio investigation of bare boron clusters: Determination of the geometry
and electronic structures of B, (n=2-14)
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Based onab initio quantum-chemical methods, accurate calculations on small boron clusie(e B
=2-14) were carried out to determine their electronic and geometric structures. The geometry optimization
with a linear search of local minima on the potential-energy surface was performed using analytical gradients
in the framework of the restricted Hartree-Fock self-consistent-field approach. Most of the final structures of
the boron clustersn>9) are composed of two fundamental units: either of hexagonal or of pentagonal
pyramids. Proposing an “Aufbau principle” one can easily construct various highly stable boron species. The
resulting quasiplanar and convex structures can be considered as fragments of planar surfaces and as segments
of nanotubes or hollow spheres, respective§0163-18207)04624-9

I.  INTRODUCTION Unlike boron crystals and boron compounds, experimen-
tal and theoretical studies on bare boron clusters are rare.
The rapidly increasing interest in atomic clusters and theilNevertheless, Anderson and co-workers experimentally de-
practical applications in different fields has prompted furthertermined the most important aspects of the mass spectra of
investigations of their as yet unknown behavior and properthe boron cluster ions and their reactions with different spe-
ties and demanded better understanding of their physical araes by collision-induced dissociation methods. For example,
chemical naturé.Moreover, the clarification of the dynamic Hanley, Witten, and Andersdhproduced a typical mass dis-
process as well as the elucidation of the mechanism of fortribution of B,* up ton=20 atoms by laser ablation. Hanley
mation from separated atoms to condensed matter are addind Andersol? studied the oxidation of the small cationic
tional motivations for further research. Some of the mosthoron cluster B* up ton=13 and compared the B sta-
interesting features of clusters perform to their ability to pro-bilities with estimated B,-O]* bond energies.
vide transparent models of solid-state materials, e.g., their Anderson and co-workers later investigated the reactions
complicated electronic band structures, and the miniaturizaef boron cluster ions with BD,'* with CO,,'® and finally
tion of electrical devices. In other words, are clusters newB," with N,O (Ref. 16 for n=2-24. Another experimental
materials? study of the boron clusters was published by La Placa, Ro-
Some of the major successes which have been drawand, and Wynné! They produced mass spectra of By
from cluster theory are the discovery of electronic sRelted  |aser ablation of hexagonal boron nitride uprie=52 and
quantum supersheflsn sodium clusters and the observation proposed the existence of ad8l,, molecule with the same
of highly stable carbon clusters in the form of fullerefies. structure as that of fullerenegg Other abundant distribu-
The relationship between the electronic and geometricaions and fragments of clusters of group 13 were also found.
structures and the delocalized character of the valence eleBarr'® measured the gallium ion clusters Gawith n up to
trons of metal clusters were first elucidated and demonstrate8D produced from a liquid ion source by using time-of-flight
using the examples of small neutral and positively chargedpectrometric techniques. King and ROsseported the re-
species, as well as negatively charged lithium clusters. sults of the mass spectrometric characterization of*Al
These models were subsequently extended to neutral and c&@a,*, and In,* clusters forn up to a cluster size of 15
ionic sodium cluster?® atoms, produced by sputtering of pure metal targets.
Similar to the alkali-metal element lithium of group 1,  Small boron clusters were also theoretically investigated
with only ones valence electron, atomic boron is the first by several authors using different methods. The ground and
light element of group 13Ref. 9 with but onep valence excited states of boron dimers were studied by Bruna and
electron. The trivalent borostp* atom, withZ=5 is a semi-  Wright?® employing the MRD-CI method. Carmich&ktal-
conducting element, possessing low density but a high melteulated the hyperfine coupling constants of the boron dimer
ing point of about 2300 °C, as well as a hardness close tasing the MCSCF/MR-SDCI approach. Based on the local-
that of diamond. Thep? hybridization of the valence elec- density approximation Bwas calculated by Serena, Baral-
trons, the electron deficiency, the large coordination numeff, and Solef? and by Vijayakumar and Gopinatha&hThe
bers, and short covalent radius allow boron to form strongyround and low-lying excited states as well as the hyperfine
directed chemical bonds. In nature, boron occurs in amoreoupling constants of the boron trimer were computed by
phous and crystalline forms. Because of its remarkable meHernandez and Simoffsand Fernadez, Jegenson, and
chanical properties, amorphous boron is mostly used as &imons2 respectively.
reinforcing element for certain composite materials in the The boron dimer and trimer were also studied by Martin
aerospace industry:!! Franwis and Gijbel&® applying Mdler-Plesset perturbation
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theory. They later extended their calculations to determine TABLE I. The double{ basis se{Refs. 41 and 4R
some properties of B’ Kouteckyet al?® studied the boron
tetramer using the MRD-CI approximation. Besides the ex- S p

perimental data, Anderson and co-worRérseoptimized

Whitside’s geometri€g for neutral boron clusters and ob- Exponents Coefficient Exponents Coefficient
tained the structures of the ionig, Blusters up tm=6. Kato  3733.330 0.000 895 12.363 90 0.012 741
and Tanak¥ investigated the cluster-stability of,Bor (n 561.198 0 0.006 852 2.656 000 0.078 312
=4-8) and performed a vibrational analysis usingllele  128.7470 0.034 060 0.760 671 0.273 278
Plesset perturbation theory MEBDTQ). Ray, Harvard, and 37.055 50 0.121 453
Kanaf* optimized the ground-state geometries of different12 328 80 0.300 097 0.241 978 0.504 221
isomers of the boron clusters ,B(n=2-8) at the 0.077 877 0.359 280
HF/3-21G and MP4SDTQ) level of theory. 4.524 430 0.437 267

Neutral boron clusters larger tharg &ith up to 13 atoms 1 751 270 0.246 874
were the subject of more recent studies. Kato ang)33q110g 1.000 000
Yamashitd? investigated boron clusters with up to 12 atoms. 103 714 1.000 000

Kawai and Wear&>*studied the icosahedral Bsystem and
the anomalous stability of the ionized Bcluster employing
Car-Parrinello ab initio_molecular dynamics. Kato, Ya- ometries, the standard 3-21G basi$¢%ems used for a linear
maShIta, and Morukurﬁa determ|ned the structures of the Search for |Oca| minima on the potentia'_energy Surface of
Bi, and B3 clusters applying the MR8DTQ approach. the clusters. In turn, the resulting 3-21G equilibrium struc-
Cationic boron clusters up to a cluster size of 14 atoms werg,res were the starting geometries for a reoptimization of
also investigated by means of the local spin defi&ayd of  cjusters using an extended 8p/4s,2p) basis set. The
B3-LYP approximations! Tang et al*® calculated the B,  primitive Gaussian basis for the boron atom is that reported
cluster employingab initio quantum-chemical methods. Fi- by van Duijneveldf? It is contracted to a doublé-(DZ)
nally, Li, Gu, and Tang investigated the octahedral struc- pasis set as proposed by Gianolio, Pavani, and ClefRenti

tures of the B, and B> clusters by applyingab initio  (see Table)l The addition ofd-type polarization functions
Hartree-Fock method and using STO-3G and 4-31G ba5|ﬁ) the DZ basis Séle which could be done up to a cluster

sets. _ size of eight atoms only, produces no significant influence on
In the present work, a systematic study on neutral borofhe cluster geometry but affects surely the total energy.
clusters B for n=2-14 was carried out by applyingb We have noted that the HOMO/LUMO gap is infinitesi-

initio quantum-chemical methods. All-electron Ca'CU'ationSma”y small in most of the boron clusters. Consequenﬂy, the
were performed using the Hartree-Fock self-consistent-fielccupied and virtual molecular orbitals mix during the opti-
approach(HF-SCB. The correlation energy was estimated mization process and this causes a reordering in the sequence
by the direct configuration interactiofCl) approximation of orbitals as well as at the resulting states and does not
using a “valence-only” calculations. The CI procedure em- glways lead to the desired ground states. Therefore, in order
ploys single and double excitations with respect to a singlgo avoid transitions from the ground to the excited states as
reference configuration. A large set of up to®idnfigura-  well as the crossing of energy surfaces of different states, the
tions were generated for an active space composed of thg&quence of occupied orbitals was always checked and, if
valence and virtual orbitals apart from frozen cores. In ordehecessary, changed in order to keep the ground-state fixed
to compare our results with those computed by Kato an@juring the optimization procedure. For further control of the
co-workers>* and Ray, Howard, and Kan3l,we have ap- energy lowering of the clusters, the structures obtained at the
plied Mdller-Plesset perturbation theory to estimate the corSCF/Dz level have been recalculated using the smaller basis
relation energy and to assess its influence on the sequence $fts and vice versa.
cluster stability. The final wave functions of the optimized clusters were
determined at the correlated level by applying the direct ClI
. THEORETICAL DETAILS r.nethod“'45 as well as Mdigr—PIesset fourth-order perturba-
tion theory[MP4(SDTQ].”™ The resulting wave functions
Different isomers of each cluster size were considered andiere computed at the SCF-optimized geometries for the
investigated but only the final geometries of the lowest-3-21G and DZ levels of treatments. For further calculations
energy clusters are presented. The optimization procedur&cluding a set of polarization functions in the basis set, we
based on the analytical gradient method, has been carried oused the 3-216 basié® to determine the MR&DTQ) en-
for the ground-state energies using restricted Hartree-Fockrgies for the clusters optimized at the SCF/3-21G level of
theory. Because the HF and Cl methods scaldN&sand  theory. All computations of the boron clusters were carried
N®, respectively, wher&\ is the number of basis functions, out using the program packagesMess-Uk,*’ installed on
the choice of basis sets must be restricted while still beinghe DEC SYS-3100 computers of our laboratory, and
adequate for the objectives of the calculations. In the presem@aussiaN-92® running at the CRAY Y-MP of HLRZ-Jich.
investigation, relatively small basis sets were employed in
order to treat clusters of moderate to large size and to make Il RESULTS
the correlation treatment practicable. First, the standard
STO-3G basis set was employed to obtain reliable initial The starting points in the optimization procedure were
guesses and reasonable geometries. Starting from these giosen on the basis of the bulk sections or the molecular
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clusters of boron. The linear search for the local minima was
performed for different configurations, while symmetry re-

strictions were always applied in the optimization procedure.

Different isomers of each cluster size were investigated and
the most probable clusters were energy selected to be initial
guesses for the next optimization step. The less probable
topologies and those with high SCF energies were excluded
from_the optimization process. . B3-C,, B,-Dan

It is well known that the number of minima on the energy
hypersurface of the cluster exponentially increases with the
number of atoms, and the degrees of freedoN{®) of
nonlinear clusters also grow with increasing cluster size.
Thus, the linear search for the local minima on the potential
surface is a most difficult enterprise, especially when the
clusters are large. Therefore, two strategies were adopted in
order to overcome these problems. On the one hand, the
degrees of freedom were reduced as considering the symme-
try of the clusters, and on the other hand, a large number of
initial guesses of configurations were made in order to have
a sufficiently high probability of finding local minima.

Since the classification of the clusters and the sequence of
their energies and stability should be independent of the
methods and basis sets used, it was necessary to use different
approaches to study the behavior of the clusters. Therefore,
we have studied and checked the same cluster systems by
applying the fundamentally different methods of the local
and nonlocal spin-density approximationgl.SD) and
(NSD), of the density-functional theoryDFT).*® These
methods use basically the electron density to determine the
ground-state energy, but not the wave function as considered
in the Hartree-Fock theory. The DFT methods include ana- Bg-Dm
Iytical gradient methods for the linear search of minima on
the potential-energy surfaces without any symmetry con- FIG. 1. Final structures of the SCF-optimized elemental neutral
straints and the use of a larger basis set DZVP, which consoron clusters B, obtained with the 3-21 G basis set. The symme-
tains a set ofd-type polarization function® The LSD re-  try group is indicated. For the spin multiplicity of the ground state
sults for boron clusters, reoptimized starting from HF-SCFand the internuclear distance see the text.
geometries as initial guesses, have topologies similar to those
of the current study obtained at the HF-SCF level of theoryThe open 3D structures comprise the,Bo By, clusters,
using the 3-21G and DZ basis sets. The optimized geomwhich unusually consist of subunits of the first elemental set
etries of the two methods have slightly different interatomicof the clusters, such as pentagonal pyramids, combined with
distances. The parallel behavior and shifting of the clustehexagonal or heptagonal pyramids. The optimized energies
stability E,,/n as a function of cluster size allows for useful obtained with the 3-21G basis set at the HF-SCF level of
comparisons of the different methods and basis sets as wetheory are listed ifTable Il), and the corresponding inter-
as will be seen in the following sections. Both the Cl andatomic distances of all clusters will be given in the following
NSD methods improve thE, /n values obtained at the HF- text.

SCF and LSD levels of treatment, and the improved Cl and
NSD values are in good agreement with one another in each 1. Elemental clusters

case. The elemental set contains boron clusterg, Bor n
=2-8. The species Band B; are planar and have structures
close to those of alkali-metal clustéfsThe most stable geo-
metrical structure of the two Bisomers is a closed planar
The final topologies of the most stable optimized boroncyclic ring, while the other is a pentagonal pyramid. The
clusters can be classified into three sets of structures: th&; isomer is a slightly distorted hexagonal pyramid. The
elemental(Fig. 1), the convex and the quasiplan@ig. 2,  highly symmetric B cluster is planar and can be described as
and the three-dimension&BD (Fig. 3)]. The elemental set a spoked wheel. The spin multiplicity of the ground states of
comprises those clusters which are considered to be the ahe even atom clusters,BBg, and B is triplet.
ementary units of larger cluster sizes. The set of the quasi- The dimer characterized by a bonding HOM$2e Table
planar and the convex clusters is mainly composed of unit#il) has a bond length of 1.67 A optimized with 3-21G. It is
of hexagonal pyramids which belong to the elemental set0.08 A larger than the experimental value of 1.58'AThe
The very compact 3D clusters up tg Biclude the trigonal, bond length obtained with the DZ basis set is 1.69 A and the
square, pentagonal, hexagonal, and heptagonal bipyramidshange from the value obtained with 3-21G is negligible.

A. Geometric and electronic structures
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FIG. 2. Final structures of the SCF-optimized convex and quasiplanar neutral boron clystedst@ned with the 3-21G basis set. The
symmetry group is indicated. For the spin multiplicity of the ground state and the internuclear distance see the text.

The calculated bond length of the cationic dimes"Bs  Jahn-Teller distortion and symmetry lowering, transforming
about 2.32 A and somewhat larger than that of the neutrdPsn into C,, . The average bond length of the-&,, clus-
one. The triangular shape of the trimer is energetically fater is 1.57 A. From this we can conclude that removing one
vored over the linear one. The energies of both clusterglectron from singly occupied degenerate HOMO's leads to
B;-Dgp, and B;-C,, are nearly identical. The resulting bond more stable clusters.
length of 1.553 A is very close to the computed value of The most stable hexamers are two structures with differ-
1.587 A calculated by Hernandez and Siméh3he Jahn- ent ground states. The first one has a cyclic planar structure,
Teller distorted isosceles triangle has a bond length of 1.60 Ahe benzenelike boron clusteg Bith D,,, symmetry and a
for the equal sides, closing at an angle of 27.82°. The mo2B,, ground state; the second one is the pentagonal pyramid
lecular orbitals(MO) of both trimers have similar character. cluster B-Cs, with a *A; ground state. The planar struc-
The highest occupied MO’s, corresponding to the, and  ture, which is slightly more stable than the other one, has a
m, bonds, are similar in both trimers and have bonding chargeometry comparable to that of benzeféy. 1). The sym-
acter which accounts for their stabilifgee Table II). metrical bond length between both centers 1 and 2 and the
The most stable clusters of the boron tetramers are tw@earest neighbors is 1.541 A, obtained by an angle of 80.54°.
planar shapes with nearly degenerate energies at the HF-SQfhe remaining two bond lengths are 1.60 A. The stability of
but different at the Cl level. The first structure is the rhombicthis planar structure can be traced to the single and double
B4-D 3, cluster with a bond length of 1.528 A, a bond angle bonds corresponding to MO’s of the electronic configuration
of 76.08°, and a short diagonal of 1.885 A. The second structsee Table Ill. The next most stable hexamer is the pentago-
ture is the square cluster, 8D 4, with a bond length of 1.527 nal pyramid B-Cs,, which may be considered as the basic
A. The rhombus is at the GBiegbahiabout 2.59 kcal/mol  unit of five fold symmetrical icosahedra. In turn they form
more stable than the square. This fact has been confirmed lilfe most stable crystals af- and g-rhombohedral boron.
the vibrational analysis. All frequencies of the rhombus haveThe pentagonal pyramid is also found to be the subunit from
a positive sign while one of the squares is negative. Howwhich the open 3D boron clusters can be constructed. The
ever, the HOMO of the rhombuéTable Ill) has bonding equatorial bond length in the pentagonal plane is 1.616 A
character and contributes to its stability. and the axial bond length is 1.668 A. The apex atom lies 0.95
The structure of the Bboron cluster is a Jahn-Teller dis- A above the plane and is connected with the axial bonds and
torted pentagon witlC,, symmetry. In order to understand a bond angle of 55.5°.
this distortion, the structure of thesB-Dyg, cluster must be In order to understand the electronic structure of the neu-
considered. The partial population of the degenerate LUMQral isomer, first we should study the geometric and elec-
€] by one electron leads to the neutral cluster and causesonic structure of B". This cationic cluster is a highly sym-
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FIG. 3. Final structures of the SCF-optimized compact and open three-dimensional neutral boron clystdraiBed with the 3-21G
basis set. Energetically these clusters are less stable than the convex or quasiplanar clusters. The symmetry group is indicated. For the spir
multiplicity of the ground state and the internuclear distance see the text.

metric hexagonal pyramid witg, symmetry. As soon as hereafter referred to as the quasiplanar clusters. The convex
the degenerate LUMO’sef) are partially occupied, the or quasiplanar structures of the clusters can easily be con-
Jahn-Teller distortion occurs and leads to a symmetry lowstructed from each other starting from the hexagonal pyra-
ering fromCs, to C,, . The deformation also causes a split- mid and adding atoms consecutively to form a new hexago-
ting of the degenerate orbitals, witty transforming into  nal pyramid. For example, the decamer, which contains two
b, andb, levels. The Jahn-Teller distorted,,, cluster  dovetailed hexagonal pyramids, arises from a heptamer by
consists of a quasiplanar hexagon capped by a single atom adiding three atoms. Further addition of two or three atoms
a height of 0.61 A. The average axial bond length is 1.71 Agive fise to B, or By, containing three or four dovetailed
while that of the_ equatorial atoms is 1.60 A The final eIT hexagonal pyramids, respectively. The number of the sharing
emental cluster is the planar octamer, a highly symmetrig,exagonal pyramids are identical with the number of the
spoked wheel B-Dy,, which is obtained starting from a entral atoms in each clustéFig. 2.
planar structure containing a flat hexagonal pyramid with an Analogous to the starting geometry of the planar
atom attached to its side. The latter nuclear arrangement h@§8_D7h cluster, new structures forg&lusters can easily be
Cs symmetry and corresponds to a saddle point on th@gnstructed from a flat hexagonal pyramid laterally attached
potential-energy surface, transforming to the appropriate ensjther to two neighboring or to two opposite atoms. Both
ergy minimum of the B-D7,, cluster and the corresponding stryctures wittC,, symmetry correspond to saddle points on
triplet ground state. The bond length between the peripherghe potential-energy surface of the cluster. One structure
atoms is 1.558 A, while the distance to the central atom igransforms to a centered heptagonal ring and the other one to
1.796 A. the energy-optimized quasiplanary-B¢ cluster (Fig. 2).
This stable isomer can be considered as consisting of joined
crushed pentagonal and hexagonal pyramids building a bi-
These kinds of clusters can be considered as constructedpped heptagon. The slope of the axis going through both
from hexagonal pyramidal subunits, which was describedhe top and the bottom atom causes the breaking of bonds
above in the discussion of the elemental clusters. The hexdetween the apices and the surrounding heptagon. The bond
agonal pyramids dovetail each other by axial bonds and thiength between both apices is 1.88 A and the average of the
out-of-plane apices of these subunits are either lying abovbond lengths of the heptagon is 1.55 A. The average atomic
the plane of the peripheral atoms, hereafter referred to as thdistances of four bonds to one apex is 1.95 A while the other
convex clusters, or lying in an alternating pattern above ofive bonds to the second apex is about 1.85 A. The electronic
below the plane forming top and bottom atoms, respectivelyconfiguration(see Table Il mostly contains nonbonding and

2. Convex and quasiplanar clusters
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TABLE Il. Energies of elemental, convex, and quasiplanarcBisters, 3-21G basis set. See Ref. 40.

Clustef Symmetry State ESCFP ESCFe gcd ES,C ESy ES);S9c
B, D.h 32& —48.796 69 0.24 —48.932 82 0.98 —48.963 00 1.38
B(l) Dap ZAi —73.315 37 1.33 —73.51178 2.00 —73.545 30 2.29
B(Il) Cy, 2A, —73.321 40 1.38 —73.506 12 1.95 —73.542 10 2.27
B4(I) Don lAg —97.852 23 2.00 —98.090 48 251 —98.153 50 2.93
B, (1) Dap 1A —97.850 09 1.98 ~98.108 45 263  —98.144 96 2.87
Bg C,, ’B, —122.373 38 231 —122.648 85 2.71 —122.726 20 3.11
Be(l) Don 3B, —146.884 23 248  —147.201901 281  —147.28384 3.17
Bg(Il) Cs, A, —146.870 00 241 —147.189 43 2.76 —147.261 83 3.07
B~ C,, ’B, —171.441 42 2.78 —171.802 67 3.07 —171.889 01 3.40
Bg D+ 3Aé —196.011 78 3.04 —196.406 43 3.28 —196.498 13 3.58
Bo Cs 2p —220.484 93 2.96 —220.928 33 3.19 —221.031 48 3.49
Byg(l) Con 1Ag —245.046 98 3.13 —245.537 32 3.36 —245.655 27 3.67
Byg(ll) Cay A, —245.016 11 305  —24551852 331  —245.64143 3.63
Bi1 Cs 2p” —269.577 99 3.20 —270.096 92 3.37 —270.227 40 3.68
) Ca, A —294.078 97 318  —294.65026 337  —294.798 94 3.70
By (1) Con lAg —294.089 56 3.21 —294.639 05 3.35 —294.784 44 3.66
By(111) Don lAg —294.093 05 3.21 —294.642 55 3.35 —294.787 93 3.67
Bya(l)f Ca, 2, —318.607 82 323  —319.21342 339  —319.37861 3.72
Byl Cs, 2, —318.609 76 323  —319.207 96 338  —319.37142 3.71
B(l) Con 1A, —343.089 54 318  —343.73677 333 —343.92003 3.67
BL(l) Co, 1A, —343.105 03 321  —343.75917 337  —343.94395 372
B-Atom C, ’p —24.389 63 —24.430 31 —24.430 81

8 or geometries of boron clusters, cf. Figs. 1 and 2.

PRestricted Hartree-Fock energies of the SCF optimized clu&eus.

Binding energy per atom calculated with respect to the corresponding methihd
dCorrelation energies calculated by direct configuration intera¢@h methods(a.u).
Siegbahn energy corrections of direct @lu) (Refs. 44 and 46

f813(I) is the quasiplanar, B(I1) is the convex cluster.

antibonding MO'’s, which is an indication of the unstable bonds, which connect two peripheral atoms to both centers,
character of the nonamer cluster. are around 2.11 A and are thus relatively long. One should
The most stable structures of the decamer have two simiexpect that the stability increases and the cationic cluster
lar topologies differing only in the position of the apices. Thebecomes quite stable by removing the valence electron from
convex structure of the first isomer8C,, is characterized the antibonding orbital.
by two top atoms, while the quasiplanar structure of the sec- The most stable isomers of Bclusters are two planar and
ond isomer By-C,,, by top and bottom atoms. Each isomer one convex cluster of,, , Doy, andCz, symmetry, respec-
has two dovetailed hexagonal pyramids and can switch inttively. Each planar structure consists of a dimer surrounded
the other one by pushing the top atom into the bottom posiby ten atoms and can be considered as containing two dove-
tion and vice versa. The average of the bond length betweetailed shallow heptagonal pyramids. The average of the bond
the neighboring peripheral atoms for the convex and the qudengths between the peripheral atoms of the-8,, cluster
siplanar cluster is 1.58 and 1.60 A, respectively. The distancis 1.53 A and the one between each center and the four
between the top atoms of the convex structure is 1.57 Aneighboring atoms is 1.85 A. The rhombic bonds, connecting
while the distance between the top and bottom atoms of thewo peripheral atoms to both centers, are very long, around
quasiplanar isomer is 1.63 A. The average of the bon®.39 A. The structure of the BD,, cluster has similar
lengths of connected and disjointed hexagonal bonds of bothonds and the dimer of the central atoms is the mutual bond
clusters, which form the bonds between the apices and thgetween two rectangles. The convex,®g, cluster con-
peripheral atoms along the short and large diagonals of thtains three dovetailed hexagonal pyramids. Their apices form
clusters, are 1.80 and 1.67 A, respectively. an equilateral triangle of 1.64 A bond length, surrounded by
The quasiplanar structure of theBC, cluster contains nine atoms at a bond length average of 1.60 A. Together with
two connected subunits, the shallow hexagonal and heptagtwo opposite peripheral atoms each central atom forms an
nal pyramids. The average of the bond lengths between thisosceles triangle with a bond length of 1.65 A. The bonds,
central atom of the hexagon and the other three neighboringthich connect the apices to three peripheral atoms lying op-
atoms is 1.72 A, and the atomic distance to the other centggosite to the sides of the central equilateral triangle, are rela-
is 1.73 A. The average of the bond lengths between the cenively long (1.85 A).
ter of the heptagon and the four neighboring atoms is 1.75 A The two stable B; clusters haveC,, symmetry and share
while that between the peripheral atoms is 1.56 A. Thethree subunits of hexagonal pyramids. The convex structure
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TABLE lll. The electronic configurations of boron clusters.

Clustef Symmetry Ground state Electronic configuration
B, Doh 329_ (0'9)2(0”)2(779)2
B; th 22; (Ug)z(au)z(ag)l
Bs D3 *Aq (ap)?(e")*(az)?*(ap)?
Bs Cy, Ay (a1)%(ay)?(bp)*(a1)*(by)?
B, Dan A (++)(b2u)*(b3g) *(b1u)*(ag)*
By Dan 1Alg (- ‘)(eu)4(b2g)2(azu)2(alg)2
Ba D2q A, (---)(bp)?(e)*(a1)?(e)?
Bs Dsp AL () (e (az)?(ap)?
Bs Co ’B, (-+)(a1)?(bz)?(b;)*(ar)?(by)*
Bs Da3p AL (- )(eN*(e)*(ap?(ap)?
Be Dan SB1g (- ‘)(eg)4(alg)2(alg)1(b1g)l
Bg Don 3Bay, (- ')(alg)z(bZQ)l(blu)l
Be Cs, A, (=) (an)*(e)*
B7 Ceu A, (--)(a)*(e)*(en)°
Bs Ca ’B, (++)(a1)(by)?(b2)*(by)*
Bs Dsp A3 () (D (eD*(a)?(@)?
Bs D7n A) (---)(a})?(ep)*(e))?
Bg Cs A () (@)*(@")?*(@")}(a")?
Bio Ca Ay (++)(b1)?(by)?(a;)%(by)?
BlO C2h 1Ag ( ’ ‘)(au)z(ag)z(bg)z(ag)z
B Cs A" (--)(@)*@")*(@")*@")*"
BlZ C:2h 1Ag ( '')(ag)z(ag)z(bg)Z(bg)2
By, Dop 1Ag (- (fﬂlg)z(sz)Z(ng)z(blg)2
Biz Cay Ay (--)(a)*(e)*(e)*
Bug’ Ca A () (b2)*(az)?(b1)*(ay)*
Bi4 Cy, A (---)(b)*(by)?(a1)?(ay)?
B4 Con 1Ag (- '')(bu)z(au)z(bg)Z(ag)2

8 or geometries of selected 2D and 3D boron clusters, cf. Figs. 1-3.
®The highest-lying MO’s of the leading electronic configurations.
‘The geometry of the quasiplanar structure.

has three top atoms lying on one side of the cluster planeluster into three regions parallel to the short diagonal of the

and the quasiplanar one has an alternating pattern of tophombus and including the middle region of four parallel

bottom, and top. The central atoms of both structures Iie;rp bonds.

along the longer diagonal of the clusters opposite to those in

the B,»-Cj, cluster of equilateral triangle form. The bond

length of the linear trimer as well as the average of the pe-

ripheral atoms in both clusters is 1.60 A. The average of the In contrast to the convex or the quasiplanar clusters, the

bond lengths between the central atom and the four periptstructures of the three-dimensional clusters are rather similar

eral atoms in both clusters is around 1.83 A and each of thto those of the well-knownx- and g-rhombohedral boron

other two apex atoms connects to the three neighboring agrystals, or to those of the boron hydrides. At the HP-SCF

oms at a distance of 1.70 A. level the energies of the 3D clusters on average are between
Finally, the most stable isomers of the,Rlusters are the 2 and 5 eV higher than those of the convex or the quasipla-

convex and quasiplanar structures with, andC,, symme-  nar clustergTable 1V). The 3D clusters can be divided into

try, respectively. Each one contains four dovetailed subunitévo groups, the compact and the open 3D structures. The

of hexagonal pyramids and the top atoms of both structuregéompact structures comprise those clusters which belong to

have a rhombic form with a bond length of 1.68 A and athe trigonal, square, pentagonal, hexagonal, and heptagonal

shorter diagonal of 1.69 A, surrounded by ten atoms with &ipyramids shown in Fig. 3. The open 3D structures com-

bond-length average of 1.62 A. The bond distances betwegprise the clusters between;Band B, with the low-

the central and the peripheral atoms lie between 1.77 ansymmetryC, point group(Fig. 3).

1.96 A. The convex cluster contains four symmetric hexago- The pentagonal bipyramid BDs, with a 2A’ ground

nal pyramids, while the quasiplanar one contains two regulastate has a long axial bond length of 2.02 A and an equatorial

and two quite distorted hexagonal pyramids. The HOMOone of 1.57 A. The next compact structure is that of the

(Table 1ll) has nonbonding character similar to the first MO. Bg-Dyg, cluster with ae’B2g ground state, with an axial bond

It contains antisymmetriar, bonds separated by two parallel length of 1.86 A, and an equatorial hexagonal one of 1.59 A.

nodal planes vertical to the cluster plane. They divide therhe atomic distance between both apices lying on the rotat-

3. Three-dimensional clusters
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TABLE IV. Energies of compact and open three-dimensionatBsters, 3-21G basis set. See Ref. 40.

Clustef Symmetry State ESSFP EpSre AEY
B.(l) Doq A, —97.740 76 1.24 3.03
B,(I) Dg a, —97.734 27 1.20 3.21
Bs D 2p) —122.229 22 1.53 3.92
Bs(l) Dan *Big —146.736 12 1.81 4.03
Bs(Il) Dan A —146.691 36 1.61 5.24
B, Dsp, 2n —171.281 14 2.15 4.36
Bsg Den 3B, —195.944 86 2.82 1.82
B Do, 20 —220.492 97 2.99 -0.22
B1o C, A —244.982 15 2.95 1.76
Bu C, 2a" —269.406 43 2.77 4.67
B, C, a7 —293.879 90 2.73 5.80
Bis C. 2p” —318.403 74 2.80 5.61
B4 C, a7 —342.84571 2.70 7.06
B-Atom C, ’p —24.389 63

8 or geometries of boron clusters, cf. Fig. 3.

PRestricted Hartree-Fock energies of the SCF optimized clu&eus.

°Binding energy per atom calculated with the HF-SCF metfed.

9The SCF energy differenceEgp— E,p) With respect to most corresponding stable convex or quasiplanar
structures in eMTable II).

ing axis is 1.94 A. The last compact 3D isomer is theenergies of the isomers are relatively close and the sequence
Be-D+, cluster with a large axial bond length of 2.00 A and at the HF-SCF level are changed at the Siegbahn corrections
an equatorial one of 1.56 A. The first open three-dimensionaevel of energy.

cluster BCs can be considered as a flat heptagonal pyra- The SCF energy differencesE between those of the 2D
mid capped by a dimer which together with the basic hep{Table 1) and of the 3D clusters are given in Table IV. One
tagonal pyramid forms a new pentagonal pyramid. The opefan |mmed|ately recognize that these energy values.are qbout
3D clusters B, and B, with C, symmetry are composed of 1.82—5.61 eV higher than the corresponding energies given
a hexagonal pyramid capped by four and five atoms, resped? Table Il. Because all cluster geometries were optimized

tively. They are connected to form new pentagonal pyra_and obtained at the HF-SCF level, it is sufficient for both the

; ; ] 2D and 3D clusters to compare their energies at the same
mids. The structure of thg next size, fche open 3k B, HF-SCF level of theory. As mentioned above, an extended
cluster, can simply be obtained by capping the-B, cluster

with one atom to form an additional pentagonal bvramid basis set DZsee Table)l has also been used to confirm the
one atom 1o form an a onal pentagonal pyramid. . ;o ohtained with the standard 3-21G basis set. Therefore,

The ,Bl“'cs cluster can be 9btame_d .by adding an atom 0 they,o ot stable clusters of the convex and quasiplanar struc-
previous Bs C, cluster whlle retalnlng the open 30s re-  yre5 have been reoptimized at the HF-SCF level, restarting
sulting structure. Otherwise, by closing thesBCs cluster  from the optimized geometries obtained with the 3-21G basis
with an additional atom, the resulting, Bcluster withDsy  set. The calculated SCF/DZ energies together with the cor-
symmetry is unstable and dissociates into two hexagongesponding Cl and Siegbahn corrections are listed in Table
pyramids. V.
One of the most important criteria which characterizes the
N clusters and compares each cluster with the next neighbors is
B. Cluster stability the cluster stability as a function of cluster size. It can be
The ab initio computed SCF and CI energies of the final expressed through the binding energy per atom as the differ-
structures obtained for the elemental, convex, and quasipl&nce between the cluster energy and the energy of its sepa-
nar structures of the most stable neutral boron clusters, d@ted atoms, as defined below:
optimized at the HF/3-21G level, are listed in Table Il to-
gether with the corresponding symmetries of their ground Ey/n=(nE;—E,)/n=E;—E,/n. D
states. The correlation energies and the corresponding Sieg-
bahn corrections were calculated using the direct Cl method’he E/n values of the boron clusters,En=2-14) ob-
proposed by Roos and Siegbd¥ff® It is based on the cal- tained with theab initioc SCF and CI quantum-chemical
culation of Cl expansion coefficients derived from a givenmethods using the DZ basis g@able V) are represented in
list of the molecular one- and two-electron integrals avoidingFig. 4. The general behavior of the cluster stabiltyy/n can
the construction of a huge CI Hamiltonian matrix. The mainbe described as an increasing function with increasing cluster
electronic configuration of the Hartree-Fock valence orbitalssize. This function increases monotonically and converges to
is the reference determinant from which the configurationghe asymptotic limit of the bulk’s binding energy. However,
are generated by single, double, and higher excitations. Thigae improvement ok, /n occurs beyond the HF-SCF proce-
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TABLE V. Energies of the most stable,Rlusters, DZ basis set. For the atom boron basis se6p#s,2p) (see Table)l

Cluste? ~ Symmetry  State ESCFD ESCFe gcd (Dim, W)® ES)C ES ES)Soc
B, D.n 32; —49.065 41 0.16 —49.197 66 (484,0.98 0.89 —49.226 76 1.22
Bs(l) C,, A, —73.708 74 1.16 —73.888 67 (3166,0.9% 1.73 —73.923 69 1.98
B5(Il) Dap 2A£ —73.703 29 1.01 —73.894 43 (3166,0.9% 1.78 —73.926 46 2.01
B.4(I) Don 1Ag —98.368 80 1.78 —98.602 23 (2439,0.89 2.30 —98.641 52 2.50
B,(Il) Dun 1Alg —98.366 10 1.76 —98.598 39 (2439,0.89 2.27 —98.637 40 2.48
Bs Co, ’B, —123.020 16 210 —123.31118 (83073,0.87 2.62 —123.359 77 2.82
Be(l) Cs, A, —147.62538 211 —147.94285  (41533,0.89 248 —148.00175  2.68
Be(ll) Dy 3B,, —147.66837 230 —147.98091  (45560,0.89 2.65 —148.04481  2.88
B~ C,, B, —172.33210 250 —172.692 30 (91081,0.8% 2.84 —172.764 48 3.06
Bg D+n SAé —197.049 68 284 —197.44491 (301488,0.89 3.12 —197.528 03 3.34
Bo(l) Dy, Y —221.620 79 266 —222.07150 (263224,0.8Y 2.95 —222.175 05 3.20
By(Il) C, 2N —221.618 95 2.65 —222.063 33 (502090,0.88 2.93 —222.163 45 3.17
Big(l) Con lAg —246.328 38 2.88 —246.820 00 (159386,0.81 3.15 —246.937 56 3.41
By Co, 3B, —246.305 29 282 —246.798 64 (657631,0.8D 3.10 —246.918 96 3.36
By Cs 27 —271.010 48 3.01 —271.52382 (1126390,0.86 3.21 —271.651 25 3.46
Bq(1) Cs, A, —295.667 62 3.05 —296.23733 (657877,0.81 3.28 —296.384 24 3.55
B Con lAg —295.662 09 3.04 —296.208 85 (329439,0.85 3.21 —296.352 95 3.48
By(111) D,y lAg —295.666 42 3.05 —296.21351 (185904,0.8D 3.22 —296.357 45 3.49
B3(1)¢ C,, 2A, —320.291 89 3.02 —320.88993 (1103973,0.8b  3.20 —321.05302 3.48
Bys(I1)? C,, A, —320.280 88 3.00 —320.88930 (1103973,0.8p 3.20 —321.055 13 3.49
By4(l) Con lAg —344.887 73 2.94  —345.538 83 (609494,0.79 3.14 —345.722 28 3.43
By4(11) C,, A, —344.914 32 294 —345.57098 (609806,0.78 3.20 —345.755 73 3.50
B-Atom C, 2p —24.526 88 —24.566 09 (128,1.0 —24.568 88

3 or geometries of boron clusters, cf. Figs. 1 and 2.

PRestricted Hartree-Fock energies of the SCF optimized clu&eus.

°Binding energy per atom calculated with respect to the corresponding methid

dcorrelation energies calculated by direct configuration interact@y methods(a.u).

€The dimension of the generated configurations and the corresponding weight with respect to a single-reference configuration.
fSiegbahn energy-corrections of direct @lu) (Refs. 44 and 45

9B,4(1) is the quasiplanar, &(I1) is the convex cluster.

dure. The underestimatesl, /n values evaluated at the HF- of the most stable boron clusters has been calculated for
SCF level and the DZ basis set are improved after includingreutraf® and for cationic boron clustetsby using the LSD
correlation effects. Electron correlation shifts the/n func-  and NSD, based on DFF.Ricca and Bauschlich&r con-
tion of the cluster stability by about 0.5 eV. firmed the cationic convex clusters of our restiltsy also

The binding energy per atofeV) for the same topologies using DFT methods. ThE,/n function of the cluster stabil-

°{ Bulx ___________

0_ ____________________________________ 1.SD FIG. 4. Binding energy per atofieV) of neu-
53 tral boron clusters B defined asE,/n=E;
.04 _g--8--8--8--oNSD —E,/n, as a function of cluster size The func-

tions of HF-SCF/DZ (V, dashed ling
HF-SCF/DZ+polarization function(Ref. 43 (*,
dashed ling CI/IDZ (V, solid line,
CI/DZ +polarization function(Ref. 43 (*, solid

E,/n [eV)
O- e NN WL o g oo
¢ (@)

I

04 Wy line), NSD/DZVP (O, dashed ling and LSD/
53 A Initio DZVP (O, solid ling are given. The asymptotic
E line (dashed ling drawn at the 6.0 eV levéRef.

O_z 9) indicates the binding energy per atom for the
54 , bulk. The ground-state spin multiplicity of most
04 CI 7 stable clusters is singlet and doublet for even and
5_ odd clusters, respectively, otherwise triplet for
] v SCH e B,, Bg, and B clusters.

T T T T T T T
1 2 3 4 5 6 7 9 10 11 12 13 14 15
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ity as a function of the cluster sizeis also given in Fig. 4 most probable size at which they will form a sphere should
which includes the binding energy per atom of the mostcontain more than 90 atoms and have a radius of nearly 4 A.
stable clusters. It can be seen that the cluster stability inThat sphere should have high stability due to $ipé hybrid-
creases monotonically with increasing cluster size. The overlization, stabilized by directed in—planepd,pO tangential
estimatedE,/n values at the LSD level approach the phonds and radial out-of-plane, bonds, pointing towards the
asymptotic 6.0 eV limit of solid borchat relatively small  center of the cluster. In future work, the predicted spheres
cluster sizes. However, the nonlocal corrections of the NSDr"ght be Subjects of extensive research, Comparab|e to the
exchange-correlation potentials improve #g/n values in  c, cluster. Furthermore, the alternating pattern of the apex
the expected manner. The frequency analysis of the borogioms above or below the planes is characteristic for the
clusters was carried out using the LSD mettfdd for the  quasiplanar clusters. They can be considered as fragments of
most stable convex and quasiplanar clusters. All of thesg planar surface consisting of dovetailed hexagonal pyrami-
clusters have real vibrational frequenci®$) corresponding  qa| units, with an up-down alternation of the apices in a
to |Oca| minima. Most of the infrared Calculated VF ||e be' periodic manner. We can alSO expect the formation Of a se-
tween 200 and 1400 cm. ries of parallel layers as in graphite, in which thg bonds
interact between the layers.
In order to demonstrate that the proposed “Aufbau prin-
ciple” suggests large configurations which contain quasipla-
The energy of the optimized clusters is clearly the mosnhar fragments and convex segments, we have constructed a
important and crucial factor for classifying the structures intoschematic diagram illustrating the boron cluster growth start-
different groups. The fact that the convex and quasiplanaing from the basic unit B(Fig. 5). The cluster formation can
clusters have lower energies than the three-dimensional oné® seen by adding atoms to the hexagonal pyramid consecu-
shows that because of their electron deficiency the clustetsvely to form new hexagonal pyramids to obtain either qua-
do not prefer the latter forms even though they are close tsiplanar or convex structures. The resulting species belong to
those of the boron crystals or hydrides. The second resulipfinite quasiplanar or tubular surfaces composed of dove-
which establishes that the quasiplanar and the convex clusailed hexagonal pyramidal units only.
ters possess nearly equal energies, can be related to the factThe nature of the chemical bonds of boron atoms in clus-
that the positions of the apex atoms do not seem to affect arigr formation can be related to their three valence electrons
remarkable change in cluster energy. However, it is worthwhich form strong multiple three-centered bonds witland
while to determine the energy barrier when one apex atomr, orbitals, as in the case of the most bonding HOMO’s of
changes its position, for example, the transformation of thehe convex and quasiplanar clusters. B hybridization,
convex ByC,, into the quasiplanar B-C,,. There is a which mainly contributes to the stability of clusters forming
very close similarity between the magnetic properties of bohybrid bonds, can also be deduced from the Mulliken charge
ron and aluminum clusters. The triplet ground state of theopulation. For example, in the;BC,y, cluster, thes bonds
even-atom clusters B Bs, and B; is exactly the same spin correspond to hybrid orbitals ofs? 2p,, and 2, atomic
state as that of the aluminum clusters,M\lg, and Ak pre-  orbitals (AO’s) with net charges of 2.94, 0.95, and 0.72,
dicted by Coxet al®® with the help of Stern-Gerlach mea- respectively, while the delocalized, orbitals correspond to
surements. This analogy can be explained on the basis of thke hybrids of 2 and 2, AO’s with 0.52 net charge. This
valence electronic configurations of the respective atoms. means that the delocalized hybrig, bonds interact in an
Concerning the convex, quasiplanar or open threeappropriate manner with electron clouds above and below
dimensional clusters, it is proposed that the so-called “Auf-the plane of the quasiplanar cluster and can overlap with
bau principle,” which employs two basic units of boron appropriate bonds of another cluster.
clusters, the hexagonal and pentagonal pyramids, to con- The final optimized structures of the most stable neutral
struct further relatively stable forms. As can be seen in Figboron clusters are similar to those of the cationic boron
2, most of the boron clusters can easily be constructed startiusters®® which have two-dimensional structures. The 2D
ing from the slightly distorted hexagonal pyramid &d by  character is clearly indicative of a high degreespf hybrid-
adding atoms consecutively to form further subunits of hex-ization. The optimization process was done for the ground
agonal pyramids. For example, the decamgymBsults from  states only. Most of the spin states are either singlet or dou-
adding three atoms to the;Binit. In this case the B cluster  blet for even or odd cluster sizes with the exception ¢f B
contains two common subunits. The apices of these subuniB;, and B; with triplet states, as mentioned above. The cal-
either lie above the octamer plane to form the convex, oculated geometries of Kato and co-work&r¥ correspond to
cross the octamer plane to form the quasiplanar structurglanar and oval-shaped cyclic forms. They confirm the 2D
The most open three-dimensional boron clusters in Fig. 3 cacharacter of our results.
easily be obtained starting from the pentagonal pyramid The energies of the 3D boron clusters at the SCF level of
Be-Cs, by adding atoms consecutively to form further sub-treatment shown in Fig. 3 are generally around 1-5 eV
units of pentagonal pyramids. higher than those of the convex or quasiplanar clusters. One
All the configurations shown in Fig. 2 consist of dove- common feature that can be recognized in these 3D struc-
tailed hexagonal pyramids. The convex structures can beures is the presence of subunits like pentagonal, hexagonal,
considered as segments of a sphere, which can be approxind heptagonal pyramids, which are already described in the
mately reconstructed according to the curvature of the conelemental clusters. The different pyramids can dovetail and
vex clusters. This predicted sphere can have different clustgoin each other to form new structures. They can easily be
sizes. According to the curvature of the convex clusters, theonstructed from each other starting, for example, from a

IV. DISCUSSION AND CONCLUSION
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FIG. 5. Schematic diagram of the boron cluster growth according to the “Aufbau principk’ text Starting from the basic unit, the
hexagonal pyramid Band by adding atoms consecutively, one can form new hexagonal pyramids to obtain either quasiplanar or convex
structures. The resulting species belong to infinite quasiplanar surfaces or nanotubules composed of dovetailed hexagonal pyramidal units
only.

hexagonal pyramid and adding atoms consecutively to forniNevertheless, inclusion of a set dftype polarization func-
new pentagonal pyramids and vice versa. The fact that thiéons in the 3-21G basis set does not cause the 3D clusters to
3D clusters are less stable than the 2D clusters means thla¢é more stable than the 2D structures, contrary to what was
species similar to the real bulk or to the sections of the borofiound by Ray, Howard, and Kan#.On the other hand, the
lattice should have less stable configurations. The only exMP4 energies of the 3D clusters in Ref. 31, computed with
ception is the B-D;, cluster, which seems to be more stablethe 3-21G basis set, are a few eV higher than those of the
than the quasiplanar one by about 0.22 eV. However, w@resent studysee Table VI with the exception of the linear
believe that the stable components of the quasiplanar Bboron tetramer. Again this agrees with our results and the
cluster, the pentagonal and hexagonal pyramids, togethdact that the 3D species are less stable than the 2D structures.
should produce a stable structure. Therefore, further energgowever, additional computations were carried out to com-
improvement is required and the structure of the quasiplangrare some energies of,B B3, and B, calculated at the
cluster of B, should be reoptimized. The 3D;Bcluster in  Hartree-Fock SCF level employing the STO-3G minimal ba-
Fig. 3 which has the same configuration as obtained bis set. For example, our computed quasiplanarcRister*
Kawai and Wearé? is unstable with respect to the convex or is about 20.85 eV lower than the calculated 3D one.
quasiplanar clusters of Fig. 1 which are about 5.61 eV lower Based on the results of the neutral and charged boron
in energy than the 3D structure. clusters, we can conclude that the current study provides
In order to compare our results with those computed byinsight into the entity of these species. Most of the neutral
Kato and co-workeré*®*and Ray, Howard, and Kan3iwe  and cationic clusters have similar topologies and obey defi-
have carried out additional calculations at the MP4 level ofnite formation rules. They show that the evolution of the
theory(see Table Vlusing the 3-21G and 3-2TGhasis sets, most stable structures with increasing cluster size exhibits
of which the latter was used in Ref. 31. As documented irsome striking regularities: (1) Most of the stable boron
Table VI, the MP4 cluster energies up tqRalculated in  clusters prefer planar, quasiplanar, or convex structures and
this work are slightly lower than the corresponding valuesdo not correspond to any of the known boron lattice forms,
obtained by Kato and co-worket$3® This can be related to which consist mainly of icosahedral unit@) The participa-
the planarity of both types of boron clusters. The energytion of the pentagonal, hexagonal, or heptagonal pyramids
difference becomes larger when the cluster size increases asems to be energetically favorab(8) The energy of the
in the case of B; for which our MP4 energy is about 4.33 convex and the quasiplanar boron clusters are nearly degen-
eV lower than the planar butterflylike structure of Ref. 32.erate.(4) The convex and quasiplanar clusters can be easily
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TABLE VI. Comparison of the lowest energies of clusters at the MP4 level.

3-21G 3-21G¢

This work Kato and co-workerfRefs. 32 and 3b This work Ray, Howard, and Kan#&Ref. 31
Cluste? Sym./stt  EMPC Sym./st EMPC AE®  Sym.J/st  EMPe Sym! EMPO.n AE®
B, Don-'Ay  —98.1534  Dyy-'A, —98.1534 0.00 Dy,-*A; —98.2834 b4l —98.4457 —4.42
Bs C,,-°B, —122.7078 C,,-%B, —122.6767 0.85 C,,-?B, —122.8824 b5tb  —123.7770 2.87
B D,n-2By, —147.2764 C,-'A; —147.2815 —0.14 D,-°By, —147.5186 b6sb  —147.5020 0.45
B, C,,-?B, —171.9005 C,,-?B, —171.9004 0.00 C,-?B, —172.1698 b7pb  —172.0806 2.43
Bg Dsp-3A,  —196.5279 C,,-'A; —196.5126 042 Doy-°A; —196.8364 b8d  —196.7513 2.32
B Ds-2A]  —221.0982 C,,-2A, —221.0979 0.01
Bio Cy-1A;  —245.7264 C,,-A, —245.6648 1.68
Bis Cs2A"  —270.3075 C,,-2A; —270.1505 4.27
Bi, Cs,-1A;  —294.9012 C,,-'A; —294.8389 1.70
Bis C,,-2A; —219.4884 C,,-’B, —219.3292 4.33

B4 C,,-1A;  —244.0832

3 or geometries of neutral boron clusters, cf. Fig. 1.

bPoint-group symmetry and the corresponding state.

‘MP4 energy(a.u) calculated for SCF-optimized clusters at 3-21G level.

dMost of Kato’s structures have cyclic planar or oval-shafimgterflylike) forms.

®Energy differencéeV) between the referred energies and those of this work.

fSymbols of upper reference for the following structures, linear, trigonal-, square-, pentagonal-bipyramid, and dodecahedron.
9Lowest selected MP4 energy from upper reference, calculated at the HF{3-E4@I.

"The exponent of thel-type polarization function is 0.6, taken from Table 4.4 of Ref. 40.

obtained and constructed from hexagonal pyramids, the opesimulate a quasiplanar surface composed of one or a series of
three-dimensional clusters mostly from pentagonal pyramidsboron layers with a large number of aton(®) Each function
Therefore, the proposed “Aufbau principle” employs both of the stability of the boron clusters increases with increasing
pyramidal forms as basic units to form relatively stable bo-cluster size and the parallel behavior of those functions ex-
ron clusters.(5) The high stability of the B-C,, and hibits the reliability of the methods employed0) The open
Bg-D-,, clusters can be related to the partially filled elec-3D structures are less stable than the respective 2D species
tronic cluster shells(6) Boron atoms form strong covalent and tend to close the open spheres with a small number of
multiple three-centered bonds. The directed chemical bondgtoms.

correspond to a high degree ? hybridization, character-
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