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Abstract—The TOPOS software package is used for the combinatorial topological analysis and simulation of
the self-assembly of the Ks,Na,,Tls¢In 5,-4P224 (spatial group P-3ml, a = b= 16.909, c = 28.483 A, V=17
052 A%) crystalline structure. A total of 1649 variants of the cluster representation of a 3D atomic lattice with the
number of structural units ranging from 4 to 10 are found. Two frame-forming three-layer icosahedral nanoclusters
are detected: K132 and K116 with symmetry g = —3m and a diameter of 17 A. The chemical composition of the
shells of the three-layer 132-atom nanocluster K132 is 0@12(IngTlg)@30(IngNagK 5) @90(In;,Na,K) and that
of the 116-atom nanocluster K116 is (0@12(IngTls)@26(In ;K ;4)@78(In34Tl,0K ;). The symmetrical and
topological code of the self-assembly of the 3D Na;,Ks,Tl34In,; structure from the precursor K132 and K116
nanoclusters is reconstructed in the following form: primary chain — layer — frame. The framework’s voids

are occupied by spacer atoms K and T1.

DOI: 10.1134/51087659620030116

INTRODUCTION

Crystallization of potassium intermetallic com-
pounds was detected in binary systems K—M (with the
participation of 15 chemical elements M), in 63 ter-
nary systems K—M1—M?2 (with the participation of
27 elements) and in 30 quaternary systems K—M1—
M?2— M3 (with the participation of 29 elements) [1, 2].

Twelve quaternary intermetallic compounds are
formed in 11 systems K—Na—M1—M?2 with the partic-
ipation of atoms M1 and M2 = Au, Mg, Zn, Cd, Al,
Ga, In, Sn, Sb, Bi) (Table 1, [3—14]). In the K—Na—
Cd-TI system, the formation of two compounds is
detected; and in the other systems, of one compound
(Table 1). With the participation of the large atoms K
and Rb, and K and Cs in quaternary systems only 3
and 2 intermetallic compounds are formed [1, 2].

In [15] for the quaternary intermetallic compound
K,;NagCd,,Ingg-AP91 (a = b =17.114, ¢ = 10.442 A,
spatial group P6/mmm), a new type of polyhedral pre-
cursor cluster was detected: K8 = 0@8(Na,Ing) and
K8 = 0@K,Ing in the form of a hexagonal bipyramid.
The Na,Ing clusters were templates on the surfaces of

which atomic shells of 36 atoms were formed. The
composition of the two-layer templated cluster is
K44 = 0@8(Na,Ing) @36(IngCd(K),.

The crystalline structure of the most complex qua-
ternary intermetallic compound Ks,Na;,Tl;cIn;y,-
hP224 in terms of crystalline chemistry [13] is charac-
terized by the high values of the parameters of the hexag-
onal cell: a = b =16.909 A, c = 28.483 A, =7 052 A3,
spatial group P-3m1(164), and 32 crystallographic
independent atoms with unique Wyckoff positions
J2i%d3¢. Two Na atoms have coordination numbers
(CN) =13 and 15; eight K atoms have CN = 12, 14, 15,
and 16; sixteen In atoms have CN =9, 10, 11, 12, and
16; and six T1 atoms have CN = 10, 11, 13, and 14.

This work using the ToposPro software package
[16] performs geometrical and topological analysis of
the crystalline structure of the intermetallic com-
pound Ky,Na,TlysIn;,,-AP224. The symmetrical and
topological code of the self-assembly of the crystalline
structure of the intermetallic compound made of
nanoclusters K132 and K116 is reconstructed in the
following form: primary chain — microlayer —
microframe.
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Table 1. Crystallographic data of intermetallic compounds formed in the systems K—Na—M1—M2, where M1, M2 = Au,

Mg, Zn, Cd, Al, Ga, In, Sn, Sb, Bi

Compound Spatial group Pearson class Par;::f;i{;gsf;ngezgeisn A v, A3
K¢NasAlSb, [3] P65/mmc (194) hP28 10.168, 10.168, 10.527 942.6
K¢Nas;GaSb, [4] P65/mmc (194) hP28 10.218, 10.218, 10.590 957.5
K,Na,Sn,Zn [5] P12,/c1 (14) mP36 11.572, 9.862, 11.382, 1132.3

90.00, 119.33, 90.00
KNa,SnSb; [6] P12,/cl (14) mP36 9.091, 8.375, 17.463, 1135.2
90.00, 121.37, 90.00
K¢Na,Cd;Tly; [7] Im-(204) cl46 11.321, 11.321, 11.321 1451.0
K¢Na;,MgTlg [8] Pm-3 (200) cP39 11.591, 11.591, 11.591 1557.4
K3 Na, Sn Bij [9] Ibca (73) ol72 7.182, 16.926, 21.595 2625.1
NagK,;CdIngg [10] | P6/mmm (191) hPI1 17.114, 17.114, 10.442 2648.6
K¢Nag CdsTlg [11] P65/mmc (194) hP98 11.136, 11.136, 29.352 3152.3
K3gNap,Au,Tlyg [12] P-62m (189) hP100 19.343, 19.343, 11.498 3725.6
K;¢NagIng; Tl 5 [13] P-3m1 (164) hP224 16.909, 16.909, 28.483 7052.6
K4Na,, Cd;Gag, [14] | R-3m (166) hRI139 16.669, 16.669, 36.472 8776.3

This work is a continuation of the studies [15, 17—
23] in the field of simulation of the self-organization of
systems at the supra-polyhedral level and the geomet-
rical and topological analysis of crystalline structures
by advanced computer methods.

METHODS OF COMPUTER ANALYSIS

The geometrical and topological analysis was per-
formed using the ToposPro software package [16],
which allows us to perform a multipurpose automatic
study of the crystalline structure based on the repre-
sentation of structures in the form of convoluted
graphs (factor graphs). The data on the functional role
of atoms upon the formation of a crystalline structure
were obtained by computing the coordination
sequences, that is, the sets of numbers {/N,}, where N,
is the number of atoms in the kth coordination sphere
of the given atom.

The obtained values of the coordination sequence
of atoms in 3D lattices are summarized in Table 2,
where the number of neighboring atoms in the nearest
surrounding area is highlighted in bold, that is, in the
first coordination sphere of the atom. All atoms are
characterized by various sets of coordination
sequences {NV,}.

The automatic decomposition algorithm of the
structure of any intermetallic compound was
described elsewhere and implemented using the
ToposPro software package [16].

GLASS PHYSICS AND CHEMISTRY  Vol. 46

SELF-ASSEMBLY OF THE K,,Na,,TlyIn,,-
hP224 CRYSTALLINE STRUCTURE

The applied simulation method of the crystalline
structure is based on the determination of the hierar-
chical sequence of its self-assembly in crystallographic
space [15, 17]. At the first level of the system’s self-
organization, the mechanism of the primary chain
formation of nanoclusters of the zero level formed at
the template stage of the system’s chemical evolution
is determined, then the mechanism of self-assembly of
the layer chain (the 2nd level), and then of the layer of
the structure’s 3D frame (the 3rd level).

Crystallographic data. The spatial group P-3ml
(no. 164) is characterized by the elements with point
symmetry: g = —3m (la, 1b), 3m (2¢c, 2d), 2/m (3e, 3f),
2 (6g, 6h), and m (6i). The group’s order is 12.

Table 2 shows the local surrounding of K, Na, TlI,
and In atoms and their coordination sequences ina 3D
atomic lattice.

The number of variants of representing a 3D atomic
lattice with the number of structural units ranging
from 4 to 10 was 1649 (Table 3).

Two variants of different crystallographic icosahe-
dral clusters ico-IngTlg(0@12) were detected with the
symmetry —3m, occupying the highly symmetric posi-
tions 4a and 4b.

Icosahedrons ico-IngTl(0@12) are templates on
which three-layer clusters K132 and K116 are formed
with the size of 17 A (Figs. 1, 2).

The chemical composition of the shells of the
nanocluster K132 is 0@12(IngTlg)@30(IngNag-K5)@-
90(In;,Na,K¢). The chemical composition of the

No. 3 2020
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Table 2. Ks,Na;,Tl;4In 5,-AP224. Local surrounding of Na, K, Tl, and In atoms and coordination sequences. Coordina-
tion number of atoms is highlighted in bold

Atom

Local surrounding

Coordination sequences

N1 N2 N3 N4 N5

Nal
Na2
Kl
K2
K3
K4
K5
K6
K7
K8
Inl
In2
In3
In4
In5
In6
In7
In8
In9
In10
Inll
In12
In17
Inl8
In19
In21
Tl1
TI2
TI13
T4
TI8
T110

3K+ 121In
SK+7In+ 1Tl

4K+ 6In+6TI
3Na+3K+3In+2Tl
3K+6In+6Tl
INa+3K~+8In+3TIl
3K+8In+3Tl
INa+3K+10In+ 1Tl
12 In

3K+9In+3Tl
3K+3In+3TIl
4K+4In+3Tl
3K+3In+ 3Tl
INa+3K+4In+2Tl
2Na+2K+61In
4K+6In
3K+5In+ 1Tl
3Na+2K+4In
3Na+2K+51In
3Na+2K+4In
4K+4In+ 3Tl
S5K+4In+3TIl
INa+4K+5In+ 1Tl
2Na+4K+41In
4K+4In+3Tl
12In+4Tl
4K+4In+2Tl
INa+5K+3In+2TIl
4K+5In+ 1Tl
SK+4In+2TIl
6K+7In+1TIl

6 K+7In

1544 103 192 315
13 48 110 196 311
16 49 103 204 336
16 49 105 205 331
15 48 105 209 336
1547 106 198 326
14 46 102 200 308
1545 101 202 330
12 36 90 193 297
1546 97 189 321
9 36 96 187 298
10 42 100 188 317
93797 185 303
10 40 97 187 301
10 41 99 193 298
10 39 92 178 296
936 94 181 300
942 104 184 301
10 42 102 191 306
9 41 103 186 299
11 47 106 193 318
12 48 102 188 319
11 41 106 183 292
10 42 99 182 299
11 47 109 189 302
16 40 105 177 282
10 39 100 173 294
11 47 101 182 307
10 39 95 173 286
11 43 105 179 300
14 54 115 200 318
13 54 121 198 303
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Table 3. Ks,Na;,Tl;4In ,,-AP224. Variants of cluster representation of crystalline structure with 4 and 10 structural units.
Central atom or void center of polyhedral cluster is shown together with the number of its shells (the first brackets) and
number of atoms in each shell (the second and the third brackets). Crystallographic positions corresponding to void centers
of polyhedral clusters are denoted as ZA1 and ZA2

4 structural units

ZA2(1b)(3)(0@12@30@90) ZA1(1a)(3)(0@12@26@78) K8(1)(1@15) TI10(1)(1@13)
ZA2(1b)(3)(0@12@30@90) ZA1(1a)(3)(0@12@26@78) K8(0)(1) K4(1)(1@15)
ZA2(1b)(3)(0@12@30@90) ZA1(1a)(3)(0@12@26@78) K8(1)(1@15) K4(1)(1@15)
ZA2(1b)(3)(0@12@30@90) ZA1(1a)(2)(0@12@26) K8(2)(1@15@46) T110(0)(1)
ZA2(1b)(3)(0@12@30@90) ZA1(1a)(2)(0@12@26) K8(2)(1@15@46) T110(1)(1@13)
ZA2(1b)(3)(0@12@30@90) ZA1(1a)(2)(0@12@26) In21(1)(1@16) K1(1)(1@16)

ZA2(1b)(3)(0@12@30@90) ZA1(12)(2)(0@12@26) T110(1)(1@13) K1(1)(1@16)

ZA2(1b)(3)(0@12@30@90) ZA1(12)(3)(0@12@26@78) K8(1)(1@15) TI10(1)(1@13)

10 structural units

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(1)(1@12) K8(1)(1@15) T110(1)(1@13) Nal(1)(1@15) Na2(1)(1@13)
In6(1)(1@10) Inl1(1)(1@11) TI3(0)(1)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(1)(1@12) K8(1)(1@15) T110(1)(1@13) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inll(1)(1@11) TI3(0)(1)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(1)(1@12) K8(1)(1@15) TI10(1)(1@13) Nal(1)(1@15) Na2(0)(1) In6(1)(1@10)
Inl1(1)(1@11) TI3(0)(1)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(1)(1@12) K8(1)(1@15) TI10(1)(1@13) Nal(0)(1) Na2(1)(1@13) In6(1)(1@10)
Intl(1)(1@11) TI3(0)(1)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(1)(1@12) K8(1)(1@15) TI10(1)(1@13) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inl1(1)(1@11) TI3(1)(1@10)

ZA2(1b)(1)(0@12) ZAl(1a)(1)(0@12) K7(1)(1@12) K8(1)(1@15) T110(0)(1) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inll(1)(1@11) TI3(1)(1@10)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(1)(1@12) K8(0)(1) T110(0)(1) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inll(1)(1@11) TI3(1)(1@10)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(0)(1) K8(0)(1) T110(0)(1) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inll(1)(1@11) TI3(1)(1@10)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(0)(1) K8(1)(1@15) T110(0)(1) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inll(1)(1@11) TI3(1)(1@10)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(1)(1@12) K8(0)(1) T110(1)(1@13) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inll(1)(1@11) TI3(1)(1@10)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(0)(1) K8(0)(1) T110(0)(1) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inll(1)(1@11) TI3(1)(1@10)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(0)(1) K8(1)(1@15) T110(0)(1) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inll()(1@11) TI3(1)(1@10)

ZA2(1b)(1)(0@12) ZAl(1a)(1)(0@12) K7(1)(1@12) K8(0)(1) TI10(1)(1@13) Nal(1)(1@15) Na2(1)(1@13) In6(0)(1)
Inll(1)(1@11) TI3(1)(1@10)

ZA2(1b)(1)(0@12) ZA1(1a)(1)(0@12) K7(1)(1@12) K8(1)(1@15) T110(1)(1@13) Nal(1)(1@15) Na2(1)(1@13)
In6(1)(1@10) Inl1(1)(1@11) TI3(0)(1)
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Table 4. Atoms forming 132—atom nanocluster K132. Na

Fig. 2. Three-layer clusters K116 (a) and K132 (b).

and K atoms are highlighted in bold

199

Table 5. Atoms forming 116-atom nanocluster K116. K
atoms are highlighted in bold

Nanocluster K132 Cluster K116
Icosahedral cluster 0@12 [30-atom shell] 90-atom shell Icosahedral cluster 0@12 | 26-atom shell | 78-atom shell
6 In2 6 In6 12 In10 6 Inl 6IN11 61n12
6 TI2 12 K2 12 Inl7 6Tl 6 In3 12 In19
6 K6 12 In18
n 12 K3 6 In21
6 Na2 6 In5
2 K7 12 In7
12 In7
6 Tl4
12 In8
6 1n9 12 T13
6 K5 12 T18
12 Nal 12 K1
GLASS PHYSICS AND CHEMISTRY Vol.46 No.3 2020
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(@)

Fig. 3. Binding of clusters K132 (a) and K116 (b) upon layer formation.

shells of the nanocluster K116 is Layer. The S32 basic layer is formed of clusters K132
0@12(IngTle)@26(In ;K 4)@78(In3sTlyK ). upon the binding of the primary chains with a shift

Self-assembly of crystalline structure. The nano-  (Fig. 3). The distance between the centers of clusters
clusters K132 (Table 4) and K116 (Table 5) are the K132 in the primary chain and in the layer determines
frame-forming clusters. the values of the translation vectors a =5 = 16.909 A.

GLASS PHYSICS AND CHEMISTRY  Vol. 46 No.3 2020
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Fig. 4. Binding of layers of clusters K116 and K132 upon formation of packet.

Packet. The layer of clusters K116 is formed on the
surface of the layer of clusters K132 (Fig. 4). In the
voids of the layer of clusters K116, spacer atoms K8
and TI110 occupy positions 2d (1/3, 2/3, 0.174) and
TI110 (2/3, 1/3, 0.185) with symmetry 3m. The thick-
ness of the two-layer packet corresponds to the abso-
lute value of the translation vector ¢ = 28.483 A.

Self-assembly of shell. The 3D framework structure

S; is formed upon the binding of two-layer packets in
the Z direction.

CONCLUSIONS

Two frame-forming nanoclusters have been
detected using the decomposition of the 3D atomic
lattice: K132 and K116 with symmetry g = —3m. The
voids of the layer of K116 clusters are occupied by
spacer atoms K and T1.

The chemical composition of shells of the nano-
cluster K132 is 0@12(IngTls)@30(IngNagK g)-
@90(In;,Na,K¢) and that of the nanocluster K116 is
0@12(IngTly)@26(In |, K ) @78(In4 Tl K ).

The symmetrical and topological code of the self-
assembly of the 3D structure from the precursor nano-
clusters K132 and K116 has been reconstructed in the
following form: primary chain — layer — frame.
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