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Au, Rh), My{P(£Bu)s},Cly (M = Rh, Ru), and Pts{As(t-

ABSTRACT: We present the first successful isolation and Bu);}1,Cly. Because efforts to obtain crystals for structural
crystallographic characterization of a Mackay 55'met'fﬂ' determinations were not successful, these clusters were
atom two-shell icosahedron, PdssL;,(u3-CO), (L = PPry) characterized indirectly by spectroscopic methods, molecular
(1). Its two-shell icosahedron of pseudo-I, symmetry weight determinations, elemental analyses, and high-resolution
(without isopropyl substituents) enables a structural/ transmission electron microscopy (HRTEM). Schmid et al.’
bonding comparison with inferior 55-metal-atom two-shell proposed (Figure S2) that these clusters were “understandable”
icosahedral geometries observed within the multi-shell only if they had cuboctahedral metal architectures.

capped 145-metal-atom three-shell Pdy,5(CO),,(PEts)s, The SS-metal-atom two-shell cluster contains a “magic
and 165-metal-atom four-shell Pt-centered (uy,-Pt)- number” of atoms (i.e., the number of atoms in full-shell cluster
Pd;44 ,Pt,(CO),,(PPhs)y, (x & 7) nanoclusters, and within systems that are presumed to be especially stable because of their
the recently reported four-shell Au3;(SCeH,-p-Bu')s, complete outer geometry). This number was first deduced from
nanocluster. DFT calculations carried out on a Pdss- mass spectrometric intensities for “full” Xe clusters nucleated in
(CO)x(PH;),, model analogue, with triisopropyl phos- the gas phase.”® The composite 55-atom two-shell icosahedron
phine substituents replaced by H atoms, revealed a positive has been designated®” as a two-shell Mackay icosahedron (MI),
+0.84 ¢ charge for the entire Pdss core, with a highly in which 20 identical (but slightly distorted) v, tetrahedra that
positive second-shell Pd,, surface of +1.93 e. share a common central vertex (containing the centered atom)

are connected to one another through adjacent shared
tetrahedral faces.

In 1962, Mackay' reported that a close-packed assembly of In 2002, Kuo’ emphasized the tremendous impact of Mackay’s
equal-sized spheres can form concentric shells of either findings' on the fields of nanoparticles, intermetallic clusters, and
regular icosahedra or cuboctahedra; the second icosahedral or quasicrystals. Kuo’ stressed the importance of Mackay’s concept
cuboctahedral shell of spheres, packed over the first shell (i.e., the of hierarchic icosahedral structures resulting from the presence of
centered 13-atom icosahedron or cuboctahedron), consists of 42 a stacking fault in fcc packing of successive triangular faces of the
spheres. In general, either the icosahedral or cuboctahedral nth icosahedral shells. He also pointed out that the so-called two-
shell is composed of (10n*+2) spheres. A regular icosahedron of shell MI had been suggested (but not proven)®” to be a possible
I, symmetry is one of five Platonic solids with 12 identical structural motif for Al-M icosahedral quasi-crystals (M = Mn,
vertices, 20 equivalent triangular faces, and 30 edges; a regular Fe)'®'" that subsequently were considered to be Mackay-type
cuboctahedron of O;, symmetry is one of 13 Archimedean solids quasi-crystals'” of 5-fold symmetry.
containing 12 identical vertices, 8 triangular and 6 square faces, Our work at UW-Madison over the past 20 years13 has
and 30 edges.”™* Figure S1 in the Supporting Information shows established that zerovalent Pd forms an extraordinary diversity of
the close geometrical relationship between the icosahedron and nanosized CO/PRj-ligated icosahedral and ccp/hcp-based
the cuboctahedron; both structures can exist as concentric two- (homo/hetero) Pd, clusters; these include two structurally
shell systems, with the second shell being either a 42-atom v, related multi-shell icosahedral clusters containing S5 interior
icosahedron or v, cuboctahedron (where v, denotes (n+1) metal atoms within the first two shells that conform to the
atoms along each edge). icosahedral Mackay model: namely, a three-shell 145-metal-atom
Syntheses of extremely air-sensitive powder samples of several Pd,,5(CO),(PEty)3 (x & 60) cluster (2)** and a Pd-Pt four-

two-shell metal-atom clusters MgL,Cl, with 12 bulky shell 165—me¥3{)—atom (12 Pt)Pd,64.,Pt,(CO) 7, (PPhy )y (x & 7)
phosphine or arsine ligands L and with either 6 or 20 Cl ligands cluster (3)."” The geometries of the two-shell Mackay
were first reported 30 years ago by Schmid et al,” involving
reductions of ML,Cl, complexes with diborane (B,Hy) in Received: December 14, 2015
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icosahedra within these multi-shell 145- and 165-metal-atom
clusters are virtually identical. Ab initio calculations'” of the total
energies and relaxed geometries for “bare” gas-phase Pd;s, Russ,
and Ag;; clusters revealed an energetic preference for the two-
shell icosahedron over the two-shell cuboctahedron (fcc).

Mackay' proposed that formation of the third shell of a normal
icosahedron required the arrangement of 20, 10-atom triangles
(each corresponding to a v equilateral triangle) above the 20 v,
equilateral triangular faces to give a 147-atom regular three-shell
icosahedron, designated as an edge—capping/vertex16 or Mackay
overlayer.'” However, shell 3 in both 2 and 3 has only 60 Pd
atoms, involving three Pd atoms located at the three equivalent
internal sites of the 6-atom v, triangular face of each of the 20
tetrahedra in the second shell to give a 60-atom polyhedron.'®
Because shell 3 only has 60 atoms (instead of 10(3)* + 2 = 92
atoms for the normal Mackay vertex-(edge-shared) shell
growth), the three shells in both 2 and 3 possess 115 instead
of 147 atoms. This twin atomic arrangement for shell 3, which has
also been termed a face-capping vertex'® or icosahedral anti-
Mackay third shell,'” gives rise to a semiregular Archimedean
polyhedron of 60 equivalentalent capping vertices (named a
rhombicosidodecahedron),” * which is a stereoisomer of the
truncated icosahedral Buckminsterfullerene Cg, molecule
(buckyball),"” another icosahedral Archimedean polyhedron of
I, symmetry. Figure S3 displays side/top views of the composite
four-shell 165-metal-atom architecture and Figure S4 its separate
concentric four-shell anatomies in the Pt-centered PtPd4s.,
icosahedral core (x ~ 8) of 3.

Two recent independent stereochemical investigations”””" of
different crystalline polymorphs of Au;3;(SC¢H,-p-Bu')s,
produced virtually identical results: an isostructural interior 55-
metal-atom two-shell MI with shell 3 in an anti-Mackay atom
arrangement comprised of 52 Au atoms in the rhombicosido-
decahedral polyhedron (instead of the “filled” 60 atoms observed
for 145 Pd and 165 (Pd-Pt) atom structures). The remaining
outermost 26 Au(I) atoms in shell 4 are part of 26 thiolate (RS-
Au-SR) staples (R = C4H,-p-Bu') that sterically/electronically
stabilize the Au,s; nanocluster.

Herein we report the first isolation of a crystalline two-shell
Mackay icosahedral cluster, PdgsLy,(p5-CO),o with L = P(i-Pr),
(1). The structure was determined from crystallographic analyses
of two different solvated crystals (vide infra). Of particular
significance is its much greater stabilization relative to the 55-
metal-atom non-crystalline Mg,L,,Cl, (x = 6 or 20) clusters
previously reported by Schmid et al.’ The especially bulky
triisopropylphosphine (P(i-Pr),) ligands in 1, furnished by the
prepared Pd,;;(CO),{P(i-Pr);} precursor (SI), were chosen in
the hope (successfully realized) that the resulting metal-surface
arrangement would sterically prevent further sequential
conversions of the Pds cluster (1) into other Pd, clusters.

Figure 1 shows the molecular structure of 1 obtained from
complete CCD X-ray diffractometry investigations at 100 K of (i-
Pr),O-solvated crystals 1a®* and THF-solvated crystals 1b.*
Table S1 shows that all of the corresponding mean Pd-Pd
distances of 1 in 1a and 1b are within 0.01 A of each other; hence,
only those of 1 from 1a are utilized in the structural comparison
with 2 and 3. Figure 2 gives comparative views of the two-shell
geometry of 1 and those of the four-shell 165-metal-atom (yy,-
Pt)Pd,¢, ,Pt, nanocluster (x & 7) (3) and of the capped three-
shell Pd, ;s nanocluster (2). Table 1 presents a comparison of
mean metal-metal distances in 1 for the six different types of
metal-metal distances labeled under pseudo-I, symmetry with
those for shells 1 and 2 in both 2 and 3 and also with those
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Figure 1. View of PdL;,(43-CO),o (L = PRy; R = isopropyl) (1)
displaying (a) “Matryoshka doll sequence” of central Pd atom
encapsulated by the Pd), icosahedron in shell 1, which in turn is
encapsulated by the Pd,, icosahedron in shell 2. The 42 atoms in the
second v, icosahedral shell (where v, denotes (n+1) equally spaced
atoms along each edge) may be generated by the superposition of a 6-
atom v, triangular Pd(C);Pd(D); face onto each v, triangular Pd(B),
face of the inner centered 13-atom icosahedron. This two-shell
icosahedron of S5 metal atoms (that ideally conforms to I, (2/m35)
symmetry) is the first crystallographically documented example of the
Mackay icosahedron. (b) An identical orientation of 42 surface atoms in
the second icosahedral shell of Pdss(PR;);,(p3-CO),o showing (1)
coordination of 12 Pd(C) vertices along six S-fold axes with 12 PR,
ligands (without bulky isopropyl R substituents) and (2) linkage of 20
triply bridging CO ligands with the inner Pd(D), triangle of 20, 6-atom
v, triangular Pd(C);Pd(D)j; faces.

Figure 2. Comparative views of the multi-shell metal anatomies along a
3-fold axis with analogous designated atom-labeling under pseudo-I;,
symmetry (Table 1) for (a) the two-shell SS-metal-atom core along with
a triply bridging (p;-CO) ligand and attached P(C) atoms in the
Pd{P(i-Pr);},, cluster (1) and (b) the four-shell 165-metal-atom (u,,-
Pt)Pd,4, Pt (PPhy),, cluster (x &~ 7) (3) and capped three-shell
Pd, 45(PEt;)4 cluster (2). The similarly oriented 3-fold axis in both (a)
and (b) passes through the central M(A) atom, the midpoint of the
Pd(B), triangle in shell 1, the midpoint of the inner Pd(D); triangle in
shell 2, and its attached (y5-CO) ligand in (a) for 1 and the midpoint of
the Pd(E); triangle in shell 3 and its attached Pd(G) and phosphine
P(G) atoms in (b) for 3. The structurally related 145-metal-atom
structure 2 can be derived from the 165-metal-atom cluster 3 in (b) by
the formal elimination of the 20 triangle-capped Pd(G) atoms and
attached P(G) atoms in shell 4 of 3 together with formal attachment of
30 P(F) atoms to the 30 square-capped Pd(F) atoms of 2. [Panel b
reprinted with permission from ref 14b. Copyright 2007 American
Chemical Society.]

determined for shells 1 and 2 in the recently reported Au;
nanocluster (4).°%*!

The icosahedral two-shell Pd architecture of 1 (Figure 1)
shows that the 55 Pd atoms in 1 correspond to the two-shell
icosahedral Mackay “hard-sphere” model." Figure 2a discloses
that each of the 20 triply bridging CO groups shown in Figure 1 is
symmetrically linked to the centered Pd(D); triangle of each 6-
atom v, triangular Pd(C);Pd(D); face of the v, icosahedral
second shell. The 12 PR; ligands are expectedly attached to the
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Table 1. Comparative Mean Metal-Metal Distances (with
Atom Labels Given in Figure 2a) for Two-Shell Pd{P(i-
Pr);}1,(#5-CO),0 (1) in 1a Versus Those for Interior
icosahedral Shells 1 and 2 in PtPd,, Cluster 3, in Pd,
Cluster 2, and in Au,;; Cluster 4

distance (A)

connectivity” N° 1a“ 34 2° g A(4—2)%
M(A)-M(B) 12 263 264 263 276 +0.13
M(B)M(B) 30 276 278 277 290 +0.13
M(B)-M(C) 12 264 273 274 281 +0.07
M(B)-M(D) 60 279 273 270 283 +0.13
M(C)-M(D) 60 2.77 2.83 2.82 293 +0.11
M(D)-M(D) 60 28 284 28 296 +0.14

“M(A) designates central metal atom in each cluster. YN denotes
number of individual distances under pseudo-I, symmetry. “Based
upon crystal-solvated Pds; cluster 1 in la possessing C(1) site
symmetry that corresponds to 28 crystallographically independent Pd
atoms with 27 Pd atoms encompassing the central Pd atom lying on
the inversion center. dCrystallographically independent unit of PtPd ¢,
cluster 3 composed of 12 metal atoms of cubic T,(2/m3) site
symmetry. “Crystallographically independent unit of Pd,,s cluster 2
composed of 25 Pd atoms of trigonal S4(3) site symmetry.
fCrystallographically independent unit of Au,s; cluster 4 composed
of 69 Au atoms of monoclinic C, site symmetry. $A(4 — 2) denotes
difference between corresponding mean distances (A) of Au in 4 and
of Pd in 2; the difference in bulk metal-metal distance between ccp Au
metal (2.884 A) and ccp Pd metal (2.751 A) at 20 °C is +0.13 A

Pd(C) atoms in the second shell. Table 1 shows that the
corresponding values for each of the two types of metal-metal
distances in shell 1 are essentially the same as those in 2 and 3,
whereas corresponding mean distances for each of the four types
of metal-metal distances in shell 2 differ markedly from those in 2
and 3. In 1, the two mean radial M(A)-Pd(B) and Pd(B)-Pd(C)
distances, 2.63 and 2.64 A in shells 1 and 2, respectively, are
virtually identical, while in the second shell of 2 and 3 the mean
Pd(B)-Pd(C) distances, 2.74 and 2.73 A, respectively, are 0.1 A
longer. Similarly, in 1 the tangential mean Pd(C)-Pd(D) distance
of 2.77 A in shell 2 is 0.05 A shorter than the corresponding
tangenial mean distances of 2.82 and 2.83 Ain shell 2 for2 and 3,
respectively. The icosahedral geometry of 1 expectedly imposes
an analogous uniform contraction of the radial metal-metal edges
versus the tangential metal-metal edges in 1, as previously found
for both 2 and 3, namely, [(2.76 —2.63 A)/2.63 A] X 100 = 4.9%
for shell 1 and [(2.76 + 2.77 A) — (2.63 + 2.64 A)/(2.63 + 2.64
A)] X 100 = 4.9% for combined shells 1 and 2; these identical
values for the determined radial edge compressions versus
polyhedral tangential edges in 1 are in complete agreement with
the value of ~5% predicted by Mackay' based upon angular
strain considerations. In contrast, for regular ccp/hcp metal
arrangements (including the proposed Schmid cuboctahedral
models®), all metal-metal distances are equivalent.

The large tangential mean Pd(D)-Pd(D) distance of 2.88 A in
the central Pd(D); triangle of the 6-atom triangular Pd(C),Pd-
(D), face in 1, which is 0.1 A longer than the other mean Pd-Pd
distances in 1 and 0.06, 0.04 A longer than the corresponding
mean Pd(D)-Pd(D) distances in 2 and 3, respectively, is
attributed to the presumed extensive occurrence of d,(Pd)—n*-
(CO) backbonding from the Pd(D) atoms to the symmetrically
attached triply bridging CO group in 1 (Figure 2a). This premise
is not only consistent with mean identical C-O bond lengths of
1.17 A in la [range 1.16(1)—1.18(1) A] and in 1b [range
1.15(1)—1.17(1) A] but also in accordance with the low IR single
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carbonyl frequency of ~1750 cm™" in paratone (Figure SS). This
highly distinguishable IR frequency has been invaluable in the
isolation of this cluster.

The two identical mean Pd(C)-P(C) distances for the six
crystallographically independent P(i-Pr), ligands of 2.24 A in 1a
[range 2.236(2)—2.247(2) A] and 1b [range 2.233(3)—2.246(3)
A] are significantly shorter than the mean Pd-P distances of 2.32
A for 2 (with 30 PEt;) and 2.29 A for 3 (with 20 PPh;). Identical
mean Pd-PEt; distances of 2.33 A were found for the isostructural
but non-isovalent bicuboctahedral Pd;o(CO),4(PEt;);>>" and
AuZszg(CO)Zé(PEt3)IO.ZSb These considerably shorter mean
Pd-PPr'; distances in 1 are likely due to unusually strong Pd(C)-
PP, o-bonding with PPr';. The single peak in the *'P{'"H} NMR
spectrum of 1 at 57.26 ppm (external std. H;PO,) in CDCl,
(Figure S6) is consistent with its pseudo-I, symmetry.

Single-point DFT calculations, similar to previously per-
formed computational analyses of other nanosized Pd clusters, "
were likewise carried out via the Gaussian 09 computational
package.”® The hybrid gradient-corrected (generalized gradient
approximation, GGA) DFT functional B3PW91, which
combines the Becke three-fitted parametrization scheme””
with a nonlocal PW91 correlation scheme,27b was utilized. The
modified scalar-relativistic effective core potential (ECP) basis
set (LANL2DZ) of Hay and Wadt”’ was employed for Pd
atoms. It includes the LANL2 ECP treatment of core electrons”’®
with an explicit treatment of the outermost core and valence
electrons. The modification was comprised of re-optimization of
outer p-functions as described in ref 27d. P atoms were treated
with standard LANL2DZ basis set augmented with an extra 3d
polarization function (with exponent 0.364).”’® The Pople 6-
31G* all-electron basis set’”" was used for C, O, and H atoms.
Natural population analysis (NPA) was performed by use of the
NBO software package (ver. 5.9) as implemented in Gaussian
09.”7#" A high positively charged Pd,, surface of +1.93 ¢ (+0.046
e per atom) was displayed relative to the negatively charged inner
Pd,, shell of —0.89 ¢ (—0.074 ¢ per atom) and central Pd atom
(—0.245 ¢). This charge distribution reflects combined negative-
charged effects of the inner Pd,; core of 1 and dominant ligand
dz(Pd)—z*(CO) backbonding. The overall negative ligand
charge of —0.84 ¢ is the result of the fact that the total negative
charge of —2.40 e on 20 CO ligands is only partially balanced by
electron depletion of total charge of +1.56 ¢ on 12 PH; ligands.

Particularly noteworthz is the recently reported crystal
structure determination” of a barrel-shaped chiral Au,s,-
(SC¢H,4-p-Me)s, nanocluster that is geometrically related to
the icosahedral Au,;; nanocluster. Its inner 55 Au atoms are
organized into a 5-fold twinned two-shell decahedron® (instead
of the interior 20-fold twinned Ausg icosahedron found in the
Auy;; nanocluster). The resulting three-shell quasi-Dg;, Au,gs
pentagonal kernel with shell 4 comprised of 25 monomeric RS-
Au-SR staples possessing a different surface-shell pattern
empbhasizes the extremely important role played by the different
thiolate ligands in determining the size and structure of gold
nanoclusters.

Due to relatively weak metal-metal bonding in the above-
mentioned icosahedral metal clusters, their stabilities are ensured
by the presence of bridging (multidentate) ligands. Such ligands
are either “staple”-like Au,(RS),,,” units in gold clusters or
simply bridging carbonyl ligands in the case of transition metal
carbonyl clusters. Metal-metal bonding alone involving late
transition metals cannot substantially stabilize close-packed
assemblies of large metal cluster units without assistance from
generally stronger metal-ligand interactions. The importance of
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bridging carbonyl ligands in stabilizing this nanosized close-
packed metal cluster suggests (in accordance with the DFT
calculations) extensive metal-to-CO electron transfer due to
dominant dz(Pd)—z*(CO) backbonding.
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