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Abstract

In this review, syntheses and structural systematics of a series of vertex-sharing polyicosahe-
dral clusters containing group 11 (Au,Ag,Cu) and group 10 (Pt,Pd,Ni) metals are discussed.
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This particular series of clusters follows a well-defined growth pathway in which the basic
building block is the 13-atom centered icosahedron. The design rule is vertex sharing and the
cluster “grows™ by successive additions of icosahedral units via sharing of atoms. This cluster
of clusters growth mechanism from a single icosahedron (13 atoms) to an icosahedron of
icosahedra (127 atoms) parallels the atom-by-atom growth from a single atom to a 13-atom
icosahedron and hence may be considered as a manifestation of the spontaneous self-organiza-
tion and self-similarity aggregation process in the early stages of particle growth. This tendency
to form polyicosahedral clusters may be termed polyicosahedricity. Recent developments in
synthetic strategies and stereochemical principles of bi- and trimetallic vertex-sharing polyico-
sahedral clusters are highlighted with emphasis on (1) endo icosahedral chemistry by incorpo-
rating group 10 metals in the centers of the icosahedra, (2) exo icosahedral chemistry by
capping the icosahedral faces with metal atoms or by “capturing” small molecules in the
cluster cavities, and (3) framework icosahedral chemistry by changing the metal combination
(group 11 metals) of the cluster architecture. Specifically, a new synthetic strategy based on
“preformed clusters”. site preference rules, new concepts such as rotamerism and roulettamer-
ism, and a new intracavity chemistry on a cluster surface resembling Venus flytrap are
discussed. It is hoped that basic understanding of the stereochemical and bonding principles
governing alloy formation in multimetallic clusters will lead to better electronic and stereo-
chemical controls of their structures and reactivities and, ultimately, give rise to better design
and manufacture or fabrication of structurally well-defined and functionally optimized
nanoarchitecture, multimetallic catalysts, etc.

Keywords: Polyicosahedricity; Supraclusters; Icosahedra

Introduction: scope and significance

An icosahedron has 12 vertices, 20 triangular faces, and 30 edges. It conforms to
the icosahedral point group, I,, which has 120 symmetry operations, the highest
possible in three dimensions (the only exception is the spherical harmonics point
group Ky ; see, for example, Ref. [1]). The last decade has seen an unusual surge of
research activities in cluster chemistry involving the icosahedron [2-11]. The recent
syntheses and structural determinations of metal carbonyl clusters have also resulted
in a variety of discrete icosahedral clusters containing transition metals and main
group elements [4-8]. Furthermore, the icosahedron has emerged as a basic unit in
solid state materials such as several allotropes of boron [ 12], complex borides [13],
gallides [14], and quasi-crystalline aluminum alloys [15].

Icosahedral geometry is particularly favored by “electron-deficient” clusters
[2,39-12] in which the electron counts are insufficient to form two-center two-
electron bonds. A complete triangulation of the polyhedral cluster surface such as
that of an icosahedron implies a maximization of the number of bonding interactions
between atoms, thus providing extra (energetic) stability for the cluster. For example,
boron-containing [2,3,12] and gold-containing [9-11] clusters are often based on
non-centered and centered icosahedra as portrayed in Figs. 1(a) and 1(b) respectively,
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Fig. 1. (a) Non-centered icosahedron; (b) centered icosahedron.

both as a result of their low electron counts. In the case of gold clusters, the low
electron counts can be attributed to the relativistic effects [ 17].

High nuclearity mixed-metal clusters are important in that they may serve as
structurally well-defined models for multimetallic catalysts or nanoparticles
[4-11,16,18-21]. Our ongoing work in this area has given rise to a unique series of
vertex-sharing polyicosahedral clusters containing group 11 (Au,Ag,Cu) and group 10
(Pt,Pd,Ni) metals [ 11,22--26]. The first three members of the sequence are depicted
in Fig. 2. This particular series of clusters follows a well-defined growth pathway in
which the basic building block is the 13-atom icosahedron (Fig. 2(a)). The design
rule is vertex sharing and the cluster “grows” by successive additions of icosahedral
units via sharing of atoms. We refer to these high nuclearity mixed-metal clusters as

a
AXA
.\‘.',

Fig. 2. The first three members of vertex-sharing polyicosahedral supraclusters: (a) icosahedron; (b) biico-
sahedra; (c) triicosahedra.
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“clusters of clusters™ [11,22-26]. This “cluster of clusters” concept allows us to
envisage, design. and build large cluster assemblies in the nanorealm.

The most important characteristics of this particular series of clusters of clusters
are its precise design rule and growth sequence. This cluster of clusters growth
mechanism from a single icosahedron (13 atoms) to an icosahedron of icosahedra
(127 atoms) parallels the atom-by-atom growth pathway for the primary clusters
from a single atom to a 13-atom icosahedron, as depicted in Fig. 3. This tendency
of forming polyicosahedral cluster framework may be termed “polyicosahedricity”.
Many examples are known, e.g. the biicosahedral [11a—11g], the triicosahedral
[11h-11k], and the tetraicosahedral clusters [ 111]. We believe that this “cluster of
clusters” sequence is a manifestation of the spontaneous self-organization and self-
similarity aggregation process in cluster growth [ 22a]. Such growth mechanism, and

s1(13) 52(28) $3(36)

$4(46) $5(56)

56,(66) #7(75)
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s11(112)

s12(120) s13(127)

Fig. 3 (continued). Polyicosahedricity: vertex-sharing polyicosahedral growth sequence, s,(N), from an
icosahedron to an icosahedron of icosahedra. where n is the number of icosahedra and N is the
overall nuclearity.

the resulting geometry and symmetry, is fractal [27] in character which is quite
common in nature. Furthermore, the formation and growth of these clusters, as
elucidated by their structures in a stepwise manner, may represent “snapshots” of
the early stages of the nucleation and growth of ultrafine metal particles.

In this review, we wish to further develop the cluster of clusters (building block)
approach to large metal clusters by (1) designing and building novel and larger
cluster assemblies via a new synthetic strategy based on “preformed clusters”,
(2) understanding and controlling alloy formation by employing a variety of metal
and ligand combinations, and (3) discovering new stereochemical or bonding prin-
ciples governing their structures and bonding. Specific metal and/or ligand combina-
tions are chosen for the syntheses of particular target molecules in order to build
new cluster assemblies, to test certain hypotheses, or to develop new concepts. It is
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hoped that this research will not only shed light on the nucleation and growth of
fine particles, quasi-crystals, and amorphous materials but also lead to new cluster
compounds with unusual properties of relevance to critical technologies such as
nanostructures [28] and catalysis [29]. Understanding of the stereochemical and
bonding principles governing site preference in heteronuclear metal clusters will lead
to better electronic and stereochemical controls of their structures and reactivities.
Ultimately, such information will result in a detailed understanding of alloy formation
in multimetallic systems or phases and in better design and the manufacture or
fabrication of structurally well-defined and functionally optimized multimetallic
catalysts, ultrafine particles, nanoarchitectures, quantum devices etc.

2. Synthetic strategies
2.1. Metal frameworks

2.1.1. Vertex-sharing polvicosahedral cluster growth via reductive condensation

Our most successful synthetic route to these supraclusters (s,) (cf. Fig. 3) is based
on a spontaneous but stepwise agglomeration of smaller cluster units via progressive
reduction. This reductive condensation has proved to be a viable approach to large
metal clusters as evidenced by the successful syntheses and structures of the polyico-
sahedral metal cluster series in our laboratory { 11,22-267].

We have also demonstrated spectroscopically [30] that the s, (nuclearity)
supraclusters are indeed formed in a stepwise manner with progressive reduction
(where R represents the reductant) as follows:

M (138 652518 6, (36)—2 a5, (46) - —S s s ,5(127)

In other words. instead of adding one atom at a time, the cluster “grows” by adding
one icosahedron at a time (cf. Fig. 3), giving rise to a well-defined growth sequence
(1. based on vertex-sharing icosahedra).

2.1.2. Building cluster assemblies via preformed clusters as building blocks

Until recently, we have focused our primary attention on the Au—Ag system.
While gold and silver have proven to be a good combination in the presence of
phosphine and halide ligands, other intriguing mixed-metal clusters have been synthe-
sized and structurally characterized by several research groups. For example, several
highly interesting Pt —Au and Pt—Au— Ag clusters have been reported by Pignolet,
Steggerda. and coworkers [21], eg. [PtAug(PPh,),]*", [PtAu,(PPh;);H]*",
[PtAug(PPh;)s]° ", [PtAug(PPh;)s(CO)*". [PtAgAug(PPhy)s 1P, [PtAgAug-
(PPh3)g(CO)]* . These clusters can be used as preformed building blocks in
synthesizing the polyicosahedral series. Indeed, we have recently synthesized the
first examples of trimetallic clusters containing group 10 and 11 metals, e.g.
[(Ph;P),Au, Ag,MC1.]" [25] and [(PhyP)Au,;Ag;nM,Cl,] [26]. where
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M = Pt, Pd. Ni, via this new synthetic strategy (reductive addition of a third metal
to a preformed bimetallic cluster):

NaBH,

[(Ph3P)s Aug M]2+ + [(Ph; P)AgCl],———[(Ph;P),nAu,,Ag;,MCl, 1"

+ [(Ph3P)nAuy Agn M, ClL
where M = Pt, Pd, Ni

A similar cluster [(Ph,yP);,Au,0Ag,;Pt,Cl;], which has a shared Ag vertex (instead
of Au), has also been synthesized by Steggerda and coworkers [31]. These new
clusters open the door to other interesting trimetallic Au—Ag—M clusters (where
M = group 10 metals). We hope to synthesize the parallel sequence (Fig. 3) of
trimetallic (Au—Ag—M where M is a group 10 metal) vertex-sharing polyicosahedral
supraclusters, from a single icosahedron of 13 metal atoms to an icosahedron of
icosahedra of 127 metal atoms, in analogy to the bimetallic (Au— Ag) vertex-sharing
polyicosahedral clusters [11,22-26], via this new synthetic route.

2.2. Ligand environment: steric and electronic controls

To date, a wide variety of ligands have been investigated by us with the hope of
understanding the steric and electronic effects of the ligands on the metal frameworks:

2.2.1. Steric effects

While p-tol;P and PhyP differ little in their metal bonding capabilities, the
observed structural changes are nontrivial (vide infra). We have, therefore, investi-
gated the effect of the sterically more demanding ligands such as o- and m-tol;P on
the structure. Repeated attempts to isolate the same Au—Ag cluster series by using
o-tol;P have been unsuccessful to date (as a result, presumably, of much greater
steric repulsions between the ortho-methyl group and the metal atoms). On the
contrary, m-tol; P gives rise to an interesting series of cluster compounds which are
currently under study. For example, [(m-tol;P);qAu,;Ag;,Clg]™ adopts a biicosahe-
dral structure which is distinctly different from p-tol;P or PhyP. Details will be
published elsewhere [32a].

2.2.2. Electronic effects

How will the molecular architecture change if we change the electron donating or
withdrawing power of the phosphine ligands? One way is to put an electron-donating
or an electron-withdrawing group on the phenyl groups of the phosphines. To
minimize the steric effect which is addressed separately above, we chose to use para-
substituted Ph,P ligands. It is customary to subdivide the electron-donating (4) or
withdrawing (—) power of the substituents as inductive (I) and resonance (M) effects.
In this context, CHj is electron-donating on both counts (ie. +1 and +M), OCH,
and Cl are —I and + M, and NO, and COOR are —1I and —M. For example, the
recently synthesized cluster, [{p-CH;OC¢H,);P},,Au;3Ag;,Clg]™ [32b] has an
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interesting metal core configuration and an unusual ligand arrangement. This cluster
is also interesting in that it has an extensive network of hydrogen bonding. Details
can be found elsewhere [ 30]. Plans are underway to investigate the effects of other
substituents such as i-Pr, t-Bu, NMe,, N(i-Pr),, CONR,, COOR on the cluster
structure.

3. Site preference and alloy formation

Site preference in mixed-metal clusters is a manifestation of the various and often
competing bonding effects. The interrelations and interplay of these structural and
bonding effects have profound influence on alloy formation in materials such as
multimetallic catalysts [29], nanoparticles [28], thin films or surfaces [33] etc.
Understanding of such alloy formation will allow better electronic and stereochemical
controls of their structures and hence improve the design and manufacture of these
materials (e.g. preparation of well-defined catalysts with tailor-made reactivities and
selectivities or fabrication of quantum devices with specific functions).

3.1. Site preference principles in multimetallic polvicosahedral supraclusters

We shall use the bi- and trimetallic vertex-sharing biicosahedral cluster sequences,
depicted in Table 2. to illustrate the site preference principles in multimetallic polyico-
sahedral clusters. The site preference rules are summarized in Table 1.

3.1.1. Bimetallic Au— Ag supraclusters

For the bimetallic polyicosahedral Au—Ag supraclusters [ 11,22-26], six empirical
structural rules have been established (Table 1) [11k]: (1) the centers of the icosa-
hedra are gold atoms; (2) the “shared” vertices are most likely to be gold atoms (but
with some exceptions); (3) phosphine ligands prefer coordination with surface gold
atoms (with some exceptions); (4) silver atoms prefer surface sites, especially those
at the boundary of neighboring icosahedra; (5) the capping atoms are most likley
to be silver atoms: (6) halide ligands prefer coordination with silver atoms. As

Table |
Site preference for trimetallic vertex-sharing biicosahedral supraclusters containing group 10 and 11 metals

Site preference

Center Ni, Pd. Pt > Au
v
Vertex Au > Ag
Y A
P Au> Ag
Surface M A

X Au < Ag
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pointed out previously [11k,24], these structural rules can be rationalized in terms
of the disparities in metal-metal and metal-ligand interactions, as well as in electro-
negativity of the constituents. The strength of metal-metal bonding is related to the
cohesive energy which can be measured by heats of atomization shown in Fig. 4 for
the three transition metal series. In the present case, gold, with much higher cohesive
energy (368 kJ mol™! for Au vs. 285 kJ mol ! for Ag), tends to prefer interstitial
sites such as the centers of icosahedra (rule 1) or the shared vertices (rule 2). As far
as the metal-ligand bonding is concerned, the more electron-donating phosphine
ligands prefer to coordinate to the more electronegative Au atoms (rule 3), whereas
the more electron-withdrawing halide ligands prefer to interact with the more electro-
positive Ag atoms (rule 6). In terms of electronegativity, which is related to relativistic
effects [ 17], the more electronegative gold atoms (2.54 for Au vs. 1.93 for Ag) prefer
sites of high electron densities (such as the centers of icosahedra or the shared
vertices) whereas the more electropositive silver atoms tend to occupy either surface
sites (at the boundary of adjacent icosahedra) bridged by halide ligands (rule 4) or
capping positions with high halide coordination (rule 5).

3.1.2. Trimetallic Au—Ag—M (M = group 10 metals) supraclusters

For mixed group 10 (M)-group 11 polyicosahedral clusters such as the trimetallic
Au—Ag— M supraclusters (M = Pt, Pd, Ni) [25,26]. the site preference (again refer-
ring to Table 1) can be attributed to the relative strengths of metal-metal and metal-
ligand interactions as well as disparities in electronegativity: (1) group 10 metals
prefer interstitial sites such as the centroids of icosahedra owing to their high cohesive
energies (M > Au > Ag) that lead to stronger metal-metal bonds (see Fig. 4) [25];
(2) among the group 11 metals, Au prefers the interstitial sites such as the centers
of icosahedra or the shared vertices owing to its high cohesive energy and high

Heat of Atomization

1000

800 +
) i
E 600
2
< 400 4
<

200 4

Y T T — T T T

2 4 6 8 10 12 14
Group

Fig. 4. Enthalpies of atomization {M(s)—Mi(g)} of the first (&), second (@), and third (M) transition
metal series.
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electronegativity (Au > Ag); (3) as far as the metal-ligand bonding is concerned, the
more electronegative Au prefers phosphine coordination while the more electro-
positive Ag prefers halide coordination or halide bridging.

The structures of the trimetallic biicosahedral clusters [(Ph;P);oAu,,Ag,,MCL, ]
(M = Pt, Ni) [25,26] are portrayed in Fig. 5 and Fig. 6 respectively. Here, the metal
core of an individual cluster can be described as two AugAge icosahedra, one
M centered (M = Pt, Ni) and one Au centered, sharing a common Au atom. The
arrangement of the four metal pentagons has an exact ses (staggered—eclipsed—
staggered) configuration. The Au—Ag— Ni cluster [25b] is the first example of a
polyicosahedral structure containing first, second, and third row transition metals;
as such it opens the door to other trimetallic polyicosahedral clusters containing Au,
Ag, and Ni. The Au—Ag—Ni cluster [25b] also represents the first example in
which a first row transition metal is incorporated into a polyicosahedral cluster.

We have also synthesized the series [(Ph;P);oAuy;Ag;,M,Cl;] where M =
Pt, Pd, Ni [26] via the “preformed clusters” strategy. Other biicosahedral target
molecules are depicted in Table 2. We should add that a related cluster
[(PhyP);0Au,; Ag, Pt,Cl,] has also been synthesized and structured by Steggerda
and coworkers [31]. The shared vertex in this latter cluster, however, is Ag rather
than Au.

We plan to extend our work to trimetallic triicosahedral supraclusters via the same
synthetic strategy. For example, as depicted in Fig. 7, incorporation of one, two,
and three group 10 metals into the biicosahedral cluster [L;,Au;gAg s Xg]*" prod-
uces [Li;Au,AgsMXs1?", [Li;AuiaAgisM,Xg 127, and [Ly,Au,sAgsM;Xg]"
respectively. Similar consideration applies to the other members (tetraicosahedral,
pentaicosahedral etc.) of the series.

Fig. 5. Molecular architecture of [(PhyP),Au,,Ag,,PtCl;]". as the Cl™ salt: (a) the metal core,
Au,;Ag,; Pt; (b) the metal-ligand framework, P,,Au,,Ag,, PtCl,; (c} projection of the two silver pentagons
onto the five doubly bridging chloride ligands Cll C1S. Atoms AP11 and AP11’ (centers of icosahedra)

represent an equal admixture of Au and Pt owing to the crystallographically imposed mirror (Cs-m)
symmetry.
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Fig. 6. Molecular architecture of [(Ph;P)cAu,,Ag,,NiCl,]*, as the SbF,; salt: (a) the metal core,
Au,;Ag,, Ni; (b) the metal-ligand framework, Py, Au,,Ag,, NiCl;; (c) projection of the two silver pentagons
onto the five doubly bridging chloride ligands Cl11-Cl5. Atoms AN11 and AN11’ (centers of icosahedra)
represent an equal admixture of Au and Ni owing to the crystallographically imposed mirror (Cs-m)
symmetry.

Extended Hiickel molecular orbital (EHMO) calculations have been performed
on the bimetallic cluster [(R;P),qAu;3Ag;,Cl;]?", where R = H, in order to assess
the electronic origins of the site preference principles. These site preference principles,
and their bonding implications, are rationalized via simple bond strength vs. charge
accumulation (BSCA) plots [25b].

3.2. Metal-ligand interactions: bulk-to-surface and surface-to-surface segregations

It is well known that the surface of bimetallic particles often has a different
composition to its interior. Thermodynamic causes for this “surface enrichment”
have been discussed in the literature [297]. There are also kinetic factors which favor
certain arrangements of metal atoms in mixed clusters. Metal-ligand interactions
play an important role in dictating the surface composition of a multimetallic cluster.
Here we may distinguish between two kinds of surface enrichment and/or segregation
processes. The first type is analogous to the so-called “chemisorption-induced surface
segregation” [ 34] whereby strong metal-ligand interactions cause a surface enrich-
ment of metal atoms which would otherwise prefer interstitial (bulk) sites. For
example, Au—Pt alloy particles should have a Pt-rich core (kernel) and a Au-rich
surface (mantle) owing to the high cohesive energy of Pt vs. Au. This is the so-called
“cherry” model. Exposure to a CO atmosphere, however, causes an enrichment of
platinum atoms at the surface as a result of the strong and selective interactions



622 B K. Teo. H Zhang Coordination Chemistry Reviews 143 (1995) 611-636

Table 2

Examples of bimetallic {AuAg) and trimetallic (AuAgM where M = Pt, Pd, Ni) biicosahedral clusters in
the 6-ring (left) and 5-ring (right) series

[I—mM:SXxTH [L]n]\'lzi)‘;“jH
SATELLITE RING MODEL"
6-ring 5-ring

BIMETALLIC

[(PhyP))0Au;3Ag:,Brg]”

TRIMETALLIC

ses
1,4
[(R3P))pAu;pA 81, MX) ((Ph3P);0AU ;A 81, MCly]

REMARKS
AuAgM= @/0O/@
M=Pt, Pd. Ni

[(R3P)1pAuy Ag1sMyXq]

Only ses (R{0)) and sss {R(36)) rotamers are shown though other intermediate metal configurations
(R(@)) are also possible (see Fig. 13). Note that each substitution of an interstitial Au atom by a group 10
metal decreases the overall charge by 1.

*satellite ring (ellipse) of bridging ligands ( -) around two metal icosahedra (O).
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+
[L12Au17Ag1gMXg)3 [L12AugAg gM)Xg) 2+ (L12Au;sAg1gM3Xgl*

{LpAu 7Ag1gMX ol [L12Au16Ag1gMoX gl

@ = Group 10 Metals

Fig. 7. endo icosahedral chemistry: trimetallic (Au—Ag~ M) triicosahedral clusters with one, two, and
three group 10 (M = Pt, Pd, Ni) metals at the center(s) of icosahedra.

between CO and Pt atoms. This results in a Au-rich core and a Pt-rich surface
[34a], thereby causing an “inversion” of the “cherry” model.

The second type of “surface segregation” is exemplified by the series of bi- and
trimetallic polyicosahedral clusters characterized by us [11,22-26]. As discussed in
the previous section, the more electronegative surface Au atoms prefer the more
electron-donating phosphines as ligands whereas the less electronegative surface Ag
atoms prefer coordination with the more electronegative halide ligands. In other
words, preferential metal-ligand bindings may cause segregation of Au and Ag atoms
on the surface of a cluster.

In short, strong, selective metal-ligand bonding can cause either a “bulk-to-
surface” inversion (first type) or a “surface-to-surface” segregation (second type).

4. Stereochemical principles
4.1. Rotamerism: the biicosahedral rotor model

Structural studies of the cluster [(PhyP),oAu;3Ag;,Brg]* in two crystal forms
containing different anions revealed two distinct conformers with different metal
configurations (Fig. 8), the staggered—eclipsed—staggered (ses) in the SbF¢ salt [ 11c]
and the staggered—staggered-staggered (sss) configuration in the Br~ salt [11e] as
portrayed in Figs. 9 and 10 respectively. This new type of cluster isomerism has been
coined “rotamerism”. The observation of both rotamers (ses and sss) for the same
cluster led to the recognition that this biicosahedral cluster series may serve as a



624 B.K. Teo. H. Zhang: Coordination Chemistry Reviews 143 (1995) 611-636

(a) (b)

Fig. 8. Two extreme rotameric forms of the vertex-sharing bicosahedral supraclusters: (a) staggered—
eclipsed-staggered (ses) and (b) staggered—staggered -staggered (sss).

(a) (b

Fig. 9. Molecular architecture of [(Ph;P},0Au,;Ag,,Brg J(SbF): (a) the ses metal core; (b} metal-ligand
framework; (c) projection of the two Ags pentagons and six Br ligands as viewed along idealized
fivefold axis.

prototype for molecular mechanical rotary devices, with possible utilities in nano-
technology [ 28].

More examples of rotamerism are needed in order to determine the cause and
effect of this new type of cluster isomerization. This can be done by employing
different anions or solvents. Knowing the cause and effect of rotamerism will allow
us to control its stereochemistry and properties. Such controls are essential in device
fabrication and engineering.

Fig. 11 shows the structure of [(p-tol;P);,Au;3Ag,,Clg]* [11d]. Distinct from
previously observed structures, the adjacent metal pentagons in this cluster adopt
neither sss nor ses configuration. In fact, it is nearly halfway between these two
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Ag(11)

Br(119)

(a) (b) (©)

Fig. 10. Molecular architecture of [(PhyP),oAu,;Ag,,Brg](Br): (a) the sss metal core; (b) metal-ligand
framework; (c) projection of two Ags pentagons and six Br ligands as viewed along idealized fivefold axis.

extremes (cf. Fig. 11(c)). This new metal configuration strongly suggests that the
observed solid state structure represents a “snapshot” of a “molecular rotor” in
motion.

It occurs to us that the metal core of this class of 25-metal-atom supraclusters
may conceptually be described as a molecular biicosahedral rotor. The relative
rotation of the two icosahedra about the shared vertex gives rise to various metal
configurations called “rotamers” [11e]. This “biicosahedral rotor” model may be
represented by the caricature depicted in Fig. 12(a).

An important question that needs to be addressed is whether or not this mode of
rotation is quantized. In other words, are there magic numbers (such as 9n), shown
in Fig. 13, which @ must conform to? If it is not quantized, then the two metal
icosahedra are relatively “free” to rotate (fluxional) about the shared vertex (at least
in solution), and the observed solid state structure merely represents a “snapshot”
of one of many local (shallow) energy minima. We plan to synthesize biicosahedral
rotamers, R(©), of different @ values with the hope of resolving this issue.

4.2. Roulettamerism: the satellite ring model

Two series of biicosahedral metal clusters of the general formulae
[(R3P);0Au;3Ag,,X,]*" (the 5-ring series) and [(R3P);0Au,3Ag,,Xe]" (the 6-ring
series) have been synthesized and structured by us [11]. A detailed analysis of the
structures revealed a stellated ring of five or six halide ligands bridging the two inner
silver pentagons. In order to understand the interrelations among the various bridg-
ing ligand arrangements as well as the underlying stereochemical principles, we
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Fig. 11. A nanoscale molecular rotor: structure of [(p-tol3P),Au;3Ag,;Clg](PFy) (a) metal core;
(b) metal-ligand framework: {¢) projection of two Ag, pentagons and six Br ligands; (d) projection of
four metal pentagons along idealized fivefold axis.

propose a “satellite ring” model (Fig. 12(b)) [ 11f]. According to this model, five or
six bridging ligands form a “satellite ring” around the “equator” of a particular
rotameric biicosahedral metal core, resulting in the various bridging arrangements
which have been coined “roulettamerism™. The 5-ring and 6-ring “satellite” models
are depicted schematically in Fig. 14(a) [11f]. Some known examples (except 3) of
the bridging halide ligand arrangements are depicted in Fig. 14(b); qds (1), ortho-
qq'd, (2), ortho-q,d, (3) of the R(0) or ses rotameric form, ortho-t,d, (4) of the
R(18) rotamer, para-d,t, (5) and para-t,d, (6) of the R(36) or sss rotamer in the
6-ring series. The chemical formulae of these examples are tabulated in Table 3. Here
only the two inner silver pentagons and the bridging halide ligands are shown. Note
also that d. t, and q designate doubly. triply. and quadruply bridging respectively.
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Biicosahedral Rotor Satellite Ring
Model Model
Rotamers Roulettamers

Fig. 12. (a) Biicosahedral rotor model gives rise to various rotamers of the metal core. (b) Satellite ring
model of the various bridging arrangements gives rise to different roulettamers.

31

R(0) R®) R(18) R(27) R(36)

Fig. 13. Molecular rotor: vertex-sharing biicosahedral rotors R{@) with relative rotations & =0° (ses),
9¢, 187, 27° and 367 (sss) between the two icosahedra.

The S-ring series is portrayed in Fig. 14(c). Here only the ds roulettameric form of
the R(0) or ses metal configuration has been observed so far.
Work is in progress to find new bridging ligand environments (i.e. roulettamers).

4.3. Cluster cavity chemistry: the “Venus flytrap” analogy

The stereochemistry of clusters [(PhyP) AusAg,,Cl,]2" (1) [11k],
[(p-tol3P);;Au;5AgsCliy ] (2) [11h], and [(PhyP);,AusAg oCly; 127 (3) [11m] led
to the concept of “intracavity” chemistry on the “surface” of a metal cluster [ 11k].
Fig. 15 depicts schematically the size and shape of the cavities in 1 and 2 (after
removal of the [ Ph; PAgCl;] and [AgCl, ] moieties respectively). It can be seen that
the accessible “metal surface” of these clusters is the Ag; triangle, “picket fenced” by
three aryl groups (shaded) from three separate phosphine ligands. Also shown is the
cavity on the p;-Cl side of 3 which is completely sealed off by three phenyl rings
(shaded). The ability of the cavities in 1-3 to expand and contract is to a large
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(a) Roulettamerism
halide
ligands
metal
icosahedra

5-ring 6-ring
(b) 6-ring i E E § E
Rotamers ses ses ses 1/2(ses+55s) s88 583
Roulettamers yds ortho - qq'd, ortho - 4ud, ortho - 4d, para - dji, prare -\l
1 2 3 4 s 6

(C) S-ring

5 6 7 8

Fig. 14. {a) Two series of biicosahedral metal clusters of general formulae [(R;P)0Au,3Ag,X,]*" (the
S-ring series) and [(R3P)0Au5Ag,,Xs]" (the 6-ring series), giving rise to various bridging ligand
arrangements (roulettamers). (b} Projections of the two inner silver pentagons onto the equatorial plane
of the six halide ligands for some representative vertex-sharing biicosahedral supraclusters showing the
various metal configurations (rotamers) and ligand arrangements (roulettamers) for the 6-ring series (see
Table 3 for examples). (c) Same as (b) for the 5-ring series.

Table 3
Examples of the 6-ring biicosahedral series

[(Ph3P)0Au;3Ag,,Clg](SbFs)  [11f]
[(Ph3P)oAu;3Ag,, Bry](SbFy) [11c]
[(p-tol3P)igAu3Ag,,Cly 1 (PF)  [11d]
[(p-tolyP)oAu ;Ag, Brg)(PF,)  [11b]
[(Ph3P),oAu,3Ag,,Bry ](Br) [11e]

A a N -

extent due to the fact that the shared vertices resemble flexible connectors which
allow individual icosahedral units to twist around, thereby causing conformational
changes of the phosphine ligands. The existence of the accessible, “picket-fenced”
metal surfaces as well as the flexible (structurally non-rigid) cavities on the surface
of a large metal cluster, both of which can easily be tailored to incoporate a variety
of guest molecules, may have further implications in the studies of inclusion com-
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Fig. 15. Cluster cavity chemistry and the Venus flytrap analogy: space-filling models for cluster
surface  cavities of  [(PhyP);,AugAg,Cly, 12" (1), [(p-tolyP),Au,gAgyCli,]  (2),  and
[(PhyP);;Au sAg,Cl )%

plexes, metal surfaces, and catalysis. It occurs to us that this “breeding” mode will
allow the cluster to capture a variety of small molecules or ions in a way similar to
the Venus flytrap (Fig. 16). The interactions (and the driving force) may range from

36-metal-atom
core

36-metal-atom 36-metal-atom 36-metal-atom

core core core

L=RCN (known) X=CI', Br' (known)
Ph;P (known) RO’ (known)

O

6-metal-aiom ) = AuygAg,g tri-icosahedral = triphenylphosphine ligands
core metal framework

Fig. 16. The “Venus flytrap” analogy of the cluster cavity chemistry of the 37 (left) and 38 (right)
triicosahedral clusters.
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strong covalent or ionic bonding to weak van der Waals or hydrogen bonding. In
addition to [ Ph; PAgX;] (as in 1), [AgX,] (as in 2). or p3-X (as in 3) moieties (X =
halides), our preliminary results show that other functional groups or solvent mole-
cules can also be incorporated into the cavities (via coordination to the capping Ag
atoms) [32], as indicated in Fig. 16.

A detailed examination of the surface of biicosahedral cluster
[(Ph;P),oAu,3;Ag,,Brg]™ also revealed that there are “corridors” along the idealized
fivefold axis of the cluster as well as “cracks” in the equatorial plane as shown in
Fig. 17 [32b]. These are the localities where the terminal and bridging halide ligands
are situated (or buried). As such, the crystal structure is more or less independent
of the size (Cl vs. Br), or the number (five or six), of the bridging halide ligands.

5. Conclusions and future prospects

In conclusion, this review highlights our work on large mixed-metal clusters which
has given rise to a series of bi- and trimetallic vertex-sharing polyicosahedral clusters
[11,22-26]. The synthetic strategies and structural systematics of this new class of
clusters allow us to formulate the concept of “cluster of clusters”. The most important
characteristics of this series of clusters of clusters are its precise design rules and
growth sequence. These characteristics are highly desirable in that they allow us to
develop (1) endo icosahedral chemistry by incorporating group 10 metals in the
centers of the icosahedra, (2) exo icosahedral chemistry by capping the icosahedral
faces or by “capturing” small molecules in the cluster cavities, and (3) framework
icosahedral chemistry by changing the metal combination (group 11 metals) of the
cluster architecture. New directions include. but are not limited to, (1) new synthetic
strategy based on “performance clusters”. (2} incorporation of group 10 metals
(Pt,Pd.Ni) in the icosahedral holes. (3) new concepts such as rotamerism and roulet-
tamerism, and (4) new intracavity chemistry resembling Venus flytrap.

The successful synthesis of trimetallic polyicosahedral clusters [25,26] discussed
in this review suggest the existence of a parallel sequence of trimetallic (Au—Ag—M

(a)

Fig. 17. The cluster cavities of [(Ph;P),qAu,;Ag,,Brg] ™ in the qq'd,-ses configuration: (a) “corridors”
along the idealized fivefold axis: (b) “cracks™ in the equatorial plane.
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where M is a transition metal) vertex-sharing polyicosahedral supraclusters, from a
single icosahedron of 13 metal atoms to an icosahedron of icosahedra of 127 metal
atoms, in analogy to the bimetallic (Au— Ag) vertex-sharing polyicosahedral clusters
[11,22,237. Here the vertex-sharing polyicosahedral cluster architecture (framework
chemistry) is provided by the coinage metals (Au and Ag or Au and Cu) while the
icosahedral holes (endo chemistry) or the capping sites (exo chemistry) are occupied
by a third metal M. It is also possible to generalize this scheme to tetra- and
pentametallic polyicosahedral sequence. Indeed we have begun to investigate tetra-
and pentametallic biicosahedral clusters such as [L,;Au;;Ag,, PtNiX,] and penta-
metallic triicosahedral clusters such as [L,,Au;sAg, s PtPdNiXg]" depicted in
Figs. 18(a) and 18(b) respectively. In these examples, the stereochemical principles
in general and site preference in particular developed so far allow us to predict that
group 10 metals will occupy the centers of the Au— Ag polyicosahedral framework.

The multimetallic polyicosahedral cluster series allows us to study the site prefer-
ence and alloy formation of multimetallic systems or phases in a well-defined way.
The site preference rule can be rationalized in terms of the disparities in metal-metal
vs. metal-ligand bonding strengths. As far as metal-metal bonding is concerned, the
site preference rules can be understood with the aid of BSCA plots [25b]. Here the
metal-metal bonding strengths are estimated from the cohesive energy whereas the
charge accumulation powers are based on Pauling’s electronegativity. The impor-
tance of metal-ligand bonding in dictating surface segregation and/or enrichments
has also been discussed [25b]. These qualitative bonding pictures are supported by

[LygAu; AgoPtNiX;] [L,,Au,sAg,sPtPANiXg]"

./O — Au/Ag

L =Ph;P, TolsP; X =Cl, Br

Fig. 18. (a) An example of tetrametallic (AuAgPtNi) vertex-sharing biicosahedral clusters. (b) An example
of pentametallic (AuAgPtPdNi) vertex-sharing triicosahedral clusters.
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EHMO calculations. Electron counting rules (such as the Polyoctet rule [22b,23¢]
and Cluster of Cluster (C*) model [23e,23f]), as applied to multimetallic icosahedral
and polyicosahedral clusters , have also been developed by us [22-24]. It is hoped
that basic understanding of the stereochemical and bonding principles governing
alloy formation in multimetallic clusters will lead to better electronic and stereochem-
ical controls of their structures and reactivities and. ultimately, to better design and
manufacture or fabrication of structurally well-defined and functionally optimized
nanoarchitecture [ 28], multimetallic catalysts [29] etc.

We should emphasize that the same synthetic strategies and methodologies
described in this review can be applied to other multimetallic polyicosahedral
supraclusters as well. For example, recently we have extended our study to other
polyicosahedral supraclusters involving early transition metals such as group 5
(V.Nb,Ta), group 6 (Cr,Mo,W) and group 7 (Mn,Re). These early transition metals
are chosen based on the consideration of their high cohesive energies (Fig. 4) and
hence their capabilities to form strong metal-metal bonds. In accordance with the
site preference principles established so far, we predict that group 5-7 metals, with
their high cohesive energies, will occupy the centers of the icosahedra, thereby
strengthening the structure of the cluster, as illustrated in Fig. 19.

The structural and bonding principles developed here for vertex-sharing polyico-
sahedral clusters may also be applicable to other multimetallic systems or phases,

(a) (b)

AuyAgpM, AusAgigMy

@®/0O =Auiag

L=PhP; X=Cl,Br

Fig. 19. Examples of (a} biicosahedral and (b) triicosahedral trimetallic clusters Au—Ag—M where
M = group 5 (V.Nb,Ta), 6 (Cr.Mo. W}, and 7 (Mn.Re).
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even though the geometry and symmetry may be different for different systems and
the terminology may be different in different technologies. For example, terms such
as site preference, interstitial vs. surface sites in metal cluster chemistry are equivalent
to terms such as segregation (surface enrichment), interior (kernel) vs. exterior
(mantle) often used in catalysis or metallurgy.

Finally, it is apparent that the icosahedral geometry and symmetry play an
important role in the structure and bonding, as well as the nucleation and growth,
of many cluster systems (especially for, but by no means limited to, “electron-
deficient” clusters). Furthermore, it occurs to us that the vertex-sharing polyicosahe-
dral sequence could be a fairly common growth pathway for a wide variety of
multimetallic particles in the nanorealm. The tendency for such growth behaviour
may be coined “polyicosahedricity”.
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