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Single crystals of nonadecabarium nonaindium nonanitride,

Ba19In9N9, were synthesized by the Na ¯ux method under N2

pressure. The compound crystallizes in the monoclinic space

group C2/m, with Z = 2. Polyanionic indium clusters [In5]5ÿ

and [In8]12ÿ are surrounded by Ba2+ cations and are located in

a ¯at cage built of linked nitrogen-centred NBa6 octahedra.

The structural formula is expressed as (Ba38N18)[In5]2[In8].

Comment

A wide variety of Zintl polyanions has been found in binary,

ternary and multinary intermetallic compounds. Zintl poly-

anions of Ga and In are also contained in ternary and

quaternary subnitrides, such as Sr6Ga5N, Ba6Ga5N (Cordier et

al., 1995), Ca4In2N, Sr4In2N (Cordier & RoÈ nninger, 1987),

(Ba,Sr)8Cu3In4N5 (Yamane, Sasaki, Kubota, Inoue et al., 2002;

Yamane et al., 2003) and Ba14Cu2In4N7 (Yamane, Sasaki,

Kubota, Kajiwara & Shimada, 2002).

In the title compound, two kinds of In polyanions are

contained in a monoclinic cell with a long a axis and a large

unit-cell volume of 4588.6 (8) AÊ 3. There are 14 Ba atom sites,

seven In atom sites and eight N atom sites in the asymmetric

unit.

The arrangement of the atomic positions is shown in Fig. 1.

N atoms are located in the centres of the Ba octahedra (Ba6N).

The interatomic distances between the N and Ba atoms are in

the range 2.508 (12)±3.026 (9) AÊ , which is consistent with the
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Figure 1
The arrangement of atomic positions in the structure of Ba19In9N9,
illustrated with 50% probability displacement ellipsoids. Symmetry codes
as in Table 1.



BaÐN distances reported in the structure of Ba14Cu2In4N7

(2.46±3.07 AÊ ; Yamane, Sasaki, Kubota, Kajiwara & Shimada,

2002). The bond-valence sums, calculated with the bond-

valence parameters presented by Brese & O'Keeffe (1991),

are 2.4 v.u. for N1 and range from 2.8 to 3.2 v.u. for the other

seven N atoms.

Fig. 2 illustrates the crystal structure of Ba19In9N9 with the

nitrogen-centred Ba octahedra, which share edges and faces to

form ¯at cages along the c axis. Polyanionic clusters with

compositions of [In5]5ÿ and [In8]12ÿ are situated inside these

cages. The structure of Ba19In9N9 is thus represented by the

formula (Ba38N18)[In5]2[In8].

The trigonal±bipyramidal [In5] cluster consists of In atoms

in In1, In3, In6 and In7 sites. The InÐIn distances range from

2.9569 (12) (In1ÐIn3) to 3.224 (2) AÊ (In3ÐIn6), which is in

accordance with those reported for the indium Zintl

compounds Na15In27.54, Na2In (2.84±3.45 AÊ ; Sevov & Corbett,

1993), CaIn2 and SrIn2 (2.91±3.27 AÊ ; Iandelli, 1964). In

Ba19In9N9, In1 is surrounded by six Ba atoms, In3 by nine Ba

atoms, and both In6 and In7 by eight Ba atoms, with InÐBa

interatomic distances of 3.60±4.45 AÊ .

The trigonal±bipyramidal cluster [In5] has not been

reported before, but square pyramids of [In5] were revealed

for the Zintl compounds La3In5 and Y3In5 (Zhao & Corbett,

1995). The formal charge of the [In5] square pyramids is given

as ÿ9. In this kind of cluster, InÐIn distances of 3.00±3.23 AÊ

are found. The interatomic distances between discrete [In5]

square pyramids are 3.22±3.58 AÊ and the [In5] groups are

linked to form Zintl network structures. These compounds

exhibit metallic conduction. The trigonal±bipyramidal [In5]

clusters in Ba19In9N9 are surrounded by Ba atoms and are

isolated from each other. Considering [In5] as a typical Zintl

anion, the formal charge of the four-coordinated In1 and In6 is

ÿ1, that of the three-coordinated In3 and In7 is ÿ2, and the

total charge of the bipyramidal [In5] polyanion is ÿ7. This is

isoelectronic with the bipyramidal polyanions [Ga5
7ÿ] found

in the subnitrides Sr6Ga5N and Ba6Ga5N (Cordier et al., 1995),

the [Tl5
7ÿ] polyanions in Na2K21Tl19 (Dong & Corbett, 1994),

and the [Pb5
2ÿ] and [Sn5

2ÿ] polyanions in [cryptNa+]2[Pb5
2ÿ]

and [cryptNa+]2[Sn5
2ÿ] (Edwards & Corbett, 1977). Sr6Ga5N

and Ba6Ga5N are better represented as {(M6N9+)[Ga5
7ÿ] +

2eÿ}, where M = Sr or Ba, and two electrons are in excess.

The [In8] cluster in Ba19In9N9 has a unique structure that is

composed of four In2, two In4 and two In5 atoms. The InÐIn

distances are 2.969 (2)±3.102 (1) AÊ , and thus are in the range

of the [In5] and other In polyanions observed in various

subnitrides. The bonding between In5 atoms was not consid-

ered because of the long distance of 3.493 (2) AÊ . The distances

between the In atoms of the [In8] cluster and surrounding Ba

atoms are 3.604 (1)±4.161 (1) AÊ . Five Ba atoms are situated

around In2, ten Ba atoms around In4, and six Ba atoms

around In5.

Since atoms In2 and In5 are bonded to four In atoms, the

formal charge of these In atoms is expected to be ÿ1 from the

simple octet principle of Zintl anions. On the other hand, atom

In4 only bonds to two In2 atoms and is therefore expected to

have a formal charge of ÿ3. The resultant total formal charge

of the [In8] polyanion becomes ÿ12. However, the charge in

Ba19In9N9 is not balanced as {(Ba2+)38(N3ÿ)18([In5
7ÿ])2-

([In8
12ÿ])ÿ 4eÿ}. A similar electron shortage was reported for

Ba8Ga7: {(Ba2+)8[Ga4
8ÿ][Ga3

9ÿ] ÿ 1eÿ} (Fornasini, 1983). In

the latter, each Ga atom has three bonds to the neighbouring

Ga atoms and carries ÿ2 charges in a tetrahedral [Ga4
8ÿ]

cluster. Ga3ÿ atoms form a triangular [Ga3
9ÿ] cluster.

To obtain a deeper insight into the electronic structure of

the [In8] and [In5] clusters and the related [Ga5] cluster, crystal

overlap population analysis of these clusters was carried out

by the DV-X� method with the program SCAT (Adachi et al.,

1978). The bipyramidal [Ga5] cluster calculated with the

atomic coordinates of Ba6Ga5N clearly showed that full

occupation of the bonding molecular orbitals (MOs) causes

the formal valence ofÿ7 ([Ga5
7ÿ]), as expected from the Zintl

principle. However, the [In5] cluster in Ba19In9N9 can receive

only ®ve electrons in the bonding orbitals. The diffuse 4d

orbitals of the In atoms seem to affect the bonding character

of the [In5] cluster. If two more electrons entered in the next

antibonding MO, the [In5] cluster would be unstable. Ten

electrons from Ba atoms go into the bonding MOs of the [In8]

cluster. The highest occupied MO of [In8
12ÿ] is close to a non-

bonding or slightly antibonding state. The core part of In2Ð

In5 is bonding, but In2ÐIn4 is antibonding in the HOMO.

Thus a formal valence of ÿ12 might be possible for the

[In8] cluster and Ba19In9N9 could be explained as

{(Ba2+)38(N3ÿ)18([In5
5ÿ])2([In8

12ÿ])}.

Experimental

In an argon-®lled glove box, Ba (99.99%), In (99.999%) and Na

(99.95%), in a Ba:In:Na atomic ratio of 2:1:6, were weighed and

loaded into a BN crucible (inside diameter 7 mm, height 37.5 mm and

99.5%). The crucible was placed into a stainless-steel container

(0.5 inch outer diameter) and sealed with Ar gas. A schematic illus-

tration of the stainless-steel container was given in a previous paper

(Aoki et al., 2000). The container was connected to an N2 gas feed

line. After heating to 1023 K in an electric furnace, N2 gas

(> 99.9999%) was introduced into the container and the pressure was

maintained at 7 MPa with a pressure regulator. The sample was

heated at this temperature for 1 h and then cooled to 823 K at a rate

of 2 K hÿ1 under 7 MPa of N2. Below 823 K, the sample was cooled to

room temperature in the furnace by shutting off the furnace power.

The products in the crucible were then washed in liquid NH3

(99.999%) to dissolve the Na ¯ux. The details of the Na extraction

procedure were described previously (Kowach et al., 1998). Single

platelet crystals of Ba19In9N9 with a black metallic lustre were

obtained (maximum size 1.5� 0.5� 0.2 mm) together with crystals of

Ba6In4.77N2.7. The structures of Ba6In4.77N2.7 and Sr6In4.3N2.3 will be

reported elsewhere (Bailey et al., 2004). A scanning electron micro-

scope (SEM, Jeol ISM-5400F), equipped with an energy dispersive

X-ray spectrometer (EDS, Boyger), was used to evaluate the

elemental composition for Ba and In in Ba19In9N9. The EDS analysis

showed the presence of Ba and In with an atomic ratio of Ba:In =

18.6±20.1:9, which agrees with the ideal ratio with respect to the

formula Ba19In9N9. Single crystals were selected from the reaction

products in the glove box and were sealed in argon-®lled glass

capillaries since the crystals were not stable in air.
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Crystal data

Ba19In9N9

Mr = 3768.93
Monoclinic, C2=m
a = 57.334 (6) AÊ

b = 7.9101 (8) AÊ

c = 10.1991 (10) AÊ

� = 97.237 (2)�

V = 4588.6 (8) AÊ 3

Z = 4

Dx = 5.456 Mg mÿ3

Mo K� radiation
Cell parameters from 880

re¯ections
� = 3.1±29.1�

� = 20.42 mmÿ1

T = 293 (2) K
Plate, black
0.09 � 0.08 � 0.04 mm

Data collection

Bruker SMART CCD area-detector
diffractometer

! scans
Absorption correction: analytical

face-indexed (XPREP; Bruker,
1997)
Tmin = 0.186, Tmax = 0.465

19 778 measured re¯ections

7053 independent re¯ections
5072 re¯ections with I > 2�(I)
Rint = 0.087
�max = 30.0�

h = ÿ57! 79
k = ÿ10! 11
l = ÿ14! 13

Re®nement

Re®nement on F 2

R[F 2 > 2�(F 2)] = 0.042
wR(F 2) = 0.106
S = 0.95
7053 re¯ections
198 parameters

w = 1/[�2(Fo
2) + (0.0447P)2]

where P = (Fo
2 + 2Fc

2)/3
(�/�)max = 0.001
��max = 10.26 e AÊ ÿ3

��min = ÿ3.82 e AÊ ÿ3

Table 1
Selected interatomic distances (AÊ ).

N1ÐBa13i 2.663 (9)
N1ÐBa11ii 2.694 (9)
N1ÐBa4iii 2.743 (10)
N1ÐBa12iv 2.959 (9)
N1ÐBa3iii 2.962 (10)
N1ÐBa12i 3.026 (9)
N2ÐBa14v 2.658 (7)
N2ÐBa14iv 2.658 (7)
N2ÐBa1iv 2.721 (7)
N2ÐBa1vi 2.721 (7)
N2ÐBa6iv 2.786 (11)
N2ÐBa7ii 3.027 (12)
N3ÐBa8ii 2.612 (11)
N3ÐBa2ii 2.684 (7)
N3ÐBa2vii 2.684 (7)
N3ÐBa6ii 2.743 (11)
N3ÐBa1vii 2.784 (8)
N3ÐBa1ii 2.784 (8)
N4ÐBa9ii 2.606 (11)
N4ÐBa2vii 2.644 (7)
N4ÐBa2ii 2.644 (7)
N4ÐBa7ii 2.765 (11)
N4ÐBa5viii 2.914 (8)
N4ÐBa5iii 2.914 (8)
N5ÐBa10iv 2.508 (12)
N5ÐBa12iv 2.562 (12)
N5ÐBa4iii 2.799 (9)
N5ÐBa4viii 2.799 (9)
N5ÐBa3iv 2.965 (9)
N5ÐBa3vi 2.965 (9)
N6ÐBa11i 2.635 (13)
N6ÐBa3iii 2.662 (8)
N6ÐBa3i 2.662 (8)
N6ÐBa13i 2.825 (13)

N6ÐBa3 2.954 (9)
N6ÐBa3vii 2.954 (9)
N7ÐBa9ii 2.576 (11)
N7ÐBa4viii 2.672 (8)
N7ÐBa4iii 2.672 (8)
N7ÐBa10iv 2.726 (11)
N7ÐBa5iii 2.881 (9)
N7ÐBa5viii 2.881 (9)
N8ÐBa8iv 2.563 (10)
N8ÐBa5viii 2.644 (8)
N8ÐBa5iii 2.644 (8)
N8ÐBa1vi 2.817 (8)
N8ÐBa1iv 2.817 (8)
N8ÐBa7ii 2.820 (10)
In1ÐIn7 2.9552 (12)
In1ÐIn3 2.9569 (12)
In1ÐIn6 3.1147 (11)
In1ÐIn1vii 3.1639 (14)
In2ÐIn2vii 2.9685 (17)
In2ÐIn4 3.0090 (12)
In2ÐIn5v 3.0565 (13)
In2ÐIn5 3.1021 (13)
In2ÐIn2ix 4.1128 (17)
In3ÐIn1vii 2.9569 (12)
In3ÐIn6 3.2243 (16)
In4ÐIn2vii 3.0090 (12)
In5ÐIn2ix 3.0564 (13)
In5ÐIn2v 3.0564 (13)
In5ÐIn2vii 3.1021 (13)
In5ÐIn5v 3.493 (2)
In6ÐIn1vii 3.1147 (11)
In6ÐIn7 3.1312 (16)
In7ÐIn1vii 2.9552 (12)

Symmetry codes: (i) 1
2ÿ x; 1

2ÿ y; 1ÿ z; (ii) x; 1� y; z; (iii) 1
2ÿ x; 1

2� y; 1ÿ z; (iv)
x; 1� y; 1� z; (v) ÿx; 1ÿ y; 1ÿ z; (vi) x; 1ÿ y; 1� z; (vii) x; 1ÿ y; z; (viii)
1
2ÿ x; 3

2ÿ y; 1ÿ z; (ix) ÿx; y; 1ÿ z.

The highest peak and deepest hole in the Fo±Fc map were observed

at (0.0235, 0.5, 0.6884), 1.49 AÊ from In2, and at (0.0165, 0.2720,

0.6705), 0.49 AÊ from In2, respectively. The position of the highest

peak is at the centre of the In2ÐIn2vii bond within the [In8] cluster,

and the deepest hole is close to the In2 atoms and outside the In2Ð

In2vii bond. Peaks of 2.2±3.9 e AÊ ÿ3 were also observed at 0.71±0.96 AÊ

distant from Ba atoms and from In6 and In7. These large differences

are presumably a result of the cut-off effect of the Fourier synthesis in

a low-symmetry space group with many heavy atoms in a large cell.

Data collection: SMART (Bruker, 1999); cell re®nement: SAINT

(Bruker, 1999); data reduction: SAINT; program(s) used to solve

structure: SIR97 (Altomare et al., 1999); program(s) used to re®ne

structure: SHELXL97 (Sheldrick, 1997); molecular graphics:

ATOMS (Dowty, 1999); software used to prepare material for

publication: SHELXL97.

We thank Professor T. Ito for his encouragement and

support. Useful discussions with M. S. Bailey are appreciated.
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Figure 2
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(right), with N-centred Ba octahedra and In atoms shown as grey circles
with bonds.
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