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Modular design of icosahedral metal clusters
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The concept of crystalline "module," that is, an unambiguously isolated, repeated quasi-
molecular element, is introduced. This concept is more general than the concept of crystal
lattice. The generalized modular approach allows extension of the methods and principles of
crystallography to quasi-crystals, clusters, amorphous solids, and periodic biological structures.
Principles of construction of aperiodic, nonequilibrium regular modular structures are formu-
lated. Limitations on the size of icosahedral clusters are due to the presence of spherical shells
with non-Euclidean tetrahedral tiling in their structure. A parametric relationship between the
structures of icosahedral fullerenes and metal clusters of the Chini series was found.
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Introduction

Ideas of interdisciplinary investigation of the pro-
cesses of self-organization of matter on the atom-mo-
lecular level penetrate more and more deeply into new
technologies of creating materials with stable structure
under nonequilibrium conditions.

Until recently, crystalline substances and natural ma-
terials, as well as man-made materials obtained under
nearly equilibrium conditions, have mostly been studied.
Diffraction methods were developed on the basis of the
concept "lattice"; they were efficient in studying crystal
structures including biocrystals and made it possible to
obtain reliable stereochemical and crystal chemistry data.
However, advances in the use of diffraction methods for
studying the crystal structure were to a certain extent a
cause of erosion of interest in studies of self-organiza-
tion processes, which seemed to be self-evident for
crystalline solids.

Advances of diffraction methods in studying aperiodic
and amorphous structures appeared to be much more
conservative, since there were no concepts for adequate
description of the structure of these substances. Creation
of new methods for investigation of aperiodic and amor-
phous structures requires new ideas, which could play the
role of the concept "crystal lattice,” which is the basic
concept of classical crystallography. A necessary step in
this direction is such a generalization of crystallography
that could cover all known non-crystalline forms of
solids. Frequent use of such concepts as "design," "engi-
neering," "constructing," "architecture,”" and "ensemble"
reflects the essential role of geometry for stereochemistry
and crystal chemistry in constructing model structures.
The priority of the theoretical approach fully corresponds
to the evident trend to use the potentialities of structural
self-organization of substances on the molecular level for
targeted control in creating those materials which cannot
be obtained by natural means or are unknown as yet.
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Among aperiodic quasi-molecular structures, a spe-
cial place is occupied by metal clusters, which are
promising objects of investigation, since they have a
simple composition and possess well-studied properties.
They can be used as monodisperse particles in nanotech-
nologies of highly organized materials with hierarchic
structure.

One of the most important tasks in creating advanced
materials with unique quantum-size properties is to syn-
thesize monodisperse ligand-free ("naked") metal clus-
ters considered as basic "building blocks" and to establish
their structure. Knowledge of nonequilibrium structures
of the clusters will allow deliberate selection of stabiliz-
ing ligands and formation of precursor materials that can
be organized to form regular structures under the action
of molecular forces. As a result, this will make it possible
to produce such alloys that cannot be obtained by
conventional high-temperature "metallurgical” methods.

Apart from their mesomorphous structure, which is
intermediate between the molecular and crystal struc-
ture, the ligand-free metal clusters are essentially
nonequilibrium structures characterized by high density
of states of the "energy landscape”.! For metastable
structures, the most important is to attain a maximum
stability due to the formation of numerous nearly
undistorted bonds rather than the position of the poten-
tial energy minimum. Because of the absence of transla-
tional symmetry in clusters and their small size (at most
1 um) no effective diffraction methods for studying the
cluster structure are available.2—4 The same problems
are also characteristic of the material science of
nanocomposites and quasi-crystals (nanocomposites self-
organized from clusters).5 In this connection, the main
method of investigation of the cluster structure is model-
ing based on indirect experimental data obtained by
different methods, taking into account the peculiarities
of the AO structure and the results of semiempirical
quantum-mechanical calculations.®

Despite their aperiodic structure, the ligand-free clus-
ters retain some features of the crystal structure inherent
in the cluster matter in the equilibrium state. These
features are associated with local order and simplicial-
modular tilings* entirely along chemical bonds, which
characterize geometric parameters of their total jointing
and, hence, the structure stability. Simplicial’ and modu-
lar8 tilings of crystal structures are unambiguous; how-
ever, the rules of jointing of the modules in the non-
crystalline structures can be different and can disturb
periodicity, though retaining local similarity to the crys-
tal structure. The parameters of simplicial-modular tilings
in any structure are "internal" coordinates of chemical

* A simplex is a polyhedron formed by the atoms of the
structure, which lie on the surface of an empty sphere; the edges
of this polyhedron are the shortest interatomic distances (chemi-
cal bonds). A module is a void in the crystal structure, which is
unambiguously isolated only by chemical bonds. The modules
are parallelohedra formed by several simplices and continuously
fill the whole space by translations.

bonds (the bond length, d; the bond angle, ¥; and the
torsion angle of bond twist, 8),% which reflect the bond
stereochemistry. Therefore, by retaining the total joint-
ing of bonds in modular models of the structure and by
estimating the changes in the internal parameters of the
bonds in aperiodic structures it is possible to choose the
most appropriate (from symmetry considerations) vari-
ant from several feasible variants. Among important
criteria for such a choice are the results of mass spectro-
metric studies, as well as data on the ionization poten-
tials and melting temperatures,!9—12 which allow deter-
mination of the number of atoms in stable clusters. In
contrast to conventional methods of structure modeling,
modular design based on a system of concepts, prin-
ciples, and algorithms uses no quantum-mechanical or
approximate band energy calculations.

The aim of this review is to study the potentialities of
modular design in creating cluster structures. We have to
begin with the design of a particular kind of metal
clusters with known structural models that are in agree-
ment with experimental data. Icosahedral metal clusters
are best suited to this purpose.!3 Correspondence be-
tween the known structures of these clusters and the
models obtained by the method of modular design will
allow one to elucidate the potentialities of this method.
Only upon completing this work can modular design be
applied to other types of metal clusters with unknown
structural models.

Simplicial-modular tiling
of the crystal close packings and their local order

An invariant of the structure of a metal cluster,
which is also the same for the equilibrium crystal struc-
ture of the metal, is characterized by a fragment of the
crystal structure inscribed in a sphere of radius no
greater than two shortest interatomic distances. The
long-range order, which is due to periodicity, is only
formally described by the crystal lattice, since physico-
chemical and geometric conditions for the lattice forma-
tion are not evident. In a crystal structure, the structural
fragment completely determining the long-range order is
inscribed in a sphere of radius from two to four inter-
atomic distances, depending on the structure complex-
ity.14 Therefore, the design of aperiodic cluster struc-
tures requires the use of (i) the polyhedra of simplicial-
modular tilings of relevant crystal structures and (ii)
such binary symmetry operations for jointing the poly-
hedra (e.g., twinning) that are absent in the space group
of the crystal and, hence, disturb periodicity.

Simplicial tiling and local order in the crystal packings
of equal spheres. There are two types of the crystal close
packings in metal structures, namely, the face-centered
cubic (fcc) packing and the hexagonal close packing
(hcp). Total jointing of bonds and maximum density are
conditions for the structure stability of any solid. In any
structure, it is possible to isolate polyhedral simplices in
such a way that their vertices are occupied by atoms and
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Fig. 1. Simplicial-modular tiling of two layers of the fcc and hexagonal close packings of spheres: tetrahedral and octahedral simplices
and the R-module consisting of two tetrahedra and one octahedron (the Cj axis is shown by arrows) (a); the first coordination sphere
of the fcc (b) and hexagonal close (c¢) packings responsible for the local order; "internal” parameters of the bonds in crystalline
modules of the fcc structure (m, 8 = 0°) (d), diamond (1, 8 = 60°) (e), and in the Ds;,-module of the {3,3,5} polytope (m, 6 = 0°) (f).

their edges are chemical bonds (the shortest interatomic
distances). In the close crystal packings of spheres, these
simplices are represented by two types of hollows, viz.,
regular tetrahedra (tetrahedral sites) and regular octahe-
dra (octahedral sites) with the edge lengths equal to the
length of the chemical bond and with triangular faces.15
Three such simplices (two tetrahedra and one octahe-
dron) can be united to form a parallelohedron, or a
module (here, a regular rhombohedron) with no atoms
inside and chemical bonds as edges (Fig. 1, @). In the fcc
packing, the rhombohedral R-module* is simultaneously
the rhombohedral unit cell built on the shortest 1/2
(110) translations. The whole crystalline space of the fcc
and hexagonal close packings can be continuously filled
with such modules.

To determine the local order in simple (fcc and hcp)
crystal structures, it is sufficient to use a part of the first

* Hereafter, the notations of the modules and simplices are
given using either their point symmetry groups or morphology.

coordination sphere, namely, a Delone star comprised
of eight tetrahedra and six semioctahedra (stereohedra of
octahedral simplex) (see Fig. 1, b, ¢). In the fcc struc-
ture, simplices of the same type are united only by
sharing vertices and edges, whereas in the hcp structure
they can also share one of the faces, thus forming
continuous columns of octahedra and tetrahedra along a
C; axis.15

As was mentioned above, description of simplicial-
modular polyhedra requires the use of "internal" coordi-
nates, which have both geometric and energy meaning.’
This makes it possible to reveal binary symmetry opera-
tions (1, m, 2) responsible for total jointing of all bonds
between the atoms in simplices and modules and, hence,
in relevant structures, thus ensuring their stability. In the
fce structure with cuboctahedral coordination, all bonds
are oriented along the (110) direction and therefore all
atoms can be replaced by a bundle of twelve (110)
directions issuing out of all the cuboctahedron vertices.
Analogously, in the diamond structure, all rays in the
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bundle issue out of all the tetrahedron vertices, while in
the icosahedral structure of the {3,3,5} polytope they
issue out of all the pentagondodecahedron vertices of a
four-dimensional icosahedron comprised of interpen-
etrating icosahedra.16 Such "polyhedral” atoms in the
modules of these structures are jointed by the bonds
issuing out of vertices or by the normals to their faces
using binary symmetry operations m (symmetry plane)
and parameter 6 = 0° in the fcc structure, 1 (center of
symmetry) and parameter 8 = 60° in the diamond
structure, and m and parameter 6 = 0° in the Dsj,-module
of the {3,3,5} polytope (see Fig. 1, d—f, respectively).
In icosahedral and tetrahedral structures and two-
dimensional pentagonal mosaics, the binary symmetry
operations used for joining of (i) the atoms in simplices
and (ii) the simplices in modules are self-similar. As can
be seen in Fig. 1, f, five tetrahedral simplices in the
Ds,-module of the {3,3,5} polytope are also joined by
sharing faces using the binary symmetry operation m.16
Crystalline parallelohedral modules and their proper-
ties. A crystalline module considered as a quasi-mol-
ecule corresponds to Fedorov’s "crystalline molecule,"1?
which differs from conventional chemical molecules. In
contrast to the crystal lattice, a crystalline module is
unambiguously isolated in the structure® by using the
Belov structural motif in the polyhedral representation,
which is the basis of the crystal-chemical classifica-
tion.15 Atoms in the module can be located not only at
vertices, but also on the edges and faces, so that they are
bound with one another by real chemical bonds to form
a rigid framework. The parallelohedral shape of modules
predetermines continuous filling of the crystalline space
despite the fact that modules are most often not the unit
cells of the crystal lattice. The module contains informa-
tion on the long-range order up to the macrocrystal
morphology determined by the most important faces.
Consider the diamond module (see Fig. 1, e) corre-
sponding to the carbon cage of the diadamantane mol-
ecule, C;4H,,. Here, the two-dimensional modular
loops, namely, hexacycles with a "chair" conformation
(T, 8 = 60°), determine the structure of octahedral faces,
which are the most important faces in the morphology of
diamond. The normals to three "outer" pairs of parallel
hexacycles and to the fourth ("equatorial”) hexacycle of
the diamond module coincide with the normals to the

octahedral faces. The point group of the diamond mod-
ule (G3\y—3m) is the subgroup of the point group of
diamond crystal (Gy>—m3m). Taking into account the
jointing of the vertices, edges, and faces of modules in
the crystal structure, the compositions of the modules
correspond to stoichiometry. Therefore, the local and
global compositions correspond to stoichiometry only in
crystals built up from modules of the same type.8:16 Self-
organization of the crystal structure of diamond is com-
pletely determined by the only parameter (6 = 60°)
prescribed for each bond.

The elementary act of crystal growth involves the
closure of two-dimensional modular loops in atomic
nets of the faces with maximum reticular density and
completion of three-dimensional modules in the tangen-
tial growth layer of thickness one module. Modular
design is used in the case of chemical compounds
containing several kinds of atoms. Metal clusters with
the fcc and hep structures can be designed using both
modules and simplices.

The module of the NaCl structure (Fig. 2, a)8 is a
cube with the edge equal to half the lattice constant. The
cube vertices are occupied by Na and Cl atoms located
at tetrahedral positions. Formally, this cube can be
divided into five tetrahedral simplices (one regular sim-
plex at the cube center and four irregular simplices such
that each of them shares one vertex with the vertices of
the cube module). However, the (Na—Na) edges, which
are not chemical bonds, appear in such simplices, which
contradicts the accepted conditions necessary for maxi-
mum stability. In fact, two- and three-dimensional
modular loops (see Fig. 2, b, ¢) were used in the models
of the [(NaCl),,(Na),|2* (m = 11 and 12) clusters. The
notations of these clusters (5:3+1 + 3-3-1) give the
number of atoms in the orthogonal arrays of two two-
dimensional atomic nets!8 and can be replaced by the
number of edges of modular loops in these nets
4-2+2-2).

Transformation of crystalline modules into non-Eu-
clidean modules of regular structures of curved spaces of
constant curvature. Crystalline modules can be coopera-
tively transformed without appreciable changes in the
bond lengths and bond angles into non-Euclidean mod-
ules of regular structures of curved spaces with opposite
signs of curvature. However, continuous filling of the

Fig. 2. Module of NaCl structure (a); two- and three-dimensional modules of NaCl structure in the model of charged cluster
[(NaCl),,Na,]2™: m = 11 (5%3x1 + 3x3x1) or (4x2 + 2x2) (b) and m = 12 (3x3x3 — 1) or (2x2x2) with point defect V"¢ (c).18
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three-dimensional Euclidean space (so natural for any
atomic structure with real chemical bonds whose lengths
can vary only within particular limits!) by the trans-
formed modules is ruled out because of the disclination*
components of these transformations.16,19

Crystalline modules continuously fill the Euclidean
space by translations. Owing to their Euclidean nature,
no strain occurs in the structure in the case of ideal
crystal growth; therefore, the crystalline modules corre-
spond to equilibrium states, and an energy equal to the
heat of melting is released upon the formation of crys-
tals. The transformed non-Euclidean modules can be
only locally embedded in the Euclidean space (within a
sphere of radius no greater than two to three interatomic
distances, depending on the structure type). This restric-
tion is due to the fact that the sum of the angles of a
triangle in the spherical and hyperbolic spaces of con-
stant curvature differs from 180° and, what is the
most important, by the fact that the difference
8 =|a + B + v — 180° changes with distance from the

* A disclination is a structural defect, which causes curvature of
the planar layer due to the introduction or removal of the layer
segment with angle equal to the elementary angle of the sym-
metry axis.

k

initial point of growth. Therefore, a growth of the struc-
tures formed by non-Euclidean modules inevitably re-
sults in an increase in strain, which restricts their size.
Unlike crystals, such structures take up energy from the
outside upon their formation.

Consider the disclination transformation of the
R-module, which is equivalent to the R-lattice (Fig. 3, a)
of the fcc structure. Let us divide all six faces of this
module by short diagonals into equilateral triangles. By
removing and inserting the same triangles using the
"cut—paste" topological operation, these modules can be
cooperatively transformed into non-Euclidean modules
of regular structures with a constant curvature: the {3,3,5}
polytope in the three-dimensional spherical space S3
(Ds;-module in Fig. 3, b, e) and a crystalloid in the
three-dimensional hyperbolic space H3 (C,,-module in
Fig. 3, €).16 As can be seen in Fig. 3, ¢ and e, these
modules are non-Euclidean, since they are formed using
only regular tetrahedral simplices joined by faces. Using
similar disclination transformations of the initial Euclid-
ean R-module, it is possible to obtain Bernal’s polyhe-
dra or the so-called "canonical holes" (see Fig. 3, f—h),16
which form a random close packing of equal spheres
with a constant density at particular ratios.2® The fcc
modules (derivatives of the R-module) of two diamond-

/
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Fig. 3. Channellized system of Euclidean crystalline modules (a, i, j) and transformed non-Euclidean modules!®: R-module of the fcc
lattice (a); Ds,-module of the {3,3,5} polytope (b), and its tiling only into tetrahedral simplices (c); C,,-module of crystalloid in the
H3:P222 space (d) and its tiling into tetrahedral simplices (e); Bernal’s "canonical holes," i.e., modules of the random close packing
of equal spheres of constant density (f—#);20 crystalline modules of diamond (i) and ice 1H (j); and transformed non-Euclidean

modules (k—n).
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like structures, namely, diamond (a 14-atom M;-module
with D3, symmetry) and ice IH (a 12-atom M,,-module
with D;, symmetry), can also be cooperatively trans-
formed into the corresponding non-Euclidean 14-atom
K-module with D, symmetry and 12-atom H-module
with C, symmetry.16:19 All modules form a channellized
system in which they are related by mutual cooperative
transformations at fixed values of the parameter 6;16
some of the modules are shown in Fig. 3, a—n.

Generalized modular crystallography and system-
forming hierarchic structures. J. D. Bernal and A. L.
Mackay?-21:22 posed the problem of such a generaliza-
tion of crystallography that would allow its use in the
area of investigation of aperiodic structures including
hierarchic structures. This has been made possible on the
basis of a new concept of the "crystalline module," which
is more general than the concept of the "crystal lattice”
but consistently related to it. Generalized crystallogra-
phy uses a metric based on the "golden section,"* which
is the most important condition for the formation of
self-similar, hierarchic system-forming structures.16 It
has been possible to introduce such a metric by endow-
ing the points (atoms)** of the structure with the corre-
sponding point symmetry groups, taking into account
the directions of lines (bonds) connecting these points in
the structure. Only three point symmetry groups suitable
for realization of the "golden-section"-based metric ex-
ist. These are two three-dimensional groups (7-23 and
I,-m35) and one two-dimensional group (Cs,-5m). The
non-Euclidean modules with tetrahedral and icosahedral
symmetry of atoms, obtained by cooperative transforma-
tions of the R-module of the fcc structure and the
M;- and M, -modules of diamond-like crystal structures,
can be only locally embedded in the three-dimensional
Euclidean space and only fractally (discontinuously)
translated along determinate directions using binary sym-
metry operations (m, 2).16,23,24

The tetrahedral, self-similar determinate system-form-
ing modular structures of generalized crystallography
can form the structures of bound water in biological
systems. The "golden-section"-based metric of these
structures explicitly predetermined the "metric" selection
of a small number of monomers in the main chains of
periodic biopolymers (four) and minerals (three) in natu-
ral biomineral nanocomposites.25 The system-forming
fractal parametric structures of bound water reflect their
predisposition to the forming of biological systems due
to the formation of numerous weak hydrogen bonds
between the commensurate spatial structures of water
and biopolymers, which mutually stabilize one another.26
It is the absence of a common system-forming compo-

* This metric allows raising the irrational number T = 1.618... to
the power n by adding and multiplying this number and the
integers of the Fibonacci series F, (0; 1; 1; 2; 3; 5; 8; 13; 21...)
following the rule t" = F,t + F,_; provided that 17 = =1 + 72
and Fn = Fn—l + Fn_2.

** It should be remembered that a point is the main element in
the Euclidean geometry.17

nent (structures of bound water) and "metric" selection
of commensurate components that are responsible for
the impossibility of creating such complex hierarchic
systems as those known in biology by the methods of
supramolecular chemistry despite a great variety of mo-
lecular ensembles.2?

The simplicial-modular tiling of the crystal close
packings in combination with binary symmetry opera-
tions used for assembling of regular aperiodic modular
structures serve as the theoretical basis for the determi-
nate modular design. This method has been proved in
the studies of the structure of quasi-crystals,16 hierarchic
system-forming structures of bound water,16-23—26 hjer-
archic mosaics, 1% biomineral nanocomposites (bone tis-
sue),> amorphous polymodular structures (o-Al,05),28
and soliton-like configurational defects in perfect crys-
tals of diamond and cadmium sulfide.29-30

Principles of modular design
and parameters of the algorithms
of the structures of icosahedral clusters

Schmid3! proves the existence of passage from three-
dimensional crystal structure to the cluster state and
then to monomolecular complexes by the existence of
two- and three-dimensional closed modular loops com-
mon to all these states. Such loops (in particular, planar
hexacycles) are characteristic of the structure of (i)
layers of crystalline graphite, (ii) clusters similar to
fullerene Cgy, and (iii) phenanthrene molecules. An-
other type of two-dimensional modular loops (hexacycles
with a "chair" conformation) is an invariant common to
the structures of diamond, adamantane, and diada-
mantane (the carbon cage geometry of this molecule
coincides with that of the crystalline module of dia-
mond) (see Fig. 1, €), and cyclohexane.816 This con-
firms justifiability of assembling the cluster structures
from blocks (polyhedra of simplices and structural mod-
ules) following strictly specified rules.

Principles of modular design of determinate self-
organizing cluster structures. Some additional argu-
ments should be advanced in favor of the determinate
character of modular cluster structures. First, the mod-
ules are a universal form of self-organization of all
known forms of solids such as crystals,8 amorphous
solids,19:28 quasi-crystals, 16:32 fractals,16-24 and molecu-
lar biological systems in the native hydrated state23—26,33
and it seems likely that clusters are also no exception.
Second, both stable values of "magic" numbers charac-
teristic of the cluster structure, found by different meth-
ods, and general formulas for calculating possible values
of such numbers for the clusters with the same morphol-
ogy34:35 suggest that there is a determinate and evolu-
tionary self-assembly of clusters. From this it follows
that one of the principles of modular design should be
the rule according to which the structure of the preced-
ing "homologue" of the cluster series, corresponding to
the series of magic numbers, should serve as a "seed" of
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the structure of the succeeding "homologue." However,
the maxima on the mass spectrogram corresponding to
the magic numbers of the atoms of the most stable
cluster structures can be assigned not only to the major
trunk of the evolutionary tree of clusters, but also to its
branches. The aim of the modular design is not only to
create the structures of stable clusters, but also to locate
the branching points on the evolutionary tree as well as
to establish the structures of the clusters corresponding
to these branching points. Therefore, of interest is the
whole series of clusters and its evolution rather than a
particular cluster with a particular magic number value.

Yet another important principle of modular design is
the principle of systemic self-organization also known as
the "all-or-none" principle.36 According to this prin-
ciple, (i) experimental values of all magic numbers for a
given type of clusters must be equal to the numbers of
atoms for the whole series of modular cluster structures
and (ii) particular coincidence of the experimental val-
ues of magic numbers with the number of atoms in
models is unacceptable.

The principle of modular design itself also corre-
sponds to the determinate structure of clusters. In con-
ventional modeling, attachment of an atom to different
structural positions is followed by calculating and com-
paring the potential energy values in order to determine
the most favorable position. In modular design, the sites
for adding the atoms are chosen so that the number of
newly attached atoms required for the closure of modu-
lar loops is minimum. Formally, this process can be
represented as jointing of modular or simplicial polyhe-
dra by shared faces, edges, or vertices.

Yet another important principle of design, which
reflects the determinate character of modular structure,
consists of conservation or an increase in the symmetry
of the "seed" cluster (the structure of the preceding
"homologue") due to further jointing of modules using
binary symmetry operations (1, 2, m). The disturbance
of periodicity in the cluster structure is attained by using
those binary symmetry operations which are absent in
the space group of the crystal and correspond to the
local twinning of modules.

The modular design of clusters allows creation of an
"idealized" structure, which is inevitably strained because
of the use of (i) binary symmetry operations absent in
the space group of the crystal and (ii) "internal" coordi-
nates (bond lengths, bond angles, and torsion angles)
characteristic of the crystalline state rather than twins.
Admissible changes in these parameters and the removal
of some vertices of the modules (see Fig. 2, ¢) without
disrupting the connectivity of two-dimensional modular
loops is the problem of the next step of modular design
(passage from idealized structures to real structures of
clusters).

The role of polyhedral representation of structures in
modular design. The choice of the elements of design,
namely, polyhedra of simplices and modules, which
meet two conditions for cluster stability (the maximum

density and total jointing of all bonds) and correspond to
stereochemical invariants of the local order of crystal
structures, predetermines the type of representation of
the structures to be created. This is the polyhedral
representation in which the atoms and chemical bonds
are replaced by the vertices and edges of polyhedra,
respectively. It should be noted that the formation of
crystal chemistry is associated with the use of polyhedral
representation of crystal structures. It was the polyhedral
representation of structures that made it possible "to see
the wood for the trees” and to formulate3? five crystal-
chemical rules of structural organization of crystals. The
structural motifs isolated by Belov who used polyhedral
representation of structures provided the basis for crys-
tal-chemical classification!5 and allowed unambiguous
isolation of "crystalline" modules in structures.3 Using
the polyhedral representation, one can unambiguously
determine the site for the addition of atoms or an atomic
group necessary for the completion of modules or
simplices to the "seed' cluster and to determine binary
symmetry operations and relevant parameters character-
izing the algorithms of modular design of clusters.
Binary symmetry operations and relevant parameters
of the algorithms of modular design of metal cluster
structures. In the crystal structures which can be created
using one type of modules, the edges of the modules are
determined by "internal" coordinates, which reflect pe-
culiarities of stereochemistry of the bonds in a given
substance in the equilibrium state. In the case of
polymodular combinatorial structures of amorphous sub-
stances assembled from the modules of possible poly-
morphous crystalline modifications of the substance,28 it
is clearly recognized that strong local disturbance of the
bond stereochemistry is hardly probable since amor-
phous solids are rather stable. Binary symmetry opera-
tions, which disturb periodicity and correspond to local
twinning of modules, also have little effect on the posi-
tion of the energy minimum of the crystalline phase
since phase transitions in crystals is often accompanied
by twinning. It should be remembered that binary sym-
metry operations used for the jointing of modules can be
the same as symmetry operations for the atoms in the
modules. In the fcc and hep structures, R-modules are
jointed along the [0001] direction using different binary
symmetry operations (1, 2, m; see Fig. 4, a and b,
respectively). To characterize the local order in the fcc
and hexagonal close packings, it is sufficient to know the
symmetry of jointing of two simplices of one type with
one simplex of another type (hatched) or, which is the
same, only a part of the Delone star corresponding to
the first coordination spheres of the fcc and hexagonal
close packings (see Fig. 1, b, ¢). In the fcc structure (see
Fig. 4, ¢), passage from the edge-to-edge (along the
(110) direction) to the face-by-face type of jointing of
the octahedra in the columns parallel to the C; axis (see
Fig. 4, d, e¢) means a local disturbance of periodicity of
the fcc packing in this direction. For the polyhedra in
columns joined at vertices, difference in binary symme-
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Fig. 4. Symmetric combinations of simplices and Ds;,-modules which characterize: the local order in the fcc (a, ¢) and hep (b, d—f)
crystal structures; binary symmetry operation m in the radial (along Cs axes) chain of Ds,-modules of icosahedral clusters (g, 4);
binary symmetry operations m and 1 in the chain of octahedra (i, j); binary symmetry operation 1 in the chain of Ds,-modules with
algorithm (T)p in the structure of a rod from interpenetrating icosahedra (k, /); and binary symmetry operation 1 in the fragment of a
chain of Ds;-modules and tiling into tetrahedral simplices corresponding to this operation (m).

try operations can be described using the parameter 6. In
the hexagonal close crystal packing, the tetrahedra (see
Fig. 4, /) join to form columns pairwise both by faces
and at vertices (binary symmetry operation m, 6 = (°).
The same © value for a pair of octahedra joined at a
vertex by binary symmetry operations 1 and m (see
Fig. 4, i) is typical of BaO, crystals assuming that the
shared vertex is occupied by Ba, while the remaining
vertices are occupied by O atoms.13 A polyhedron (see
Fig. 4, j) formed at 6 = 45° (binary symmetry operation
C,) is characteristic of non-Euclidean structures and
corresponds to one of Bernal’s "canonical holes" (see
Fig. 3, /.20

In the fcc structure (see Fig. 4, ¢), chains of five
octahedra joined to one another by edges and those of
five tetrahedra joined at vertices along the [110] direc-
tion can be rolled into closed pentagonal cycles using
binary symmetry operation m (see Fig. 4, g, h).
Pentacycles of octahedra fill the interstice between the
pentacycles of tetrahedra (Ds,-modules), thus forming
rods with p 5/m m symmetry (see Fig. 4, h) in which
Ds,-modules are joined at vertices using binary symme-
try operation m (6 = 0°). Despite the fact that the
pentagonal symmetry is forbidden in the lattice crystal-
lography, these rods are compatible with the fcc crystal
structures in icosahedral complex twins (see Section
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"Clusters with T(m)P radial algorithms as complex twins
of the fcc crystals with color icosahedral symmetry").
The binary symmetry operation 1 used for joining the
Ds;-modules at vertices to form a rod with pl0m2
symmetry (6 = 36°) corresponds to the formation of a
column of interpenetrating icosahedra (see Fig. 4, k, ).
The non-Euclidean nature of this structure is confirmed
by the fact that the interstice between two Ds;,-modules
along the Cjs axis is filled with ten tetrahedral simplices
(see Fig. 4, m), so that each icosahedron is a Delone star
of twenty tetrahedral simplices. Rod-like structures com-
prising three interpenetrating icosahedra were found in
(MePhP);¢Au;,Ag3Brg clusters.38 Algorithms of these
structures use the parameter 6 with the values 0°(m),
36°(1), and 9°(C,),3940 which is analogous to the pa-
rameter 0.

Radial algorithms of modular design of metal clus-
ters. The "seed," or center, of any cluster with a global
icosahedral symmetry is always the 13-atom icosahe-
dron. Twelve equivalent C5 axes formed by chains of
Ds,-modules joined at vertices using binary symmetry
operations 1 or m pass through the vertices of this
icosahedron. One-dimensional sequences of these op-
erations with parameters 6 = 36° for 1 and 6 = 0° for m
are the algorithms of modular design of icosahedral
clusters. The notation of a radial algorithm begins with 1
at the common center of any icosahedral cluster and the
sequences of binary symmetry operations (different for
different icosahedral clusters) are given in parentheses.
For instance, the design algorithm of the 561-atom
cluster corresponding to the Chini series of magic num-
be'rs can be written as TDSh (mps, mps, Mmps, mps,) or,
briefly, 1(m)y.

Let us show that such a notation of the one-dimen-
sional algorithm of modular design does describe the
structure of icosahedral clusters. The angles between the
adjacent Cs axes in the icosahedron are equal to 63.5°,
which nearly coincides with the angle of 60° between the
directions of adjacent C, axes ({(110)) in the fcc structure.
The number of C, axes in the latter structure is equal to
that of Cs axes in the icosahedron (12). It is this similar-
ity between the C, axes in the fcc structure and the Cj
axes in the icosahedron that is responsible for the possi-
bility of icosahedral complex twins with (111)/(111) twin
boundaries to be formed in the fcc structure and in
diamond.4! The difference in the angles between the
corresponding axes is the cause of strain in these twins,
despite the completely coherent structure of the
(111)/(111) boundaries. However, unlike other types of
icosahedral clusters (see Section "Icosahedral metal clus-
ters with one-dimensional radial algorithms"), the strain
in icosahedral twins with common algorithm T(m)[, will
also decrease with increase in their size because the
angular discrepancies do not increase with growing. Icosa-
hedral twins are formed by twenty tetrahedral sectors of
the fcc structure. In these sectors, each edge consist of a
chain of the edges of tetrahedral simplices (Fig. 5, a). In
icosahedral clusters, chains of tetrahedral simplices on

the edges of five fcc sectors parallel to the same Cs axis
(see Fig. 5, a) form chains of quinary twins (Ds,-modules,
see Fig. 5, ¢) along all 12 C5 axes, which alternate with
pentacycles (also cyclic quinary twins) of octahedra (see
Fig. 4, g), thus forming rods with p5/m m symmetry
using binary symmetry operations m with 6 = 0° (see
Fig. 4, e). The use of binary symmetry operations 1
(6 = 36°) for linking of Ds;-modules along Cs5 axes (see
Fig. 5, b) leads to filling of the interstices between the
modules by ten tetrahedral simplices (see Fig. 4, m) and
to the formation of the layers of non-Euclidean struc-
tures comprised of distorted icosahedra (see Section
"Icosahedral clusters with regular mixed radial algorithm
I(mT),"), which imposes restrictions on further growth of
icosahedral clusters with algorithms 1(1),, 1(m1),, efc.

Tetrahedral fragments of the fcc structures (see
Fig. 5, a) can be coherently embedded in the sectors
whose edges are rods of Ds,-modules with p5/mm
symmetry and T(m)p algorithms parallel to the Cs axes
(see Fig. 5, c—e). The size of icosahedral clusters can be
determined using the parameter » = p + 1 of radial
algorithms 1(m),, 1(1),, 1(m1), where p is the number of
the symbols of binary symmetry operations given in
parentheses. The number, 7, of Ds,-modules along the
radial direction with respect to the Cs axis, including the
Ds,-module in the central icosahedron (see Fig. 5, b—f),
equals p + 1. The height of the Ds;-module along its Cs
axis (see Fig. 3, b, c and Fig. 4, h) is equal to the edge
length of the tetrahedral simplex, i.e., the mean bond
length (~2.6 A for transition metals). Therefore, the
diameter of the sphere circumscribed about icosahedral
cluster with any algorithm is 2(p + 1)-2.6 A =
52(p + 1) A.

It should be remembered that all tetrahedral sectors
of the fcc structures have edges of the same length,
which is expressed through either the number of edges of
tetrahedral simplices or the number of Ds,-modules.
The parameter r = (p + 1) equal to the number
of Ds,-modules is also equal to the number of layers of
the fcc close packing in the tetrahedral sectors of
icosahedral clusters with the T(m)p radial algorithm.
Therefore, the parameter r of the radial algorithm corre-
sponds to the parameter K — 1 in the formula33
for calculating the number of atoms in the icosa-
hedral clusters of the Chini series with the algo-
rithm 1(m),

N=(10/3)K3 — 5K2 + (11/3)K — 1. (1)

The parameter r of the T(m)p radial algorithm corre-
sponds to the parameter n in the formula used for
determination of the number of atoms in icosahedral
clusters of the same Chini series.34

N=(1/3)2n + 1)(5n% + 5n + 3). )

The equality of the parameters r and » is explained
by the fact that they are equal to both the total number

of Ds,-modules in the icosahedral clusters with the 1
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Fig. 5. One-dimensional algorithms: in the fragment of the fcc structure with tetrahedral morphology (a); in the chains of
Ds;-modules in the icosahedral cluster with the 1(T),4 algorithm along three axes of the central icosahedron shown by dots (b) and in
the fragment of the fcc structure with three joined chains of Ds;,-modules with 1(m); algorithm (c); in the column of pentacycles of
octahedral simplices (for clarity, one octahedron in each simplex is removed) and in jointed fragments of the fcc structures in which
the octahedra located on the edges of the fragment form these pentacycles (d); in the chains of algorithms along Cs axes (e); and
octahedral simplices of the fragments of the fcc structure, which fill the interstices between Ds,-modules in the chains along three Cs

axes in the octahedral simplices (f).

(m),, radial algorithm and the number of bonds on the
edges that connect two adjacent Cs axes in the icosa-
hedral cluster. The parameter K = n + 1,35 where n = r,
corresponds to the number of atoms on the radii parallel
to the C5 axes and on the edges of the icosahedra with
the 1(m), algorithm.

Icosahedral metal clusters
with one-dimensional radial algorithms

It is impossible to determine the structure of clusters
from experimental data obtained by mass spectros-
copyl0:35 as well as using information on ionization
potentials®10 and melting temperatures!! even if the

clusters correspond to the same series of magic numbers
(e.g., the Chini series), since often their morphology
cannot be reliably established by modern microscopy
techniques. The point is that the volumes of several
regular polyhedra with equilateral triangular and square
faces (cubic and hexagonal cuboctahedra, Fig. 6, g, j and
a combination of a pentagonal prism and bipyramid, see
Fig. 6, i) are nearly equal to the volume of an icosa-
hedron with edges of the same length (see Fig. 6, h).
Therefore, the Chini magic numbers may correspond not
only to icosahedral clusters but also nanoparticles with
the morphology of these polyhedra. The number of atoms
in them is determined using formula (1), where K is the
number of atoms on the edges of these polyhedra.35
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Fig. 6. Structure of icosahedral metal clusters of the Chini series with radial algorithm T(m),,: the central icosahedron with four
tetrahedral simplices (hatched) of the same orientation in the cubic setting (a); the 43-atom cluster (b); the Delone star from
R-modules (R-cells of the fcc structure) corresponding to the 63-atom cluster (c); the Mackay icosahedron (d) and the chain of
Dsj,-modules along all 12 Cs axes, corresponding to its radial algorithm T(m), (e); tetrahedral fragments of the fcc structure, which
form all icosahedral modules with algorithms T(m)p (f); regular polyhedra (K = 4) containing the equal number of atoms at the same
parameters (g—j); morphological forms derived from the ideal icosahedral morphology of the Chini clusters generated in the
development of nonplanar growth surface of tetrahedral fcc clusters sectors (k—m); trigonal pyramids of the growth surfaces of
tetrahedral sectors (n, 0) responsible for triacontahedral (/) and pentagondodecahedral (m) habits of icosahedral clusters; and quinary
twin (p) self-similar to Ds;-module, which is a uniaxial analog of icosahedral clusters with the T(m)p algorithm (p = 3).

Icosahedral clusters with the T(m)p radial algorithm
corresponding to the "homologous series" with the Chini
magic numbers can have different types of morphology.
If so, the number of atoms in the clusters whose mor-
phology differs from ideal icosahedral can be different
from the Chini magic numbers. Therefore, it is impor-
tant to establish the type of algorithm of icosahedral

clusters rather than their correspondence to a particular
series of magic numbers. The type of radial algorithm
and relevant binary symmetry operations are responsible
for the Euclidean or non-Euclidean nature of the layers
of icosahedral clusters and, hence, for the possibility of
the development of a specified family of clusters and
their limiting size. The types of radial algorithms define
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the system of parametric classification of icosahedral
clusters and manifest themselves in the peculiarities of
their internal structure. Apart from the polyhedral repre-
sentation of clusters used in modular design, when only
the bonds on the surface of the clusters can be seen as
modular polyhedra, one can use other projections in
order to see all bonds in the cluster structure. This opens
new possibilities for studying the regularities of the
internal structure of clusters, which can make them-
selves evident in the peculiarities of the radial distribu-
tion curves obtained by diffraction methods.

Clusters with T(m)p radial algorithms as complex
twins of fcc crystals with color icosahedral symmetry.
Genesis of all icosahedral clusters begins with the
13-atom icosahedron, which is the Delone star formed
only by tetrahedral simplices (see Fig. 6, a). All clusters
with the T(m)p radial algorithm, corresponding to the
"homologous series" with the Chini magic numbers, are
formed due to joining of 20 octahedral simplices to all
faces of the central icosahedron (see Fig. 6, b). The
number of atoms in such a cluster is 43, since each
octahedron does not share three atoms with the central
icosahedron but simultaneously shares them with two
octahedra [13 + (3-20)/2 = 43]. In the 43-atom cluster,
20 octahedra form 12 pentagonal cycles (Fig. 4, g) so
that twelve Ds;,-modules can be embedded in their "cra-
ters"; in this case, each module adds only one unshared
vertex (see Fig. 4, #). This results in the famous 55-atom
cluster, or the Mackay icosahedron4? (see Fig. 6, d). In
this cluster, chains of Ds;-modules joined at vertices (see
Fig. 6, e) using binary symmetry operations according to
the DShmDShTDShmDSh algorithm can be isolated along any
of the six diameters parallel to Cs axes. Ignoring relax-
ation of the bond lengths, the diameter of the Mackay
icosahedron (d, s55) is nearly equal to the height
of four Ds,-modules or four interatomic distances
(RM—M) = 2.6 A): d.55=4-2.6 A =10 A. Joining of
20 tetrahedral simplices shown by dots in Fig. 6, b to all
faces of the octahedra in the 43-atom cluster results in a
63-atom cluster (see Fig. 6, ¢), which is a Delone star of
20 R-modules (see Fig. 1, d) with the common vertex at
the center of the cluster. Each R-module equivalent to
the rhombohedral unit cell in the fcc structure is formed
by one octahedron and two tetrahedra, one of which is a
part of the central icosahedron. Further development of
icosahedral clusters with the 1(m) ) radial algorithm can
be represented as a synchronous, layer-by-layer growth
of all 20 tetrahedral sectors with fcc structure. This
results in a complex twin with coherent (111)/(111)
boundaries along all edges of the icosahedron. One of
the 20 sectors of the fcc crystal, where tetrahedral
simplices are shown by dots on three edges, is shown in
Fig. 6, f. A chain of Ds;,-modules joined at vertices using
binary symmetry operations m (6 = 0°) is formed along
the C5 axis in the cyclic twin comprised of five fcc
sectors (see Fig. 5, ¢, f). The lowest tetrahedron at the
vertex of the fcc sector (shown by solid lines in Fig. 6, f)
is a part of the central icosahedron of the cluster. The

numbers on the sector edge near each vertex of tetrahe-
dral simplices are equal to (i) the number of bonds or
edges of tetrahedral simplices along the edges of the
icosahedral cluster and the C5 axes and (ii) the total
number of Ds;,-modules (7) in the T(m)p algorithm; they
are also the parameters » = n = p + 1 and enumerate the
Chini magic numbers as follows: 1 (13); 2 (55); 3 (147);
4 (309); 5 (561)... The parameters p and » which ap-
peared in the T(m)P radial algorithm and in formula (2)
determine the total number of atoms in these icosahe-
dral clusters. The diameters (along Cs axes) of icosahe-
dral clusters with the T(m)[, algorithm are calculated
using the formula d. = 2rR(MM—M), where R(IM—M) =
26Aandr=p+1=n.

It is not to be supposed that all 20 tetrahedral sectors
in the complex icosahedral twin have different orienta-
tions. Since the 7-23 point symmetry group is the
subgroup of the icosahedral point group symmetry, the
complex twin with the 1(m) , algorithm is in fact a
quinary intergrowth twin. In such an object consisting of
five interpenetrating crystals, 20 tetrahedral sectors are
divided into five groups of four crystal sectors with the
same orientation. One group is shown by dashed lines in
Fig. 6, a. The full symmetry of the icosahedral clusters
with the T(m)p algorithm and corresponding to the Chini
magic numbers is described by color symmetry of index
5 in the form m35®), where 5O is the axis of color
symmetry.43—45

As was mentioned above, icosahedral clusters with the
T(m)p radial algorithm can have different types of mor-
phology. However, the number of atoms in such clusters
will correspond to the Chini magic numbers. As can be
seen in Fig. 6, f, the seventh layer of the tetrahedral
sector is not completed, which results in the appearance
of small ditches on all edges and small "craters" at the
vertices of icosahedral clusters (see Fig. 6, k). Apart from
such a "faulty" change in ideal icosahedral shape of the
clusters with the T(m)p algorithm, a complete change of
the icosahedral morphology and its transformation into
triacontahedral and pentagondodecahedral forms is pos-
sible (traces of twin boundaries are shown by dotted lines
in Fig. 6, I, m). The appearance of these forms of clusters
requires the corresponding pyramidal terrace-like faces to
be grown on the growth surface of tetrahedral sectors (see
Fig. 6, n, 0) as a prerequisite; however, their edges will
have different orientations with respect to the edges of
tetrahedral sectors of the cluster.

If the T(m)[, algorithm is realized along only one out
of twelve Cs axes, two forms of quinary intergrowth
twins with 5®/m m’ symmetry (m’ denotes the two-
color symmetry plane) can be created. The first form is a
combination of the pentagonal prism formed by the
{100} faces and a bipyramid the {111} faces (see Fig. 6, 7).
The second form is self-similar to the Ds,-module at a
1 : r ratio (see Fig. 6, p). All types of clusters with the
T(m)[, algorithm considered in this review are the Eu-
clidean structures; therefore, they can grow to reach
macroscopic size.
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Non-Euclidean structures of icosahedral clusters with
radial algorithm 1(I),. In contrast to the clusters with
the 1(m), algorithm, twenty tetrahedra having one
unshared vertex each rather than octahedra are added to
all faces of the central 13-atom icosahedron (Fig. 7, a)
in the clusters with the 1(1), algorithm. This results in a
33-atom cluster. The vertices of the twenty joined tetra-
hedra correspond to those of a pentagondodecahedron
whose edges are shown by dotted lines in Fig. 7, b. In
the 33-atom cluster one can join twelve Ds,-modules
(see Fig. 7, ¢, d) on the Cs axes perpendicular to the
faces of the pentagondodecahedron. Only one out of
seven atoms in each of the twelve Ds,-modules is
unshared with the vertices of tetrahedra. Eventually, the

45-atom cluster (33 + 12-1 = 45) is formed. It is
characterized by the triacontahedral morphology (see
Fig. 7, e, g) and 1(1), algorithm. The diameter (along Cs
axes) of this cluster is 2+ 2p* R(M—M) = 4R(M—M),
which coincides with the diameter of the Mackay icosa-
hedron with the 1(m); algorithm (see Fig. 7, i). Only the
tetrahedral simplicial tiling (see Fig. 4, m and Fig. 7, d)
characteristic of non-Euclidean structures corresponds
to binary symmetry operation 1 of joining of two
Ds;-modules in the radial algorithm. What is the
reason for the difference in the number of at-
oms between the non-Euclidean 45-atom cluster
and Euclidean 55-atom cluster with nearly equal
volumes?

Fig. 7. Non-Euclidean icosahedral clusters with the 1(1) »» P < 2 radial algorithm: the central icosahedron (a); the 33-atom cluster (b)
with pentagondodecahedral morphology (faces are shown by dotted lines); positions on Cs axes to which additional 12 Ds,-modules
can be joined to the 33-atom cluster (c); the non-Euclidean tetrahedral simplicial tiling corresponding to the binary symmetry
operation T in the radial algorithm (d); the 45-atom cluster and the chain of Ds,-modules (e) along its Cs axes corresponding to the
1(T), algorithm; a chain of Ds,-modules (f) along the cluster diameter parallel to the Cs axis corresponding to the T(T); radial
algorithm; positions of twelve outermost Ds,-modules in the structures of the 45-atom cluster (g) and the 55-atom Mackay
icosahedron (#); and projections of all bonds along Cs axes in the structures of these clusters (4, j).
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The full algorithm of the 45-atom cluster, 1(1)},
corresponding to three interpenetrating icosahedra along
the Cs axes, includes operations on four Ds,-modules
joined at vertices by binary symmetry operation 1
(6 = 36°) and shown in Fig. 7, . When comparing the
projections of all bonds in the 45-atom cluster (see
Fig. 7, h) and the Euclidean 55-atom Mackay icosahe-
dron (see Fig. 7, j) on the Cs axes, the non-Euclidean
nature of the former makes itself evident in an appre-
ciable (by ~10%) lengthening of non-radial bonds and
fuzziness of multiple bond intersections corresponding
to the atomic positions in the structure due to large
structural distortions. It is known that fragments of non-
Euclidean structures cannot be embedded without dis-
tortions in the three-dimensional Euclidean space;46
therefore, such packings are deliberately called packings
of "soft spheres,"13 since their diameters can increase or
decrease in order to relax an inevitable strain. The ratio
of the numbers of atoms in the icosahedral clusters with
the T(m) and 1(1) algorithms is 55/45 = 1.22. The
lengthening of non-radial bonds within the limits of 10%
compared to the normal bond length compensates the
difference in the number of atoms (55 vs. 45) in these
icosahedral clusters with nearly equal volumes.

The 45-atom cluster is the only representative of the
series of clusters with the 1(I), algorithm (p = 1) and
constitutes the central part of the structure of the four-
dimensional icosahedron (the {3,3,5} polytope) with
finite number of atoms.4” The structure of the {3,3,5}
polytope comprised of interpenetrating icosahedra is
such that (1) each bond is the Cs axis in the Ds,-module,
(2) each atom is the center of the 13-atom icosahedron,
and (3) the 30/11 helices are the Bernal chains of
tetrahedra.20

Icosahedral clusters with regular mixed radial algo-
rithm 1(mTI),. In addition to the radial algorithms which
include binary symmetry operations m and 1 used for
joining of Ds,-modules along Cs axes outside the central
icosahedron, (I(m),) and (I(I);), there are two other
types of mixed radial algorithms, namely, regular algo-
rithms 1(m1), and an irregular algorithm 1(m m1m). The
presence of more than one binary symmetry operation 1
in the algorithm is an indicator of the non-Euclidean
tetrahedral tilings of at least one layer of the cluster in
addition to the central icosahedron. It should be remem-
bered that binary symmetry operations m in the algo-
rithm correspond to the layers with the Euclidean crystal
structure built of octahedral and tetrahedral simplices.
With increase in the separation between the non-Euclid-
ean layers and the cluster center, the distortions of the
bond lengths and strain will increase according to the
position of binary symmetry operation 1 in the radial
algorithm. Unlike the 1(ml), algorithm realized in the
127- and 381-atom clusters, the 1(1m), algorithm can-
not be realized for reasons of a fundamental nature. In
the case of the 45-atom cluster with the 1(1); algorithm
(see Fig. 7, e), octahedra cannot be joined to the faces of
60 tetrahedral simplices on the cluster surface according

to the 1(1m) algorithm without overlapping of the verti-
ces of the octahedra since the angles between the faces
in the triacontahedron (144°) are larger than in the
icosahedron (138.2°).

The doubled radial algorithm
(05,1 D5, s, 1 ps,(Mps, I pg;) of the 127-atom cluster!3
corresponds to (i) a chain of Ds,-modules along the
diameter parallel to the C5 axis (Fig. 8, a) and (ii) a
chain of icosahedra, which replace each pair of
Dsj-modules joined by the binary symmetry operation 1
(see Fig. 8, b) in the algorithm. The "seed" of the
127-atom cluster is the 55-atom Mackay icosahedron
with the 1(m), radial algorithm which can be isolated in
the doubled algorithm p, I|ps, 7 ps, I ps,Mps,|1 ps, corre-
sponding to the diameter of the larger cluster. It is
obvious that the Dsj,-modules with six unshared vertices
have to be joined to the Mackay icosahedron (see
Fig. 6, d and Fig. 7, i) on all twelve C5 axes to
complete the structure of the 127-atom cluster:
55+ 12-(7 — 1) = 127 (see Fig. 8, a—c).

The (ml) cycle can be repeated in the 1(ml),
algorithm due to joining of 12 icosahedra
along all the Cs5 axes by binary symmetry opera-
tion m. Analysis of the full algorithm corresponding
to the diameter of the cluster along the Cj axis,
(s Ds))™MDs 1 Ds,M(psyl D5 )M s 1 sy M DL ps,), allows
isolation of the algorithms corresponding to three icosa-
hedra, namely, two icosahedra at both ends of the
diameter and one icosahedron at the center of the
cluster. These algorithms are given in parentheses. The
"block diagram" of the full algorithm is shown in Fig. 8, b
in which the icosahedra joined to the 127-atom cluster
by binary symmetry operation m (6 = 0°) are shown by
dots. The total number of atoms in the icosahedral
cluster with the 1(m1), radial algorithm is 381, which
corresponds to the structure of an icosahedral cluster
reported in Ref. 13. The number of atoms in this cluster
is calculated as follows. The 13-atom icosahedra with
12 unshared vertices are joined to the 127-atom icosahe-
dron on all twelve Cs5 axes: 12-(13 — 1) = 144. The
formation of the non-Euclidean layer corresponding to
binary symmetry operation 1 causes joining of twenty
distorted 13-atom icosahedra instead of octahedra and
tetrahedra along all Cj axes in the tetrahedral sectors of
the icosahedral cluster with the 1(ml), algorithm (see
Fig. 8, d, e). These 13-atom icosahedra have three
unshared vertices each (shown by heavy dots in Fig. 8, d).
Three vertices on the lower face of each icosahedron
joined on the Cj axes are shared with the icosahedra of
the 127-atom cluster located on the C5 axes (shown by
circles in Fig. 8, ¢). In addition, each icosahedron joined
on the (5 axes shares three vertices with two icosahedra
shown by circles in Fig. 8, ¢, e. The icosahedra located
on the Cs axes are shown by dashed lines (Fig. 8, c—e).
Thus, the joining of 12 icosahedra on the C5 axes and
20 icosahedra on the C5 axes to the 127-atom cluster
results in a 381-atom cluster (127 + 12-(13 — 1) +
20+ (3 +3/2) + 20+ 1 = 381). In this sum, twenty atoms
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Fig. 8. Icosahedral clusters with the T(mT)p radial algorithm (p < 2): chains of Ds,-modules (a) and chains of icosahedra
(b) from Ds,-modules corresponding to the full 1(mlmlmlml) algorithm; the 127-atom cluster (c), the Cs axis parallel to the
drawing plane and one of the twelve chains of icosahedra (b) is shown by arrows; the 381-atom cluster in different settings: with Cs
axis parallel to the drawing plane (d) and along the C5 axis (e); and the projection of all bonds in the structure of the 381-atom

cluster along the Cjs axis (f).

(20 - 1) correspond to the atoms at the centers of twenty
icosahedra on C3 axes. The diameter of the 381-atom
cluster along the Cs axis is equal to the length of the
chain of ten Ds;-modules (26 A). The projection of the
381-atom cluster along the Cs axis shows all bonds and
atomic positions (the latter as multiple bond intersec-
tions) in the structure (see Fig. 8, f ). Here, four
equidistant rings formed by "equatorial” planes are clearly
seen. These planes pass through 5 atoms of the
Ds,-modules tilted at an angle of 63.5° to the plane in
which the axis of projection lies: the Ds,-modules at the
ends of the diameters along Cs axes (see Fig. 8, a) do
not contact on the surface of the cluster and can be seen
as "protrusions” on the surface of the 381-atom cluster,
thus forming no fifth unbroken ring (see Fig. 8, f).
These "protrusions” can also be seen on the projections
of polyhedral models of the 381-atom cluster (see

Fig. 8, d, e). Obviously, a cluster without these "protru-
sions," with more completed surface layer, and incom-
plete 1(m1), m algorithm will be more stable. Since six
out of the seven vertices of the Ds,-modules at the ends
of diameters are unshared, the total number of atoms in
the more stable cluster with the 1(m1)m radial algorithm
is 381 — 12+ (7 — 1) = 309.

471-Atom icosahedral cluster with mixed irregular
algorithm 1(m m1m). A large 471-atom cluster!3 can be
formed by using a mixed irregular radial algorithm
T1(m m1m). Applying this algorithm along the diameter
coinciding with the Cs axis results in the formation of
rods of three 55-atom Mackay icosahedra with radial
algorithm T(m)l along all C5 axes. These rods interpen-
etrate to a depth of the common Ds;-module:

D5 sy 1 D5y D57 D5, L DsyM D3y D, 1 DM D3y
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Fig. 9. Structure of the 471-atom icosahedral cluster with radial algorithm T(m m1m): the chain of Ds,-modules along one of the Cs
axes in this module (a); the rod of three interpenetrating, 55-atom Mackay icosahedra along the Cs axis (b); the 471-atom cluster (¢) in
the projection with the Cs axis parallel to the drawing plane (the axis is shown by arrows); the 471-atom cluster in the setting along the
C; axis (d); projections of all bonds along the C5 axes (e, /) in the structure of the 471-atom cluster with triacontahedral habitus (g); the
decagonal zone of the faces perpendicular to the drawing plane in the triacontahedron in the setting along the Cs axis (g, /); electron
diffraction patterns of clusters derived from the Mackay icosahedra3 (f); and triacontahedral habitus of the 471-atom cluster!3 ().
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The "block diagram" of this full algorithm, as well as
the structural fragments of the 471-atom cluster (a chain
of ten Ds;,-modules and a rod or three interpenetrating
Mackay icosahedra), are shown in Fig. 9, a and b,
respectively. The full algorithms of the Mackay clusters
are shown by the lines and square brackets. Six of these
rods along the diameters parallel to C5 axes form a
471-atom cluster with triacontahedral morphology and
small icosahedral faces formed by three atoms shown by
filled circles in Fig. 9, ¢ and taking off the edges of
vertices on Cj axes. The Ds;,-modules at the ends of the
rods of the Mackay icosahedra on the C5 axes of the
471-atom cluster are hatched (see Fig. 9, ¢). One of
these six rods lies in the drawing plane. The triaconta-
hedral habitus of the 471-atom cluster!3 shown in Fig. 9, i
can also be clearly seen if the polyhedral representation
of this cluster is projected along the Cs axis. The traces
of ten faces perpendicular to the drawing plane are
clearly seen on the contour of this cluster projection
(Fig. 9, d—h). The triacontahedron is a zonohedron,
therefore ten of its faces form a prism with the edges
parallel to Cs5 axes, which can be seen on the projection
along the Cj axis (see Fig. 9, g).

The number of atoms in the cluster can be calculated
using the full notation of its algorithm. Twelve Mackay
icosahedra joined to the central Mackay icosahedron on
all Cs axes (taking into account shared 7-atom
Ds;-modules) form a cluster with 55 + (55 — 7)-12 =
55 + 576 = 631 atom (without other shared vertices).
Each of the 12 added Mackay clusters contacts its
neighbors, so that 20 atoms on the surface of each
Mackay icosahedron are simultaneously shared with an-
other two such icosahedra. These atoms are shown as
circles in Fig. 9, b, c. Thus, one should subtract 2/3 of
the total number of shared vertices from the total num-
ber of atoms (631) in the cluster with the 1(m mlm)
radial algorithm, N = 631 — (2/3)(12-20) = 471. The
peculiarities of external and "internal" morphology can
also be recognized from the projection of all bonds in
the structure of the 471-atom cluster along the Cj axis
(see Fig. 9, e, h). A system of five equidistant
rings separated by an average distance of 2.32 A
(RMM—M)sin 63.5° = 2.6 A-0.895 = 2.32 A) is also
clearly seen. Thus, most of the atoms in all icosahedral
clusters, irrespective of their radial algorithms, are in the
layers of shells of different thickness embedded in each
other as equidistant spheres, the number of which is
equal to the total number of Ds,-modules in the full
radial cluster algorithms. The number of Ds;-modules in
the radial algorithm determines the diameter of the
icosahedral clusters along the Cs axis. Therefore, a
system of equidistant maxima must be observed on the
radial distribution curves of icosahedral clusters obtained
by diffraction methods. Moreover, an analogous system
of equidistant maxima will also be observed on the radial
distribution curves of the clusters with one or several
incomplete "icosahedral" outer shells. A system of equi-
distant diffraction maxima on the electron diffraction

patterns of the 59-, 70-, 85-, and 98-atom clusters3
based on the structure of the Mackay cluster and the
127-atom cluster with the 1(m1) radial algorithm and
two incomplete outer shells is shown in Fig. 9, f.

Using the projection of the bonds of the 471-atom
cluster, one can reconstruct the motif of Ds;,-modules
on the outer surface of the cluster (see Fig. 9, /). The
reconstructed modular network on the cluster surface
and the system of cluster edges (see Fig. 9, d) shown by
solid lines correspond to the projections of this cluster in
the modular (see Fig. 9, 4) and atomic (see Fig. 9, i)13
representation.

The following rule is valid for the clusters with the
same number of Ds,-modules in radial algorithms: the
larger the number of binary symmetry operations m
corresponding to the unstrained and less distorted Euclid-
ean layers in the cluster algorithm, the larger the number
of atoms in the cluster. Among icosahedral clusters with
five Ds,-modules in the radial algorithms, the largest
number of atoms (561) has the cluster of the Chini series
with the 1(m), radial algorithm. The cluster with three
binary symmetry operations m in the radial algorithm,
T(m m1m), has a smaller number of atoms (471) and the
cluster with two binary symmetry operations m in the
radial algorithm, 1(m1),, has only 381 atom.

Conclusion

We also analyzed some analogies between the struc-
tures of the icosahedral metal clusters and fullerenes in
the context of modular design. Let us outline in brief the
parametric relationships between the structures of these
clusters and fullerenes of the types I and I1.35 The
objectivity of the existence of such relationships is con-
firmed by the fact that the classification of two-dimen-
sional spherical structures with icosahedral symmetry by
different P-classes* is based on the difference in orienta-
tion of their atomic nets with respect to the planar layer
of the fcc close packing.4® This classification was used
for systematization of the capsules of various viruses,
which are giant two-dimensional spherical clusters of
protein globules.4 The models of these capsules were
constructed on the basis of the fractal structures of
bound water in which the globules are located in their
positions in giant, "twist-boat" type hexacycles of water
rods with p6322 symmetry due to the formation of
multiple hydrogen bonds.33

In contrast to the three-dimensional structures of
icosahedral clusters with several binary symmetry opera-
tions 1 in the radial algorithms, a two-dimensional
icosahedral shell can be embedded in the three-dimen-
sional Euclidean space with no restrictions imposed on

* The concept of P-class is generally accepted for description of
the structures of icosahedral viruses.48 The numbers in the
notations of P-classes correspond to the periods of the edges of
icosahedral clusters between two Cs axes, expressed in units of
the primitive lattice constant of hexagonal close packing.
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its size.50 Atomic arrays of the shells of fullerenes of the
type I (the P3 class) commensurately coincide with the
arrays of the close-packing layer, which forms spherical
shells of the P1 class. Therefore, ignoring the rounding
of the edges, the shells of icosahedral fullerenes of the
type I can be considered as analogs of the particular
layers of the Chini icosahedral metal clusters with radial
algorithms T(m)p, which have another type of two-
dimensional modules (hexagons instead of rhombi).

The compatibility of the layer metrics and, hence,
the parameters of the shells of the layers based on the fcc
packing and the graphite-like nets is evident. If a doubly
base-centered H-cell5! is chosen instead of primitive
hexagonal P-cell in a close-packed layer of spheres,
then, in the H-cell, the atoms of a graphite-like net are
ordered and occupy 2/3 of the positions in the net of the
close packing layer. Therefore, it is natural that the
number of carbon atoms in icosahedral fullerenes of the
type I is equal to 2/3 of the total number of atoms (N,)
in the layers of icosahedral metal clusters (N, =
10n2 + 2,34 where n = 3m, n is the number of the layer
in the Chini metal cluster, and m is the number in the
series of fullerenes of the type I). The smallest fullerene
of the type I, Cq4y (m = 1), is a "derived" analog of the
third layer of the Chini 147-atom icosahedral metal
cluster (2/3+10-32 = 60), the next "homologue" of this
series (Cy49) is a derivative of the sixth layer of the
923-atom cluster (2/3-10- 62 = 240), efc. In fullerenes
of the types I and II (the P3 and Py3 classes), the
orientations of the layers of their shells with respect to
the net of the close packing layer (the P1 class) are such
that the surface area of the triangular "face"* of the type
I fullerene (the P3 class) is three times larger than that
of the "face" of the type II fullerene (the PJ3 class).
Hence, judging from the same value of the packing
coefficient of the atoms in the shells of both fullerene
types, the number of atoms in the type I fullerenes (/)
must be three times larger than that in the type II
fullerene shells (Ny;) for the same value of the parameter
K, which corresponds to the number of periods along
their edges. Empirical parametric relationships Ny = 60K 2
and Ny; = 20K 2 have been reported33 without geometric
substantiation.

Analogies between the structure of fullerenes and
icosahedral metal clusters of the Chini series with the
T(m)p radial algorithm are confirmed by the existence of
two types of multilayer spherical fullerene structures, a)
icosahedral hyperfullerenes of the types I and II formed
by two or three shells of icosahedral fullerenes embedded
in each other3S and b) spherical "onion" structures con-
sisting of 15 and more shells.52 Similar spherical layers
equidistantly embedded in each other are observed for all
icosahedral metal clusters (see Fig. 7, A, j; Fig. 8, f, and

* At the vertices of the "faces" of fullerenes of the types I and I1
are pentacycles corresponding to the outcomes of Cs axes in the
shells of their structures.

Fig. 9, e). As in the icosahedral metal clusters, the
external shells in the "onion" carbon structures are
strained, whereas the internal shells are compressed.
Therefore, these "onion" structures are like nanoscopic
spherical high-pressure chambers of diameter 35 to 40 nm.
Irradiation of these structures with an electron beam
leads to the formation of diamond nanocrystals of size up
to 10 nm at the center of the chambers at 730 °C.52

Apart from carbon, the fullerene-like and spherical
"onion" structures are formed by MoS, and WS,. These
compounds have a layered structure33—55 in which the
metal and sulfur atoms form nets similar to the close-
packed layers.15

Eventually, the existence of the CgyCa,™ clusters
(x = 32; 104; 236; 448)35 in which the multilayer
icosahedral clusters of Ca atoms are formed on fullerene
Cgo used as a "seed," also confirms the existence of
structural analogy between the icosahedral metal clusters
and fullerenes as well as their parametric relationship.

The application of modular design appeared to be
efficient for creating previously unknown models of the
structures of alkali metals and the metals, which crystal-
lize in the hexagonal close packing.6-10 The alkali-metal
clusters are of interest, since the number of atoms in
their structures correlates with the number of electrons
in successively filled orbitals: 1s2 (2); 1s21p® (8);
1s21p61d192s2 (20), etc.

Yet another important feature of the design of the
structures of related clusters is that, in contrast to the fcc
structure, in the bce and hep structures twinning along
the most densely packed layers ({110} and {0001}) that
are the faces of their simplices and modules is impos-
sible.56 Therefore, in this case we had to search for new
possibilities for twinning of modules and simplices as the
main binary symmetry operation that disturbs periodicity
but retains the local order. On the one hand, this gave
rise to additional difficulties; on the other hand, a much
smaller number of feasible variants of symmetry modular
design of the structures of these clusters compared to the
clusters of the atoms of fcc metals was left. Determinism
of the results obtained using the principles of modular
design is confirmed by their systemic coincidence with
experimental data and by consistency with the "jellium"
model of the electronic structure of clusters.5-10

The modular design that appeared to be rather fruit-
ful in the case of icosahedral metal clusters was then
applied by the authors to the modeling of structures of
smaller metal clusters with local orders of the hexagonal
close and body-centered cubic packings.
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