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Abstract—A combinational-topological analysis of the crystalline structure (Ba,Ca)46Li102 (R c, hR888, V =
30 978 Å3) are performed by computers (the TOPOS software package). The framework-forming the 143-
atom icosahedral nanocluster ico-K143 with a diameter of 20 Å is established by the method of the complete
decomposition of a 3D atomic lattice into cluster structures. ico-K143 nanoclusters of a symmetry of g = 
are shown to be three-layered: Li @12(Li12) @32(Li12Ba20) @98(Ba32Li66). The second shell corresponds to
the Bergman cluster with 32, 90, and 60 peaks, edges, and faces, respectively. The third new type of icosahe-
dral shell consisting of 98 atoms is characterized by 98, 288, and 192 peaks, edges, and faces, respectively. The
chemical composition of the third shell is made up of Ba32Li66. In the third shell, 32 Ba atoms were located above
all the 32 atoms of the Li12Ba20 shell. The symmetry and topological code of the self-assembly of 3D structures
from iсo-K143 nanoclusters-precursors are simulated in the following form: primary chain → layer → framework.
The iсo-K143 nanoclusters formed densely packed 2D layers 36 positioned with a shift along the c axis. The
distance between centers of iсo-K143 clusters is determined by the translation vector value ahex = 19.913 Å.
The large voids in the 3D framework are occupied by 12-atom Ba3Li9 clusters with the symmetry g = 32.

Keywords: self-assembly of crystalline structures, icosahedral three-layered cluster-precursor Li @12(Li12)
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INTRODUCTION
At present, there are several types of two-layered

icosahedral clusters known in the chemistry of inter-
metallics that differ by the number of atoms in the sec-
ond shell: 1@12@32 (Bergman cluster [1]), 1@12@42
(Mackay cluster [2]), and 1@12@50 [1].

Intermetallics containing Bergman nanoclusters
are formed in multiple binary and ternary systems. Up
to 150 crystalline structures have been investigated [3].
The chemical composition and structure of binary
intermetallics with Bergman nanoclusters-precursors
were investigated in [1].

Ternary and binary intermetallics containing local
regions in the forms of Bergman icosahedral clusters
represent the most complex crystalline structures in
terms of crystal chemistry. Table 1 demonstrates inter-
metallics with a unit cell volume exceeding 10000 Å3

containing up to 1100 atoms [4–12].

The crystal structure of (Ba,Ca)46Li102

(Li33.3Ba13.1Ca3, [12]) exhibits the largest values of the
unit cell volume V = 30 979 Å3 and the translation vec-
tor с = 90.213 Å (Table 1). The CN values of 15 (for
one atom), 16 (for seven atoms), and 17 (for two atoms)
were found for 10 crystallographically independent Ba
atoms. In the crystal structure of (Ba,Ca)46Li102, the Ca
atoms are statistically distributed along the crystallo-
graphic positions of 8 Ba atoms [12].

The crystal structure of (Ba,Ca)46Li102 was
described in the form of bonded Li(Li4Ba8) icosahedra
with Li(Li12) and Li(Li9Ba3) icosahedra located
between them [12].

The present study carries out a geometrical and
topological analysis of the crystal structure of the
(Ba,Ca)46Li102 intermetallic system by the ToposPro
software package [13]. The symmetry and topological
code of the process of cluster self-assembly from the
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Table 1. Crystal structures with Bergman clusters

Intermetallic Space group Pearson coefficient Unit cell parameters, Å and degrees V, Å3 R-factor

Na49 Cd58 Sn38 [4] R -3 m (166) hR147 16.034, 16.034, 50.640, 
90.00, 90.00, 120.00

11274.8 0.042

K34 In90 Zn13 [5] R -3 m (166) hR138 18.439, 18.439, 40.086, 
90.00, 90.00, 120.00

11803.3 0.054

K34 In91 Mg14 [5] R -3 m (166) hR139 18.750, 18.750, 40.547, 
90.00, 90.00, 120.00

12345.0 0.074

Li33(Cu,Zn)11Al56 [6] P42/mmc (131) tP906 14.050, 14.050, 83.140, 
90.00, 90.00, 90.00

16 412.0 0.067

Li3 Na5 Ga20 [7] F mmm (69) oF920 24.666, 15.974, 45.271, 
90.00, 90.00, 90.00

17837.4 0.072

Mg402Zn686 [8] C mc21 (36) oC1088 36.840, 22.782, 22.931, 
90.00, 90.00, 90.00

19245.7 0.170

Na128 Au81 Ga275 [9] F mmm (69) oF968 16.088, 25.584, 46.860, 
90.00, 90.00, 90.00

19287.4 0.073

Li13Na29Ba19 [10] F -43m (216) cF488 27.335, 27.335, 27.335, 
90.00, 90.00, 90.00

20 424.8 0.048

BaLi1.06In1.16 [11] R -3 c (167) hR888 18.894, 18.894, 85.289, 
90.00, 90.00, 120.00

26367.7 0.061

(Ba,Ca)46Li102 [12] R -3 c (167) hR888 19.913, 19.913, 90.213, 
90.00, 90.00, 120.00

30 978.5 0.101
143-atom nanocluster in the form of the primary chain
 → layer  → framework  was established.

This study represents a follow-up of [1, 2, 14–22]
in the simulation of processes of self-the assembly of
systems on the suprapolyhedral level and the geomet-
ric and topological analysis of crystal structures by
advanced computer methods.

TECHNIQUES USED IN COMPUTER 
ANALYSIS

The geometric and topological analysis was carried
out by the ToposPro [13] software package that allows
performing a multipurpose automated investigation of
the crystal structure built on the presentation of struc-
tures as “folded graphs” (quotient graphs). The data
on the functional role of the atoms at the formation of
the crystal structure were obtained by calculating the
coordination sequences, i.e., the number sets {Nk},

1
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where Nk is the number of atoms in the k-coordination
sphere of a specific atom.

The obtained values of the coordination sequences
of atoms in 3D-lattices are provided in Table 2, where
the number of neighboring atoms in the adjacent
region, i.e., in the first coordination sphere, are given
in bold. All the atoms exhibited various sets of the
coordination sequences {Nk}, so that they are all dif-
ferent topologically (and functionally).

The algorithm of the automated decomposition of
any intermetallic structure, represented as a folded
graph, on the cluster units was based on the following
principles. A structure is formed as a result of the self-
assembly from clusters-precursors. Here, the clusters-
precursors formed a framework of the structure,
where voids were occupied by clusters-spacers (con-
sisting of a small number of atoms). Nanoclusters-
precursors did not have shared internal atoms,
although shared surface atoms could be observed. The
 PHYSICS AND CHEMISTRY  Vol. 44  No. 6  2018
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Table 2. Local surroundings of Li, Ba atom and coordination
sequence values

Atom Local 
surrounding

Coordination sequences

N1 N2 N3 N4 N5

Li6 12Li 12 32 97 193 328

Li1 12Li 12 32 98 198 338

Li2 9Li + 3Ba 12 43 112 211 367

Li3 8Li + 4Ba 12 45 112 221 342

Li8 8Li + 4Ba 12 45 114 217 342

Li14 8Li + 4Ba 12 46 108 220 351

Li9 7Li + 5Ba 12 48 108 215 357

Li17 7Li + 5Ba 12 48 111 220 357

Li5 7Li + 5Ba 12 48 112 218 361

Li11 7Li + 5Ba 12 48 116 212 367

Li4 7Li + 5Ba 12 48 118 216 344

Li16 7Li + 5Ba 12 48 118 225 359

Li15 7Li + 5Ba 12 48 119 220 362

Li7 7Li + 5Ba 12 48 123 222 346

Li10 7Li + 5Ba 12 49 122 227 359

Li13 6Li + 6Ba 12 51 129 235 365

Li12 6Li + 6Ba 12 52 129 238 360

Li19 4Li + 8Ba 12 56 130 233 372

Li18 4Li + 8Ba 12 57 131 224 357

Ba3 8Li + 7Ba 15 61 130 243 383

Ba2 12Li + 4Ba 16 52 112 220 361

Ba1 12Li + 4Ba 16 52 112 219 367

Ba6 11Li + 5Ba 16 55 129 240 368

Ba10 11Li + 5Ba 16 56 121 224 366

Ba9 11Li + 5Ba 16 56 123 232 371

Ba7 11Li + 5Ba 16 56 124 232 372

Ba8 10Li + 6Ba 16 58 134 243 380

Ba4 12Li + 5Ba 17 56 118 216 391

Ba5 12Li + 5Ba 17 57 119 236 371
clusters-precursors occupied highly symmetric posi-
tions. A set of nanoclusters-precursors and clusters-
spacers consisted of all the atoms of the structure. The
algorithm was implemented in the ToposPro software
package [13].

SELF-ASSEMBLY OF THE CRYSTAL 
STRUCTURE OF (Ba,Ca)46Li102

The applied method of the simulation of the crys-
talline structure was based on the determination of the
hierarchic sequence of its self-assembly in the crystal-
lographic dimension [14, 15]. At the first level of the
system’s self-assembly, the mechanism was deter-
mined by the formation of the primary chain of the
structure from nanoclusters of the 0-level, formed at
the template stage of the system’s chemical evolution,
then the mechanism of self-assembly from the chain of
the level was initiated (2nd level) and, thereafter, from
the layer a 3D framework of the structure (3rd level)
was initiated.

Crystallographic data on (Ba,Ca)46Li102. The space
group R c is characterized by elements with the point
symmetry g = 32 (6a), g = –3 (6b), 3 (12c), –1 (18d),
and 2 (18e).

Table 2 demonstrates the local surroundings of the
Li and Ba atoms and the coordination sequence values
in the 3D atomic network.

The number of variations of the decomposition of
a 3D atomic lattice with of 3, 4, 5, 6, and 7 structural
units equaled 3, 16, 53, 44, and 17 (total 133 varia-
tions), respectively.

The variant of describing the crystal structure of
(Ba,Ca)46Li102 suggested in [12] implying isolation of
the layer from the bonded Li(Li4Ba8) icosahedra with
the Li(Li12) and Li(Li9Ba3) icosahedra located
between them corresponds to the variation with the
largest number of elementary structural units of 7
(Table 3). Upon the selection of such a type of inter-
metallics simulation, apart from the three investigated
elementary polyhedral clusters, the functional role of
another three isolated elementary polyhedral clusters
(Ba1(1)(1@16), Li3(1)(1@12), and Ba4(1)(1@17))
and atoms-spacers (Li5(0)(1)) must be considered.

Quasis-pherical clusters the iсo-K143 of
Li(Li12)(Li12Ba20)(Ba32Li66) composition, Ba3Li9 clus-
ters-spacers, and Li atoms-spacers were established as the
framework-forming nanoclusters (Table 4, Figs. 1, 2).

The iсo-K143 nanocluster appeared to be three-
layered of composition 1@12@32@98 with the center
in the position 6b (1/3, 2/3, 1/6) and the point sym-
metry g = –3.

3
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Table 3. Variations of cluster representation of crystal structure. Displayed: central atoms of polyhedral cluster (Li and Ba)
and total number of shells (first braces) and number of atoms in shells (second braces)

Three structural units

Li1(3)(1@12@32@98)   Li2(0)(1)   Li3(1)(1@12)
Li1(3)(1@12@32@98)   Li2(0)(1)   Li16(1)(1@12)
Li1(1)(1@12)   Li2(2)(1@12@43)   Li9(1)(1@12)

Four structural units

Li1(2)(1@12@32)   Li2(1)(1@12)   Li3(1)(1@12)   Ba9(1)(1@16)
Li1(2)(1@12@32)   Li2(1)(1@12)   Li9(1)(1@12)   Li16(1)(1@12)
Li1(2)(1@12@32)   Li2(1)(1@12)   Li15(1)(1@12)   Li17(1)(1@12)
Li1(2)(1@12@32)   Li2(1)(1@12)   Li15(1)(1@12)   Ba9(1)(1@16)
Li1(1)(1@12)   Li3(1)(1@12)   Li9(1)(1@12)   Li12(1)(1@12)
Li1(2)(1@12@32)   Li3(1)(1@12)   Li12(1)(1@12)   Ba9(1)(1@16)
Li1(1)(1@12)   Li9(1)(1@12)   Li12(1)(1@12)   Li15(1)(1@12)
Li1(1)(1@12)   Li9(1)(1@12)   Li12(1)(1@12)   Li16(1)(1@12)
Li1(1)(1@12)   Li9(1)(1@12)   Li13(1)(1@12)   Li15(1)(1@12)
Li1(1)(1@12)   Li9(1)(1@12)   Li13(1)(1@12)   Li16(1)(1@12)
Li1(2)(1@12@32)   Li12(1)(1@12)   Li15(1)(1@12)   Li17(1)(1@12)
Li1(2)(1@12@32)   Li12(1)(1@12)   Li15(1)(1@12)   Ba9(1)(1@16)
Li1(2)(1@12@32)   Li13(1)(1@12)   Li15(1)(1@12)   Li17(1)(1@12)
Li1(1)(1@12)   Li2(2)(1@12@43)   Ba4(0)(1)   Li5(1)(1@12)
Li1(1)(1@12)   Ba1(2)(1@16@52)   Li3(1)(1@12)   Ba7(0)(1)
Li1(0)(1)   Ba1(2)(1@16@52)   Li3(1)(1@12)   Ba7(1)(1@16)

Seven structural units

Li1(0)(1)   Li2(1)(1@12)   Ca2(1)(1@16)   Li3(1)(1@12)   Ba4(1)(1@17)   Li17(0)(1)   Li18(1)(1@12)
Li1(0)(1)   Li2(0)(1)   Ca2(1)(1@16)   Li3(1)(1@12)   Ba4(0)(1)   Li17(1)(1@12)   Li18(1)(1@12)
Li1(0)(1)   Li2(1)(1@12)   Ca2(1)(1@16)   Li3(0)(1)   Ba4(1)(1@17)   Li17(1)(1@12)   Li18(1)(1@12)
Li1(0)(1)   Li2(0)(1)   Ca2(1)(1@16)   Li3(1)(1@12)   Ba4(1)(1@17)   Li17(1)(1@12)   Li18(1)(1@12)
Li1(0)(1)   Li2(1)(1@12)   Ca2(1)(1@16)   Li3(1)(1@12)   Ba4(1)(1@17)   Li17(0)(1)   Ba7(1)(1@16)
Li1(0)(1)   Li2(0)(1)   Ca2(0)(1)   Li3(1)(1@12)   Ba4(0)(1)   Li17(1)(1@12)   Ba7(1)(1@16)
Li1(0)(1)   Li2(0)(1)   Ca2(0)(1)   Li3(0)(1)   Ba4(1)(1@17)   Li17(1)(1@12)   Ba7(1)(1@16)
Li1(1)(1@12)   Li2(1)(1@12)   Ba1(1)(1@16)   Li3(1)(1@12)   Ba4(1)(1@17)   Li5(0)(1)   Li18(1)(1@12)
Li1(1)(1@12)   Li2(0)(1)   Ba1(1)(1@16)   Li3(1)(1@12)   Ba4(1)(1@17)   Li5(0)(1)   Li18(1)(1@12)
Li1(0)(1)   Li2(0)(1)   Ba1(1)(1@16)   Li3(1)(1@12)   Ba4(0)(1)   Li5(1)(1@12)   Li18(1)(1@12)
Li1(0)(1) Li2(1)(1@12)   Ba1(1)(1@16)   Li3(0)(1)   Ba4(1)(1@17)   Li5(1)(1@12)   Li18(1)(1@12)

Table 4. Atoms forming icosahedral cluster 1@12 and 32-,
98-atom shells

Icosahedral 
cluster 1@12 32-atom shell 98- atom shell

1 Li1 6 Ba10 6 Li18 2 Ba1 6 Li11
6 Li10 6 Ba5 6 Li5 6 Ba4 6 Li12
6 Li4 6 Ba7  12 Ba6 6 Li13
 2 Ba2  6 Ba8 6 Li14
   6 Ba9 6 Li15
    6 Li17
    6 Li19
    6 Li6
    6 Li7
    6 Li8
    6 Li9
The center of the Ba3Li9 cluster-spacer with the
point symmetry g = 32 was located in the position 6a
(2/3, 1/3, 0.583) (Fig. 1).

The second 32-atom icosahedral shell-deltohe-
dron corresponded to the Bergman cluster with 32, 90,
and 60 peaks, edges, and faces, respectively (Fig. 2).
The second shell contained 20 Ba atoms located on 20
edges of an icosahedron and 12 Li atoms bonded to 12
Li atoms (peaks of the icosahedrons).

The third new type of 98-atom icosahedral shell-
deltohedron exhibited of 98, 288, and 192 peaks,
edges, and faces. The chemical composition of the shell
 PHYSICS AND CHEMISTRY  Vol. 44  No. 6  2018
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Fig. 1. Li(Li12) cluster (left) and Li9Ba3 cluster (right). Numbers indicate distances of atomic bonds, Å.
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Fig. 4. (а) Mechanism of iсo-K143 clusters bonding upon formation of primary chain and layer, (b) mechanism of clusters iсo-K143
bonding from adjacent layers upon formation of framework.
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Li1
Li1
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a

is Ba32 Li66. In the third shell, all 32 Ba atoms were
located above 32 atoms of the Berman shell (Fig. 3).

The basic 3D lattice for the framework-forming
iсo-K143 clusters corresponded to the hexagonal
densest packing of clusters with CN = 12 = 6 (in the
layer) + 3 (above the layer) + 3 (under the layer).

Self-assembly of the (Ba,Ca)46Li102 crystalline struc-
ture. Primary chain. The self-assembly of the primary
chains from the iсo-K143 cluster proceeded along the
X axis (Fig. 4). Here, the localization of two atoms-
spacers (Li2) occurred between iсo-K143 clusters.
GLASS
The distance between the centers of iсo-K143 clus-
ters corresponds to the translation vector value a =
19.913 Å.

Self-assembly of the layer. The formation of the 
layer proceeded upon the complementary bonding of
the clusters from the adjacent primary chains with a
shift (Fig. 5). At this stage of self-assembly, localiza-
tion occurs in the voids of the Ba3Li9 cluster-spacer.

The distance between the centers of iсo-K143 clus-
ters from the adjacent primary chains corresponded to
the translation vector value b = 19.913 Å.

2
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Fig. 5. Layer of two primary chains. Ba3Li9 clusters-spacers and Li atoms-spacers are displayed.
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Self-assembly of the framework. The structure of the

framework of  is formed upon the bonding of two
basic layers with a shift. The distance between layers
along the Z axis determines the translation vector
value c/6 = 90.213 Å/6.

CONCLUSIONS

The framework-forming 143-atom icosahedral
nanocluster with a diameter of 20 Å has been estab-
lished via the method of the complete decomposition
of the 3D atomic lattice into cluster structures. ico-
K143 nanoclusters have been determined as three-lay-
ered Li @12(Li12) @32(Li12Ba20) @98(Ba32Li66) with a
symmetry of g = .

The symmetrical and topological code of the self-
assembly processes of 3D structures from iсo-K143
nanoclusters-precursors in the primary chain → layer →
framework form has been reconstructed. iсo-K143
nanoclusters form densely packed 2D layers 36 located
with a shift along the c axis.

The 12-atom Ba3Li9 clusters-spacers with a sym-
metry of g = 32 that occupied voids in the 3D frame-
work structure and Li atoms-spacers that participated
in the bonding of iсo-K143 upon the formation of the
primary chain and layer have been identified.
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