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Reviews

Structures of large transition metal clusters
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The present review surveys the results of X-ray diffraction studies of large stoichiometric
transition metal clusters containing from 20 to 145 atoms in metal cores surrounded by ligand
shells (72 compounds). Structures of such clusters have fragments of close packings (face-
centered cubic (f.c.c.), hexagonal close (h.c.p.), and body-centered cubic (b.c.c.) packings)
characteristic of crystalline bulk metals as well as mixed packings (f.c.c./h.c.p.), local close
packings with pentagonal symmetry, and strongly distorted "amorphous" packings. The obseved
packing types, their distortions, and the relationship between the atomic structures of metal
cores and the atomic radial distribution functions (RDF) are discussed. The structural prin-
ciples established for the large clusters are applied to analysis of the experimental RDF for
metal nanoparticles determined by X-ray diffraction and EXAFS spectroscopy.
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1. Introduction

Clusters are compact stable atomic groups in which
the shortest interatomic distances are of the order of the
sums of atomic radii. Clusters can either be isolated or
interact with each other directly or through intermediate
atoms in the condensed phase. Substances consisting of
clusters are referred to as cluster compounds. More com-
plicated composites of substances containing clusters are
called cluster materials.

Transition metal clusters have attracted considerable
attention over the last half century. This interest is associ-
ated with the use of these compounds, primarily, in ca-

talysis!»2 as well as for the preparation of materials with
unique magnetic properties3—5 and the design of devices
in nanoelectronics at the molecular level.® Theorists fo-
cus their research on the physicochemical properties’ and
electronic and atomic structures$? of these compounds.
Naked ligand-free clusters occur in some main-group
metal compounds (for example, the Zintl phases!?). The
M, clusters are present in crystalline a.-boron and a num-
ber of borides.!! Extended isolated fragments consisting
of metal atoms are typical, in particular, of mercury com-
pounds.!? True ligand-free clusters isolated from each
other are generated by condensation of metal vapors in
vacuo or in a cryomatrix.13 Inert gas clusters formed upon
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gas expansion into a vacuum can be considered as
structural prototypes of the above ligand-free clusters.
Theoretical and experimental structural studies of such
Lennard-Jones clusters!4—17 revealed the characteristic
structural features applicable also to metal clusters with
ligands.

Stable transition metal clusters always have a ligand
environment. In this case, the M, group is called a "metal
core”" or "cluster core." The size of the metal core in
clusters can vary from several angstroms to hundreds of
nanometers,!8 and the clusters can contain from a few
atoms up to 109—10'% atoms. Both homo- and hetero-
metallic clusters are known. Bimetallic clusters of sizes
starting with several nanometers are called alloy particles,
whose possible compositions differ substantially from those
of bulk alloys.19:20 Bimetallic clusters consisting of transi-
tion and main-group elements pass continuously into clus-
ters of binary compounds A,B,, as the differences in their
atomic radii and electronegativities increase.

From the viewpoint of electronic structures, clusters
are intermediate between mononuclear coordination com-
pounds, which possess localized electronic systems with
discrete energy levels, and bulk metals, which have delo-
calized electronic systems consisting of broad energy
bands. As the number of metal atoms in the cluster in-
creases, the number of bonding and antibonding elec-
tronic levels increases (which, in the limit, form the va-
lence and conduction bands, respectively), whereas the
energy gap between the electronic levels decreases (Fig. 1).
Cluster compounds can exhibit properties typical of met-
als, such as paramagnetism and conductivity.

The changes in the electronic structure of the cluster
as a function of its size are called the quantum size
effect.®b In the modern materials science, metal and
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Fig. 1. Schematic representation of electronic levels in (a) mono-
nuclear complex, (b) large cluster, and (c) bulk metal M.

binary cores of sizes up to several tens of nanometers that
are present in cluster materials are called quantum dots.
The electronic system of such clusters, which can be com-
posed of tens of thousands of atoms, contains discrete
levels; transitions between adjacent levels of a quantum
dot are accompanied by photon absorption (emission) in
the visible and infra-red spectral regions. Such systems
are extensively studied as prototypes of new electrical,
magnetic, and optical materials.2!

Depending on the size of the metal core, clusters can
be divided into small, medium-sized, large, and giant
clusters.’® Small clusters of sizes up to 0.5 nm contain
2—6 metal atoms. Medium-sized clusters of sizes of about
0.5 nm can consist of up to 15—20 metal atoms. Large
clusters of sizes of ~1 nm contain from several tens to
100—200 metal atoms. Giant clusters or nanoparticles
with a diameter of 2—10 nm occurring in some colloidal
metals can contain from several hundreds to hundreds of
thousands of atoms. This series is concluded with large
nanoparticles of sizes larger than 10 nm (106—101% atoms)
and, finally, bulk metals. The sizes of mosaicity domains
in bulk metal crystals approximately correspond to large
nanoparticles.

The classification of clusters according to their diam-
eter is rather arbitrary because qualitative changes in the
metallic properties in a series of clusters can also be deter-
mined by the structure of their metal cores, i.e., by the
packing of metal atoms and the fraction of interstitial
atoms in the cluster core M,,. From this standpoint, metal
cores, which are characterized by a close flexible atomic
packing and contain at least one interstitial metal atom,
can be considered as large clusters.2 The total number of
atoms in some of such M,, clusters can be smaller than 20
(metal-centered clusters with n = 12—13 are known).23:24
At the same time, a number of knwon clusters with n > 20
contain no interstitial metal atoms (see below). In the
present review, all metal cores starting with M, are for-
mally classified as large clusters (discussion is extended to
some of their analogs with n < 20) because their structures
are strongly influenced by the atomic packing.

The relationship between the physical and chemical
properties of homonuclear clusters, on the one hand, and
the properties of the corresponding compact metal, on
the other hand, is determined by both the size of the
metal core and the nature of the ligand shell. However, in
a number of studies, it was stated that the ligand environ-
ment has a substantial effect only on the outer atoms on
the cluster surface, whereas the manifestation of metallic
properties is associated with the presence of interstitial
metal atoms surrounded only by other metal atoms.%* For
example, according to the data from Mossbauer spectro-
scopy, the chemical shifts of 42 outer Au atoms in the
Auss(PPhj),Clg cluster differ substantially from those of
13 interstitial Au atoms.25 The Pt;y9 and Pdsg, clusters in
which about one-half of all metal atoms are interstitial
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(see Sections 2 and 4) exhibit, to a large extent, properties
of bulk metals (magnetic susceptibility, 1Pt NMR, tem-
perature dependence of the heat capacity near 0 K).6:26

The physical properties of compounds consisting of
either large metal clusters or small metal nanoparticles
with a diameter of 1—5 nm depend substantially on the
nature of the metal atoms and the type of atomic packing,
which are together responsible for the electronic structure
of the metal core. Since the atomic packing in such clus-
ters is very flexible and can, for example, be modified by a
ligand shell,22 analysis of the atomic packing is of consid-
erable importance for the discussion of the properties of
cluster compounds.

Large metal clusters belong to a unique class of com-
pounds, whose stoichiometry and atomic structures can
be exactly determined, although they already contain some
features of metal structures and exhibit some metallic
properties. As the size of the cluster increases further, it
becomes more difficult to achieve a true monodisperse
composition and structure distribution within the sample,
and the dependence of the physicochemical properties of
the substance on the size of the metal core becomes
smoother.

In the present review, we focus on the cluster com-
pounds, whose structures were unambiguously established
by single-crystal X-ray diffraction study. The principles
underlying the structures of the clusters are briefly sur-
veyed in Section 2. The types of atomic packing in large
clusters and their relationship with the structures of metal
crystal lattices are analyzed in Section 3. Selected results
of structural studies of giant clusters®® (small nano-
particles) are presented in Section 4. For such giant clus-
ters, the structures of large clusters established by X-ray
diffraction analysis serve as a base for the interpretation of
the results of other physical methods.

2. Principles of atomic structures of clusters

Although the metal cores of large clusters can some-
times be represented as fragments of metal crystal lattices,
in the general case, the observed geometry of the cluster
corresponds to the minimum of the total energy of the
metal atoms inside the cluster (which tend to form the
maximum number of binding interatomic contacts, i.e.,
to form closest packings) and coordinatively unsaturated
surface atoms, which are generally coordinated by ligands.
The balance between the number of low-energy intersti-
tial atoms and the number of higher-energy outer atoms
on the surface of the metal core is responsible for the
above-mentioned flexibility of atomic packings in the clus-
ters. The tendency to an increase in the total number of
bonds between atoms in naked clusters determines a com-
pact spheroidal shape of their atomic cores (molecular
analog of surface tension). The ligand shell has an oppo-

Fig. 2. Schematic representation of a ligand-free cluster con-
taining atoms on the surface and inside the polyhedron (corre-
sponding coordination numbers n,, and g are given) and a clus-
ter within a ligand shell.

site effect on the cluster structure; that is, it stabilizes
atoms on ist surface (i.e., decreases the "surface tension")
and can facilitate an increase in their fraction in the poly-
hedron due to steric repulsions between the ligands
(Fig. 2). A combined effect of the above two factors is
responsible for the observed diversity of cluster structures.

The basic principles of structures of large stoichiomet-
ric clusters, which were formulated for the first time in the
late 1970s by P. Chini,2% include the electronic saturation
of the metal core, the close atomic packing in this core,
and the ability of the cluster core to undergo rearrange-
ments induced by small changes in the stoichiometric
composition or replacements in the ligand shell. The elec-
tronic saturation of the metal core for small clusters is
reflected in the rule of magic numbers of valence elec-
trons in stable cluster polyhedra (48 in the triangle Mj,
60 in the tetrahedron My, 86 in the octahedron Mg, efc.).
The rule of magic numbers for clusters with delocalized
bonds was suggested in 1970s by K. Wade?”-28 and other
authors.?29:30 As the number of atoms in the cluster in-
creases, the rule of magic numbers becomes less valid,
and it is not fulfilled for large clusters,3! which is indica-
tive of a transition from the molecular type of bonding in
the cluster to the metallic bonding. However, the elec-
tronic saturation is approximately retained in large clus-
ters having a small number of unoccupied electronic lev-
els with similar energies above the Fermi level.32 In this
respect, large clusters with a ligand shell are molecular
analogs of narrow bandgap semiconductors due to which
they are applicable, for example, as quantum materials
(see Fig. 1).

In the discussion of the geometry of large clusters, the
notions of v, polyhedra ("polyhedra with n-frequency
edges") and multi-shell onion-type polyhedra are used. In
the v, polyhedron, n corresponds to the number of parts
into which each edge of the polyhedron is divided by the
atoms located on this edge. For example, a v;-triangular
cluster is derived from a usual triangle by dividing each
edge into three parts and, hence, it contains 10 metal
atoms one of which occupies the center of the triangle
(Fig. 3, a). In v, tetrahedra and v,, octahedra, each face is
av, triangle (see Fig. 3, ). A multi-shell cluster consists
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Fig. 3. Idealized polyhedra used for the description of large clusters: (a) v; triangle; (b) centered v, octahedron; (c) two-shell
octahedron (inner v; octahedron in the v;-octahedral shell); the arrangement of atoms on one face of the v; octahedron is shown.

of the central atom surrounded by k nested coordination
spheres (see Fig. 3, ¢). For instance, a two-shell icosa-
hedron and cuboctahedron are formed by the central
M atom, the first coordination sphere consisting of 12 M
atoms, and the second sphere of 42 M atoms surrounding
the first sphere. The k-th sphere around the central atom
in the icosahedral and cuboctahedral clusters contains the
magic number* (10k2 + 2) of metal atoms.

The standard geometric parameters of molecules (bond
lengths, bond angles, torsion angles, etc.), which are de-
termined from X-ray diffraction data for low-molecular-
weight compounds, are less informative for large clusters
in which they can vary within a broad range. The type of
atomic packing in the cluster core is the most important
overall parameter of this class of compounds. For com-
pounds with known structures, this packing, which is di-
rectly related to the electronic structure and, consequently,
to the physical characteristics of the cluster, can be deter-
mined both at the qualitative level (based on the shape of
the polyhedron formed by the closest local environment
of the interstitial metal atoms) and semiquantitatively
(from histograms of interatomic distances). The atomic
packing correlates with the overall shape of the metal core
only in a few large high-symmetry clusters.

Almost all large clusters studied by single-crystal X-ray
diffraction are formed by late transition metals (Table 1).
Their structures often contain fragments of packings typi-
cal of crystalline metals: the face-centered cubic (f.c.c.)
and hexagonal close (h.c.p.) packings as well as the body-
centered cubic (b.c.c.) packing, whose density is close to
those of the first two packings. In ideal crystallographic
packings, the environment of each atom involves an inte-
ger number of adjacent atoms located at a strict distance.
For instance, in the face-centered cubic packing with the
shortest interatomic distance a, the numbers of atoms

* The magic numbers according to P. Chini's classification??
are used.

Table 1. Shortest interatomic distances (d) and packing modes
in bulk crystalline metals (M) that form large clusters (296 K)33

M d/A Packing M d/A Packing
mode mode
Fe 2.482 b.c.c. Ag 2.889 f.c.c.
Co 2.506 h.c.p. Re 2.741 h.c.p.
Ni 2.492 f.c.c. Os 2.675 h.c.p.
Cu 2.556 f.c.c. Ir 2.715 f.c.c.
Ru 2.650 h.c.p. Pt 2.775 f.c.c.
Rh 2.690 f.c.c. Au 2.884 f.c.c.

Pd 2.751 f.c.c.

located at distances R are 12 (R = a), 6 (R = a\2), 24
(R = aV3), 12 (R = 2a), etc.34 The standard distances (in
dimensionless units @/R) and the coordination numbers
in the f.c.c., h.c.p., and b.c.c. packings along with the
symmetry of the local environments in these packings are
given in Table 2.

For finite-size clusters, the histogram of interatomic
distances can be calculated from the atomic coordinates
of the crystal structure. The positions of the maxima in
this histogram can be compared with those characteristic
of ideal packings. This approach enables one to unam-
biguously reveal the packing type in clusters with a rather
small (0.1—0.2 A) dispersion of interatomic distances
around the maxima of the atomic radial distribution func-
tion (RDF). More substantial distortions of the atomic
packing lead to broadening and coalescence of maxima in
the histograms.

One-dimensional radial distribution histograms serve
as a helpful, although still little used, way of describing
complicated cluster structures.* A comparison of these
histograms calculated for stoichiometric clusters, whose

*In recent years, two-dimensional polar diagrams have been
suggested to be used for the characterization of complicated and
distorted packings.3’
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Table 2. Coordination spheres in main close packings34

f.c.c. (0,) h.c.p. (Ds;) b.c.c. (0;)
R/a* N R/a N R/a N
1 12 1 12 1 8
V2 6 V2 6

V(4/3) 6

V3 24 V(8/3) 2 V(8/3) 12
V3 18

V(11/3) 12 V(11/3) 24

2 12 2 6 2 8
V5 24 V5 12

V(16/3) 6
V(17/3) 12
V6 8 V6 6

V(19/3) 6 V(19/3) 24

V(20/3) 12 V(20/3) 24
V7 48 V7 24
V(22/3) 6

V8 6 V8 24
V(25/3) 12

3 36 3 12 3 8

* R is the distance to the atoms of the coordination sphere;
a is the shortest interatomic distance.

atomic structures are known, with the experimental RDF
determined by other methods (X-ray and electron dif-
fraction, EXAFS spectroscopy) for nonstoichiometric
cluster compounds is of particular importance.

In finite-size clusters, a close icosahedral atomic pack-
ing without substantial distortions of the shortest inter-
atomic distances can occur.3® Such local close packings,
which cannot exist in crystal lattices, are called packings
of "soft spheres,” whose diameters can increase or de-
crease providing a relaxation of mechanical stresses. In
phases of crystalline metals, an icosahedral environment
can be present only as twinning defects, whereas such an
environment is often observed in large clusters. The struc-
tures of icosahedral clusters hve been considered in de-
tail, for example, in the recent review.3’

In addition to large metal clusters, a series of
large binary and quasibinary clusters containing non-
metal atoms were studied by single-crystal X-ray dif-
fraction in the last decades. Among the latter are
Cuy465¢e73(PPh3);, (containing a flattened cluster core
characterized by the maximum size of ~4 nm),38
Ag|,4Ses7(SePBut,),Clg(diphos*), (diphos* is
Bu',P(CH,)sPBu';) containing the quasispherical core
with a diameter of ~3 nm,3? or large Mo and W polyoxo
anions, which also contain more than 100 metal atoms in
the metal oxide polyhedron (for example, the structure of
Nagg[H,M036501032(H30)140(SO4)45] - YH,O studied re-
cently contains y = 1000 water molecules inside the ex-
tended metal oxide shell with a length of ~6 nm 49). All
these clusters, which can be described as fragments of the

crystalline binary compounds M, X,, (X are nonmetal at-
oms), are beyond the scope of the present review.

Large metal clusters whose structures were established
by single-crystal X-ray diffraction are listed in Table 3.*
We chose the clusters based on the formal criterion, viz.,
the presence of at least 20 metal atoms in the core (see the
Introduction). In this case, a number of clusters with
smaller metal cores, which already contain interstitial
metal atoms (for example, [Rh;H,(CO),,] =)~ with the
structure of a metal-centered twinned cuboctahedron?4),
were ignored. Besides, the metal cores of some clusters
containing more than 20 metal atoms, in particular,
the metal cores of the [Os;sHg,(CO)4Cyl4,44
[OsgHg)(CO)49Cy12~,45  {[Os,9(CO),4Cl,Hg}?~,46
0s,Rhy(CO) 4, CL* and [RuyyCug(CO)45H4Cl]* clus-
ters’® (which are composed of several small or medium-
sized polyhedra linked to each other) cannot be assigned
to a particular packing mode (see Table 3). Their struc-
tures are also not discussed in our review.

X-ray diffraction data for compounds of this type are
scarce because of the difficulties associated with the syn-
thesis and isolation of large metal clusters in the indi-
vidual form. Systematic studies of large stoichiometric
clusters are carried out only by a few research groups
throughout the world. Among them, the laboratory headed
by Lawrence F. Dahl at the Madison University (USA) is
by far a leading team both as regards the scope of research
and actual achievements. In this laboratory, the largest
known metal clusters have been synthesized and charac-
terized by X-ray diffraction. Table 3 presents the chemi-
cal composition, the diameter of the metal core D (esti-
mated from the distance between the two most remote
atoms), and the mode of atomic packing for each cluster
as well as the references to the corresponding papers. The
parameter N is the number of atoms involved in the metal
core of the cluster. For clusters containing exopolyhedral
metal atoms (which are not directly linked to the cluster
core by metal—metal bonds), N is smaller than the total
number of the metal atoms in the chemical formula. It
should be noted that in most of the clusters, the hydride
atoms detected by IR and NMR spectroscopy were not
revealed by X-ray diffraction due to their small scattering
power and, generally, strong X-ray absorption by single
crystals with a high metal content. For the same reasons,
in some clusters of heavy elements, the compositions and

* We used the Cambridge Structural Database (CSD) as well as
selected original studies and abstracts of papers. For compounds
stored in the CSD, the complete structural data, including the
atomic coordinates in the unit cell, are available. For these
compounds (see Table 3), the references to the published data
along with their six-letter CSD refcodes are given. When the
original studies or abstracts of papers were used as a source of
information, the cluster structures were analyzed based on the
data reported by the authors (generally, without the use of atomic
coordinates).
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Table 3. X-ray diffraction data for large transition metal clusters

Composition Ne Packing® D¢/nm N,? Reference REFCODE
[Pt,4(CO),,]*~(NBu,*),- 8MeCN 19 1 0.6 2 41 BAPTCO
[0550(CO) 401>~ (PBu,*), 20 fec. 08 0 42  KINBUEIO
[Pd|(Ni,(CO),(PPh3),12~(PPh,*),-2MeCN - 1.64Me,CO-0.64Pr,0 20  fuc.c. 08 0 43  QOSWOK
[0515Hg(C0)42C, ]+ [C3eH3oNP, | ¥4 CH,Cly 20 0 12 0 44  VURXIP
[05,5Hzy(CO)49C, >~ [CagH3oNP, | 0% 0 12 0 45  KICHEJ
{[05,0(CO),,Cl,Hg}>"[CagH3oNP, |, 20 0 14 0 46  SEKVEJ
[Ag3Feg(CO) 5] [CaH3oNP, 5  2Me,CO 21 fee-Ag 09 1 47 ZATYIC
[Ag,3Feg(CO) 5]+ [CagH3oNP, |4 » 2Me,CO 21 feeAg 09 1 48  JUFGEW
[05,5Pd5(CO) 4, C, | [{N(PPhs),},] 21*  hep. 0 49
0s,,Rho(C0O)4,Cl - 2(CH,CL,) 21 0 110 50  NIWYAT
[Rhay(CO) 5]+ [CoHoN] 22 ABCB 08 1 51  AMCORH
[Pt,Rh,5(CO)s]*[CgHaoN|*, - Me,CO 2 bee 09 2 52 SUBCAT
[Rhy(CO)35H, 15" [Cso(18-crown-6),4]%* (n = 0, 1) 2% b 09 2 53  ETCSRH
[Rh,3(CO) 35Ny~ [CaqHooPT* 23* A 09 2 54  KUMIIL
Pd,3(CO)»»(PEt;) 23 fee. 09 1 55
Pd,3(CO)5(PELy)g 23 bec 09 1 56
[N 4Pt,5(CO)5ol*~[NBu,|*,+ Me,CO 24 hep. 09 2 57  NEPJUN
[Ptyy(CO)5]2"L*, (L = PPh,, AsPh,, PMePh,) %4 fee. 1 S8
[Agj,Au;,NiCl,(PPhs) o] “[SbF,] - 15EtOH 251 .1 3 59  HEWSIL
[Ag»Au;,PtCl;(PPhy) o] *CI- 351 L1 3 60  YAWIOV
Ag;3Au Pt Cl(PPhy) 0 10E,O 351 L1306l PINCEU
Ag13Au10Pd2Cl7(PPh3)10 25 | 1.1 3 62
Ag3Au;NioClo(PPhy) 3501 L3 6
{Ag),Au;;Clo[P(p-tol)3],0}2* [SbF4] ~, - xEtOH 351 1 3 63  SOLCOL
[AgjyAu;Clg(PMes) o] [SbF]~ 351 .1 3 64  PIKNUS
{Ag,Au,3Clg[P(p-tol)s] o} [PFel~ 25 I L1 3 65
[Ag»Au,;Brg(PPhs) o] B 351 13 66  YAWJUB
{Ag AU 3Brg[ P(p-tol)3] ;) [PF,] - 10EtOH 351 L1367 SIBMUL
[Ag pAu,3Brg(PPhs) o] [SF]~ - 20EtOH 351 11 3 68  SOBWIP
[Ag,Au,3Brg(PPhy) o] Br— - 3EtOH 251 .1 3 6  YAGKEW
[Pty(CO)s,]>-[PPh;Me]*, 26 hep. 3 S8
[Ruy,Cug(CO)4sH,Clo]+ [NBuy ", 2% 0O 16 0 70  PEBZIF
[Pd;3Ni;3(CO) 3, “ [PPh,]*, 26 ABCAC 09 1 71
[Rh,g(CO), HyN,[“ [NEt,]*, - Me,CO 2% feec. 09 3 72 TUCCID
[Pd,o(CO),5(PPhy); 1>~ [PPh,]*,+ 3MeCN 29 fec. .1 1 43  QOSXAX
Pdy(CO)g(PEt;) 0 Me,CO 30 fee. L2 7
[Pd,sNi 4(CO) 4" [NBun,|*, 32 ABCBCA 2 74
[Pd,oNi(CO),,(PMes) 5+ 0.3(C4Hg0) 21 09 4 75
Pd;,(CO),,(PEty), 41 4 76
[HNi;4(CO)35C41>~[NMe;CH,Ph]*s M A 4 7
Pd;5(CO),5(PMes), 5 - (C4HgO) 35001 10 5 75
[NiSbs(CO)40l¢ [NEt,]* ¢+ 2Me,CO 35 A 15 2 78  LOGLUO
[Niys(CO)30Calo [NEty]* 3% A 4 77
[Ni3oCus(CO)0]5 [NMe,]*4Cl~ - Me,CO 35 hep. 10 3 79  QUDCEX
AgyyAu;sClig(P(p-tol)s) 361 11 6 8  FUNFEZ
AgypAu;sCliy(P(p-tol);) - 42EtOH 361 L1 6 8l SIRRIU
[AgyoAusCly,(PPhy) 4127 CI-, - xEtOH 361 11 6 8  HANFAD
[Ag oAU gBr (P(p-tol)3) 1> [AsF] 361 1 6 8
Pd5(CO)y5(PEL;) 5 - Me,CO 3 A 1 4 8  FIBBAT
[AugPdg(Pds_Ni,)Niy(CO)44]5[PPh,]*¢-4.72MeCN - Pri,O 38 hep. L1 6 85

(x=2.1-5.5)
[AugNip(CO)g ]~ [PPhy]*¢-4.5MeCN 38 hep. 1 6 85
[Pty5(CO) 42 [AsPh,]*, 38 feec. 6 S8
[NigPt,4(CO) 4]+ [NBU", |, Me,CO 38 fec. 09 6 57  NEPIOH
[HNisg(CO) 4, Cql5 [N(C4Ho),] s 38 A 8 86

(to be continued)
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Table 3 (continued)

Composition Ne Packing® D¢/nm N,? Reference REFCODE
Pd;(CO)p3(PMes) 14 391 10 5 75

[AusgClg(PPhsy) ]2 CI -, 39 A I 1 8  VUCSUH
[Ag;¢Nisg(CO) 40l [PPh;Me]*, - Me,CO - 0.5(C,H,0) 40  fcc-Ag 10 4 88
[Au;Nijg(CO)4o]*-[NMe;sPh]*, 40  fcc-Au 10 4 89
[NisePt,(CO),4s*" [NMe;CH,Ph]* ¢ 0 fec. 4 9
[Niz;Pt,(CO) 4] [NMe;CH,Ph]*, ¢ 41 fec 4 9
Pd,gPt,5(PPhs) 5 (PMes)H 5(CO)y; - STHE 41*  hep. ‘ 4 9 RUGCIF
[Pd;5Nig(CO),,(PPhy)s]*[CyyHyoP]* 4 5Me,CO - 3MeCN 2 hep. 12 1 9  TIXYAA
[NissPte(CO)4sH, 14 [AsPh, ], a4 feec. 6 93

[NissPte(CO)agH |~ [AsPh, ]+, [NBuyl 5 a4 fec. 6 93

[Pt,,(CO) 471+ 4 ABCBA 5 94

Agys(PPh) ,o(PhPSiMe;),CL,P(PPr™y) 45% S 1.9 1 95  RIDKEU
[PdNiss(CO)ss6~ [NBu, |+ 46  fcc. 74
Agsy(PPh),,CLP(PPI™) 5 50 S 2 95  RIDKIY
Pd,(CO)4o(PEt;) 4 54 ABACA 15 6 73
Pds(CO)y(PMes)y; - 3Me,CO -« 1.5P1,0 59 A 13 1175
Pdgo(CO)56(PELy) 15 69 1 14 15 9
Pd,45(CO)go(PEts)50 145 1 17 55 97 LOVKIQOI

9 The total number of atoms in the metal polyhedron. Clusters containing interstitial metal atoms are marked with the sign *. Large
clusters with nonmetal atoms inserted into the metal core are marked with an asterisk.

b Packing modes: I is a local icosahedral or pentagonal-prismatic packing, f.c.c. is the face-centered cubic packing, h.c.p. is the
hexagonal close packing (ABCB, efc. are arrangements of the layers in mixed f.c.c./h.c.p. packings), b.c.c. is the body-centered cubic

packing, A is a distorted "amorphous" packing, S are shell clusters with a loose atomic packing, O are other packing modes.
¢ The diameter of the metal core (the maximum interatomic distance).
4 The number of interstitial metal atoms, i.e., metal atoms, which are located inside the cluster and are not coordinated by the ligands.

¢ The full stoichiometric composition of
-0.5{[Ni3;Pt4(CO)4]°~[NMe;CH,Ph]*¢} - C;HgO.

structures of the ligand shells formed by light atoms were
established only tentatively.

The atomic packings in the clusters were related to the
corresponding idealized types of atomic packing in crys-

Fig. 4. Types and symmetry of the local environment in close
atomic packings: (a) cuboctahedron (f.c.c., Oy); (b) twinned
cuboctahedron (h.c.p., Dsy;); (¢) hexacapped cube or tetrahexa-
hedron (b.c.c., 0)); (d) centered icosahedron (icosahedral local
packing, 1).

compound: ().5{[Ni36Pt4(CO)45]6‘[NMe3CH2Ph]+6} .

talline metals: the face-centered cubic packing consisting
of close-packed hexagonal layers ... ABCABC..., the hex-
agonal closest packing with the ...ABAB... arrangement
of layers, other close packings of layers (for example, the
mixed close packing ABCBA), and the body-centered
cubic packing as well as the local icosahedral packing (1),
which does not occur in an infinite crystal but can exist in
finite-size clusters (see above). The geometry of the local
environment of the atoms in these packings is shown in
Fig. 4. In addition, Table 3 gives examples of strongly
distorted "amorphous" (A) and "shell" (S) clusters, which
are not described by a particular idealized packing mode.
The structures of all these clusters are discussed in the
next section.

3. Types of atomic packing in large clusters
based on X-ray diffraction data

3.1. Face-centered cubic packing

The face-centered cubic close packing is typical of
many metals. Each atom in this packing is surrounded by
12 nearest atoms to form a cuboctahedron (see Fig. 4, a).
Some clusters containing high-symmetry metal cores cor-
responding to the f.c.c. packing are shown in Fig. 5.
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Fig. 5. Metal cores with the f.c.c. packing (interstitial atoms are marked): (a) [0s,y(CO)491>~,42 (b) Pdy3(C0O)yy(PEts)0,5% (c)

NipyPt;4(CO) 414,57 and (d) [Rhyg(CO)4 HoN, 472

The [Osy(CO)40]>~ 42 cluster anion (see Fig. 5, a)
can serve as one of the most simple and illustrative ex-
amples of a fragment of the f.c.c. packing. The v;-tetra-
hedral cluster core is composed of triangular layers con-
sisting of three, six, and ten Os atoms located below one
atom (vertex of the polyhedron) according to the ABCA
motif. Analogously, the v; tetrahedron Os,, can be di-
vided into layers (1:3:6:10) with respect to any of its four
vertices. In the first coordination sphere, the Os—Os dis-
tances are in the range of 2.67—2.81 A; the average value
(2.76 A) is somewhat larger than the shortest interatomic
distance (2.68 A) in h.c.p. bulk osmium metal (see
Table 1). All carbonyl ligands in this cluster are terminal.
The Os atoms at the vertices of the tetrahedron, on the
edges of the tetrahedron, and at the centers of its faces
are coordinated by three CO ligands, two CO ligands,
and one CO ligand, respectively. It should be noted that
the metal core of this cluster contains no interstitial
atoms; the maximum coordination number of the Os
atoms in the cluster (for the Os atoms in the centers of

the vs-triangular faces) is 9. The metal core of the
[Pd,4Nig(CO),,(PPhs),]>~ cluster3 in which the Ni atoms
are located at the vertices of the v, tetrahedron has an
analogous structure.

The structure of the Pd,3(CO),,(PEts),, cluster is
shown in Fig. 5, b. There is one Pd atom inside the cluster
metal core. The nearest environment of this Pd atom is a
cuboctahedron formed by 12 palladium atoms located at
distances of 2.70—2.91 A. Six square faces of the cubocta-
hedron are capped with the PdPEt; vertices giving rise to
the v, octahedron Pd;q in which four triangular faces
are additionally capped with the exopolyhedral
u,-Pd(CO),PEt; fragments. The average shortest Pd—Pd
distance between the central and peripheral atoms (2.85 A)
is almost equal to the average periphery—periphery dis-
tance in the v, octahedron Pdg, and these distances are
also longer than the shortest interatomic distance in pal-
ladium metal (2.75 A), whereas the Pd—Pd bonds involv-
ing the exopolyhedral atoms linked through the p,-CO
ligands are shortened to 2.73 A (aver.). The metal core
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Pd,; has the idealized D,;, symmetry and is coordinated
also by the p,- and ps-bridging CO groups.

The 38-atom metal core of the [NiyPt;,(CO)44l*"
cluster’7 (see Fig. 3, ¢) is the vy octahedron without verti-
ces (see Fig. 3, b). Four layers (7:12:12:7 atoms) form a
fragment of the f.c.c. packing. Each seven-atom layer is a
hexagon consisting of Ni atoms and centered with the
Pt atom. Each 12-atom layer is the v, triangle NigPtg
without vertices in which the Pt atoms form the inner v,
triangle. Six interstitial Pt atoms form an octahedron. All
faces of the latter are capped with the exopolyhedral Pt
atoms bound to the Ni atoms and CO ligands. Therefore,
each interstitial Pt atom has a cuboctahedral environment
formed by eight Pt atoms (2.73—2.88 A) and four Ni
atoms (2.58—2.66 A). The average shortest Pt—Pt dis-
tance (2.77 A) is equal to the interatomic distance in bulk
platinum metal, whereas the average Pt—Ni and Ni—Ni
distances (2.66 and 2.66 A, respectively) differ substan-
tially from the sums of the corresponding atomic radii,
which is indicative of strong strains in the metal core (see
Table 1). The ligand shell of the cluster consists of
26 terminal and 18 p,-bridging CO ligands. In the
homoatomic [Pt5(CO),4]?~ cluster, the metal core with
the O, symmetry has an analogous structure. In this clus-
ter, the carbonyl ligands have not been revealed from
X-ray diffraction data.58

Two isostructural clusters of the general formula
[NizsPte(CO)ygHg_, 1"~ (n = 4 or 5),%3 which are geo-
metrically related to the above-considered 38-atom clus-
ters, contain a 44-atom core with a two-shell octahedral
(0,) structure. An octahedron consisting of six Pt atoms is
located inside the vs-octahedral metal shell Nisg (see
Fig. 3, ¢). The closest environment of each Pt atom, like
that in NiyPt 4, is a cuboctahedron formed by four Pt
atoms and eight Ni atoms. A comparison of the average
metal—metal distances (Pt—Pt, 2.72 A; Pt—Ni, 2.63 A;
and Ni—Ni, 2.58 A) with the shortest interatomic dis-
tances in platinum metal (2.78 A) and nickel metal
(2.49 A) shows that the interstitial Pt atoms are substan-
tially "contracted," whereas the radii of the exopolyhedral
Ni atoms increase.

The metal core of the [Rhyg(CO)4 H,N,4]* cluster’?
(see Fig. 5, d) consists of four layers formed by Rh atoms
(7:10:7:4). This cluster contains three interstitial Rh
atoms, which have a cuboctahedral nearest environment.
The average shortest Rh—Rh distances are 2.75, 2.93,
and 2.87 A in the inner triangle, between the exopoly-
hedral and interstitial atoms, and between two exopoly-
hedral atoms, respectively (as opposed to 2.69 A in metal,
see Table 1). The exopolyhedral Rh atoms are coordi-
nated by 15 terminal and 26 p,-bridging carbonyl ligands
as well as by two p,-H ligands. The octahedral cavities in
the cluster core are occupied by four interstitial pg-N
atoms. The edges in the octahedral cavities containing
the N atoms are somewhat elongated (2.74—3.27 A,

aver. 2.90 A) compared to the remaining portion of the
cluster (2.58—3.08 A, aver. 2.87 A).

The [Pd,o(CO),5(PPhs);]?~ cluster anion*? contain-
ing one interstitial Pd atom is built from three layers
(3:10:15), which are v, v3, and v, triangles, respectively,
to form the f.c.c. packing. This three-layer 28-atom core
has one interstitial Pd atom; yet another Pd atom is lo-
cated above the "upper” Pd; triangle. The Pd—Pd dis-
tances involving the interstitial atoms are in the range of
2.75—2.83 A. The Pd—Pd distances between the exo-
polyhedral atoms are in the range of 2.69—3.21 A. The
average distances (2.79 and 2.82 A, respectively) are some-
what larger than twice the metallic radius of Pd (see
Table 1). The cluster core is coordinated by 15 p,-bridg-
ing and 13 p;-bridging CO ligands.

The core of the cluster f.c.c. [Pty4(CO)30]?~ anion38
has the idealized C,, symmetry and is composed of three
close-packed hexagonal layers (5:9:10). The first layer,
which consists of five Pt atoms and can be described as a
v, triangle without one vertex, is closely stacked onto a vj
triangle without one vertex. The third layer consisting of
ten Pt atoms is a fragment of a v, triangle. The cluster
contains one interstitial Pt atom in the cuboctahedral
nearest environment. The metal core is coordinated by
22 terminal and eight p,-bridging CO ligands.

The cluster core of Pd4;(CO),4(PEts),, 73 consists of
four layers (6:7:7:6), which form a fragment of the f.c.c.
packing. The six-atom layers can be described as v, tri-
angles. The layers consisting of seven atoms are centered
hexagons. Two u,- and two p;-Pd caps are attached to
the f.c.c. Pd,4 fragment. The cluster has two interstitial
metal atoms.

The histograms of the metal—metal interatomic dis-
tances in some f.c.c.-type metal cores are shown in Fig. 6.
The positions of the maxima of RDF in these histograms
are consistent with the idealized f.c.c.-packed coordina-
tion spheres, which are shown by dashes at the top of the
histograms. The relative heights of these maxima and their
average coordination numbers depend on the size and
shape of the polyhedron. The high-symmetry v; tetrahe-
dron Os,, (see Fig. 5, a) has narrow maxima of the coor-
dination spheres (see Fig. 6, a), whereas the centered v,
octahedron Pd;q capped with four asymmetrical fragments
displays a broadening of the maxima (see Fig. 6. b). A
further smearing of the coordination spheres is observed
in the heterometallic Ni,4Pt4 core (see Fig. 6, ¢) and the
Rh,gH,N, cluster containing the hydride and nitride at-
oms in the cavities of the packing (see Fig. 6, d). In the
latter two clusters, the adjacent spheres overlap at dis-
tances R > 5—6 A, which hinders the unambiguous as-
signment of the packing mode based on the histogram.
Therefore, one-dimensional radial distribution functions
allow one to characterize the atomic packings in an
undistorted metal core, but provide much less informa-
tion on the structures of distorted clusters.
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Fig. 6. Histograms of the M—M interatomic distances in the metal cores of the f.c.c. type: (a) [08,5(CO)40]%>,4* (b)
Pd,;(CO),y(PEt3) 14,73 (¢) NipyPt 4(CO)y4]*~,57 and (d) [Rh,g(CO),H,N,4]4~.72 The coordination spheres in the ideal f.c.c. packing
normalized to the average distance R = a in the first coordination sphere (see Table 2) are indicated by dashes at the top of the plot.

Of compounds listed in Table 3, the bimetallic clus-
ters  [Ag;3Feg(CO)33 47 [Ag3Feg(CO)pp]* 48
[Ag6Niry(CO)4]*, 88 and [AugNiyy(CO)40]*~ ¥ are also
characterized by f.c.c.-type packings of the Ag and
Au atoms. The same packing is observed in the
[NizePty(CO)451~ %0 and [Niy;Pty(CO)46]°~ clusters®®
containing an inner tetrahedron of Pt atoms. For a series
of 55-atom clusters, which do not form single crys-
tals (such as Auss(PPh;);,Cl¢,?® Rhss(PButy);,Clyg,%?
Rujs5(PBu's) ,Cly, Rhs5(PPhs),Clg, and
Ptss(AsBuls),Cly, 199), the f.c.c. packing was revealed by
indirect structural methods, including high-resolution
transmission electron microscopy (HRTEM). The cluster
cores in these compounds consist, presumably, of the
centered 13-atom cuboctahedron surrounded by the
42-atom shell (Chini's magic numbers 10k? + 2 of atoms
for k=1 and 2, see Section 2).

3.2. Hexagonal close packing

In the hexagonal close packing (h.c.p.) with the
...ABABA... arrangement of the close-packed hexagonal
layers, each atom is surrounded by 12 neighbors to form a
twinned cuboctahedron (see Fig. 4, ). Among medium-
sized clusters, the [Ni;,(CO)y Hy_,]"~ (n = 2—4)1%1 and
[Rh,3(CO),4H;_,]"~ anions (n = 2—4)24 represent frag-

ments of h.c.p. Examples of selected large h.c.p. poly-
hedra are presented in Fig. 7.

In the [Os,sPd;(C0O),,C,]?~ cluster anion,*® the metal
core with the idealized D5, symmetry can be considered
as a fragment of h.c.p. consisting of five layers (6:3:3:3:6,
ABABA arrangement); the central layer is formed by Pd
atoms, whereas the outer layers are v, triangles formed by
Os atoms. This cluster contains no interstitial metal atoms.

The core of the [Pty(CO);,]>~ cluster anion3® is a
fragment of h.c.p. formed by Pt atoms with the idealized
D5, symmetry and consists of three hexagonal layers
(7:12:7) arranged according to the ABA motif. The layers
consisting of seven Pt atoms are centered hexagons,
whereas the 12-atom layer can be described as a v, tri-
angle without vertices. The Pt,s metal core containing
three interstitial metal atoms is coordinated by 23 termi-
nal and nine p,-bridging CO ligands.

The metal polyhedron of the [Ni;4Pt;o(CO)5,]*~ clus-
ter>’ (see Fig. 7, a) consists of three layers (7:10:7) char-
acterized by the h.c.p.-type arrangement. The distance
between two interstitial Pt atoms is 2.63 A, each Pt atom
being in a twinned cuboctahedral environment formed by
six Pt atoms (Pt—Pt, 2.61—2.82 A; aver. 2.73 A), three
Ni atoms (Pt—Ni, 2.70—2.85 A; aver. 2.75 A), and three
disordered Pt/Ni positions, because two of ten Pt atoms
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Fig. 7. Metal cores with h.c.p.-type close packings (inter-
stitial fragments are shown): (a) [Ni4Pt;o(CO)501%~,57 (b)
Pd28Pt13(PPh3)lz(PMe3)H12(CO)27,91 and (C)
[Ni30CU5(CO)40]S_.79

are disordered over six positions in the metal polyhedron
with partial occupancies.

Yet another example of the bimetallic h.c.p. clusters is
Pd,gPt;5(PPh;),,(PMe;)H ,(CO),; ?1 (see Fig. 7, b). Its
metal core consists of the Pd,gPt moiety, whose square
faces are capped with Pt atoms, which do not form short
contacts with each other. The distorted 38-atom fragment
of h.c.p. includes four layers (6:7:12:13) and is addition-
ally capped with three Pt atoms. The first layer consisting
of six metal atoms (the upper layer in Fig. 7, ¢) can be
described as a v, triangle consisting of three Pd atoms
(which form an inner v, triangle) and three Pt atoms at
the vertices. The second layer consists of seven Pd atoms

that form a centered hexagon. The third layer is com-
posed of 12 Pd atoms that form a v, triangle without
vertices. In the fourth layer consisting of 13 atoms, the
central Pt atom is in the planar hexagonal environment
formed by Pd atoms, and six more Pd atoms are bound to
each edge of the hexagon. The metal core has the ideal-
ized C3 symmetry axis perpendicular to the atomic layers.
The cluster contains four interstitial Pd atoms, which
form a tetrahedron with edge lengths varying in the range
of 2.65—2.82 A (average length is 2.73 A; this value is
somewhat smaller than the shortest interatomic distance
in the bulk metal). The binding interatomic distances
involving the interstitial Pd atoms are in the ranges of
2.65—3.09 A (Pd—Pd) and 2.81—2.83 A (Pd—Pt), their
average values being equal (2.82 A). In the overall cluster,
the distances between the adjacent atoms are in the ranges
of 2.65—3.20 A (Pd—Pd, aver. 2.83 A) and 2.64—3.25 A
(Pd—Pt, aver. 2.84 A), which are indicative of a weaken-
ing of the metal—metal interactions. The fact that the
Pt—Pt distances are close to the Pt—Pd distances reflects
the similarity of their atomic radii due to lanthanide
contraction. An elongation of the M—M bonds by
0.05—0.10 A compared to those in the bulk metals is
observed in a series of f.c.c. and h.c.p. clusters with a
carbonyl ligand environment.

The [Ni3Cus(CO)40]°~ cluster anion”® (see Fig. 7, c)
with the idealized D3, symmetry consists of three layers
(10:15:10; ABA motif), which can be described as two v;
triangles NigCu and one inner v, triangle Ni;,Cuj. The
Cu atoms located at the centers of the triangular layers
form a trigonal bipyramid with the shortest Cu—Cu dis-
tances in the range of 2.41—2.52 A. The average Cu—Cu
distance (2.46 A) is shorter than the shortest interatomic
distance in bulk copper (2.56 A), whereas the average
binding Ni—Ni distance (2.53 A) in this cluster is slightly
longer than the corresponding distance in bulk nickel
(2.49 A, see Table 1). The cluster contains three intersti-
tial Cu atoms in a twinned cuboctahedral environment
formed by eight Ni atoms (2.46—2.60 A) and four Cu
atoms (2.41—2.52 A). The metal core is coordinated by
seven ;-bridging and 24 p,-bridging CO ligands as well
as by nine terminal CO ligands.

The [Pd;3Nig(CO),,(PPh;s)g]4 anion®? (Fig. 8, a) also
belongs to the group of clusters, whose idealized metal
core reproduces a fragment of h.c.p. The core of this
bimetallic 42-nuclear cluster consists of five layers
(10:6:10:6:10), which can be described as v; and v, tri-
angles stacked to form the ABABA motif. The vertices of
the v; triangles are occupied by the Ni atoms. The metal
atoms on the surface of the polyhedron are coordinated
by carbonyl ligands. The Ni atoms in two outer v; tri-
angles are coordinated also by the phosphine ligands. The
idealized point symmetry group of the cluster is Ds,. In
spite of the large number of atoms, the metal core has
only one interstitial Pd atom in a twinned cuboctahedral
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Fig. 8. Metal core (a) and a histogram of the M—M interatomic
distances (b) in the h.c.p. [Pd;3Nig(CO)4 (PPh;)g]*- cluster.??
The coordination spheres specific for h.c.p. are indicated by
thin dashes; the coordination spheres common to h.c.p. and
f.c.c. are shown by bold dashes (normalized to the average dis-
tance R = a in the first coordination sphere) at the top of the plot.

environment formed by 12 Pd atoms at distances of
2.78—2.82 A. The Pd—Pd bond lengths in the cluster
core are in the range of 2.69—3.03 A (average length
(2.83 A) is somewhat larger than the distance (2.75 A) in
the bulk metal). The Pd—Ni bond lengths are in the range
of 2.55—2.71 A (average length (2.63 A) is virtually equal
to the sum of the metallic radii). Therefore, no essential
contraction of the atoms is observed in this h.c.p. cluster
as well.

The atomic environment in the ideal hexagonal close
packing contains spheres characteristic of f.c.c. and
closely spaced neighboring spheres specific for h.c.p. (see
Table 1). Since the spheres separated by distances of
0.2—0.3 A are generally not resolved in the structures of
real clusters, one-dimensional histograms of interatomic
distances in the h.c.p. are similar to those in the distorted
f.c.c packing.* In the bimetallic h.c.p. clusters containing
atoms with substantially different radii, the maxima of the
coordination spheres are additionally broadened. The
radial distribution histogram for the above-described
h.c.p.-type Pd;3Nig metal core is shown in Fig. 8, 6. In

* Two-dimensional polar diagrams proposed in the study3® al-
low one to distinguish between f.c.c. and h.c.p. clusters.

this rather rare case, the h.c.p. closest coordination spheres
can be identified along with the f.c.c.-type spheres; how-
ever, the maxima of RDF at distances larger than 6 A are
broadened and smeared. In most of the structurally stud-
ied h.c.p. clusters, it is difficult to determine the packing
of metal atoms based on one-dimensional RDF without
recourse to supplementary data.

According to the results of X-ray diffraction
analysis, a fragment of h.c.p. is also present in
the isostructural 38-nuclear [AugNizy(CO)4y]®~ and
[AugPdg(Pdg_,Ni)Niyg(CO)yy]®~  cluster  anions
(x = 2.1—5.5)85 containing a four-layer 30-atom core
(3:12:12:3; the ABAB arrangement of layers perpendicu-
lar to the non-crystallographic C; axis with the "upper”
and "lower" Ni caps). The resulting 32-atom fragment of
h.c.p. is capped with six Ni atoms to form a metal poly-
hedron with the idealized D;;symmetry. In the trimetallic
clusters, the Pd atoms occupy the upper and lower
v,-triangular layers (average Pd—Pd distance is 2.92 A)
and the disordered positions in the central 12-atom lay-
ers, which can be described as v, triangles without verti-
ces. Six interstitial gold atoms in three structurally studied
clusters of this type form an octahedron in which the
average distances (2.84—2.86 A) are close to the shortest
Au—Au distance in bulk gold (2.88 A). The Ni—Ni
distances in the layers are substantially elongated
(aver. 2.59 A), whereas the distances between the layers
are shortened (aver. 2.42 A). The metal core is coordi-
nated by eight terminal, 30 u,-bridging, and four p;-bridg-
ing CO ligands.

3.3. Other combinations of close-packed hexagonal layers

In large transition metal clusters, other types of close
packing with a mixed motif of close-packed hexago-
nal atomic layers can also occur. For example, the
[Rh,,(CO)4;]*~ cluster anion! (Fig. 9, a) belongs to struc-
tures, whose idealized metal core contains fragments of
both f.c.c. and h.c.p. The core of this cluster with the Cj,
point symmetry consists of four layers (3:6:7:6) (normal
triangle, a v, triangle, a centered hexagon, and one more
v, triangle, respectively) stacked in the ABCB order. The
cluster has one interstitial Rh atom (in layer "C") in a
twinned cuboctahedral environment formed by 12 Rh
atoms at essentially elongated distances (2.76—2.83 A;
aver. 2.80 A, see Table 1). In the entire cluster, the Rh—Rh
bond lengths are in the range of 2.73—2.88 A. The metal
core is coordinated by the bridging and terminal CO
ligands. The ABCB packing of the layers in the infinite
crystal lattice was found in several rare-earth metals
(La, Nd, Pr).102

The [Pty4(CO)47]4 cluster® contains a fragment of
the ABCBA packing. Its metal core with the D5, sym-
metry consists of five layers (6:10:12:10:6), which can be
described as a v, triangle, a v; triangle, a v, triangle with-
out three vertices, a vj triangle, and a v, triangle, respec-
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Fig. 9. Metal cores with a mixed f.c.c./h.c.p. packing:
(a) [Rh,,(CO)57]4 3! (ABCB) and (b) Pds4(CO)40(PEts) 14
(ABACA).” The motifs of stacking of the layers are denoted; in
Pds4(CO)49(PEt;) 4, the six-atom inner fragment is marked off.

tively. The cluster has five interstitial Pt atoms, which
form a trigonal bipyramid.

The metal core of the [Pd;;Ni;3(CO);4]*~ cluster an-
ion”! with the idealized C, symmetry is a fragment of the
ABCAC packing. The first four layers, viz., ABCA
(1:3:6:10), can be described as a 20-atom v; tetrahedron
analogous to the f.c.c. [0s,(CO)ypl>~ 4 and
[Pd,4Nig(CO),,(PPh;),]?~ clusters.43 The Nij triangle,
the v, triangle consisting of six Pd atoms, and the v;
triangle Pd,;Ni; with the Ni atoms at the vertices are lo-
cated under the "upper" Ni atom. The positions of the
atoms in the fifth Pd;Ni; layer (v, triangle with the Ni
atoms at the vertices), which violates the f.c.c. packing,
are located under the atoms of the third layer. The cluster
contains one interstitial Pd atom in the closest twinned
cuboctahedral environment.

In the [Pd;4Ni;4(CO)4]*~ cluster,’® the metal atoms
form the six-layer closest packing ABCBCA (3:6:7:7:6:3).
The layers are the Nij triangles, the v, triangles Ni;Pd;
with the Ni atoms at the vertices, and the centered hexa-
gons PdsNi,. The cluster contains two interstitial Pd at-
oms in a twinned cuboctahedral environment formed by
ten Pd atoms and two Ni atoms.

The Pds4(CO)4(PEt;) 4 cluster’® (see Fig. 9, b)
consists of five layers (8:10:12:10:8), which form the
ABACA-type closest packing. Each ten-atom layer con-
tains two interstitial Pd atoms in a twinned cuboctahedral
environment, whereas two interstitial atoms of the central
12-atom layer have a cuboctahedral environment. There-
fore, 48 Pd atoms form the ABACA core containing a
planar six-atom interstitial fragment, which is addition-
ally coordinated by six p;-Pd caps. The Pd—Pd distances
between the interstitial atoms (2.70—2.81 A; aver. 2.76 A)
are similar to those in the bulk metal. The remaining
distances are as follows: Pd;;i.,—Pdxop0; are 2.72—3.00 A
and Pd,qp01—Pdeyopor are 2.65—3.12 A.

Generally, an overlapping and coalescence of closely
spaced spheres in the radial distribution histograms, which
are mentioned above for the h.c.p.-type metal cores, do
not allow one to reveal a mixed packing based solely on
the "one-dimensional” data. In some cases (see Fig. 9, a,
the Rh,, core), the closest h.c.p.- and f.c.c.-type
metal—metal spheres are split; however, in most cases,
they coalesce to form a broad sphere (see Fig. 9, b, Pds,
core). Diffuse maxima of the coordination spheres are
indicative of distortions of the metal core. However, the
average interatomic distances in the above-considered
homometallic clusters provide evidence that distortions
of the f.c.c. and h.c.p. packings in these clusters are not
accompanied by substantial deformations of the atomic
radii. The common feature of the RDF of all such clusters
(f.c.c., h.c.p., and mixed packings) is the presence of a
pronounced "second” maximum at ~aV2, where a is the
interatomic distance in the first metal—metal coordina-
tion sphere.

3.4. Body-centered cubic packing

In the body-centered cubic (b.c.c.) packing, each atom
is surrounded by 14 neighbors (see Fig. 4, ¢). Eight neigh-
boring atoms are located at the shortest distance a to form
a cube. In the ideal b.c.c. packing, the distance between
the central atoms and the remaining six atoms located
above the square faces of the cube at the vertices of the
octahedron is V(4/3)a = 1.1547a. Among medium-sized
clusters, the 14-nuclear [Rh; 4(CO)25]4— anion corresponds
to a distorted b.c.c. packing.103

The [Pt4Rh,4(CO);5]*~ cluster? (Fig. 10, a) serves as
an example of large b.c.c.-type metal cores. Four Pt atoms
form a tetrahedron, whose two vertices are occupied by
interstitial atoms. The distances between the interstitial
Pt atoms (2.56 A) are shorter than the remaining Pt—Pt



14 Russ.Chem.Bull., Int.Ed., Vol. 52, No. 11, November, 2003

Belyakova and Slovokhotov

b.c.c.

Metal cores with a
(@) [Pt4Rh4(CO)+5]*52 and (b) Pdy3(CO),o(PEL;)g 56 (intersti-
tial atoms are marked off); (¢) histogram of the Pd—Pd inter-
atomic distances in Pd,3(CO),y(PEt;)g. The coordination sphere
specific for b.c.c. are indicated by bold dashes at the top of the
plot (c¢); the coordination spheres, which are present also in
f.c.c. and/or h.c.p. packings, are shown by thin dashes.

Fig. 10. packing:

distances (2.69—2.83 A). Each interstitial Pt atom is sur-
rounded by 13 neighbors, including a cube formed by six
Rh atoms (2.66—2.79 A) and two Pt atoms (2.69—2.71 A)
as well as an incomplete octahedron consisting of four Rh

atoms (3.07, 3.15, 3.35, and 3.51 A) and one interstitial
Pt atom (2.56 A). Therefore, two interstitial Pt atoms are
located inside the double cube formed by ten Rh atoms
and two Pt atoms. The square faces of this polyhedron are
capped with eight Rh atoms. However, the two opposite
Rh—Rh bonds between the vertices shared by two cubes
are absent (distances are 3.88—3.93 A) in this double
cube, in contrast to the idealized b.c.c. packing. This
elongation along with a shortening of the Pt—Pt distance
in the polyhedron by 0.2 A compared to that observed in
the bulk metal are indicative of strong strains within the
metal polyhedron. The metal core is coordinated by the
terminal and bridging carbonyl ligands.

The metal cores of the [Rh,,(CO);sH,]3~" clusters
(n =0, 1)33 have similar structures. The distance between
two interstitial Rh atoms (2.492 A), which are surrounded
by 13 Rh atoms each, is shorter than that in the f.c.c.
rhodium metal (2.630 A; see Table 1). The interstitial
atoms are located inside the double cube formed by 12 Rh
atoms. The square faces of this cube are coordinated by
eight Rh caps. As in the above-described cluster, two
opposite Rh—Rh bonds shared by two "fused" cubes are
absent.

The metal polyhedron of the Pd,3(CO),,(PEt;)g clus-
ter30 (see Fig. 10, b) can also be assigned to a strongly
distorted fragment of a b.c.c.-type packing. The cluster
has one interstitial Pd atom bound to 14 neighbors at
distances of 2.81—3.02 A (aver. 2.92 A). The environ-
ment of the central atom resembles a distorted fragment
of a b.c.c.-type packing. However, the Pd—Pd bond
lengths involving the central atom are equalized, which
corresponds to an elongation of the Pd—Pd bonds within
the first coordination sphere and a shortening of the
Pd—Pd bonds within the second closest coordination
sphere. An increase in the coordination number of the
interstitial Pd atom to 14 is accompanied by a substantial
increase in the average binding metal—metal distance.
Distortions in the nearest environment about the central
atom lead to cleavage of four Pd—Pd bonds between the
vertices of the cube, which should occur in the ideal-
ized b.c.c. packing (corresponding distances are larger
than 4 A). The 15-atom distorted fragment of b.c.c. is
coordinated by eight PdPEt; caps and 20 bridging carbo-
nyl ligands.

The difference in the packing of the Pd atoms in the
Pd,;(CO),,(PEt3),, (fic.c., see Figs. 5, b and 6, b) and
Pd,;(CO),o(PEts)g (distorted b.c.c., see Fig. 10, b, c)
clusters with similar compositions provides an example of
"isomerism" of the 23-atom metal core due to a small
difference in the composition of the ligand shell. This
isomerism is illustrative of a flexibility of the atomic
packings in large clusters, which has been noted for the
first time by Chini.22

The histogram of the interatomic Pd—Pd distances
for the Pd,;(CO),o(PEt;)g cluster is shown in Fig. 10, c.
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The b.c.c. packing of metals is characterized by the fact
that the second coordination sphere approaches the first
coordination sphere (V(4/3)a = 1.1a—1.2a and a, respec-
tively) as well as by the absence of the coordination spheres
at aV2 and a3 in the range of 3—4 A. The closest sphere at
\(4/3)a is manifested as a "shoulder" shifted by 0.4—0.5 A
from the neighboring sphere. The next maximum at
\(8/3)a is shifted to distances >4 A (see Fig. 10, c). All
known b.c.c.-type clusters are characterized by strong dis-
tortions due to which the coordination spheres become
broad and smeared.

3.5. Local icosahedral packing

A series of medium-sized clusters containing the metal
core with the idealized [, symmetry (centered icosa-
hedron) were synthesized and structurally characterized
(see Fig. 4, d). Examples are [Au,3(PMe,Ph),,Cl,]3*,104
Auj3(dppm)g**  (dppm = Ph,PCH,PPh,),10
Au,,Pd(dppe)(PPh;)¢Cl, (dppe = PPh,C,H,PPh,),106
Au,Pd(PPh;3)4Cly, 197 [AugCuy(PPh,Me)gClg]t,108 and
[AugAg,(PPh,Me)gClg]*.19° The fragment of the cen-
tered icosahedron is present also in the larger carbo-
nyl phosphine clusters Pd;4(CO)3(PEt;3)y 1% and
Pt;7(CO),(PEt;)s.11! In other carbonyl clusters, such as
[Pt,9(CO),,]4 41 and [Rh;5(CO)»5(C),]~, 112 the central
atom is surrounded by 12 atoms, which form a pentagonal
prism with two caps above the pentagonal faces.

Crystal lattices with a translational symmetry cannot
have the C5 symmetry axes. However, an icosahedron
serves as a building block in crystals with loose atomic
packings, such as certain allotropic modifications of bo-
ron and borides (see Ref. 11). In quasicrystals, viz.,
Al-based alloys!!13 and a number of other intermetallides,
a special quasicrystalline long-range order without trans-
lations is observed. This type is compatible with the pen-
tagonal local symmetry. Such quasicrystals can give X-ray
diffraction patterns with the five- or tenfold symmetry
axes and exhibit some other unusual properties.114

The pentagonal symmetry of the metal core is ob-
served rather frequently in the large clusters listed in Table
3. The structures of such clusters can be classified into
two groups. The first group includes atomic cores consist-
ing of several condensed or interpenetrating icosahedra.
The second group includes multi-shell "onions" in which
the central atom is surrounded by several icosahedral
shells. Examples of structures of the first type are provided
by bimetallic Au—Ag clusters, a large series of which was
studied by Teo and co-workers.®2 According to the results
of calculations, the two-shell Mackay icosahedron is the
energetically most favorable polyhedron of ligand-free
55-atom clusters.!S This polyhedron serves as the inner
core of the 145-nuclear Pd,45(CO)¢o(PEts3)s5, cluster,®’
which has been studied recently by X-ray diffraction (see
below).

The 25-nuclear [Ag;,Au;;Brg(PPhs) o]*SbFs~ -
-20EtOH cluster® (Fig. 11, a) consists of two centered
vertex-shared icosahedra. The metal core thus formed has
the idealized Ds;, point symmetry. The following struc-
tural elements are successively located along the Cj
axis passing through the centers of the two icosahedra:
(1) Ag atom, (2) five-membered ring consisting of Au
atoms, (3) central Au atom of the first icosahedron,
(4) five-membered ring consisting of Ag atoms, (5) vertex
shared by the two icosahedra, viz., the Au atom, (4") five-
membered ring consisting of Ag atoms, (3”) central Au
atom of the second icosahedron, (2”) five-membered ring
formed by Au atoms, and (17) Ag atom. (Within the frame-
work of the idealized symmetry, only fragments (1)—(5)
are symmetrically independent, see Fig. 11 a, b; the sym-
metrically related positions are primed.) In the icosahe-
dra linked together, five-membered rings (4) and (4")
formed by Ag atoms are in an eclipsed orientation with
respect to the Cs axis. Two terminal 12-coordinate inter-
stitial Au atoms are at the centers of the icosahedra. The
central interstitial gold atom is located inside the bicapped
pentagonal prism. Each exopolyhedral Au atom is coordi-
nated by the PPh; ligand, and two Ag vertices on the Cs
axis are coordinated by the terminal Br atoms. The Ag
atoms that form the pentagonal prism are linked by six
u,-bridging Br atoms along five Ag—Ag lateral edges of
the prism. The lengths of the bonds with the interstitial
Au atom having an icosahedral environment are as fol-
lows: 2.76 A to the Ag atom on the Cs axis; 2.69—2.75 A
to the Au atoms that form the five-membered ring;
2.80—2.87 A to the Ag atoms involved in the five-mem-
bered ring; 2.85 A to the Au atom that links two icosa-
hedra. The lengths of the bonds between the Au atom that
links two icosahedra and the Ag atoms are in the range of
2.87—2.93 A. The lengths of the bonds between the Ag
atoms of two adjacent five-membered rings are in the
range of 2.89—3.10 A.

The composition of the metal core of the
[Ag;,Au;Brg(P(p-tol);) 0] T PFs~+ I0EtOH  cluster®?
is identical to that of the metal core in
[Ag;,Au,3Brg(PPh;),0]"SbF,~ - 20EtOH;% however, two
initial icosahedra in the former are rotated with respect to
the Cs axis by ~36°, i.e., they are in a staggered conforma-
tion (see Fig. 11, b) with the idealized D5, symmetry. The
Ag atoms involved in the five-membered rings form a
pentagonal antiprism. The central Au atom that links two
icosahedra has an icosahedral environment. Therefore,
the core of the [Ag;,Au;;Brg(P(p-tol)s),o]* cluster cation
consists of three interpenetrating icosahedra. The lengths
of the bonds between the central Au atom and the Ag
atoms (2.83—2.90 A) are somewhat shorter than those
observed in the eclipsed conformation. The edges link-
ing the two central five-membered rings consisting of
Ag atoms are, on the contrary, substantially elongated



16

Russ.Chem.Bull., Int.Ed., Vol. 52, No. 11, November, 2003

Belyakova and Slovokhotov

Fig. 11. Clusters based on interpenetrating icosahedra: (a) [Ag;,Au;;Brg(PPhs) o]",%8 (b) [Agi,Au;;Brg(P(p-tol)s),e]*,%7
(¢) AgyoAu;Cl 4 (P(p-tol)s),,,8081 and (d) Pds4(CO),4(PEt;),,.7¢ In Figs. a and b, the partition of the symmetrically independent part
of the metal polyhedron is denoted by numbers (see the text); in Figs. ¢ and d, the interstitial fragments are marked off.

(3.19—3.29 A). Six u,-Br ligands are coordinated along
five of these Ag—Ag bonds.

All 12 structurally characterized 25-nuclear biicosa-
hedral clusters are presented in Table 4. In seven of these
clusters, two icosahedral fragments adopt an eclipsed con-
formation. In three clusters, two icosahedral fragments

are, by contrast, in a staggered conformation. In the
{Ag 1 Au;ClL[P(p-tol)3] 1o} 2* 6 and {Ag;,Au,;;Clg[P(p-
tol)s],} " clusters,% the icosahedra are rotated with respect
to each other by ~15°. In the [Ag;,Au;;Brg(PPh3) o] " Br—-
- 3EtOH cluster®® adopting a distorted staggered confor-
mation, three interstitial Au atoms are not in a straight

Table 4. The 25-nuclear Ag—Au clusters with a local icosahedral environment of the metal atoms*

Cluster Orientation Positions of atoms in the cluster Equatorial Reference
of icosahedra | ) 3 4 5 ligands
[Ag;,Au,NiCl,(PPhs),4] "SbF,~ - 15EtOH Eclipsed Ag Au  Au/Ni Ag Au 5 u,-Cl 59
[Ag;,Au,,PtCl;(PPhs) 0] Cl- Eclipsed Ag Au  Au/Pt Ag Au 5 u,-Cl 60
Ag;3Au,Pt,Cl;(PPh;) 4« 10Et,O Eclipsed Ag Au Pt Ag Ag 5 u,-Cl 61
Ag;3Au,0Pd,Cl;(PPh;), Eclipsed Ag Au Pd Ag Ag 5u,-Cl 62
Ag;3Au,(Ni,Cl;(PPhs), Eclipsed Ag Au Ni Ag Ag 5 p,-Cl 62
{Ag,Au 3CL[P(p-tol)s] ;o}>T[SbF1,- xEtOH Skewed by ~15°  Ag Au Au Ag Au 5 u,-Cl 63
[Ag ,Au;Clg(PMe;) ;o] "SbFg~ Eclipsed Ag Au Au Ag Au  Spy)-ClL 1 u,-Cl 64
{Ag,Au;Clg[P(p-tol);] 9} " PFg~ Skewed by ~15° Ag Au Au Ag Au  4p,-CL 2 ps-Cl - 65
[Ag ,Au,3Brg(PPh;) 0] Br~ Staggered Ag Au Au Ag Au 4 p,-Br,2u3-Br 66
{Ag|,Au,3Brg[P(p-tol)s] o} TPFs~ - 10EtOH Staggered Ag Au Au Ag Au 6 wy-Br 67
[Ag;,Au;;Brg(PPh;) o] SbF~ - 20EtOH Eclipsed Ag Au Au Ag Au 6 u,-Br 68
[Ag;,Au,3Brg(PPhs) o] *Br—- 3EtOH Staggered Ag Au Au Ag Au  4p,-Br,2p3-Br 69

* The numbering scheme for the positions in the metal core is presented in Fig. 11 a, b.
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line. The distances along the edges, which link two five-
membered rings formed by Ag atoms, vary from 3.05 to
3.41 A. By contrast, in the [Agj,Au;;Brg(PPhs),o]"Br~
cluster® with an analogous composition, whose crystals
contain no molecules of solvation, the icosahedral frag-
ments adopt a symmetrical staggered conformation.
Therefore, the biicosahedral clusters are structurally non-
rigid and can change their geometry under the influence
of the packing forces.

The structures of biicosahedral clusters have been ana-
lyzed in the review.%2 In the trimetallic Au—Ag—M clus-
ters, Group 10 metals (M = Pt, Pd, Ni) occupy predomi-
nantly positions at the centers of fused icosahedra due to
large bond energies of their atoms in the bulk metals
(M > Au > Ag). The Ag atoms occupy terminal vertices
(1) and (1) as well as positions (4) and (4") in the equato-
rial plane. The more electronegative Au atoms are gener-
ally coordinated by phosphine ligands. The Ag atoms are
coordinated by halogen ligands. Therefore, the surface of
the cluster core can be enriched with atoms of particular
elements by varying the ligand environment. The authors
of the cited review%? used the notions of rotamerism (ro-
tational isomerism that occurs in the case of different
mutual orientations of two icosahedra) and rouletta-
merism, which characterizes the orientation of the metal
core within the five- or six-membered ring formed by
halogen ligands, for the description of structures of
biicosahedral clusters.

Two clusters with composition Ag,Au;3Cli4(P(p-
tol););, (see Fig. 11, ¢),8081 which differ in the num-
ber of molecules of solvation in the crystal, and the
[AgyoAu,sCly,(PPhs) 41?7 cluster cation have more com-
plex structures.82 All these compounds contain iso-
structural 36-atom metal cores to which two exopolyhedral
Ag atoms are linked through the Cl bridging atoms. The
metal core of Ag,pAugCl,4(P(p-tol)s),, 8 with the ideal-
ized Dy;, symmetry can be represented as three centered
icosahedra linked in pairs through shared vertices. The
cluster contains six interstitial Au atoms, which form a v;
triangle with the edge lengths varying in the range of
2.70—2.92 A. Three interstitial atoms, which link the
icosahedra, have a 12-atom closest environment, which
can be described as a bicapped pentagonal prism formed
by eight Ag atoms and four Au atoms. The distances from
the "intericosahedral" Au atoms to the Ag atoms are in the
range of 2.79—3.11 A and to the Au atoms at the centers
of the icosahedra are in the range of 2.76—2.93 A. The
exopolyhedral Au atoms are coordinated by the phos-
phine ligands. The Ag atoms are coordinated by the bridg-
ing CI atoms.

The [Ag oAugBr 4(P(p-tol)s),,]?" cluster cation83
contains the same 36-atom metal core but has only one
exopolyhedral Ag atom linked through the bridging Br
atoms. The centers of the icosahedra are shifted in the
opposite direction with respect to the plane formed by

three linking Au atoms. Therefore, a mixed "icosa-
hedron/pentagonal prism" type of close packing is often
observed in a series of clusters with the pentagonal local
symmetry of the atomic environment. This packing mode
can be considered as an analog of the above-mentioned
mixed f.c.c./h.c.p. packing in carbonyl clusters. How-
ever, this packing mode, unlike the f.c.c./h.c.p. packing,
is characterized by the absence of planar atomic layers.

The metal core of the Pds;,(CO),4(PEt;);, cluster’®
(see Fig. 11, d) consists of four distorted interpenetrating
icosahedra. Four interstitial Pd atoms form the inner tet-
rahedron with the edge lengths varying in the range of
2.59—2.68 A. The average Pd—Pd distance in the tetra-
hedron (2.64 A) is substantially shorter than that in bulk
Pd metal (2.75 A). In the tetrahedron, each Pd atom is in
a distorted icosahedral environment formed by 12 Pd at-
oms. The coordination environments of the interstitial Pd
atoms are icosahedra without one edge that together form
the second coordination sphere consisting of 22 Pd atoms
around the initial tetrahedron. The distances from the
four interstitial Pd atoms to the outer sphere composed of
22 Pd atoms are in the range of 2.63—2.98 A. Two
u,-coordinated Pd atoms are bound to the 26-atom core
consisting of four icosahedra fused along the Pd—Pd
bonds. Two ;- and four py-coordinated Pd atoms are
bound to the square faces. The entire Pd;, metal core is
surrounded by the phosphine and bridging carbonyl
ligands.

The [PdyyNiz(CO)40]* cluster anion” is also built
from four interpenetrating icosahedra, whose centers form
the inner tetrahedron. The Pd;5(CO),3(PMes) s and
Pd;9(CO),3(PMej) 4 clusters consist of five distorted in-
terpenetrating icosahedra, whose centers form a trigonal
bipyramid.”>

The radial distribution histogram for the 34-atom metal
core in the Pd;4(CO),4(PEt;), cluster along with the
partial distributions of interatomic distances in the local
environment of four interstitial and 30 exopolyhedral Pd
atoms are shown in Fig. 12. The ideal centered icosahe-
dron assembled from rigid spheres with diameters a is
characterized by the absence of the coordination sphere
at a2 as well as by splitting of the nearest sphere into the
center—vertex (a) and vertex—vertex contacts (along the
edge of the icosahedron, 1.052a4). However, in all icosa-
hedral clusters studied by X-ray diffraction, the coordina-
tion spheres are broadened, and, hence, the components
at a and 1.052a coalesce into one closest sphere. The
weak maxima at distances of ~4 A reflect the contribution
of the pentagonal-prismatic environment. The absence of
the sphere at aV2 along with a pronounced sphere at ~a\3
in RDF can be considered as an indication of an icosa-
hedral packing. The local icosahedral packing differs from
the b.c.c. packing, which gives a similar histogram (see
Fig. 10, ¢), by the absence of a "shoulder" of the first
coordination sphere at ~1.1—1.2a.
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Fig. 12. Histograms of the Pd—Pd interatomic distances in the
Pd3,(CO),4(PEt3),, cluster:7% (a) all metal atoms, () environ-
ment of four interstitial Pd atoms, and (c) all atoms of the
Pds, shell.

An enlargement of the metal core based on interpen-
etrating icosahedra leads to an increase in strains and
smearing of maxima in the histograms (see, for example,
Refs. 36 and 37). Broad coordination spheres of the Pd,
core (see Fig. 12, a) are split into sharper maxima corre-
sponding to the partial distributions of the distances in the
environment of four interstitial Pd atoms (where the
spheres are shifted by 0.10—0.15 A to shorter distances,
see Fig. 12, b) and broadened spheres of the distorted
30-atom periphery (see Fig. 12, ¢). A comparison of the
positions of the maxima shown in Fig. 12, » and ¢ demon-
strates that the icosahedral environment, in which the
distances between the vertices of the icosahedron are
somewhat longer than the equilibrium shortest M—M
distances, leads to contraction of the interstitial metal
atoms.

Presumably, it is an increase in destabilizing strains
with increasing size of the clusters of this type that is

responsible for the lack of the 45-atom pentagon dodeca-
hedron, in which all pentagonal faces are capped and
which contains the inner centered icosahedral core with
all atoms being in the icosahedral closest environment,
among the structurally studied clusters.!4:37 Structural data
on clusters based on the 127-atom icosahedron consisting
of vertex-shared centered icosahedra are also lacking.
However, this fractal algorithm proposed in the review®2
can, presumably, take place in assembling quasicrystals.114
The Pdgo(CO)34(PEt;) 5 cluster®® in which the central
Pd,5 core is surrounded by the Pds, "shell” (Fig. 13) is the
largest structurally characterized cluster consisting of in-
terpenetrating icosahedra. Three of 15 interstitial atoms
occupy the centers of three icosahedra linked by shared
triangular faces. The remaining 12 interstitial Pd atoms
are in a distorted icosahedral environment. Therefore, the
inner 15-atom core can be described as the centered icosa-
hedron Pd,; in which two opposite faces are capped. The
radial binding Pd—Pd distances in the icosahedral envi-
ronment (2.66—2.70 A for the central atom; 2.70—2.73 A
for the caps in the Pd5 core) demonstrate a characteristic
shortening by 5% compared to the average edge lengths in
the icosahedron (2.82 and 2.86 A, respectively; the tan-
gential distances vary in the range of 2.66—3.13 A).
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Fig. 13. Structure of the metal core in the Pdg(CO);34(PEt;3) g
cluster:%¢ (a) overall view of the cluster without ligands,
(b) central 33-atom fragment (three face-shared icosahedra)
surrounded by the 36-atom cylindrical shell. The interstitial
Pd5 fragment marked off.
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The Pdgq metal core also has five loose hexagonal
layers (9:13:19:13:9) containing four additional Pd atoms,
which are located between the inner layers, and two metal
atoms serving as caps. This cluster with a diameter of
1.4 nm is, apparently, intermediate between the local
icosahedral and distorted multilayer packings of the metal
atoms. The latter becomes energetically favorable as the
size of the metal core increases.

The 145-nuclear Pd;45(CO)g(PEt;)3, cluster is the
unique example of multi-shell icosahedral clusters. This
cluster is the largest homoatomic cluster studied by single-
crystal X-ray diffraction (Fig. 14, a) so far. The metal
core of this remarkable compound®’ consists of the cen-
tral Pd atom surrounded by three nested coordination
spheres formed by 12, 45, and 60 Pd atoms. In the cited
study,?” isostructural 145-nuclear clusters with the PMes
and PPh; ligands were also mentioned.

The first sphere about the central atom in the 145-atom
metal core is an icosahedron formed by 12 Pd atoms (see
Fig. 14, b). The second icosahedral shell consisting of
42 atoms is formed by superimposing the six-atom v,-tri-
angular face onto each v;-triangular face of the inner
centered Pd; icosahedron. Therefore, the inner 55-atom
core (two-shell Mackay icosahedron) can be composed
of 20 slightly distorted v, tetrahedra with a shared vertex
at the center of the cluster.

According to Mackay, the formation of the third co-
ordination sphere requires the arrangement of v; triangles
above each v,-triangular face of the second sphere. How-
ever, the third sphere in the Pd4s metal core (see
Fig. 14, ¢) consists of 60 atoms and is an "isomer" of
fullerene Cg referred to as the rhombotruncated icosa-
dodecahedron (3,4,5,4). This Archimedean polyhedron
contains 60 equivalent vertices, 12 pentagonal faces,
20 triangular faces, and 30 square faces. In the study,®7 it
was hypothesized that the formation of such an unusual
sphere is determined by two tendencies, viz., the maximi-
zation of the coordination numbers for the atoms located
inside the cluster and the minimization of the number of
atoms on the surface of the metal core. The square faces
of the third metal shell are capped with 30 Pd atoms, each
being coordinated by one PEt; ligand and, presumably,
two p,-CO ligands.

The histograms of the interatomic Pd—Pd distances
in the two-shell icosahedral Pdss core and in the entire
Pd;45(CO)4o(PEts);, cluster are shown in Figs. 15, aand b,
respectively. In a multi-shell Mackay icosahedron, the
following types of the local environment are present si-
multaneously:3¢ (1) f.c.c. packing (cuboctahedron) for
atoms inside 20 tetrahedral "domains," which are bounded
by the center and a triangular face of the icosahedron,
(2) h.c.p. packing (twinned cuboctahedron) for atoms at
the interface of two domains, (3) bicapped pentagonal
prismatic environment of atoms located inside the icosa-
hedron on its body diagonals, and (4) icosahedral envi-

Fig. 14. Multi-shell structure of the metal core of
Pd,45(CO)¢(PEt;)50:%7 (a) overall view of the cluster without
CO ligands, the P atoms of the phosphine ligands are dashed,
(b) inner centered icosahedron Pd;;, (c) second icosahedral
42-atom shell, and (d) third 60-atom shell.

ronment of the only central atom. The histograms (see
Fig. 15) represent superpositions of coordination spheres
typical of these packings and are indicative of substantial
distortions of the outer metal shell of the cluster. Thus,
the RDF for the inner core Pdss shows that the closest
f.c.c. and h.c.p. spheres are clearly separated. However,
the first maximum at distances of 2.65—2.95 A is broad-
ened. The contribution of the distorted environment to
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Fig. 15. Histograms of the M—M interatomic distances in the
Pd,45(CO)¢(PEt;)5o cluster:*? (a) icosahedral Pdss core and
(b) total Pd;45 metal core. The idealized coordination spheres
specific for h.c.p. are shown by thin dashes at the top of the plot;
the coordination spheres common to h.c.p. and f.c.c. (normal-
ized to the average distance R = a) are indicated by bold dashes.

the outer 60-atom shell leads to coalescence of the adja-
cent coordination spheres giving rise to broad maxima.
The histogram in Fig. 15, b demonstrates that the Mackay
icosahedra, like other clusters with a mixed atomic pack-
ing, are difficult to identify based on the one-dimensional
experimental radial distribution functions without resort
to additional data (see Section 4). The average Pd—Pd
distances in the metal core increase from 2.63 A (at the
central atom) to 3.09 A (in the five-membered rings of
the third 60-atom sphere), which is indicative of a radial
contraction of the inner part of the cluster.

3.6 "Amorphous" clusters

In a number of clusters, the metal cores cannot be
described in terms of a regular crystal packing of metals,
and the local environment of the interstitial atoms does
not have the pentagonal symmetry. A range of the closest
M—M contacts in such clusters is generally broadened,
and the histograms of interatomic distances have no pro-
nounced maxima beyond the first metal—metal coordi-
nation sphere. We called this strongly distorted type of
atomic packing an "amorphous" packing.34 The distorted
b.c.c-type metal cores and distorted polyicosahedral clus-
ters are similar to "amorphous” clusters in the degree of

Fig. 16. Structures of the clusters with an "amorphous" atomic
paCking: (ﬂ) [Rh23(CO)38N4]*,54 (b) Pd38(CO)28(PEt3)12,84 and
(¢) [AusClg(PPhy) 4]?".87 The interstitial metal atoms are
marked off.

disorder of their local atomic environment. The struc-
tures of selected "amorphous"” clusters are shown in Fig. 16.

One of the simplest examples of an "amorphous” pack-
ing is the [Rh,3(CO)+3N4|~ cluster anion,3* which con-
tains two interstitial Rh atoms at a distance of 2.57 A from
each other and has four ps-coordinated interstitial N atoms
(see Fig. 16, a). The overall coordination environment of
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the two interstitial Rh atoms consists of 13 Rh atoms at
distances of 2.75—3.06 A. Four p,- and two ps-co-
ordinated Rh atoms are bound to the above-mentioned
atoms. The metal core is additionally coordinated by the
bridging and terminal CO ligands.

The metal skeletons in the [HNizg(CO)33C4]°~ and
[Ni;5(CO)39C4]¢~ cluster anions”’ consist of the three-
layer f.c.c. Ni,, core (8:4:8 atoms). Four interstitial C
atoms are bound to the square faces of the Ni,, fragment.
The remaining Ni atoms are attached to the Ni,,C, frag-
ment to form its distorted metal shell. The clusters con-
tain four interstitial Ni atoms in a distorted cuboctahedral
environment, which form the middle layer of an f.c.c.
fragment. The cluster cores are coordinated by the termi-
nal and bridging CO ligands. Therefore, these clusters are
related to the above-considered f.c.c. polyhedra. How-
ever, the packing of their exopolyhedral atoms is deformed
due to the insertion of the carbide C atoms into the octa-
hedral cavities.

The [Ni3;Sb,(CO),01% cluster’® with the idealized C,
symmetry has two interstitial Ni atoms. Each of these
atoms is surrounded by nine Ni atoms (2.47—2.90 A) and
three Sb atoms (2.50—2.68 A). However, the NigSb; poly-
hedron cannot be described as a fragment of a particular
close packing. The exopolyhedral Ni atoms are coordi-
nated by the bridging and terminal CO ligands. In this
polyhedron, distortions of the packing are particularly
pronounced in the inner core, which is similar in compo-
sition to binary metal pnictide phases.

The homoatomic metal  core of  the
Pd;5(CO),5(PEty), cluster3* has the idealized D, sym-
metry (see Fig. 16, b) and contains four interstitial Pd
atoms. The interstitial metal atoms form a distorted tetra-
hedron with two long (2.958 and 2.970 A) and four short
(2.51—2.61 A) Pd—Pd bonds. Each interstitial atom is
surrounded by 12 Pd atoms at distances of 2.51—3.31 A
to form a shell consisting of 22 Pd atoms around the
initial tetrahedron. The interstitial Pd atoms together with
20 Pd atoms of this shell form nearly planar layers (4:8:8:4
atoms), which are irregularly arranged one above another.
The cluster is capped with twelve PdPEt; groups (in two
of which the PEt; ligands are rotationally disordered) and
coordinated by the bridging carbonyl ligands. The average
shortest Pd—Pd distance in the cluster (2.78 A) is close to
that observed in the bulk metal (see Table 1).

The [HNi;g(CO)4,Cyl>~ cluster anion3® contains the
Ni;3Cq core with the D5, symmetry. Eight Ni atoms form
the inner cube with the average Ni—Ni distance of 2.40 A.
Each face of this cube is coordinated by the carbide
C atom, to which four more Ni atoms are bound thus
forming the square antiprism. Twenty four exopolyhedral
Ni atoms form a truncated octahedron around the inner
Nig cube. The Ni;,C¢ fragment resembles an "hollow”
32-atom shell, which can be described as a v3-octahedron
without vertices similar to that observed in the f.c.c.-type

[NiyyPt;4(CO)44]>~ 37 and [Ptyg(CO)44]% clusters™® (see
Section 3.1). However, the atoms of eight hexagonal faces
in the cluster under consideration are "pressed” into the
metal core. Six p3-Ni caps are additionally bound to this
metal carbide fragment (aver. Ni—Ni, 2.49 A) according
to the idealized D;; symmetry. The ligand shell of the
cluster consists of eight terminal and 34 u,-bridging CO
ligands.

Each interstitial Ni atom of the cluster is surrounded
by ten Ni atoms and three carbide C atoms. In spite of a
regular arrangement of the NijgCy cluster core, which
resembles a fragment of the crystal lattice of chromium
carbide Cry;Cq, the Ni—Ni distances in this core vary
over a wide range, and their average values increase from
2.40 A (in the central cube) to 2.63 A (between the bases of
the tetragonal antiprism formed by the carbide C atoms).
Therefore, a distorted "amorphous" packing is often ob-
served in the cluster cores containing interstitial light at-
oms (C, N). These cluster structures containing guest
atoms are, apparently, intermediate between compact
metal cores and large binary clusters, which are beyond
the scope of our review.

The metal core in the [Au;gClg(PPh3),4]*" cluster cat-
ion%7 (see Fig. 16, ¢) with the C; point symmetry consists
of four layers (6:9:9:6). The outer hexatomic layers can be
described as v, triangles; the Au—Au distances within the
layer are in the range of 2.73—2.92 A. The inner layers
consisting of nine atoms are v; triangles without the cen-
tral atom, which are rotated along the C; axis by ~30° with
respect to each other. The only interstitial Au atom is
located between these layers on the C; axis. This atom is
surrounded by two six-membered rings formed by Au
atoms of the inner layers analogously to sandwich com-
pounds; the corresponding distances are in the range of
2.98—3.11 A. The distances between the vertices of the v;
triangles, which are rotated by 30° with respect to each
other, are in the range of 3.01—3.07 A. Eight AuPPh;,
caps are additionally coordinated to the triangular faces
of the metal core. The remaining six PPh; ligands are
coordinated to the Au atoms and are located at the verti-
ces of the v; triangles. The chloride ligands coordinated
to the Au atoms are located at the vertices of the v, tri-
angles.

The Pds9(CO)3,(PMes),; cluster is the largest known
"amorphous” cluster studied by X-ray diffraction analy-
sis.” The core of this cluster with the D; symmetry has
the shape of an ellipsoid with a long axis of 1.2 nm and
contains 11 interstitial Pd atoms. The inner Pd;; core
consists of two face-shared octahedra with the two oppo-
site most remote triangular faces being capped. Two inner
Pd caps have an icosahedral environment formed by 12 Pd
atoms, whereas the middle portion of the cluster corre-
sponds to a strongly distorted "amorphous” packing. It
should be noted that fusion of the centered icosahedral
fragments with other polyhedra in this cluster is inconsis-
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tent with the mechanism of fusion of icosahedra through
shared vertices proposed in the study.%2

The histograms of the metal—metal distances for
"amorphous" clusters show strong distortions of the coor-
dination spheres. Such clusters have continuous distribu-
tions of the metal—metal distances at R > 4 A with broad
maxima about R = 2a and R = 3a (a is the average distance
to the first pronounced coordination sphere).* Distor-
tions of the packing are accompanied by a decrease in the
average coordination numbers in each sphere. This type
of distributions, which resemble RDF for liquids, 115 justi-
fies the term "amorphous" as applied to a distorted atomic
packing inside the clusters. The latter can form high-qual-
ity molecular crystals (for example, the H atoms of the
ordered PEt; ligands were revealed in the structure of
Pd;3(CO),5(PEts3),, see Ref. 84). It should be noted that
the related Pd;4(CO),4(PEts),, cluster of the icosahedral
type contains no planar atomic layers in the metal core.
An example of RDF of the "amorphous” Pd;g cluster is
considered in Section 4.

3.7. "Shell" clusters

Some large metal clusters are characterized by a loose
atomic packing, which is not typical of the majority of
compounds of this class. Small and medium-sized clus-
ters with a loose packing of metal atoms sometimes exist
as planar structures, 18:116 whereas large clusters can have
a "shell" structure with guest atoms in the cavity of the
large metal polyhedron. Most of cluster molecules and
ions consisting of light atoms have shell polyhedral struc-
tures (cubane CgHg, dodecahedrane C,,H,,, carboranes
C,BoH |y, fullerenes Cgy and C5, efc.). In endohedral
fullerene derivatives, such as Cg@Kr,!17 Cg,@Sc;N,118
etc., guest fragments (@) are inserted into the carbon
shell. The interactions of the endohedral fragments with
the carbon shell are generally weaker than the strong C—C
chemical bonds between the atoms of the shell. The large
polyoxomolybdate clusters studied by A. Miiller and co-
workers#? also belong to "shell” clusters. The cavities in
the metal oxide cores of these clusters are occupied by
water molecules.

For transition metal clusters, hollow shell struc-
tures are not typical, although there are numerous
examples of octahedral and larger metal cores con-
taining covalently bound nonmetal atoms in the
inner cavity.!'® The bimetallic 14-nuclear cluster
{AggNig[SCMe,CH(NH,)COO],,@CI}>~ provides an ex-
ample of medium-sized shell-type clusters. In this clus-
ter, the chloride anion is located inside the cube formed
by Ag atoms with the edge of 3.48 A (aver.). The cube is
capped with six Ni atoms (see Fig. 3, ¢) and coordinated
by twelve bridging d-penicillaminate ligands.!1? Based on
* Unlike Pd;,(CO),4(PEts3);, (see Fig. 12, b), no far spheres are

revealed in the "partial” environment of four interstitial palla-
dium atoms in the 38-nuclear core.

the formal charge count in this cluster, the latter can be
considered as composed of the Ag! and Nill cations.

The Agys(PPh);g(PhPSiMe;),Cl;(PPr";);, and
Agso(PPh),,Cl;P(PPr";),5 clusters?> serve as examples
of large "shell" clusters. Using notations accepted for
endohedral derivatives, their formulas should be writ-
ten as Agy(PPh),g(PhPSiMe;),Cls(PP1";),@AgCl, and
Ag43(PPh), Cls(PPr;);@Ag,PCl,, respectively. Based
on the standard electron count in the cluster core, the
guest fragments can be considered as the anions ([AgCl,]~
and [CIAgPAgCIl]3, respectively), and all silver atoms in
the core are in the oxidation state +1. Therefore, these
structures are similar to the binary metal pnictide clusters
related to chalcogenide derivatives of silver3® mentioned
in Section 2.

The metal core in
Agy4(PPh) 5s(PPhSiMe;),Cls(PPr";),,@AgCl, can be de-
scribed as a 44-atom distorted elongated ellipsoid consist-
ing of three-, four-, five-, and six-membered metallocycles
(Fig. 17, a). The Ag—Ag shortest distances are in the
range of 2.76—3.30 A (average distance is 2.97 A; ¢f. 2.89 A
in bulk Ag metal). The metal core is coordinated by twelve
PPr"; ligands, two bridging u,-P(SiMe;)Ph ligands, and
four p,-Cl-ligands. The four-, five-, and six-membered
rings consisting of the Ag atoms of the metal core are
coordinated by six p4- and 12 ps-PPh ligands. An unusual

N
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Fig. 17. Structure (a) and the histogram of the
Ag—Ag distances (b) of  the shell cluster

Ag44(PPh),¢(PhPSiMe;),Cls(PPr;),,@AgCl,.%5 The disordered
positions of the Cl atoms inside the polyhedron are represented
by empty circles.
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flattened hexagonal closest environment formed by four
Ag atoms and two P atoms is observed for a number of
exopolyhedral Ag atoms coordinated by two - or ps-PPh
ligands. The cavity of the metal core is occupied by the
only [AgCl,]~ anionic fragment (Ag—CI, 2.294 and
2.335 A) disordered over two orientations with one-half
occupancies. The inner Ag atom forms contacts with five
Ag atoms of the shell at distances of 3.02—3.30 A. The
histograms of the Ag—Ag interatomic distances (see
Fig. 17, b) do not reveal even broad maxima at dis-
tances >3 A in the Agy, shell, which is indicative of the
absence of the local order in the packing of metal atoms.

The metal core of the Agyg(PPh),yCls(PPr";) ;@
Ag,PCl, cluster has an analogous structure. Its outer shell
is formed by 48 Ag atoms coordinated by the terminal
Pr";P and bridging u,-Cl ligands as well as by the n - and
us-PPh ligands. The Cl—Ag—P—Ag—Cl anionic frag-
ment is located inside the cluster. One of the interstitial
Ag atoms is surrounded by six Ag atoms of the shell at
distances of 2.88—3.25 A, whereas the second interstitial
Ag atom is surrounded by five Ag atoms of the shell at
distances of 3.00—3.43 A. The above-considered com-
pounds, which do not possess a close atomic packing, are
at the boundary of a class of large metal clusters.

4. Atomic radial distribution function in structural studies
of nonstoichiometric nanoparticles

As was demonstrated above, the radial distribution
histograms, which are calculated for large stoichiometric
clusters based on their crystal structures, provide addi-
tional possibilities for analyzing the atomic packings in
metal polyhedra. For compounds, which do not form
crystals, the experimental radial distribution functions
(RDF) can be determined by EXAFS spectroscopy!2? and
diffraction methods.121 The lack of single-crystal X-ray
diffraction data for nonstoichiometric clusters and nano-
particles increases the role of the above methods in struc-
tural studies. A comparison of the calculated radial distri-
bution histograms for large clusters with the experimental
distributions for related nanoparticles allows one to esti-
mate the reliability of their geometric models proposed
based on the results of indirect structural methods.

Small nanoparticles with diameters of 2—5 nm (giant
clusters)127 and related colloidal metal particles of sizes of
5—10 nm occupy a special place among metal nano-
clusters. Compounds of this class already exhibit certain
physicochemical properties characteristic of bulk metals.
However, they are substantially modified by quantum size
effects and the influence of the ligand environment.%b
Since the fraction of metal atoms inside the cluster in-
creases with increasing particle size, up to 40—50% of all
atoms are located on the surface of giant clusters, whereas
the percentage of such atoms in large nanoparticles with a
diameter of ~100 nm is smaller than 1%. Hence, the coor-
dination of surface atoms of a small nanoparticle by ligands

can lead to substantial changes in the properties of the
substance. The physical properties of materials consisting
of large nanoparticles are modified primarily not by ligands
but by the discontinuity of the metal phase and size
effects. 6,122,123

Usual procedures for the preparation of giant clusters
and colloids afford mixtures containing particles with dif-
ferent diameters and stoichiometric compositions, which
hinders the complete determination of the structures of
nanoclusters from diffraction data.123:128 Slight variations
in the size and composition of nanoparticles are not ac-
companied by substantial changes in the physicochemical
properties of the cluster phase. Hence, in order to grow
single crystals, mixtures of particles of similar sizes must
be first separated. In the last decade, the chemistry of
stoichiometric clusters approaches to small nanoparticles,
because several large clusters with a diameter from 1.5 to
6 nm (see Refs. 95—97) were synthesized and studied by
X-ray diffraction analysis. These advances give promise
that the structure determination of giant clusters at atomic
resolution (which is achieved, for example, in X-ray dif-
fraction studies of even larger protein molecules!?4) will
be routine. However, X-ray diffraction studies of large
clusters are as yet scarce.

Along with the experimental methods of determination
of RDF, high-resolution electron microscopy (HREM),
scanning tunneling microscopy (STM), small-angle X-ray
and neutron scattering (SAXS and SANS, respectively),
and spectroscopic methods are also used for studying the
structures of nanoclusters. Coherent scattering of X-ray
photons on ordered groups of metal atoms in nanoparticles
of sizes larger than 1.5—2 nm gives rise to broad reflec-
tions in X-ray diffraction patterns, which provide infor-
mation on the type of atomic packing and interatomic
distances (positions of reflections) as well as on the clus-
ter sizes (half-widths of reflections). Hence, the atomic
structures of nanoparticles are studied also by powder
X-ray diffraction methods and analogous methods based
on neutron and electron diffraction.

In this section, we consider selected characteristic ex-
amples of structural studies of nanoparticles based on
analysis of the experimental radial distribution functions.
An analog of RDF (viz., the Fourier transform (FT) mag-
nitude characterized by a shift of the observed coordina-
tion spheres to smaller distances R) as well as the actual
distances to such spheres and their coordination numbers
are most often determined by extended X-ray absorption
fine structure (EXAFS) spectroscopy.12-0:125

It is of interest to compare the coordination spheres,
which are revealed for clusters with known structures us-
ing EXAFS spectroscopy based on the FT(R) dependence,
with their radial distribution histograms. The EXAFS stud-
ies of the large stoichiometric clusters Pd,3(CO),,(PEt3) g
and Pd;g(CO),4(PEt3),,, whose molecular structures are
considered in Section 3, did not reveal smeared far Pd—Pd
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Fig. 18. Metal—metal coordination spheres in the "amorphous"”
Pd;¢(CO),g(PEt;),, clusterd* (a) based on the EXAFS Fourier
transform (Pd K-edge) and () according to the histogram of the
Pd—Pd interatomic distances determined by X-ray diffraction
analysis.126

coordination spheres, which are observed in the histo-
grams!25:126 (Fig. 18). In EXAFS studies, broad coordi-
nation spheres are hidden by their statistical disorder,
which impairs photoelectron diffraction and reduces the
X-ray absorption fine structure. For this reason, the sizes
of metal cores directly found by the EXAFS method from
the distances to the last far peak observed in FT are sub-
stantially underestimated. Much better estimates of the
average sizes of the coherence region, i.e., ordered struc-
tural fragments in nanoparticles, can be obtained from
the widths of X-ray reflections. The radial atomic distri-
bution functions can be reliably evaluated based on the
angular dependence of the X-ray scattering background.121

In 1985, the giant palladium cluster with a diameter of
~2.5 nm stabilized by organic ligands was first reliably
characterized by physical methods,!?? and its ideal-
ized composition, viz., Pdsgphengy(OAc) g, (phen is
1,10-phenanthroline), was determined. This cluster, which
was synthesized by reduction of Pd!! salts with hydrogen
in an AcOH medium in the presence of the corresponding
ligand, is readily soluble in polar organic media (for ex-
ample, in acetonitrile), but it does not crystallize from
these media. The Pd—Pd distances to the nearest coordi-
nation spheres of the Pd atoms in this cluster (2.6, 3.1,

Table 5. Experimental (EXAFS) Pd—Pd distances (A) in
Pdsq phengg(OAc) gy and the model Pd—Pd distances for vari-
ous packing types (see Ref. 127)

EXAFS f.c.c. h.c.p. Icosahedral
shells

2.60(4) 2.60 2.60 2.60

3.10(10) — — 3.10

3.66(10) 3.67 3.67 3.67

4.08(10) — 4.24 4.10

— 4.50 4.50 —

3.66, and 4.08 A) were determined by EXAFS spectros-
copy (Table 5). Based on the EXAFS data, the authors of
the cited study!?’ proposed the geometry of the five-shell
Mackay icosahedron composed of 309 interstitial metal
atoms and 252 atoms in the outer vs-icosahedral shell for
this cluster. More recently, giant palladium and platinum
clusters, which are characterized by a flexible packing of
metal atoms and are readily rearranged under the influ-
ence of the ligand environment, were studied.128

Reduction of Pt!! acetate under analogous conditions
afforded colloidal nanoparticles with a different composi-
tion, viz., [Pty(phen)(OAc);0],, and with a much less
ordered local structure.!?® Although according to the
SAXS data, the sizes of the metal cores of such particles
are ~3.0 nm, only two closest Pt coordination spheres,
viz., Pt—O (1.98(1) A) and Pt—Pt (2.68(3) A), were re-
vealed in FT EXAFS. Partial oxidation of the resulting Pt
colloids is consistent with the X-ray absorption near-edge
structure (XANES), which has a pronounced "white" line
of the photoelectron transition to the unoccupied 5d-AO.
Disorder of the local atomic structure also hides far coor-
dination spheres in the products of thermal aggregation of
the resulting colloids, which (according to the data
from XANES) are more similar to bulk platinum metal
(Fig. 19).125 Therefore, the EXAFS method imposes ad-
ditional limitations on the structural data on nanoparticles
available in experimental radial distribution functions
(Fourier transforms).

The study!?” was followed by the syntheses!30:131 of
the related giant Pd and Pt clusters with phenanthro-
line derivatives as ligands. Based on the electron micro-
scopy data, these compounds were described as imper-
fect fragments of the f.c.c. packing. According to the
HREM data, the Ptypgphen*;c05041¢ cluster (phen* is the
disulfonated phenanthroline ligand with composition
(p-C¢H4SO;Na),C,HgN,) can be described as a four-shell
cuboctahedron.13? The idealized metal core of this cluster
with a diameter of 1.8 nm is characterized by the f.c.c.
packing of Pt atoms and has 147 interstitial metal atoms.

The five-shell Pdsg phenssOy00+19 cluster with the as-
sumed f.c.c. packing of the metal atoms and phen-
anthroline ligands was synthesized by G. Schmid and co-
workers in a yield of lower than 10%. Analysis of the
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ux other reaction products revealed the Pd 4 sphenggO_; 90
4t (30% yield) and Pd,s;phengsO_;600 (62% yield) clusters.
The compositions and structures of the clusters were de-
termined by electron microprobe analysis, HREM, and
powder X-ray diffraction.!3! The Pd,4;sphengyO_; oo clus-
ter with a diameter of 3.2 nm and the Pd,s5;pheng,O_ 400
cluster with a diameter of 3.6 nm consist, correspond-
ingly, of seven and eight layers of the cubic closest pack-
ing with structural defects.

Oxidative aggregation of medium-sized and large Pd
— Pt;, D~3nm carbonyl phosphine clusters in solution, which proceeds
~—— aggregates through elimination of the PR; ligands, affords precipi-
""""""" f.e.c. tates of palladium blacks. The latter were also studied by

powder X-ray diffraction and EXAFS.132 Modeling of
L L L X-ray diffraction patterns showed that these palladium
11540 11560 11580 E/eV blacks contain six-shell f.c.c.-type palladium nanoparticles
FT of the idealized formula Pdg,3(C0),0,. According to the
results of chemical analysis, these particles retain up to
50% of the carbonyl ligands present in the starting sto-
b ichiometric compounds (Fig. 20). The outer Pd—Pd co-
ordination spheres in these nanoparticles revealed by
EXAFS are less pronounced than those in the bulk metal
due to distortion of the packing under the influence of the

ligands (edge effects).
The reliability of structural data can be improved
by measuring EXAFS on several elements involved in
nanoparticles. For example, chemosorption of Se as a
probe on the surface of large f.c.c.-type Ni nanoclusters
with a diameter of ~50 nm revealed that these particles
: . have the exposed crystallographic faces (111), whose
0 2 4 6 r/A atomic structure is consistent with the observed Se—Ni
Fig. 19. Profile of the Pt L;;-absorption edge for platinum distances (2.36 and 3.92 A).133 Monitoring of oxidation
nanoclusters (¢) and the EXAFS Fourier transforms (b; the of the bimetallic cluster anion [Ni32AU6(CO)44]67 (see

results of modeling are shown by a dashed line).12? Table 3)35 in an acetonitrile solution by Ni K-edge and
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Fig. 20. (a) Coordination spheres in the Fourier transforms of Pd K-edge EXAFS for palladium black (/) and Pd foil (2); (b) X-ray
diffraction pattern of Pd black (Photon Factory, BL-1B, A = 0.6888 A):132 ], the experimental pattern; 2, the pattern calculated for
the six-shell f.c.c. Pdg,; cluster.
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Fig. 21. Coordination spheres in the Fourier transforms of Au
Ly -edge EXAFS of the [AugNis,(C0) 4410 cluster (a)85 and the
product of its oxidation in an acetonitrile solution (b). The
experimental data and the results of modeling are indicated by
solid and dotted curves, respectively. The distances to the
metal—metal coordination spheres in the initial cluster/A ac-
cording to the EXAFS data (X-ray diffraction data35 are given in
brackets): Ni—Ni, 2.45 [2.48]; Ni—Au, 2.74 [2.68]; Au—Ni,
2.64[2.68] and 3.76 [3.79]; Au—Au, 2.92 [2.89] and 4.05 [4.07];
in the oxidation product (coordination numbers are given in
parentheses): Au—Au, 2.70 A (4.0), 3.59 A (10), and 4.58 A (16);
Au—Ni, 2.75 A (1.5), 3.67 A (2.0), and 4.67 A (3.8).

Au Lyj;-edge EXAFS spectroscopy demonstrated the for-
mation of NiO and bimetallic Au/Ni nanoparticles con-
taining the inner core consisting of gold atoms with a
packing other than f.c.c. (Fig. 21).134

The reconstruction of partial radial distribution func-
tions for atoms of a particular element based on the
anomalous X-ray scattering data (see Ref. 121), although
being less frequently used, holds considerable promise as
an alternative to EXAFS spectroscopy. Studies using this
method, which is less sensitive to disorder, revealed, for
example, the outer Pt—Pt coordination spheres (6—7 A)
in the partially oxidized supported Pt catalyst (Fig. 22).135
A comparison of the experimental powder X-ray diffrac-
tion patterns with the calculated patterns of model atomic
aggregations also holds considerable promise (see, for ex-
ample, Ref. 132), because one-dimensional diffraction
patterns are much more sensitive to atomic packings than
RDF. Recent studies!3¢ of gold nanoparticles with a di-
ameter of ~1.7 nm stabilized by the RS thiolate ligands
demonstrated that the experimental X-ray diffraction pat-
tern is in good agreement with the model Au,,5 cluster
isostructural to the stoichiometric 145-nuclear palladium
cluster prepared by Dahl and co-workers?? (see above).
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Fig. 22. Coordination spheres of PtO (vertical bars) and Pt
(double vertical bars) in the RDF of nanoparticles of the sup-
ported EuroPt-1 catalyst (D = 2—3 nm, HREM) based on the
data from anomalous scattering on platinum. The experimental
data are indicated by a dashed line; the fitting data are shown by
a solid line; the coordination spheres are indicated by dots. The
Pt—Pt distances coincide with the f.c.c. metal spheres to within
0.01—0.04 A.135

In the present review, we surveyed only selected stud-
ies of the structures of small metal nanoparticles, which
attract great interest throughout the world due to their
unusual physical characteristics and application in cataly-
sis. Of the voluminous literature devoted to this line of
investigation, mention may be made of the studies of the
colloidal particles of noble metals,137—139 highly reactive
Ti 140 and Mn nanoclusters!4! of the general formula
[M(THF),], (x <0.5), which were prepared by reduction
of organometallic compounds, and bimetallic colloidal
Pt/Ru particles.142 In all the cited studies, analysis of
RDF (FT) obtained by EXAFS spectroscopy made it pos-
sible to determine the distances from the metal atoms to
the closest coordination spheres and, in some cases, to
reveal the packing mode using other physical methods (see
also the reviews137:138,143 and references cited therein).

5. Conclusion

The development of synthetic methods of cluster
chemistry and improvement of X-ray diffraction methods
in the last decades made it possible to prepare single crys-
tals of large stoichiometric metal clusters directly related
to nanoparticles and to study their crystal structures at
atomic resolution. In these large clusters, only several
metal atoms are generally located inside the polyhedron,
whereas all other atoms are located on the surface of the
metal core and are coordinated by ligands. The balance
between the energy of interatomic interactions in clusters
and the energy of binding of the ligand environment to
the cluster core gives rise to various close atomic packings
in compounds of this type.

The overview of the X-ray diffraction data for large
stoichiometric clusters shows that the latter have frag-
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ments of close packings of metal atoms, anong which are
both crystallographic (f.c.c., h.c.p., b.c.c.) and local
packings with the pentagonal symmetry. Analysis of these
packings using radial distribution histograms calculated
from crystal structures allows one to reveal distortions of
ideal packings and the occurrence of mixed (f.c.c./h.c.p.,
icosahedron—pentagonal prisms) and strongly distorted
"amorphous" structures. Homoatomic metal cores of the
f.c.c. and h.c.p. types are characterized by either reten-
tion or a slight increase in the metallic radii, whereas the
shortest interatomic distances in clusters with the icosa-
hedral, "amorphous," or b.c.c. packings vary over a wide
range. In some clusters with the pentagonal local symme-
try, interstitial atoms are "contracted" and the correspond-
ing metal—metal distances are shortened by 0.1—0.2 A.
In bimetallic clusters formed by metals with different
atomic radii, larger metal atoms are generally "contracted”
and smaller metal atoms are "expanded.” The insertion of
nonmetal atoms into large clusters increases distortions of
the packing.

For small nonstoichiometric nanoparticles with a di-
ameter of 2—5 nm (giant clusters), which do not form
single crystals, the radial distribution functions are deter-
mined experimentally by X-ray diffraction and EXAFS
spectroscopy. In this case, single-crystal X-ray diffraction
data for stoichiometric large clusters enable one to choose
the atomic model for nanoparticles and estimate the reli-
ability of conclusions about the atomic structures of clus-
ters based on the results of the above-mentioned meth-
ods. In the nearest decade, studies should be, apparently,
aimed at synthesizing stoichiometric giant clusters con-
taining comparable fractions of interstitial and exopoly-
hedral metal atoms in cluster polyhedra and studying these
clusters by single-crystal X-ray diffraction in combination
with indirect structural methods.

We acknowledge E. G. Mednikov, I. I. Moiseev, L. F.
Dahl, and G. Schmid for providing data on their clusters.
We also thank I. S. Neretin for supplying the program for
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