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Iconography of Icosahedra. Calculations of Metallic Energies and Relative Stabilities of
Stereoisomers of Binary Icosahedral Clusters

I. Introduction

The past decade has seen an unusual surge of experimentat
and theoretical activities in cluster chemistry involving the
icosahedroi1! Recent developments in metal cluster chem-
istry, in particular, have resulted in a variety of metal clusters
whose structures are based on an icosahéddnThe tendency
of clusters to form the icosahedral structure may be termed
“icosahedricity”!'™ An icosahedron can also serve as the basic
building block for high-nuclearity metal clusters; for example,
our recent work in this area gave rise to a series of bi- or
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The first part of this paper provides a complete iconography of all possible stereocisomers of a binary icosahedron
(a total of 96 for a noncentered,B;>—, (n = 0—12) and 192 for a centered,B;3-n (N = 0—13) icosahedron)

by utilizing a simple symmetry-based algorithm. The second part of this paper deals with the relative stabilities
of these stereoisomers for a given combination of A and B atoms. A simple theory, based on the Lennard-Jones
potential and cohesive energies of transition metals, has been developed in order to model metallic bonding in a
metal cluster. This provides a relative measure of the strengths of-nme¢thl bonds in a mixed-metal cluster

and hence the relative energetic stabilities of various stereoisomers. The utility of this simple theory is illustrated
by applying it to all possible stereoisomers of binary icosahedral clustggsA (n = 0—13) containing the
Au—Ag, Au—Ni, and Au—Pt combinations. Considerable insight into metaletal interactions in mixed-metal
systems can be gained by detailed analysis of the contribatmmalent vs ionie-to the metallic bonding energy.
Indeed, on the basis of the calculated energies, two simple—rthesStrong-Bond rule and the Hetero-Bond
rule—were formulated. These rules are useful in predicting the relative stabilities of these stereoisomers, thereby
furthering the understanding of site preference in multimetallic systems, including mixed-metal clusters, metal
alloy systems, multimetallic catalysts, etc.
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Table 1. Numbers Z) of All Possible Stereoisomers of
Noncentered and Centered Binary Icosahedral Clusters uratdi2
Point Group Symmetry As Predicted by Polya’s Theorem

noncentered centered

formulas Z formulas B-centered A-centered Z

Bz 1 1
Bi2 1 AB;2 1 1 2
AB1; 1 AB1y 3 1 4
A2B1o 3 AsBio 5 3 8
A3Bg 5 A4Bg 12(10) 5 17(15)
Noncentered Centered A4Bsg 12(10) ABs 14(12) 12(10) 26(22)
Figure 1. Numbering scheme for noncentered (a) and centered (b) AsB7 14(12) ABy 24(18y 14(12) 38(30)
icosahedra. AdBs 24(18F BeAs 14(12) 24(18)  38(30)
BsA; 14(12) BAs 12(10) 14(12) 26(22)
atoms. Furthermore, the icosahedron has emerged as basic unitg‘;ﬁg 152’(10) 5‘3’:9 g 152’(10) 187 (15)
in solid-state materials such as several allotropes of bbron, BzAio 3 BzAﬂ 1 3 4
complex borided? gallides!# and quasicrystalline aluminum  BA,; 1 BA., 1 1 2
alloys!®> Hence, it is of prime importance to understand the Az 1 Ass 1 1
structure and bonding of multimetallic clusters based on the y = 96(82) Y = 96(82) 96(82) 192(164)

Icosahedral framework. . aResults forly, symmetry, if different froml symmetry, are given
An icosahedron can be either noncentered or centered, asy, the parenthese&Note the symmetrical nature of the numbers of

illustrated in Figure 1. There are many stereoisomers (Or stereoisomers (with respect to theB set) as a result of B “atom
polytypesn mathematical terminology) for a noncentered (12- inversion” for noncentered binary icosahedra (i.8BA- has the same
atom) or a centered (13-atom) icosahedral cluster consisting ofhumber of sterecisomers agA3,-n). The AsB; stereoisomers “invert”
two types of atoms. In an earlier pagénve enumerated all into the same set (see text}-or centered binary icosahedra, the
. T . . - B-centered AB13-n Set “inverts” into the A-centered.B 13-, set.4 Note
such possible stereoisomers of a binary ,Icosahedral (eltherthe typographical error of the number 192 in Table Il of ref 16.
noncentered or centered) cluster via Polya’s theorem. While
the numbers ofchiral and chiral stereocisomers for a given
combination of the two types of atoms (or two colors in

X . ; , simple theory by applying it t@ll possible sterecisomensf
o et 8O0 iy coseecrlclusterscontaring e g, AN, e
aver r,ovide a complete iconoaraphy of ally ible t . i_Au—Pt combinations. On the basis of the calculated energies,
Paper p > @ compiete iconography poss Stereol 1o simple rules-the Strong-Bond rule and the Hetero-Bond

Zﬂ?i;sz ?cfwig\r::rrg c;?gg::ﬁ:é?; t()a t(;_tlz_al_sf 263_1;? lr;o;crﬁnmt:{ec_i rule—were formulated. These rules are useful in predicting the
' ) by utilizing a simple sy Y relative stabilities of these sterecisomers. We believe that the

based algorithm. Thls.constltutes the ,f'rSt part OT this p"?"_o,er' theory and the methodologies described in this paper, as well
The second part of this paper deals with the relative stabilities 54 ihe site preference rules deduced from these model calcula-

of these stereoisomers for a given combination of A and B qns can also be applied to other mixed-metal polyhedral cluster
atoms, which is important to the site preference problem in systems.

multimetallic systems, including mixed-metal clusters, metal

alloy systems, multimetallic catalysts, etc. While site preference || jconography of Stereoisomers of a Binary Icosahedral

is a manifestation of the various and often competing bonding c|yster

effects, we shall focus our attention on the metaktal

interactions in this paper. A simple theory capable of providing N @ previous papef; we used Polya’s theoréfft® to

a relative measure of bond strengths of various metetal calculate the numbers of all possible stereoisomers (polytypes)
interactions in a metal cluster is reported herein. The theory is Of & binary (two-colored) icosahedron, either noncentered or
based on the Lennard-Jones potential and cohesive energies ofentered, as summarized in Table 1. In this paper, we report
transition metals. The sum of all pairwise metaietal bond  the complete iconography (Chart 1 and Table 2) of all possible
energies in a metal cluster of a given structure and metal stereoisomers foragiven combination of A and B atoms. The

combination then provides a measure of the relative stabilities following introductory remarks are necessary for later discus-

of various stereoisomers. We shall illustrate the utility of this

sions.
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ings 140, American Institute of Physics: New York, 1986. referred to adndice9 preceding the chemical formula. The
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rystaliogr. . . . .
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Levine, D.; Steinhardt, P. Phys. Re. B 1986 34, 596. of the minority atoms first. For example, 1, 7, 13M10

(16) Teo, B. K.; Zhang, H.; Kean, Y.; Dang, H.; Shi, X. Chem. Phys. indicates a centered icosahedral gold-rich cluster with three Pt
1993 99, 2929. ; i+
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Arch. Wiskde1971, 19, 89. To avoid ambiguities in naming the stereoisomers, the lowest

(18) (a) McLarnan, T. . Solid State Chenl978§ 26, 235. (b) Moore, P. possible consecutive indices are chosen for the minority atoms.
B. Neue J. Jahrb. Miner. Abi1974 120, 205. (c) Burdett, J. Kinorg. For example, 1,2,4,11-8 is preferred over 1,2,5,98¢ since

Chem.1975 14, 375. (d) Burdett, J. K. IMAdvances in Chemical . . .
PhysicsPrigogine, I., Rice, S., Eds.; John Wiley & Sons: New York, €ach consecutive number is the lowest possible number, though

1982; Vol. 49. both denote the exact same cluster. Similarly, 1,2,8,1BsA



Chart 1. Iconography of Icosahedra: All Possible Stereoisomers&:A, Noncentered Icosahedral Clusters
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Table 2. Designators, Nomenclatures, Numbers of Minority and Majority Fragments, and Point Group Symmetries of All Possible
Stereoisomers of Noncentered Binary Icosahedral Cldsters

fragments

designator nomenclature designator nomenclature minority majority point group
12 Bi, 1° A 1 1 In
22 1-AB1; 20 1-BA;; 1 1 Cs,
3@ 1,2-ABo 3P 1,2-BA10 1 1 Cy,
42 1,7-A:B1o 4b 1,7-BA1o 2 1 Co
52 1,12-ABo 5p 1,12-BAjo 2 1 Dsqg
62 1,2,3-ABg 6P 1,2,3-BAg 1 1 Cs,
& 1,2,4-ABg 7 1,2,4-BAg 1 1 Cs
8 1,2,8-ABg 8 1,2,8-BAg 2 1 Cs
9 1,2,9-ABs op 1,2,9-BA, 2 1 Cs
1 1,7,9-ABo 100 1,7,9-BAo 3 1 Cs,
112 1,2,3,4-ABs 11b 1,2,3,4-BAg 1 1 Co
1 1,2,3,5-ABg 1 1,2,3,5-BAg 1 1 Cs
13 1,2,3,9-ABg 12 1,2,3,9-BAg 2 1 Cs
142 1,2,4,7-ABg 14 1,2,4,7-BAg 1 1 Cs
1%(R) 1,2,4,9-ABg 15°(R) 1,2,4,9-BAg 1 1 C
16 1,2,4,10-ABsg 16 1,2,4,10-BAg 2 1 Cs
154(S) 1,2,4,11-ABg 15°(S) 1,2,4,11-BAg 1 1 C,
17 1,2,4,12-ABg 1P 1,2,4,12-BAg 2 1 C
18(R) 1,2,8,9-ABs 18(R) 1,2,8,9-BAg 2 1 C,
1% 1,2,8,10-ABsg 1% 1,2,8,10-BAg 3 1 Cy,
18(S) 1,2,8,12-ABg 18(S) 1,2,8,12-BAsg 2 1 C,
207 1,2,9,12-ABsg 20 1,2,9,12-BAg 2 1 Dan
212 1,2,3,4,5-AB7 21p 1,2,3,4,5-BA; 1 1 Cs
22 1,2,3,4,9-AB; 2% 1,2,3,4,9-BA; 1 1 Cs
23 1,2,3,4,10-AB~ 2P 1,2,3,4,10-BA; 2 1 Cs
242 1,2,3,5,8-AB; 24 1,2,3,5,8-BA; 1 1 Cs
25(R) 1,2,3,5,9-AB 25°(R) 1,2,3,5,9-BA; 1 1 C:
254(S) 1,2,3,4,10-AB; 25(S) 1,2,3,4,10-BA; 1 1 C:
262 1,2,3,5,12-AB; 26° 1,2,3,5,12-BA; 2 1 Cs
27 1,2,3,9,10-AB; 27 1,2,3,9,10-BA; 2 1 Cs
28 1,2,4,7,8-AB; 28 1,2,4,7,8-BA; 1 2 Cs,
2%¥(R) 1,2,4,7,9-AB; 29(R) 1,2,4,7,9-BA; 1 1 C

(02 1,2,4,7,10-AB; 3¢ 1,2,4,7,10-BA; 2 1 Cs
29%(S) 1,2,4,7,12-AB; 29(S) 1,2,4,7,12-BA; 1 1 Ci
312 1,2,4,9,11-AB; 31° 1,2,4,9,11-BA; 1 1 Cs
3 1,2,4,10,12-AB~ 32 1,2,4,10,12-BA, 2 1 Cs
3 1,2,3,4,5,6-ABs 3P=33 1 1 Cs,
34(R) 1,2,3,4,5,7-AB¢ 34 (R)= 34(R) 1 1 C.

5 1,2,3,4,5,8-ABs 35 =35 1 1 Cs,
344(S) 1,2,3,4,5,9-ABs 34(S)= 34%S) 1 1 C:
36(R) 1,2,3,4,5,10-ABs 36°(R) = 367(R) 1 1 C:
364(S) 1,2,3,4,5,11-ABs 36°(S) = 36%(S) 1 1 C:
3r 1,2,3,4,5,12-AB¢ 3P =412 2 1 Cs
3&(R) 1,2,3,4,9,10-ABs 38(R) = 38(R) 1 1 C:
3¢ 1,2,3,4,9,11-AB¢ 39 =442 1 1 Co
38(S) 1,2,3,4,9,12-ABs 38(S)=38(S) 1 1 C:
47 1,2,3,4,10,12-ABs 400 = 4R 2 1 Co
412 1,2,3,5,8,9-ABs 41 =37 1 2 Cs
422(R) 1,2,3,5,8,10-AB¢ 422(R) = 42(R) 1 1 C
43 1,2,3,5,8,11-ABs 4 =43 1 1 Cs,
422(S) 1,2,3,5,8,12-ABs 42°(S)= 422(S) 1 1 C:
442 1,2,3,5,9,10-ABs 440 = 3 1 1 Cy
45(R) 1,2,3,5,9,12-ABs 45%(R) = 45%(R) 1 1 C
45(S) 1,2,3,5,10,12-ABs 45°(S) = 454(S) 1 1 C:
462 1,2,3,9,10,12-AB¢ 46 =507 2 1 Dag
47 1,2,4,7,8,10-ABs 47 =47 2 2 Cs,
48(R) 1,2,4,7,9,10-AB¢ 48(R) = 48(R) 1 1 C
4 1,2,4,7,9,12-ABs 49 = 47 1 2 Cy
48(S) 1,2,4,7,10,12-ABs 48°(S) = 48(S) 1 1 C
507 1,2,4,9,11,12-ABs 500 = 462 1 2 D3y

2 The formal “atom-inversion” process involves interchanging atom types A and, B, hgBeg /A(columns 1 and 2) becomes/B;>—n (columns
3 and 4) and the designato® @vhere atom type A is minority) become$ @where atom type B is minority). Note thaiBe sterecisomers invert
into the same set. See text for other details.

is preferred over 1,2,9,104B9. In this manner, each stereoi- designator consists of a numbeér, which represents the order
somer is uniquely defined. A computer program based on a of the stereoisomer in Table 2, with a superscriptdicating
simple symmetry algorithm was used to generate all possible the kind of minority atoms and a subscrjphdicating the type
stereoisomers. The results for noncentered icosahedral clustersf central atom. For example,®in Table 2 designates the
are listed in Chart 1 and Table 2. Each stereoisomer is further stereoisomer 1,12,13sB;0 with A as minority atoms (at
denoted by a designat@®;' (see Chart 1 and Table 2). The positions 1 and 12) and it is A-centered (at position 13).
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(B) Noncentered Icosahedral Clusters. As tabulated in accumulation for transition metal clusters in the assessment of the

Table 116 we have applied Polya’s enumeration theoteth relative stabilities of various stereocisomers. For main-group clusters
to a noncentered binary icosahedral cluster under noncentrosym" for mixed transition-metal/main-group clusters, however, both factors
metric| symmetry or centrosymmetrig symmetriy. Undet may need to be taken into account.

symmetry, there are 68 achiral structures and 28 chiral structures_ "ere are two major contributions o the bond energy of a metal
) . . metal boné®?*—covalent and ionie-which we shall discuss next.
(14 chiral pairs). The numbérrepresents all possible structures

. h Ll . Covalent Contribution. The covalent contribution to the bond
for a noncentered icosahedral cluster withatoms of type A energy €) of a homonuclear metaimetal (A—A) bond can be estimated

and n, atoms of type B. Note that, + n, = 12 for a from the cohesive energy (or, equivalently, the heat of atomization,
noncentered icosahedron. The iconography of all possible AH°,g) of the metal? For example, for face-centered cubic (fcc) or
stereoisomers of a noncentered binary icosahedral cluster ishexagonal close-packing (hcp) metals, the following bond energy
portrayed in Chart 1. The nomenclature of the stereoisomers, expression may be used:

along with the designators, the numbers of fragments of minority A

and majority atoms, and the point group symmetries are listed €an = AH%5d6 (1a)

in Table 2. The importance of the fragment information will

be discussed later. . . N e a fcc (or hep) metal which is overcounted by a factor 682 For
Forln symmetry,_ thenu_erS|_or_1 syr_nmetrﬂ) eI|m|_nates one body-centered cubic (bcc) metals with eight nearest neighbors and six
partner of each chiral pair, giving rise to 68 achiral structures eyt nearest neighbors, a somewhat different expression may be more
and 14 chiral structures. These results are also listed in Tableappropriate
1 (in parentheses).
In Chart 1 and Table 2, the chiral pairs are denoted by the €an = AH,0¢5.548 (1b)
same designator but with an R or S in parentheses. They are
further indicated by double arrows in Chart 1. The symbols R~ The covalent contribution to the bond energy of a heteronuclear bond
and S carry no special meaning except that the one with lower is more difficult to calculate_ due to t_h_e paucity of exp(_erimenta_l results.
indices is denoted by R. Furthermore, they are quite sensitive to the chemical environment.

. Nevertheless, we can use simple arithmatic (eq 2a) or geometric (e

(C) Centered Icos_ahgd’ral Cll,JSterS' For a Ce’ntered ’|cosa- 2b) means of the corre:spondingJ homonuclear( b%nds)ﬁ(m?d B-B) e
hedron, the nuclearity s + ny’ = 13 whereny and_nb are to estimate the bond energy of a heteronuclearB)\bond, as follows
the numbers of atoms of type A and type B, respectively. Here
the primes designate that it is a centered icosahedral structure.

Table 1 also gives the structure counts for centered icosahe-
dral®é Here, the addition of a type B atom to the center of the o
noncentered icosahedron produces a B-centered icosahedron
with ny = nandn, = n, + 1 (i.e. ny increases by 1). The €ps = (€ancan)™? (2b)
numbers of structure€§) can be derived from the appropriate
column for the noncentered icosahedron in Table 1. Similarly, Throughout this paper, we shall use eq 2a.
an A-centered icosahedron has = n, + 1 andn, = n, (i.e. lonic Contribution. A covalent bond can havienic character
na increases by 1). The numbers of structurgs) under this due to the disparity_of _the electronegativities of the co_ns_tituents,
category can also be derived accordingly from the correspondingProviding extra stabilization energy to the bond. The gain in bond
column for the noncentered icosahedron in Table 1. The total €"€roY due to the ionic character can be estimated from the following
number of structuresZ’ = Z, + Zg, for each combination of equations.
ny andny is given in the last column of Table 1.

Under| symmetry, there are a total of 192 stereoisomers,
whereas undel, symmetry, the inversion symmetry reduces
the structure count to 164 stereoisomers (in parentheses). Th
iconography of all possible stereoisomers( ofpeither an A-) or a?EAB)iO” = 23[(1s — 20)/2.774F keallmol,
B-centered icosahedral cluster can be obtained from Chart 1

by adding an A oa B atom to the center (the 13th position) of = ore, is Pauling’s electronegativit?. These equations are in accord

the icosahedron. . Qne example is given in Figure 2. In this yith Pauling’s equation for heteronuclear bonds involving main-group
example, the addition of an Ar@ B atom to the center of the  elements with some modification. Specifically, the modification

The factor¥/s is due to the fact that there are 12 nearest neighbors in

€A = l/Z(GAA + €gg) (2a)

(€a8)ion = 23[(xa — x8)/3]* kcal/mol,
for fcc or hep structure (3a)

for bece structure (3b)

noncentered icosahedral cluster 1,1Bf (5% produces cen- involves a factor of 3 (for fcc and hcp metals) or 2.774 (for bcc metals)
tered icosahedral clusters 1,12,13BAy (543 or 1,12-ABj; in the estimates of differences in electronegativities between different
(589, respectivety. Similarly, adding an A @ B atom to the metals. This is a reasonable assumption due to the fact that, in general,
center of the noncentered icosahedral cluster 1 32:8(5") main-group elements normally have a maximum coordination number
gives rise to the centered icosahedral clusters 1 #2854 of 4 (sp), whereas transition metals, in the case of fcc or hcp structures,

nd 1,12,13- D), r ivety.
and 1,12,13-BA10 (58), respectivety (20) Arguments have been put forth independently by Anderson, Burdett,

and Czech2 and by Allen and Capitafi® that the term “metallic
bond” is fully encompassed by the concept of covalent bonding.

_ (21) (a) Anderson, W. P.; Burdett, J. K.; Czech, PJTAm. Chem. Soc.
(A) Metal —Metal Bond Strength. Recently we suggested the use 1994 116 8808. (b) Allen, L. C.. Capitani, J. B. Am. Chem. Soc.

of bond strength vs charge accumulation (BSCA) plots for the 1994 116 8810.

determination of site preference in mixed-metal clustern this paper, (22) Kerr, J. A. InCRC Handbook of Chemistry and Physié&th ed.;
we focus our attention on the bond strength since actual charges on CRC Press: Boca Raton, FL, 1985; F-181.

each metal site cannot be accurately assessed without detailed molecula23) Wooley, R. G. In Transition Metal Clusters; Johnson, B. F. G., Ed.;
orbital calculations. This assumption is reasonable due to the fact that__ Wiley: Chichester, U.K., 1980, p 607.

bond strengths are, generally speaking, more important than charge(24) ;4605usecroft, C. E; Wade, K. Chem. Soc. Chem. Commu:27§

(25) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell
(19) Teo, B. K.; Zhang, H.; Shi, Xinorg. Chem.1994 33, 4086. University Press: Ithaca, NY, 1960.

Ill. Metallic Bond Energy (MBE) Calculations
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have a maximum coordination number of 12. Hence, the effect of the = (C) Calculations. All calculations were performed on Silicon
difference in electronegativities (in terms of the ionic contribution to Graphics Personal IRIS computer using a modified version of the MOIL
the bond energy) for each heterometallic bond should be “diluted” by program?’ incorporating eqs 47. MOIL is a package of general-
a factor of 4/12= 1/3 (i.e., spread out over 12 bonds rather than 4 purpose computer programs for molecular dynamics simulations. For
bonds)® Our experience with other more elaborate factors or schemes the present work, however, only the energy minimization routines were
for estimating the extra stabilization energy due to ionicity indicates used. Each metal atom in a cluster is treated as a “monomer”, and the
that this simple modification of Pauling’s equation is adequate and the cluster as a whole is an ensemble of “monomers” interacting via
results are quite reasonable. pairwise Lennard-Jones potentials. No charges were assigned to the
Metal—Metal Bond Energy. The metallic bond energy of a metal atoms (i.e., they were all treated as neutral entities). The total

heteronuclear bond AB (in kcal/mol) is then given by the sum of ~ Metallic energy of each cluster was minimized by varying the
covalent andionic contributions: interatomic distances. Though the energy-minimized clusters showed

some distortions from the ideal icosahedral geometry, the resulting

_ B 2 interatomic distances (a total of 42) do not deviate substantially from
€ap = 1/2(ean + €gp) + 23[(a — x8)/3]" for fec or hep metal(sé,la) the values given by eq 6 and hence will not be reported here.

IV. Results and Di ion
eas = 1/2(ean + €gg) + 2310z — 7)/2.774F for bee metals  (4b) esults and Discussions

(A) Iconography of Icosahedral Clusters. The complete

For a homonuclear bond, eq 1 should be used. {Taedy values iconography of all possible stereoisomers of noncentered binary
used for groups 10 and 11 metals in our calculations are listed in the AnB1o-n icosahedral clusters is presented in Chart 1. The
Appendix. nomenclatures of these stereoisomers, based on a unique

(B) Energy Minimization and Structure Optimization. As a first numbering system consistent with the IUPAC rule, are listed

approximation, the sum of bond energies due to all pairwise interactionsin Table 2, along with the numbers of fragments of minority
between the atoms provides a measure of the relative stabilities of and majority atoms and the point group symmetries. The
various stereoisomers of a metal cluster with a given structure and mma'iconography of all possible stereoisomers of A- or B-centered
combination. In this paper, we have explored the validity of this binary A:B13_n» icosahedral clusters can be obtained from Chart
hypothesis b){ us.ing.a Lenngrd-.]ones potential and cohesive energy to by adding an A pa B atom to the center (the 13th position)
model the pairwise '”tef"?‘CF'O”S_arT‘O”g metal atoms. as illustrated in Figure 2 and discussed earlier. ,
Lennard-Jones Potential: Pairwise Interactions. In our calcula- . oo )
tions, the pairwise interactions of the metatetal bonds are modeled Enumeration and Determlna_tlon of Ster_e0|somers.. Al-
by the Lennard-Jones potential, as follows: though the numbers of stereoisomers, chiral vs ach_lral, non-
centered vs A- or B-centered, can be enumerated via Polya’s
A T(elr N2 theorem (see results tabulated in Table 1), the actual structures
Uj(ry) = 4e; (o)™ = (o1r;)’] ®) cannot be determined easily. The actual structures were
determined in this paper by taking into account the symmetry

intercept on the abscissa of thig(rj) vsrjj plot. The parametes is operations of the appropriate point group (60 or 120 symmetry

related to theequilibrium distanced;, between two metal atoms fay operations foi or I point group, respectively), using a simple
= dy/216. In fact, at the equilibrium distance, = d, the potential is computer algorithm. The numbers of the resulting stereocisomers

equal to the negative of the metallic bond enetdy(d;) = —;. For agree with those predicted by Polya’s theorem. The results are
a homonuclear bond, we takl as the nearest neighbor distance in depicted in Chart 1 and tabulated in Table 2.

the crystal structure. For a heteronuclear bond, the equilibrium distance ~ Chiral Pairs. As shown in Chart 1 and Table 2, there are
dis taken as the simple arithmatic mean of the corresponding distancesl4 chiral pairs for noncentered binary icosahedral clusters.

wheree is the bond energy calculated based on eq 1 and eqsithe

of the two constituent metals: Specifically, there are no chiral pairs for ABA2B10, or AsBg
(nor for corresponding BA, B>A1o, or BsAg); two chiral pairs
Oag = (dan t dgg)/2 (6) each for ABg and AsB- (and the corresponding,Bs and BA7);

and six chiral pairs for ABs. The same number doubles for
Here daa and dgs are the nearest neighbor distances in the crystal centered icosahedral clusters, as stipulated in Table 1. The chiral

structures of metals A and B, respectively. pairs are denoted by R and S (in parentheses) bearing the same
Total Metallic Bond Energy. We now define a total metallic bond  designator. They are further indicated by double arrows in Chart
energy,Un, as the sum of bond energids;, between atomsandj, 1. For example, as depicted in Chart 1, the chiral pair 1,2,4,9-
for all pairwise metatmetal interactions: A4Bs and 1,2,4,11-AB; are designated by ¥R) and 15(S),
N respectively. The symbols R and S carry no special meaning
Upn= /Zzuij @) except that the one with lower indices is denoted by R. As

expected, chiral pairs have identical bonding energies (see Table
The factor of!/, arises from the overcount of the pairwise interactions. 3,
The “optimized structure” for each stereoisomer is then obtained by  Atom-Inversion. It can be seen from Table 1 that the number
minimizing the total metallic bond energym, with respect to all of stereoisomersz, is symmetrical with respect to, = n, =

interatomic distances;. The minimized total metallic bond energies 6. For example, there are three possible structures each for
Un are tabulated in Table 3 for all stereoisomers of three model binary cliusters withn _’2 andn, = 10 (AsB1o) and for clusters with
= =

mixed-metal (Au-Ag, Au—Ni, and Au—Pt) icosahedral cluster systems Mo = 2 andn, = 10 (B,A1g). This is understandable since the

based on the: and y values listed in the Appendix. These three b f . inth it th
bimetallic systems were chosen because of their disparities in cohesive'UMPETS Of stereoisomers remain the same even it the two types

energy (in the order Pt Ni > Au > Ag) as well as their tendency to of atoms, A and B, are “mtgrchanged”. We shall refer to this
form icosahedral clusters. These minimized “total metallic bond @S @ formal “atom-inversion” process. One example, the
energies” provide a measure of tiefatize stabilityof the stereoisomers  inversion of 1,12-ABjo (59 into 1,12-BAjo (5°), and the
for the AB1s_n icosahedral clusters. The most stable structures are inversion of their centered derivatives is illustrated in Figure 2.
indicated by asterisks (*) in Table 3. In particular, the A-centered icosahedral cluster 1,12,3B:4

(26) For bce metals, a somewhat different value should be used since there(27) Elber, R.; Roitberg, A.; Simmerling, C.; Goldstein, R.; Li, H. Y.;
are eight nearest neighbors and six next-nearest neighbors. The value Verkhivker, G.; Keasar, C.; Zhang, J.; Ulitsky, Z£omput. Phys.
should be 4/(2< 5.548)= 4/11.096= 1/2.774, as per ref 24. Commun.1995 91, 159.



2488 Inorganic Chemistry, Vol. 37, No. 10, 1998 Teo et al.

A-centered B-centered

1,12,13-A3B 14 1,12,13-BsA g

B-centered

A-centered

1,12-BAp,

Figure 2. Examples of the generation of centered icosahedra from the corresponding noncentered icosahedra and the<foBriat@mn-
inversion” process (see text).

(5.3 “atom inverts” into the B-centered icosahedral cluster 1,- metal-ligand bonding becomes important, they must be in-

12,13-BA10(58°%). Similarly, the B-centered icosahedral cluster cluded explicitly in the calculationv{de infra).

1,12-AB1; (56%) “atom inverts” into the A-centered icosahedral  Energy Scaling. While the relative orders of the calculated

cluster 1,12-BA; (5a). “total metallic energies” are meaningful, the absolute energies
A complete listing of stereoisomers of,By2-n noncentered  can be “scaled” by multiplying all pairwise bond energies{A

icosahedral clusters related by this formal “atom-inversion” A B—B, A—B; cf. eq 4) by a common factor, without affecting

process can be found in Table 2. The casenpf n, = 6 the relative ordering of the stabilities.

(AeBe) is rathe_r interesting and deserves some comments. Here pistance Scaling. Though we use eq 6, which is based on
the 24 stereoisomers form a set of structures that either “atoma nearest neighbor distances in bulk metals, to calculate the

?nverts:: _into_anﬁcth_er sthructure within the S_?_Lne setl or “setl]f- equilibrium distances in the Lennard-Jones potentials, we should
inverts” into itself (i.e., the same structure). This explains why qine o4t that the results are quite insensitive to a “scaling”

trtlere are no e_ntrltt;s forSBthr;hTable Z'f In fact, of :]heh24 process whereby all the distances, dgg, dag) are modified
stereoisomers in the ¢ set, there are four pairs which are o oo mon factor. In other words, the entire cluster can

rl%fﬁgc?zrgss e?ft?nr?/;ptviﬁgct)t?e Fs)zr;\?rtl:gssst'nﬁ?lljlreethEJ??xzmg?e expand or contract to some extent without significantly affecting
. S _ 'the relative ordering of the energetics of the various stereoi-
as illustrated in Figure 3, 1,2,3,4,10,12B% (40%) “atom inverts” v 9 g

into 1,2,3,4,10,12-BA6 (40), which can be renumbered as oo > o
1,2,4,7,9,12-pB¢ (499). By symmetry, it follows that 1,2,4,7,9,- Fragments. The numbers of fragments of minority and
12-BsAs (49) = 1,2,3,4,10,12-pBs (407 “atom-inverts” into majority atoms are presented in Chart 1 and Table 2. As shown
12.34.10,12-BAs (40P) = 1.2 4.7 9.12-ABg (4%9). Similarly, N Table 2,the maximum number of fragments on the surface

this atom-inversion process formally transforms 1,2,3,9,10,12- Of @ binary icosahedral cluster is 3 for the minority atoms and
AeBs (469 into 1,2,3,9,10,12-BA¢ (46°), which can readily be 2 for the majority atoms We will make use of this fragment
renumbered as 1,2,4,9,11,128% (508). On the other hand, formation in the site preference discussion.
some structures self-invert into themselves. For example, (C) Site Preference Rules.In theory, stereocisomers with
1,2,4,7,8,10-AB¢ (479 “atom inverts” into 1,2,4,7,8,10-\s higher total metallic bond energies (eq 7) should be thermo-
(47, which can be renumbered as 1,2,4,7,8,184447 (i.e., dynamically more stable provided that the ligand bonding is
itself). Two more examples of “self-invertable” icosahedral not dominant (see Conclusion). There are two important
clusters, 1,2,4,7,9,10:85 (48Y(R)) and 1,2,4,7,10,12¢8¢ (48~ contributions-covalent and ionie-to the “total metallic bonding
(S)), are also shown in Figure 3. energies”. In this paper, these two bonding contributions are
An examination of Table 2 reveals that, in general, atom modeled by the two terms in eq 4. On the basis of the calculated
inversion does not alter the chirality of the structure. Here the bond energies tabulated in Table 3, two site preferencerthes
word “chirality” refers to the R and S symbols used to denote Strong-Bond rule and the Hetero-Bond ruean be formulated.

the indices of the stereoisomers. In other words, fgBA_, These rules are extremely useful in ascertaining the relative
wheren = 6, an achiral cluster always atom inverts into another stabilities of the stereoisomers, especially in the absence of
achiral cluster (e.g., 1,2,4,7:Bg (149 into 1,2,4,7-BAg (14%)), calculations. They are also useful for understanding site

while a chiral cluster always atom inverts into another chiral preference in more complex structures built with binary icosa-
cluster of the same handedness (e.g., 1,2,4B-AL5(R)) into hedral clusters as basic building blocks.

1,2,4,9-BAs (15°(R)) (see Table 2). Within the /8¢ subset, (1) Strong-Bond Rule: The Covalent Contribution. The
however, an achiral stereocisomer can either atom invert into a Strong-Bond rule states that stereoisomers having a higher
different achiral structure (e.g., @to 40° = 49) or self-invert number of “strong bonds” tend to be more stable. Here the
into the same structure (e.g., Minto 47 = 479 whereas a  “strong bonds” are defined as metahetal bonds with high

chiral stereoisomer always self-inverts into itself (e.g3R3 metallic bonding energies. Strong bonds are generally formed
into 48(R) = 484(R)). by “strong metals” which have higher cohesive energies. The
(B) Relative Stabilities of Stereoisomers.The calculated “ Strong-Bond rule stems from thecovalent contribution to
“total metallic bond energies” are tabulated in Table 3. A few the metallic bonding energy. For example, as depicted in
remarks are warranted here. Scheme 1, of the two stereoisomers of the AgAicosahedral

Metal—Metal Interactions. The relative stabilities of dif- cluster, the Au-centered stereoisomer 1-AgAig more stable
ferent stereoisomers predicted in this paper are based solely orthan the Ag-centered structure 13-AgAulby 28.14 kcal/mol.
the calculated metallic bond energies. For systems whereThis can be attributed to the fact that Au has a higher cohesive
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Table 3. Calculated Total Metallic Energies of All Possible Stereoisomers for Centered BinaryAdgNi—Au, and PtAu) Icosahedral

Clusters
B-centered A-centered
A =Ag A = Ni A =Pt A=Ag A = Ni A =Pt
formulas B=Au B =Au B =Au formulas B=Au B=Au B =Au
Bis —650.27* —650.27* —650.27*
1-AB1> —645.74* —659.36* —675.48* 13-AB; —642.37* —695.20* —708.66*
1,2-AB11 —639.31 —666.85 —700.41 1,13-AB11 —636.06* —707.71* —734.14*
1,7-AcB1y —641.02 —667.46* —700.45*
1,12-AB11 —641.14* —667.14 —700.36
1,2,3-AB1o —630.99 —672.58 —725.08 1,2,13-AB1o —627.85 —718.44 —759.33
1,2,4-AB1g —632.69 —673.31 —725.11 1,7,13-AB1g —629.55 —719.47* —759.45*
1,2,8-AB1o —634.40 —673.89 —725.15 1,12,13-8B1o —629.67* —719.24* —759.40
1,2,9-AB1o —634.51 —673.57 —725.06
1,7,9-AB1o —636.10* —674.45* —725.17*
1,2,3,4-ABg —622.47 —677.32 —749.53 1,2,3,13-48¢ —617.75 —727.20 —784.22
1,2,3,5-ABo —624.18 —677.99 —749.56 1,2,4,13-/8, —619.44 —728.43 —784.34
1,2,3,9-ABo —626.00 —678.23 —749.50 1,2,8,13-/, —621.14 —729.44 —784.46
1,2,4,7-ABg —625.88 —678.70 —749.59 1,2,9,13-By —621.25 —729.22 —784.41
1,2,4,9-ABo —625.99 —678.38 —749.49 1,7,9,13-8, —622.84* —730.41* —784.58*
1,2,4,10-ABo —627.58 —679.23 —749.60*
1,2,4,11-ABg —625.99 —678.38 —749.49
1,2,4,12-ABo —627.70 —678.93 —749.50
1,2,8,9-ABy —627.70 —678.94 —749.53
1,2,8,10-ABo —629.29* —679.78* —749.62
1,2,8,12-ABo —627.70 —678.94 —749.53
1,2,9,12-ABy —627.81 —678.64 —749.42
1,2,3,4,5-ABg —613.77 —680.99 —773.76 1,2,3,4,13-Bg —607.45 —735.28 —808.95
1,2,3,4,9-ABg —615.58 —681.32 —773.68 1,2,3,5,13-Bs —609.14 —736.47 —809.06
1,2,3,4,10-ABg —617.29 —681.82 —773.69 1,2,3,9,13-Bg —610.95 —737.26 —809.13
1,2,3,5,8-ABsg —617.17 —682.26 —773.78 1,2,4,7,13-Bs —610.83 —737.66 —809.18
1,2,3,5,9-ABg —617.29 —681.97 —773.70 1,2,4,9,13-Bg —610.94 —737.44 —809.12
1,2,3,5,10-ABg —617.29 —681.97 —773.70 1,2,4,10,13-48; —612.53 —738.61 —809.29
1,2,3,5,12-ABg —618.99 —682.46 —773.69 1,2,4,11,134Bg —610.94 —737.44 —809.12
1,2,3,9,10-ABs —619.10 —682.19 —773.63 1,2,4,12,13-8; —612.64 —738.41 —809.23
1,2,4,7,8-ABg —617.17 —682.45 —773.80* 1,2,8,9,13-8Bs —612.64 —738.44 —809.25
1,2,4,7,9-ABg —618.99 —682.65 —773.70 1,2,8,10,1348s —614.22* —739.57* —809.40*
1,2,4,7,10-ABg —620.57 —683.46 —773.80 1,2,8,12,13-48; —612.64 —738.44 —809.25
1,2,4,7,12-ABg —618.99 —682.65 —773.70 1,2,9,12,134Bg —612.75 —738.22 —809.19
1,2,4,9,11-ABg —619.10 —682.35 —773.59
1,2,4,10,12-ABs —620.69* —683.17* —773.71
1,2,3,4,5,6-AB7 —603.17 —682.95 —797.73* 1,2,3,4,5,13-8 —596.94 —742.62 —833.50
1,2,3,4,5,7-AB; —604.98 —683.24 —797.64 1,2,3,4,9,1348; —598.74 —743.58 —833.56
1,2,3,4,5,8-AB7 —604.87 —683.52 —797.73* 1,2,3,4,10,13-8; —600.44 —744.54 —833.67
1,2,3,4,5,9-AB; —604.98 —683.24 —797.64 1,2,3,5,8,1348; —600.32 —744.90 —833.72
1,2,3,4,5,10-AB~ —606.68 —683.82 —797.63 1,2,3,5,9,138; —600.43 —744.74 —833.67
1,2,3,4,5,11-AB; —606.68 —683.82 —797.63 1,2,3,5,10,1387 —600.43 —744.74 —833.67
1,2,3,4,5,12-4B; —608.39 —684.28 —797.62 1,2,3,5,12,13+87 —602.13 —745.66 —833.77
1,2,3,4,9,10-AB; —608.50 —684.15 —797.54 1,2,3,9,10,1387 —602.24 —74551 —833.74
1,2,3,4,9,11-AB; —608.50 —684.13 —797.51 1,2,4,7,8,13-; —600.32 —745.13 —833.72
1,2,3,4,9,12-AB; —608.50 —684.15 —797.54 1,2,4,7,9,13-48; —602.13 —745.86 —833.77
1,2,3,4,10,12-/B~ —610.20 —684.62 —797.56 1,2,4,7,10,13487 —603.71 —746.97* —833.93*
1,2,3,5,8,9-AB; —608.38 —684.58 —797.65 1,2,4,7,12,1348; —602.13 —745.86 —833.77
1,2,3,5,8,10-AB~ —610.09 —685.05 —797.63 1,2,4,9,11,138; —602.24 —745.65 —833.71
1,2,3,5,8,11-AB; —609.97 —685.34 —797.73* 1,2,4,10,12,138; —603.82* —746.79 —833.89
1,2,3,5,8,12-AB7 —610.09 —685.05 —797.63
1,2,3,5,9,10-AB~ —610.50 —684.11 —797.57
1,2,3,5,9,12-AB; —610.20 —684.76 —797.54
1,2,3,5,10,12-AB7 —610.20 —684.76 —797.54
1,2,3,9,10,12-/B~ —610.31 —684.27 —797.49
1,2,4,7,8,10-AB~ —611.67 —686.05* —797.73*
1,2,4,7,9,10-AB; —611.79* —685.75 —797.63
1,2,4,7,9,12-AB; —610.19 —684.98 —797.53
1,2,4,7,10,12-AB —611.79* —685.75 —797.63
1,2,4,9,11,12-/B7 —610.31 —684.69 —797.40
1,2,3,4,5,13-BA;s —594.19 —684.03 —821.35* 1,2,3,4,5,6-8\; —584.54 —748.07 —857.77
1,2,3,4,9,13-BA; —596.00 —684.29 —821.25 1,2,3,4,5,7-8\; —586.34 —748.99 —857.82
1,2,3,4,10,13-BA~ —597.70 —684.99 —821.23 1,2,3,4,5,8-8\ —586.23 —749.15 —857.87
1,2,3,5,8,13-BAs —597.59 —685.07 —821.32 1,2,3,4,5,98\; —586.34 —748.99 —857.82
1,2,3,5,9,13-BA; —597.70 —684.80 —821.22 1,2,3,4,5,104, —588.03 —750.10 —857.92
1,2,3,5,10,13-BA; —597.70 —684.80 —821.22 1,2,3,4,5,114\; —588.03 —750.10 —857.92
1,2,3,5,12,13-BA7 —599.40 —685.48 —821.23 1,2,3,4,5,124 —589.72 —751.39 —858.02
1,2,3,9,10,13-BA; —599.51 —685.30 —821.10 1,2,3,4,9,1043; —589.83 —751.03 —857.97
1,2,4,7,8,13-BAs —597.60 —685.02 —821.31 1,2,3,4,9,114 —589.83 —751.05 —857.99
1,2,4,7,9,13-BA; —599.40 —685.42 —821.22 1,2,3,4,9,128, —589.83 —751.03 —857.47
1,2,4,7,10,13-BA; —600.99 —686.50 —821.30 1,2,3,4,10,1248; —591.52 —752.29 —858.05
1,2,4,7,12,13-BAs —599.40 —685.42 —821.22 1,2,3,5,8,98\; —589.73 —751.02 —858.02
1,2,4,9,11,13-BA~ —599.51 —685.07 —821.14 1,2,3,5,8,1043 —591.41 —752.29 —858.12
1,2,4,10,12,13-pA+ —601.10* —686.20* —821.20 1,2,3,5,8,1143 —591.30 —752.45 —858.17
1,2,3,5,8,12-BA; —591.41 —752.29 —858.12
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Table 3. (continued)
B-centered A-centered
A =Ag A=Ni A =Pt A=Ag A=Ni A =Pt
formulas B =Au B =Au B=Au formulas B=Au B =Au B =Au
1,2,3,5,9,10-BA, —589.83 —-751.01 —857.95
1,2,3,5,9,12-BA- —591.52 —752.12 —858.07
1,2,3,5,10,12-BA; —591.52 —752.12 —858.07
1,2,3,9,10,12-BA, —591.63 —-752.10 —857.98
1,2,4,7,8,10-BA- —592.99 —753.56* —858.27*
1,2,4,7,9,10-BA~ —593.11* —753.40 —858.22
1,2,4,7,9,12-BA~ —591.53 —751.96 —858.09
1,2,4,7,10,12-BA- —593.11* —753.40 —858.22
1,2,4,9,11,12-BA+ —591.64 —751.80 —858.05
1,2,3,4,13-BAsg —583.32 —683.39 —844.70* 1,2,3,4,5-BAs —573.74 —753.63 —881.90
1,2,3,5,13-BAs —585.02 —683.65 —844.67 1,2,3,4,9-8\s —575.54 —754.54 —881.94
1,2,3,9,13-BAg —586.82 —684.13 —844.54 1,2,3,4,104\g —577.22 —755.78 —882.03
1,2,4,7,13-BAsg —586.72 —684.90 —844.64 1,2,3,5,8-8\g —-577.12 —755.75 —882.08
1,2,4,9,13-BAg —586.83 —684.21 —844.56 1,2,3,5,9-8\¢ —577.23 —755.60 —882.03
1,2,4,10,13-BAg —588.41 —685.05 —844.62 1,2,3,5,10-8\s —577.23 —755.60 —882.03
1,2,4,11,13-BAg —586.83 —684.21 —844.56 1,2,3,5,12-8\s —578.91 —756.83 —882.13
1,2,4,12,13-BAg —588.52 —684.60 —844.53 1,2,3,9,10-8\s —579.02 —756.72 —882.06
1,2,8,9,13-BAg —588.52 —684.74 —844.51 1,2,4,7,8-8\g —577.13 —755.62 —882.08
1,2,8,10,13-BAg —590.11* —685.76* —844.60 1,2,4,7,9-8\g —578.92 —756.67 —882.13
1,2,8,12,13-BAg —588.52 —684.74 —844.51 1,2,4,7,10-8\g —580.49 —758.05* —882.27*
1,2,9,12,13-BAg —588.63 —684.39 —844.43 1,2,4,7,12-8\¢ —578.92 —756.67 —882.13
1,2,4,9,11-BAg —579.03 —756.51 —882.09
1,2,4,10,12-BAg —580.60* —757.88 —882.22
1,2,3,13-BAy —572.25 —680.99 —867.74* 1,2,3,4-BAg —561.04 —757.27 —905.73
1,2,4,13-BAy —573.95 —682.01 —867.72 1,2,3,5-BAo —562.73 —758.30 —905.81
1,2,8,13-BAg —575.64 —682.41 —867.67 1,2,3,9-BAg —564.52 —759.34 —905.84
1,2,9,13-BAy —575.75 —682.46 —867.58 1,2,4,7-BAo —564.42 —759.35 —905.90
1,7,9,13-BAo —577.33* —683.04* —867.65 1,2,4,9-B —564.53 —759.19 —905.86
1,2,4,10-BAy —566.10 —760.53 —905.99
1,2,4,11-BAg —564.53 —759.19 —905.86
1,2,4,12-BAo —566.21 —760.37 —905.94
1,2,8,9-BAo —566.21 —760.37 —905.95
1,2,8,10-BAy —567.79* —761.71* —906.07*
1,2,8,12-BAy —566.21 —760.37 —905.93
1,2,9,12-BAy —566.32 —760.21 —905.88
1,2,13-BA1o —560.98 —677.42 —890.49* 1,2,3-BA1o —548.13 —760.01 —929.35
1,7,13-BA1, —562.67 —680.05* —890.45 1,2,4-BA10 —549.82 —761.02 —929.44
1,12,13-BA1o —562.78* —677.55 —890.35 1,2,8-BA1o —551.51 —762.18 —929.51
1,2,9-BA10 —551.61 —762.02 —929.46
1,7,9-BA10 —553.19* —763.32* —929.59*
1,13-BA1;; —547.82* —671.92* —912.97* 1,2-BA11 —535.02 —761.80 —952.76
1,7-BA11 —536.70 —762.93* —952.83*
1,12-BA1;; —536.81* —762.76 —952.77
13-BAs2 —532.76* —664.19* —935.19* 1-BA, —520.01* —761.62* —975.86*
A1z —503.11* —759.32* —098.68*

2 The most stable structures are marked with an asterisk (*).

energy than Ag (see Appendix) and that there are 36 Auw
bonds and 6 AuAg bonds in 1-AgAu; versus 30 Au-Au and
12 Au—Ag bonds in 13-AgAu,. Similarly, the Ni-centered 13-
NiAui2 is more stable than the Au-centered 1-NiAhby 35.82

In many cases, the Strong-Bond rule implies that metals which
are capable of forming strong metahetal bonds tend to occupy
the center position of the icosahedron. Hence, it may also be
called the “Central-Atom” rule. In fact, this site preference rule

kcal/mol (Scheme 2) due to the fact that Ni has a higher cohesivecan be applied to any centered icosahedral metal clugiiA.
energy than Au (see Appendix). Since the cohesive energy As is evident from Table 3, for any given,Bis—n icosahedral

follows the trend Pt Ni > Au > Ag, we expect the following

cluster, the center of the icosahedron is always occupied by the

ranking of the stability of monosubstituted centered icosahedral “strongest metal” (i.e., the metal with a higher cohesive energy).
clusters (see Table 3 for the calculated metallic bonding Further examples can be found in Scheme$23 In Scheme

energies):

13-AgAu,;, (Ag-centered)< 1-AgAu,, (Au-centered)

13-AuAg,, (Au-centeredp 1-AuAg,, (Ag-centered)

13-PtAu, (Pt-centered} 1-PtAu,, (Au-centered)

13-AuPt, (Au-centered)< 1-AuPt, (Pt-centered)

13-NiAu,, (Ni-centered)> 1-NiAu,, (Au-centered)

13-AuNiy, (Au-centered)< 1-AuNi,, (Ni-centered)

3, the three Au-centered stereoisomers (1,2-, 1,7-, and 1,12-
Ag,Au;;) are more stable than the Ag-centered structure (1,13-
Ag2Aui;) by ca. 3-5 kcal/mol because gold is a “stronger”
metal than silver. In contrast, in Scheme 4, the Ni-centered
stereoisomer 1,13-Bus; is substantially more stable than the
three Au-centered sterecisomers by ca—40 kcal/mol since
nickel is a “stronger” metal than gold. Similar conclusions can
be drawn from Scheme 5: the five Au-centeredAugp, clusters
are more stable than the three Ag-centeredAAg, clusters,
whereas the reverse is true for thesAliyo clusters (Scheme
6).

It should be pointed out that the center position of a centered
icosahedron differs from the surface sites in two important



Iconography of Icosahedra Inorganic Chemistry, Vol. 37, No. 10, 1998491

Scheme 3. Relative Stabilities of AgAui; Stereoisomers
(Energy Differences in Parentheses)

A-~—» B

Ag-centered Au-centered

<<

A-~—— B

1,13-Ag,Auy, 1,2-AgyAug, 1,7-AgyAny, 1,12-Ag,Auy,
(5.08) (1.83) ©.12) (V)]

1,2,49,11,12-AB . - . .
6-6 Scheme 4. Relative Stabilities of NiAu1; Stereoisomers

(Energy Differences in Parentheses)

Ni-centered

Au-centered

47% ———47*

>>

1,13-Ni2A1]11 1,7-Ni2Au11 1,12-Ni2Al]11 1,2-Ni2AU11
© (40.25) (40.57) (40.86)
48*(R) ~——= 48*(R) 48%(S) ~———»48%(S)
1,2,4,7,9,10-A¢Bg 1,2,4,7,10,12-A B Jones potentials (eq 5) utilized. However, since this second

_ _ _ effect is present in all centered icosahedral clusters, the relative
Figure 3. Two examples (top) of “atom inversions” and three examples  grgering of the stabilities of the clusters will not be adversely
(bottom) of “self-inversions” of several §8¢ stereoisomers (see text). affected. In sum, the numerical advantage (12 vs 6 bonds) of

Scheme 1. Relative Stabilities of AgAw Stereoisomers the central atom to form stronger bonds (the first attribute)
(Energy Differences in Parentheses) outweighs the slight difference in the bond energies between
\ the centersurface and surfaeesurface bonds (the second
Ag-centered | Au-centered effect), thereby ensuring the validity of the Central-Atom rule.

(2) Hetero-Bond Rule: The lonic Contribution. The
second important contribution to the metallic interaction energy
is the partial fonic character” of the metalmetal bonds due
to the differences in electronegativities of the constituents. This
effect gives rise to an extra stabilization energy in addition to
the covalent contribution. As a result, the system tends to
maximizethe number of heteronuclear bonds (at the expense
of the homonuclear bonds). We shall call this the “Hetero-
Bond” rule. ltis clear thatonicity is theorigin of the Hetero-
Bond rule. It can be seen from Table 3 that the most stable
Au-centered stereoisomers are those with the highest numbers of hetero (A
B) bonds on the surface. In fact, in many cases, this rule
governs the arrangement of the surface atoms (surface ordering)

13-AgAu;,
(28.14)

Scheme 2. Relative Stabilities of NiAw, Stereoisomers
(Energy Differences in Parentheses)

Ni-centered

> of a cluster. Hence, it may also be call&gurface—Atom”
rule.
A corollary of the Hetero-Bond rule is theNon-Nearest-
13-NiAu;, 1-NiAu;, Neighbot rule for like atoms. That is, to maximize the number
©) (35.82) of heteronuclear bonds, like atoms, or more specifically, the

minority atoms on the surface of the cluster temat to be
neighbors. For example, as depicted in Scheme 3, of the three
stereoisomers of the Au-centered Am;; clusters, the ones in

aspects. First, the central atom has 12 cerdarface bonds,
whereas each surface atom has only six bonds (five surface

surface bonds and one centsurface bond). In fact, thisis  \hich the two silver atoms are not neighbors (1,7- and 1,12-
theorigin of the Central-Atom rule, which places the atom with Ag2AuL;) are more stable than the one (1,25Ag11) in which

the highest cohesive energies in the center of the centeredy,s g silver atoms are bonded to each other (as neighbors)
icosahedron for maximum bond (stabilization) energies. Sec- by ca. 1.8 kcal/mof® Without the “ionic character” stabilization

ond, a centersurface bond is not equivalent to a surface  t the Au-Ag bonds, these three stereoisomers would have the
surface bond. Indeed, the centsurface ) bonds are same energy of-628.88 kcal/mol (see Table 3).
somewhat shorter than the surfacairface §) bonds. For an A more useful expression of the Hetero-Bond Rule is the

ideal |(;,ostz;1]hedr:)n,l tth% bond-leng'_[h_ “’?““";‘0 IS (;3?1' FOL “Maximum-Fragmeritrule which states that stereoisomers with
example, the calculated (energy-minimized) centenface an a higher number of fragments of the minority atoms tend to be

surface-surface distances in Ag are 2.78 and 2.92 A,
. X . P
respectively, with eb/a ratio of 0.951, as expected. This 5% (28) Note also that the 1,12-A8ua1 is also slightly ¢0.11 kcal/mol) more

differe_nce in bond lengths implies a 6% disparity in bond stable than the 1,7-Adu; Structure, due to the long-range effect
energies /U, = 0.937/0.995= 0.94) based on the Lennard- (i.e., two to three bond effects) of the Lennard-Jones potential.
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Scheme 5. Relative Stabilities of AgAuio Stereocisomers (Energy Differences in Parentheses)

Ag-centered

Au-centered

1,2,13 1,7,13 1,12,13 1,23 1,2,4 1,2,8 1,29 1,79

-AgsAuyy  -AgiAuyg  -AgsAugg  -AgsAuyy  -AgzAlyg  -AgAuy  -AgiAuyg  -AgsAuyg
(8.25) (6.55) (6.43) 5.11) (3.41) (1.70) (1.59) )

Scheme 6. Relative Stabilities of NjAuy; Stereoisomers (Energy Differences in Parentheses)

Au-centered

Ni-centered

1,7,13 1,12,13 12,13 1,79 12,8 129 1,2,4 123
NijAu;y  -NijAumy -NijAuyg  -NisAujg  -NijAuyg  -NizAujg  -NigAuyy  -NigAugg
(0 (0.23) (1.03) (45.02) (45.58) (45.90) (46.16) (46.89)
more stable. In other words, in order to maximize the - 2 4 s 8 W 2
heteronuclear bonds, the minority atoms tend to be “fragmented” Rl El
(i.e., scattered) on the surface of a cluster. This is borne out -623 | 4 -623
by our calculations. As is evident from Tables 2 and 3, e2a b 3 624
stereoisomers with the maximum numbers of fragments 23 3
= -625 - -625
> 1) tend to be more stable. [ ]
The three Au-centered Afu;; sterecisomers in Scheme 3 ”L_',' 26 L a 3%
illustrate this point well: the two-fragment sterecisomers 1,7- & -e27f \/\ 627
AgoAuy; and 1,12-AgAuy; are more stable than the one- 2 f —n e
fragment stereoisomer 1,2-A&u;;. It is also true for the five \/ ]
Au-centered AgAuso Stereocisomers in Scheme 5: the one with 629 b El
three minority fragments (1,7,9-A8u10) is ca. 1.6 kcal/mol -630F ey des0

2 4 6 8 10 12

more stable than the two-fragment stereoisomers (1,2,8- and
Stereoisomer

1,2,9-AgAusg) which are in turn ca. 23.5 kcal/mol more stable
than the one-fragment stereoisomers (1,2,3- and 1,2;Ag). Figure 4. _Total metallic energies of the various s_tereoisomers of Au-
The same principle applies to the three Ag-centered stereoiso-CeNtered icosanedral Aus clusters (from left to right): (1) 1,2,3,4-

: . . AgsAug; (2) 1,2,3,5-AgAug; (3) 1,2,3,9-AgAug; (4) 1,2,4,7-AgAug;
mers in Spheme5as well as thg corresponding i (Scheme (5) 1,2.4,9-AgAus; (6) 1,2,4,10-AgAus; (7) 1,2,4.11-AgAus; (8)
4) and NAuso (Scheme 6) series. 1,2,4,12-AgAus; (9) 1,2,8,9-AgAus; (10) 1,2,8,10-AgAus; (11)

The number of stereoisomers increases rapidly with increasing1,2,8,12-AgAus; (12) 1,2,9,12-AgAUs.
number of minority atoms. Nevertheless, the same principle
applies. For example, a graphical representation of the relative Au atoms causes little changes in the total metallic energies.
metallic energies of Au-centered icosahedral clusters depictedThis somewhat anomalous trend may be understood in terms
in Figure 4 reveals that the most stable structures are those withof the small difference in the cohesive energies and a somewhat
the most minority fragments and that the most stable structure larger difference in the electronegativities between Au and Ni
1,2,8,10-AgAug (No. 10 in Figure 4) has the maximum (three) (cf. Appendix) which translate into a small change in covalent
number of minority (Ag) fragments. A similar plotin Figure 5 contribution and a large change in the ionic contribution,
for the Au-centered icosahedral #gu7 clusters gives rise to  respectively, to the total metallic energy per substitution. Such
the same conclusion. a combination gives rise to a smaller slope as is the case for
(D) Most Stable Stereoisomers.The most stable structures, the AuNiiz—, clusters as increases (Figure 6).

on the basis of our calculations, are indicated by asterisks (*) A detailed examination of the most stable structures in Table
in Table 3. In particular, the most stable stereoisomers of the 3 confirms the validity of the site preference rules. For example,
three icosahedral seriesBy3-, (wheren = 0—12) are depicted as portrayed in Figure 7, the most stable stereoisomers of
graphically in Figure 6: the Au-centered /13— (Squares), icosahedral AgAuis-n Clusters are always Au-centered (Strong-
the Ni-centered AsNiisz—, (triangles), and the Pt-centered Bond or Center-Atom rule). Of the Au-centered sterecisomers,
AunPti3-, (circles). (Note that the corresponding Ag-centered those with the highest possible numbers of fragments of the
AgrAuiz—, the Au-centered AWNiis—n, and the Au-centered  minority atoms are the most stable structures (Hetero-Bond or
Au,Pti3—, series (not shown), respectively, are of higher Maximum-Fragment rule). For example, the most stable
energies, in accordance with the Central-Atom rule.) Within stereoisomer of AgAug is 1,2,8,10-AgAus which has been
each series, successive replacement of the “strong” metal by aobserved in [AgAug(PPhMe)gX4]™ where X = CI,% Br.%d
“weaker” metal causes the metallic energy to rise monotonically Further examination of Figure 7 reveals that the most stable
except in the case of the Ni-centered Niys-n series where structures of Ag-rich icosahedral clusters mirror those of the
the stepwise replacement of the first six surface Ni atoms by Au-rich analogues. One example is the pair of Au-rich 1,2,4,-
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Figure 5. Total metallic energies of the various stereoisomers of Au-
centered icosahedral Ayu- clusters (from left to right): (1) 1,2,3,4,5,6-
AgéAu7; (2) 1,2,3,4,5,7-AgAu7; (3) 1,2,3,4,5,8-AgAuy; (4) 1,2,3,4,5,9- surface atom
AgeAuz; (5) 1,2,3,4,5,10-A¢Au7; (6) 1,2,3,4,5,11-AgAuz; (7) 1lr;v(e_r)snAon
1,2,3,4,5,12-AgAuz; (8) 1,2,3,4,9,10-AgAu7: (9) 1,2,3,4,9,11-AgAus;
(10) 1,2,3,4,9,12-Aghu7; (11) 1,2,3,4,10,12-Aghu7; (12) 1,2,3,5,8,9-
AgeAuz; (13) 1,2,3,5,8,10-A¢Au7; (14) 1,2,3,5,8,11-Aghu7; (15)
1,2,3,5,8,12-AgAuy; (16) 1,2,3,5,9,10-AgAu; (17) 1,2,3,5,9,12-Ag
Auz; (18) 1,2,3,5,10,12-Adhuz; (19) 1,2,3,9,10,12-Aghuz; (20) surface alom
1,2,4,7,8,10-AgAu7; (21) 1,2,4,7,9,10-A¢Au7; (22) 1,2,4,7,9,12-Ag Bw A
Auz; (23) 1,2,4,7,10,12-Aghu7; (24) 1,2,4,9,11,12-Agus.
550 z_ T T T T T T T T T I/;/;/* _f 550
E " AuAg,, } surface atom
-600 /././l/ 4 -600 inversion
650f m—m—um—" " . 3 -650 Bo A
> EAuyg N'ﬁ‘im R
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E ﬁ./ * o PtAu Figure 7. Most stable stereoisomers of Au-centeredMgs-n» clusters.
f000E @ . 0 0 0 0 0 0 1 4 941000 Here Ag and Au are represented by open and shaded circles and
Bro Atz ABiiAdBio ABs Ay AB: By By By Bohio By Bhvg designated as A and B, respectively. The double arrows indicate surface

Most Stable Structure inversions only.

Figure 6. Total metallic energies of the most stable structures of Au- L .
centered icosahedral AU . (squares), Ni-centered icosahedral s €xemplified by [(P#P)oAULAY1Brg] * (see Figure 8b for

AunNiiz q (triangles), and Pt-centered icosahedrahis o (circles) the metal framework). Furthermore, the “QAgoat”-structure
clusters. Note that the total metallic energies of the most stable structuresof 1,2,4,7,9,12-AgAuy (49?), of C,, symmetry, is the building
of the Ag-centered Aghus-, Au-centered AiNis—n, and Au-centered  plock for vertex-sharing triicosahedral AuAg clusters (Figure
AunPti3-n cluster series (not shown) are of higher energies than those 8c) as exemplified by [(P#P)2AU18AY2Clid. 1 Likewise, the

of the three series shown here. “Age-chair” structure of 1,2,4,9,11,12-48u; (505 is the
10,12-AgAug(32:3) and the Ag-rich 1,2,4,10,12,13-Adg- building block for the vertex-sharing tetraicosahedral cluster
(32sY). Both are Au-centered and both have the same arrange-[L12AU22Ag24X14] (Figure 8d)™* An examination of the calcu-
ment of the minority atoms (Ag in 32and Au in 32b). Here lated energies in Table 3 showed that these building blocks for
a and A stand for Ag and b and B for Au. vertex-sharing polyicosahedral clusters are among the next most

One of the motivations of the present work is to predict the Stable stereoisomers (within 1.5 kcal/mol). The utilization of
energetically most favored A8uy stereoisomers as building ~ the most stable stereoisomers of a single icosahedron as the
blocks of the vertex-sharing polyicosahedral-Adg cluster building blocks for vertex-sharing polyicosahedral clustgrs

series synthesized and structurally characterized By @ur (n=1-—4) portrayed in Figure 8 signifies the energetic control
calculations show that the most stable structures of thé\ag in the “progressive growth” of this particular cluster sequence.
icosahedral clusters are the chiral pair 1,2,4,7,9,10A8g Furthermore, the fact that the basic building blocks of the vertex-

(48%R)) and 1,2,4,7,10,12-Adu7 (48%S)) of C; symmetry sharing polyicosahedral clusters are among the most stable
as portrayed in Figure 7 (bottom). The arrangement of the stereoisomers lends further credence to the “cluster of clusters”
minority (A) atoms on the surface of these two structures concept! In other words, we believe that the formation of the
resembles the shape of a “hook”. These structures are presentiyl3-atom centered icosahedron (building block) precedes the
unknown. However, the next most stable stereocisomer (only polyicosahedral growth via vertex-sharing. Of course the
0.12 kcal/mol higher in energy) 1,2,4,7,8,105A07 (4789, of observed structures represent a compromise of bonding (both
Cs, symmetry, which resembles the shape of a “top”, also metal-metal and metatligand interactions), symmetry, and
depicted in Figure 7, has been observed as the building blockspacking of the ligands. In this regard, we predict that the highly
in an extensive series of vertex-sharing biicosahedral cldters symmetrical D3y structure of 1,2,3,9,10,12-A8u; (4689
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s113) 52(25) $3036) 54(46)

“Aug chair” “top” “Agg boat” “Agg chair”
1,2,3,9,10,12-AggAuy 1,2,4,7,8,10-AggAug 1,2,4,79,12-AggAuy 1,2,49,11,12-AggAug
46p2 472 49pa s0g?

(1.48) (0.12) (1.60) (1.48)

(a) (b) (c) (d)

Figure 8. Progressive growth of the early members of vertex-sharing polyicosahedraAd\aluster seriess,(N), wheren = 1—4 andN is the

nuclearity. The second to fourth rows give, respectively, the descriptions, the nomenclatures, and the designators of the icosahedraldisilding blo
The numbers in parentheses (the fifth row) indicate the energy differences between each of these building blocks and the most stable structures
483 R) and 48%S) (see Table 3). (Au in shaded circles and Ag in open circles).

portrayed in Figure 8a will be a good candidate for the as yet
unknown structure of a monoicosahedralgAgy cluster.

V. Conclusion

“Site preference” is a manifestation of the disparity in the
bonding capabilities of the different metal constituents in
heterometallic cluster®. If we ignore effects such as ligand
bonding and charge distribution, there are two major components
to the metatmetal bonding in a metal cluster: the covalent
and the ionic contributions. These two components were

modeled by use of the cohesive energies and Pauling’s elec-

tronegativities, respectively, in this paper. The distance depen-
dence of the metallic bonding energy was modeled by the
Lennard-Jones potential. The total metallic bond enely,
is defined as the sum of all pairwise metahetal bonding

(see Schemes-16). For example, for AgAui3-n icosahedral
clusters, the most stable stereoisomers are always Au-centered
(Strong-Bond or Center-Atom rule). Furthermore, of the Au-
centered stereoisomers, those with the highest possible numbers
of fragments of the minority atoms are the most stable structures
(Hetero-Bond or Maximum-Fragment rule). The same site
preference principles apply to Miuiz—, (as well as RiAu13-1)
icosahedral clusters. Here the most stable stereoisomers are all
Ni- or Pt-centered (Strong-Bond rule), and the minority atoms
on the surface follow the Maximum-Fragment rule (Hetero-
Bond rule).

The methodology for determining the relative stabilities of
mixed-metal clusters described in this paper differs from other

widely used approaches, such as the tight-binding mdél,
the embedded-atom method (EARY)the effective medium

interactions. And finally, the structure of each stereocisomer was theory (EMT)%? and density function theo?. Basically, the

optimized by minimizingUn, with respect to all distances.

present approach is a static (thermodynamic) model which takes

On the basis of the calculated bond energies tabulated in Tableinto account all pairwise interactions (i.e., not just the nearest

3, two site preference ruleghe Strong-Bond rule and the
Hetero-Bond rule-can be formulated. These rules are ex-
tremely useful in ascertaining the relative stabilities of the

neighbors as in the tight-binding model or the host medium
approach as in EAM or EMT), as modeled by the Lennard-
Jones potential. A novel feature of our method is that it

stereoisomers of various icosahedral mixed-metal clusters. Theexplicitly takes into account the ionic character of heterometallic

Strong-Bond rule, which stems from the covalent contribution,

bonds. The minimized total metallic bond energies for the

states that stereoisomers having a higher number of “strongvarious stereocisomers represent the relative ordering of the
bonds” tend to be more stable. In many cases, the Strong-Bondenergetics of the ground-state configurations. Furthermore, the
rule implies that metals which are capable of forming strong results presented in this paper are in excellent agreement with
metal-metal bonds tend to occupy the center position of the those based on other more elaborate calculations. For example,

icosahedron. Hence, it may also be called the “Central-Atom”
rule. The Hetero-Bond rule, which originates from therfic
character” of heterometallic bonds, tends rimaximizethe

the most stable stereocisomers of icosahedraPigs—n clusters
based on our static calculations (Figure 7 in this paper) are fully
consistent with the ground-state atomic configurations of

number of heteronuclear bonds. In many cases, this rule governscosahedral AlNi1s-n clusters calculated by Rey, Garcia-Rodeja,
the arrangement of the surface atoms (surface ordering) of aand Gallegd!® via molecular-dynamic simulations using the

cluster. Hence, it may also be called “Surface-Atom” rule. A
corollary to the Hetero-Bond rule is the “Non-Nearest-Neighbor”
rule for like atoms. That is, in order to maximize the number
of heteronuclear bonds, like atoms, or more specifically, the
minority atoms on the surface of the cluster tend not to be
neighbors. Yet another manifestation of the Hetero-Bond rule
is the “Maximum-Fragment” rule, which states that stereoiso-
mers with a higher number of fragments of the minority atoms
tend to be more stable (see below).

An examination of the most stable structures in Table 3
confirms the validity of the site preference rule established here

embedded-atom method (Figure 4 in ref 31a).
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Lopez, M. J.Phys. Re. B 1996 54, 5961. (c) Katagiri, M.; Kubo,
M.; Yamauchi, R.; Miyamoto, A.; Nozue, Y.; Terasaki, O.; Coley, T.
R.; Li, Y. S.; Newsam, J. MJpn. J. Appl. Phys1995 34, 6866. (d)
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It is remarkable that the simple approach to metallic bonding In cases where strong bonding effects between main-group
outlined in this paper is capable of predicting the relative elements are present, deviation from the Surface-Atom rule may
stabilities of structures of stereoisomers of mixed-metal icosa- occur (e.g., the icosahedral cluster JN&(CO)12)2~ 37 has a
hedral clusters. The same methodology can be applied to othersurface atom arrangement of 1,2,9,12Nig, instead of the
cluster systems and metal combinations. In fact, since the expected 1,2,8,10-Tdig). Work is in progress to address these
cohesive energies and the equilibrium interatomic distances of occurrences, as well as to extend the present work to interme-
all three series of transition metals are known, calculations tallic phases and solid state materials, and results will be
similar to those described in this paper can be applied to otherforthcoming.
cluster geometries and metal combinations (work in progress).

Finally, it should be reiterated that the site preference rules
developed in this paper apply to transition metal clusters or
intermetallic systems where metahetal bonding is dominant.
Furthermore, these rules also apply, in general, to intermetallic
phase¥ which may contain main-group elements as part of the
cluster framework (e.g., the 1,2,8,108% sterecisomer pre-
dicted by the Surface-Atom rule was found in SgAAl7—).
However, in cases where the ligands coordinate strongly and
selectively to the metal component with the higher cohesive
energy, reversal of the Central-Atom rule may occur (e.g., the Appendix
vertex-sharing tetraoctahedral cluster §Niy(CO)4]%~ 35 has
a Au-rich, instead of Ni-rich, cluster core because the carbonyl  The table included here (Table 4) lists the parameters used
ligands strongly and selectively coordinate to the nickel atéfs). in the calculations.
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Table 4. Parameters Used in the Calculations
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