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Abstract—Single crystals of new ternary bismuthides NaZnBi (I) and NaCdBi (II) are obtained by the self-
f lux technique. Its crystal structures are studied by single-crystal X-ray structure analysis (CIF file CCDC
nos. 1956988 (I) and 1956989 (II)). The synthesized compounds form isostructural series with lighter pnic-
tide analogs. Similarly to NaZnPn (Pn = P, As, Sb), compound I crystallizes in the structural type PbFCl,
space group P4/nmm, a = 4.5114(5), c = 7.5970(10) Å, whereas compound II, as NaCdPn (Pn = As, Sb), can
be assigned to the structural type MgSrSi, space group Pnma, a = 8.0812(5), b = 4.8026(3), c = 8.7320(7) Å.
The crystal structure of compound I consists of antif luorite-like layers [ZnBi] separated by a layer of sodium
atoms, whereas hexagonal corrugated [CdBi] layers, which are tightened between each other by Cd–Bi bonds
with the formation of channels in which sodium atoms are localized, can be distinguished in the structure of
compound II. The crystal structures of the synthesized bismuthides are compared both between each other
and with lighter representatives of the isostructural series.

Keywords: ternary bismuthides, NaZnBi, NaCdBi, single crystal growth, X-ray structure analysis, crystal
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INTRODUCTION
Compounds of the general composition ATPn (A is

alkaline metal, T is d element, and Pn is pnictide)
manifest a large variety of structures and properties
due to the formation of diverse coordination polyhe-
dra by the component atoms and their mutual
arrangement. Among them there are insulators, semi-
conductors, compounds with metallic behavior, and
superconductors. They can exhibit thermoelectric and
diverse magnetic properties. The most known materi-
als are layered iron-containing superconductors
AFePn (Pn = P, As; A = Li, Na) that crystallize in the
structural type PbClF (space group P4/nmm) [1], a
wide family of manganese derivatives AMnPn (A is
alkaline metal, Cu; Pn = P, As, Sb, Bi) manifesting
the properties of semiconductor antiferromagnetics
[2–4], and half-Heusler compounds characterized by
the antif luorite-like structure (space groups Fm m
and F 3m) and manifesting various physical proper-
ties, including those caused by the non-trivial Fermi
surface topology [5]. The family of layered pnictides
ATPn is of special interest. They contain hexagonal
layers [TPn] built of alternating T and Pn atoms and A
atoms arranged between these layers (family ZrBeSi,

space group P63/mmc), and the layers can be tightened
by interlayer T–Pn bonds to form framework centro-
or noncentrosymmetric structures (families MgSrSi
and LiGaGe, space groups Pnma and P63mc, respec-
tively) manifesting antisegneto- and segnetoelectric
properties [2, 6].

The thermodynamic stability of a series of ATPn
compounds obeying the Zintl formalism, according to
which the sum of valent electrons per formula unit is 8
or 18, was predicted on the basis of the already known
structural data and theoretical calculations in the
recently published works [7]. It was predicted that
these compounds exhibited nontrivial functional
properties [5]. Among these compounds, we were
interested in bismuthides NaTBi, where T is Zn and
Cd. Although the lighter pnictides of similar composi-
tion NaTPn (Pn = As, Sb) were synthesized earlier [8–
10], bismuth derivatives remained unknown. Mean-
while, the transition to heavy pnictides leads to a reg-
ular change in the properties and can induce the
appearance of new peculiarities, in particular, proper-
ties caused by the non-trivial Fermi surface topology.
In addition, these compounds can be efficient mild
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Fig. 1. Crystals of compounds (a) I and (b) II. 

(а)

(b)
reducing agents for the synthesis of bismuth clusters
using nonaqueous solvents.

In this work, we synthesized for the first time single
crystals of NaZnBi (I) and NaCdBi (II) and deter-
mined their crystal structures. In spite of the same
stoichiometry and similarity of the coordination poly-
hedra of the component atoms Na, Zn/Cd, and Bi,
these compounds are of various structural types. A
comparison of the crystal structures of the synthesized
compounds with the lighter representatives of the iso-
structural series makes it possible to reveal certain fac-
tors affecting the accomplishment of this or another
structural type in ternary pnictides ATPn (A is alkaline
metal; T = Zn, Cd).

EXPERIMENTAL

Synthesis. All procedures on the preparation of the
initial reaction mixtures, separation of the synthesized
compounds from by-products, and preparation of the
synthesized samples for further studies were carried
out in a dry argon box with the water content not
higher than 0.1 ppm and oxygen content at most
0.5 ppm. The metallic reagents Na (99.95%), Zn
(99.9%) or Cd (99.9%), and Bi (99.95%) in the molar
ratio Na : (Zn/Cd) : Bi = 1 : 1 : 6 were placed in an
annealed alumina crucible, the upper part of which
was closed with quartz wool for the further separation
of the f lux by centrifugation, after which the crucible
was placed in a quartz ampule, which was evacuated,
filled with dry argon to a residual pressure of 0.1 atm,
and sealed. Then the ampule with the crucible inside
was placed in a muffle furnace and heated up to 873 K
within 24 h, kept at this temperature for 48 h for the
homogenization of the melt, and cooled down to
573 K with a rate of 2 K/h. Excess bismuth was
removed by high-temperature centrifugation.

After the end of the reaction and centrifugation of
the melt in the case of the Na–Zn–Bi system, blocks
of layered crystals of NaZnBi (I) were taken from the
crucible. The blocks with metallic luster of regular
rectangular shape up to 1 cm in size were easily sepa-
rated from one another using a scalpel (Fig. 1a). The
obtained crystals were very unstable in air and decom-
posed within several minutes and, hence, all opera-
tions were carried out in a dry box in an argon atmo-
sphere.

The X-ray diffraction analysis (XRD) of the poly-
crystalline sample obtained by grinding of the selected
single crystals in a mortar was carried out on a Rigaku
MiniFlex 600 diffractometer (graphite monochroma-
tor, CuKα radiation). The sample was placed in a air-
tight holder inside the dry box to protect from contact
with open air. The obtained XRD pattern indicated
that the sample is single-phase and well indexed in the
space group P4/nmm with the crystal cell parameters
close to those of NaMnBi [3].
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
In the case of the Na–Cd–Bi system, gray crystals
of NaCdBi (II) of irregular shape with the sizes up to
2 × 2 × 5 mm were separated by centrifugation
(Fig. 1b). Unlike compound I, complex II was more
stable and demonstrated appreciable indications of
degradation only after several hours of exposure in air,
which is explained, as became clear further, by differ-
ent structures of the compounds. The XRD of the
grinded single crystals confirmed that the new, earlier
unknown substance with the assumed composition of
compound II was obtained. The composition and
structure of the obtained single crystals were finally
determined on the basis of the X-ray structure analysis
data.

X-ray structure analysis. Single crystals of com-
pounds I and II with linear sizes of ~0.1 mm were
placed (under a microscope) in glass capillaries wetted
with anhydrous paraffin oil, after which the capillaries
were sealed. The set of X-ray structure data was col-
lected on a STOE single-crystal diffractometer
equipped with a Pilatus 100K detector, a graphite
monochromator, and a collimator with a capillary
diameter of 0.5 mm using MoKα radiation. The struc-
tures were solved using the SHELXL2014 and
SHELXT program packages and refined by least
squares using the SHELXL2014 program package [11,
12]. The anisotropic model was applied after several
refinement cycles in the isotropic approximation for
the thermal vibration parameters of atoms. As a result
of the refinement, the Rint-factors were 0.0516 and
0.043 for compounds I and II, respectively. The crys-
tallographic data and structure refinement parameters
of I and II are presented in Table 1. The characteristic
interatomic distances are given in Table 2.
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Table 1. Crystallographic data and structure refinement parameters for I and II

Parameter I II

Crystal system Tetragonal Orthorhombic
Space group P4/nmm Pnma

T, K 294 294
a, Å
b, Å
c, Å

4.5114(5)
4.5114(5)
7.597(1)

8.0812(5)
4.8026(3)
8.7320(7)

V, Å3 154.62(4) 338.90(4)

Z 2 4

μ, mm−1 64.39 57.95

Crystal size, mm 0.08 × 0.04 × 0.03 0.1 × 0.06 × 0.04
Information on data collection
Absorption correction Difabs Multi scan
Tmin, Tmax 0.737, 0.823

Number of measured, independent,
and observed (I > 2σ(I)) reflections

177, 177, 164 505, 505, 432

Rint 0.0516 0.043

(sin θ/λ)max, Å−1 0.728 0.683

R (F2 > 2σ(F2)), wR (F2), S 0.052, 0.138, 1.15 0.038, 0.102, 1.07

Number of refined parameters 10 19

Δρmax, Δρmin, e Å−3 2.70, −2.73 1.75, −2.04

Table 2. Characteristic interatomic distances in I and II

I II

Bond d, Å Bond d, Å

Zn(1)−Bi(1) 4 × 2.8383(7) Cd(1)−Bi(1) 2 × 2.9571(16)
2.9699(17)
3.0391(17)

Na(1)−Bi(1) 3.280(17) Na(1)−Bi(1) 3.256(9)
4 × 3.307(4) 2 × 3.400(6)

2 × 3.468(6)
The coordinates of atoms and other parameters for
the structures of compounds I and II were deposited
with the Cambridge Crystallographic Data Centre
(CIF files ССDС nos. 1956988 (I) and 1956989 (II);
deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

Compound I crystallizes in the structural type
PbFCl [7] (space group P4/nmm) and consists of anti-
fluorite-like layers [ZnBi] with interlayers of Na
atoms. In the layers, the Zn atoms form a planar net-
RUSSIAN JOURNAL OF C
work and the Bi atoms are arranged in staggered rows
above and under the centers of the [Zn4] squares due
to which each Zn atom has a tetrahedral environment
of four Bi atoms (Fig. 2). The tetrahedral polyhedron
[ZnBi4] is somewhat extended along the inversion С4i
axis passing parallel to the с axis through two opposite
edges of the tetrahedron. This is indicated by the val-
ues of two BiZnBi angles (105.26(4)°) leaned on these
edges. The extension of the tetrahedron somewhat
increases in the pnictide series NaZnPn with an
increase in the size of Pn (Table 3). The Na atoms are
arranged between the [ZnBi] layers to form the coor-
dination polyhedron [NaBi5] as a square pyramid,
OORDINATION CHEMISTRY  Vol. 46  No. 9  2020
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Fig. 2. Crystal structure of compound I.

a

c

Na Bi

Zn

b

whose base is formed by four Bi atoms from one layer,
and the fifth bismuth atom from the adjacent layer
occupies the axial vertex (Fig. 2). The С4 axis passes
parallel to the c axis through the vertex of the pyramid
and the middle of the base. The geometric parameters
of the pyramid are presented in Tables 2 and 3 and
show that the distances from the Na atom to the basal
Bi atoms lying in the pyramid base (lb) only insignifi-
cantly exceed the distance to the Bi atom in the axial
vertex (ratio la/lb = 0.99). The bismuth atom is situated
inside the monocapped square antiprism [BiZn4Na5]
(Fig. 3a). The bottom base of the antiprism is formed
by four Zn atoms, and the upper base and capped ver-
tex are formed by the Na atoms. The [BiZn4Na5] poly-
hedron is oriented along the c axis in such a way that
the axis of rotation С4 passes through the middle of the
[Zn4] square and capped vertex. It should be men-
tioned that NaZnBi is isostructural to the manganese
derivative NaMnBi [3], but the unit cell size and inter-
atomic distances of the latter are somewhat higher
because of the larger size of the Mn atom compared to
Zn [14, 15].

The replacement of the zinc atom by cadmium
substantially changes the crystal structure: compound
II, as well as its lighter analogs NaCdPn (Pn = As, Sb),
crystallizes in the structural type MgSrSi (orthorhom-
bic crystal system Pnma). The corrugated hexagonal
layers in which each Bi atom is linked with three Cd
atoms and vice versa can be distinguished in the struc-
ture of compound II (Fig. 4). The layers are parallel to
the plane (bc) and oriented in such a way that series of
translationally bound Cd (or Bi) atoms are formed
along the b direction at the same height x. The cad-
mium atoms, along with three Cd–Bi bonds in the
layer, form the fourth bond with the bismuth atom
from the higher- or lower-lying layer thus completing
the coordination to a distorted tetrahedron. In the
[CdBi4] tetrahedron, one of the Bi···Bi edges and
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Table 3. Comparison of the unit cell parameters and characte
isostructural pnictides NaZnPn, where Pn is P, As, Sb, and B

* The effective radii of pnictide Pn3– in the structures NaTPn (T = Z
ganic Crystal Structure Database (ICSD) and effective ionic radii o
0.92 Å for B = Zn, Mn, and Cd, respectively [14, 15]. ** The Zn–
given in parentheses.

Pn a
c

c/a R(Pn3–)* Zn–Pn** 2 × PnZnPn

P 4.012
6.801 1.695 1.71(4) 2.473

(2.45) 108.41

As 4.122
6.995 1.697 1.81(2) 2.537

(2.55) 108.65

Sb 4.365
7.363 1.687 1.974(8) 2.722

(2.714) 106.59

Bi 4.511
7.597 1.684 2.08(2) 2.8383

(2.82) 105.261
the Cd atom lie in the symmetry plane. The average
Cd–Bi bond length (2.98 Å) exceeds the Zn–Bi bond
length in compound I (2.84 Å) by 0.14 Å, which cor-
relates with an increase in the ionic radius by 0.18 Å
[14, 15] on going from Zn2+ to Cd2+.

Сhannels directed along the b axis are formed due
to the Cd–Bi bonds between the adjacent hexagonal
[CdBi] layers. The sodium atoms are located in these
  Vol. 46  No. 9  2020

ristic bond lengths (Å) and bond angles (deg) in the series of
i (structural type PbClF, space group P4/nmm)

n, Mn, Cd) were estimated using the structural data from the Inor-
f the cations T2+ (coordination number 4), which are 0.74, 0.80, and
Pn bond lengths calculated as the sum of R(Pn3–) and R(Zn2+) are

Zn–Zn
1 × Na–Pn

 (la)
4 × Na–Pn

(lb) la/lb References

2.837 2.913 3.006 0.97  [13]

2.914 3.003 3.092 0.97  [10]

3.087 3.181 3.223 0.99  [9]

3.190 3.280 3.307 0.99 This work
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Fig. 3. Structures of the coordination polyhedra of bismuth in compounds (a) I and (b) II. 

(а) (b)

Na

Na

BiBi

Zn

Cd
channels and coordinate five bismuth atoms to form a
distorted tetragonal pyramidal polyhedron [NaBi5].
The base of the pyramid is a rectangle, one side of
which belongs to one [CdBi] layer and the second side
and axial vertex belong to another layer (Fig. 4c). A
comparison of the data in Tables 3 and 4 shows that
the lengths of the Na–Bi bonds to the basal Bi atoms
increased appreciably (by 4%) in the pyramid of
the structure II compared to the similar square pyra-
mid [NaBi5] in the structure I, whereas the Na–Bi
distance to the axial vertex somewhat decreased (by
0.8%). These changes affected the la/lb parameter,
which is 0.94–0.95 for the NaCdPn structures, unlike
0.97–0.99 for the NaZnPn structures (Tables 3, 4).

The polyhedra of bismuth [BiNa5Cd4] also notice-
ably change in two considered structures. The polyhe-
dron in the structure of compound II is less symmetric
and also can be considered as a monocapped square
antiprism. However, unlike the structure of com-
pound I, the bottom base contains three Cd atoms and
one Na atom; the upper base includes four Na atoms,
and cadmium is located in the capped vertex (Fig. 2b).
RUSSIAN JOURNAL OF C

Table 4. Comparison of the unit cell parameters and charact
NaCdPn, where Pn is As, Sb, and Bi (structural type MgSrS

* The Na–Pn bond lengths calculated as the sum of R(Na+) and R(

Pn
a
b
c

c/a b/a
2 × С

Cd–
Cd–

As
7.576
4.471
8.044

1.062 0.590
2.7
2.7
2.8

Sb
7.940
4.704
8.420

1.059 0.592
2.8
2.8
2.9

Bi
8.081
4.803
8.732

1.081 0.594
2.9
2.9
3.0
It should be mentioned that the Bi–T (T = Zn, Cd)
and Bi–Na bond lengths in compounds I and II are
typical of similar compounds. For example, in Na3Bi
the Bi–Na bond lengths range from 3.15 to 3.53 Å
[16], and the range of Bi–Cd in Ba2Cd3Bi4 is 2.93–
3.38 Å [17]. It seems interesting to compare the change
in the unit cell parameters, characteristic bond
lengths, and bond angles in the pnictide series NaTPn
(T = Zn, Mn, Cd; Pn = P, As, Sb, Bi). For conve-
nience of comparison, we estimated the effective radii
of the Pn3– anions. In these compounds, Reff(Pn3–,
coordination number 9) were determined as the T–Pn
bond lengths minus effective ionic radii Reff(T2+, coor-
dination number 4) [13, 14], and the obtained values
were averaged (Table 3).

The changes in the unit cell parameters in the
NaTPn series (T = Zn, Cd) at various Reff(Pn3–) are
presented in Fig. 5. It can be seen that the unit cell
sizes of ternary pnictides NaTPn increase linearly with
an increase in the pnictogen size (Figs. 5a, 5b), and for
T = Zn the c/a ratio remains nearly unchanged
OORDINATION CHEMISTRY  Vol. 46  No. 9  2020

eristic bond lengths (Å) in the series of isostructural pnictides
i, space group Pnma)

Pn3–) are given in parentheses.

d–Pn
Pn
Pn

1 × Na–Pn* 2 × Na–Pn
2 × Na–Pn

la/lb
average

References

327
253
253

3.022
(2.95)

3.204
3.236 0.94  [10]

639
695
765

3.167
(3.11)

3.336
3.438 0.94  [10]

571
699
391

3.256
(3.22)

3.400
3.468 0.95 This

work
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Fig. 4. Crystal structure of compound II: (a) projection along the a axis, (b) projection along the b axis, and (c) arrangement of
Na atoms between the hexagonal [CdBi] layers. The coordination polyhedra are given for some Cd (blue) and Na (yellow) atoms. 
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(Table 3). The Zn···Zn distance (|Zn–Zn| = )
regularly increases from 2.85 to 3.3 Å with an increase
in the pnictogen size, which can affect the manifested
physical properties. In the series of the isostructural
manganese derivatives NaMnPn, the elongation of the
Mn···Mn distance results in a regular decrease in the
magnetic interaction, which is expressed as an
increase in the effective magnetic moment [18–20].

A comparison of the structures of compounds I
and II shows that in both modifications (P4/nmm and
Pnma) the Na, Zn/Cd, and Bi atoms form similar
coordination polyhedra, which possibly indicates a
similar thermodynamic stability of both modifica-

2a
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
tions. Nevertheless, a question arises: what induces
the change of one structural modification by another?
The answer is related, most likely, to a decrease in the
stability of the [NаBi5] polyhedron. In fact, a compar-
ison of the tetragonal pyramidal coordination polyhe-
dra [NaBi5] in two studied structures shows that the
bonds of sodium with the basal Bi atoms are noticeably
weakened in the [NaBi5] pyramid in the structure of
compound II. The length of these bonds substantially
exceeds the Na–Bi bond length calculated as the sum
of effective ionic radii, whereas the Na–Bi distance to
the axial vertex and the Na–Bi bond lengths in the
structure of compound I quite correspond to the cal-
culation (Table 4). The elongation of the Na–Bi
  Vol. 46  No. 9  2020
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Fig. 5. Dependences of the unit cell parameters on the
pnictide size in the series (a) NaZnPn and (b) NaCdPn. 
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bonds is associated with the fact that the sizes of the
rectangular base [Bi4] increase on going from Zn to
Cd, since its sides are simultaneously the edges of four
tetrahedra [CdBi4]. An increase in the size of the T2+

cation on going from Zn to Cd results in the elongation
of the Bi···Bi edge. In turn, the Na–Bib bond length
should exceed half a diagonal of the pyramid base for
the stability of the square pyramid. As a result, the
sodium atom is hardly retained inside the tetragonal
pyramid due to a considerable increase in the NaBib
bond lengths. Thus, a probable reason for the change
in the structural type is that in the layered structures of
the PbClF type the sodium cations provide layer bind-
ing along the c axis due to fairly strong Na–Pn bonds.
The stability of the tetragonal pyramid [NaPn5]
decreases upon the replacement of Zn by Cd, and
(although sodium forms a similar polyhedron) the
RUSSIAN JOURNAL OF C
framework structure takes place in which the Cd–Bi
bonds play a serious role in the formation of 3D
bonding.

Interestingly, the structural type PbClF (P4/nmm)
is observed for all manganese derivatives AMnPn
regardless of the choice of alkaline metal A (A = Na,
K, Rb, Cs) and pnictide. It is most likely that the
enhanced stability of this structural type is related, in
the case of Mn, to an additional stabilization due to
the magnetic interaction: in the layered structure of
this type, the d-element atoms form planar square net-
works in which the interaction between the metal
atoms with the long-range magnetic order is observed
[21]. For other 3d elements, the formation of the
ATPn derivatives in the structural type PbClF is char-
acteristic only of light alkaline metals and pnictides of
the beginning of the series: P and As. The reason for
the fact that the structure of the PbClF type is not
characteristic of large alkaline metal cations is that
these cations tend to form polyhedra with higher coor-
dination numbers. For example, in the case of T = Fe,
compounds AFePn (Pn = P, As) are known for A = Li
and Na only. As the alkaline metal size increases,
compounds AFe2Pn2 (A = K, Rb, Cs) also containing
fluorite-like layers [FePn] are observed, but the alka-
line metal cations form the coordination polyhedron
as a rectangular parallelepiped (coordination
number 8). In the case of the zinc and cadmium deriv-
atives, there is no additional stabilization of the struc-
tures due to the magnetic interactions and, thus, the
dimensional factor is more important. The available
published data supplemented by our results show that
the ratio of sizes of the alkaline metal cation and d ele-
ment are decisive, whereas the pnictogen sizes play the
secondary role. Therefore, it is indicative that the
KCdPn and NaZnPn series for which
Reff(A+)/Reff(T2+) is 1.65 and 1.54, respectively, are
isostructural (Table 5). The data presented in Table 5
show that with a decrease in the ratio of effective ionic
radii Reff(A+)/Reff(T2+) for compounds ATPn the
structural types are accomplished consequently in
which the coordination numbers of cations of alkaline
metal A decrease and, correspondingly, their crystal-
chemical role changes. The structures with the high
ratio Reff(A+)/Reff(T2+) are layered and contain hexag-
onal (KZnPn) or antif luorite-like (NaZnPn and
KCdPn) [TPn] layers separated by interlayers of alka-
line metal atoms. The structures become framework
(NaCdPn, LiTPn) with a decrease in the
Reff(A+)/Reff(T2+) ratio. The LiTPn structures can be
considered as three-dimensional frameworks consist-
ing of tetrahedra [TPn4/4] with common vertices
packed according to the wurtzite (space group P63mc)
or sphalerite (space group F 3m) motif [22, 23], and
the Li atoms are located in the octahedral or tetrahe-
dral cavities, respectively, of the anionic sublattice
of Pn.

4

OORDINATION CHEMISTRY  Vol. 46  No. 9  2020
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Table 5. Comparison of the crystal structures of pnictides ATPn (A = Li, Na, K; T = Zn, Cd; Pn = P, As, Sb, Bi)

* C is cube, MTA is monocapped tetragonal antiprism, MTrA is monocapped triangular antiprism, T is tetrahedron, TP is tetragonal
pyramid, Tr is triangle, TrAP is triangular antiprism, TrP is triangular prism, TTrP is three-capped triangular prism.

ATPn KZnPn KCdPn NaZnPn NaCdPn
LiZnPn

LiCdPn
Pn = Sb, Bi Pn = P, As

Reff(A+)/Reff(T2+) [13, 14] 2.05 1.65 1.54 1.24 1.09 0.88

Structural type [7] ZrBeSi PbFCl MgSrSi LiGaGe MgAgAs

Space group P63/mmc P4/nmm Pnma P63mc F 3m

Coordination 
polyhedron (coor-
dination number in 
parentheless)*

A TrAP (6) TP (5) TP (5) Tr (3) T (4)

T Tr (3) T (4) Т (4) T (4) T (4)

Pn TTrP (9) MTA (9) MTA (9) MTrA (7) C (8)

4

The consideration performed makes doubtful the
assumption [6] about the possibility of the polymor-
phous transition from the structural type LiGaGe
(space group P63mc) to the structural type MgSrSi
(space group Pnma), since the characteristic ratios
Reff(A+)/Reff(T2+) differ appreciably for these struc-
tural types.

Thus, the crystallization from a solution in liquid
bismuth gave single crystals of two earlier unknown
bismuthides: NaZnBi and NaCdBi. Their crystal
structures were determined by single-crystal X-ray
structure analysis. In spite of the same stoichiometry
and similar coordination polyhedra of Na, Zn/Cd,
and Bi atoms, these compounds are of different struc-
tural types and form isostructural series with lighter
pnictide analogs: NaZnBi and other NaZnPn (Pn =
P, As, Sb) crystallize in the structural type PbFCl,
whereas NaCdBi (similarly to NaCdPn (Pn = As, Sb))
is of the structural type MgSrSi. The detailed consid-
eration of specific features of the geometry of the
coordination polyhedra of the component atoms
shows that the ratio of effective ionic radii
Reff(A+)/Reff(T2+) is an important factor affecting the
occurrence of this or another structural type in com-
pounds ATPn (А is alkaline metal, T is 12 Group (Zn,
Cd), and Pn is pnictogen).

It should be mentioned that the synthesized com-
pounds contain bismuth atoms in the formally nega-
tive oxidation state and exhibit a fairly high reactivity
(especially layered and instable in air NaZnBi),
which makes the considered compounds to be prom-
ising precursors for the synthesis of bismuth
clusters using nonaqueous solvents. For example, the
bismuth cluster cations were synthesized [24] by the
comproportionation of metallic bismuth and Bi3+

in liquid GaBr3, and an idea of the mild reduction of
Bi3+ in nonaqueous media was successfully accom-
plished [25].
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