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A new quaternary nitride, Li;Ba;NbN,, has been synthesized
from Li, Ba, and Nb metals under flowing N, at 850°C. The
structure, as determined by single-crystal X.ray diffraction, is
monoclinic, space group C2/c with Z = 4, and has lattice parame-
tersa = 11.296(2) A, b = S.673(D A, c = 11.347Q) A, and 8 =
121.456(8)°. Refinement based upon F? yielded R2 = 0.073 and
wR2 = 0.105. (For comparison, a refinement based upon F
yielded R1 = 0.043). The Nb and one of the two independent Li
ions are coordinated tetrahedrally by N anions; the Li tetrahedra
are distorted. By sharing edges, the Nb and Li tetrahedra form
chains which are linked by the remaining Li ions to form the
three-dimensional structure. The Ba ions are located between the
Li—Nb chains.  © 1994 Acadenvic Prem, inc,

INTRODUCTION

There has recently been a resurgence of interest in
transition metal nitrides as materials with potentially in-
teresting magnetic and electronic properties (1). Some
recently reported structures of transition metal-contain-
ing ternary nitrides include Ca;CrN; (2}, Ca;VN; (3),
MiFeN; (4), and M;MnN; (M = Ba, Sr) (5). All have
trigonal planar [M"N;1°~ anions with either C,, (Ml = V
and Cr) or Dy, (M = Fe and Mn) symmetries. Other
recent examples include FesMos;N (6), FeWN, (7)),
Ba;MN, (M = Mo, W) (8), Ca;ZnN; (9), and LiMoN,
(10}, a metallic, layered ternary nitride from which the Li
atomns can be deintercalated and reintercalated.

Other long-known examples of ternary nitride com-
pounds include antiperovskite-type MT:N compounds
(11) such as ZnMn;N, anti-fluorite-type Li;MN; (M =V,
Mn) and LigCrN, (12), and anti-La,O;-type Li,ZrN; and
Li;CeN; (13).

Very few Nb-containing ternary nitrides have been re-
ported and no quaternary nitride appcars to have been
synthesized. With the exception of LiBa,M,N; (M = W,
Mo) (14), which contains dimeric tetrahedral anions,
most quaternary transition metal-containing nitrides in-
volve Li-M-Ni-N systems, where M = Ca, Sr, or Ba
(15). In LiSr;CoN; (16) and M;LiFe;N; (M = Ba or Sr)
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(17), the [Co'N,J*~ and [Fe;N;)°~ anions, respectively,
were characterized.

Recently we reported the synthesis and structure of
Li;Ba,TaN4 (18), in which the Ta and one of the two
independent Li atoms are tetrahedrally coordinated by N
atoms. Since Ta¥ and NbY have almost identical ironic
radii and form some isostructural nitrogen-containing
compounds, e.g., Li;NbN, {19) and Li;TaN, (20}, Ba,
TaN; (21), and Ba;NbN; (22), we expected the related Nb
compound to be preparable. We report the synthesis and
structure of the quaternary nitride, Li;Ba;NbN,.

EXPERIMENTAL

Synthesis. A mixture of elemental Li, Ba (99.7%,
Cerac, Inc.), and Nb powder (99%, E. H. Sargent & Co.,
80 mesh) in a 2:1:1 molar ratio was confined in a Nb
boat which was then placed in a quartz reaction tube. The
mixture was first heated under flowing Ar (AGA Gas,
Inc.} to 850°C at a rate of 97°C/hr, held at this tempera-
ture under flowing nitrogen (AGA Gas, Inc.) for 24 hr,
and then cooled to 150°C under Ar at a rate of 10.8°C/hr.
Pale yellow single crystals of Li;Ba;NbN, were isolated
from the crushed product which was both air and mois-
ture sensitive. Both the Ar and N, gases were purified by
molecular sieves (4—8 mesh, Aldrich) and De-0Ox cata-
lyst (Johnson Matthey). Typical moisture and oxygen
contents of the gases were <0.5 and <1 ppm, respec-
tively.

Structure determination. An irregular crystal of ap-
proximate dimensions 0.120 x 0.080 x 0.080 mm was
selected and sealed in a 0.1-mm glass capillary in a Nj-
filled glove bag. All measurements were made on a
Rigaku AFC6S d4-circle diffractometer with graphite-
monochromated MoKea radiation (Aa = 0.71069 A). Lat-
tice parameters were obtained by least-squares refine-
ment of the angle settings of 23 carefully centered
refiections in the range 22.26° < 28 < 29.00°. The choice’
of space groups was reduced to C2/¢ and Cc by system-
atic absences (R0, | # 2n; hkl, h + k # 2n), and the
structure were solved based on space group C2/c (No.
15). The lattice parameters and color also suggested an
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TABLE 1

Summary of Crystal and Diffraction Data for Li;Ba;NbN,
Chemical formula Li;Ba,NbN,
Formula weight 444.42
Space group C2lc
a, b, c(A) 11.256(2}, 5.673(1}, 11.347(2)
B 121.456(8)
V(A) 620.32)
VA 4
Dea (g/cm?) 4.759
T(°C) 23 +1

Crystal color, Habit
Crystal dimensions (mm)

Pale vellow, irregular
0.120 x 0.080 x 0.080

26 max (%) 65.0
Scan type w20
X-ray radiation () MoKa (A = 0.71069 A)
Monochromator Graphite
Octants collected hkl;, hk-
Absarption coeff p (cm™ 1) 142.0
Measured reflections 1079
Observed reflections® 764
Unigue reflections 1038
F000 760
Number of variables 48
Max (min) peak in final diff. map 4.25 (=3.07) e/ A’
R2b, wR2¢ 0.073, 0.105
a ] > 3.00a(D)

*R2 = 3|F - F/ZF?
©wR2 = [Zwl|F2 — P Z(wF2)R

isostructural relationship with Li;Ba,TaN,. The integral
relationship between the b and ¢ lattice parameters was
of particular concern, but cell reduction programs did not
identify a reasonable higher symmetry cell.

Data were collected at 23 + 1°C by the w-26 scan tech-
nique to 28 = 65°. Of the 1079 reflections which were
collected, 1038 were unique. The intensities of 3 repre-
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sentative reflections which were measured after every
130 reflections declined by 0.45%. A linear correction
factor was applied to account for this phenomenon. The
linear absorption coefficient for MoKa radiation, 142.0
cm™!, was used to make an empirical absorption correc-
tion which resulted in transmission factors that ranged
from 0.81 to 1.00. The data were corrected for Lorentz
and polarization effects and for secondary extinction {co-
efficient = 0.27 = 0.05 x 10~9),

The structure was solved by direct methods with the
program SHELXS86 (23). All atoms were refined aniso-
tropically with the refinement based upon F?. The final
cycle of full-matrix least-squares refinement (24), which
was based on 764 observed reflections (f > 3.00¢(f)} and
48 variable parameters, converged with unweighted and
weighted agreement factors of

R2 = ZIF? - FY/2ZF: = 0.073 i
wR2 = [Zw(|F2 — FPE(wF2))"? = 0.105.

For comparison, a refinement of the overall scale factor
on F with the final parameters and 764 observed reflec-
tions (I > 3c() led to

R1 = Z|F,| — |FVZIF,| = 0.043.

The maximum and minimum peaks in the final difference
Fourier map, 4.25 aad ~3.07 e/A3, respectively, are close
to cither Ba or Nb atoms.

Neutral atom scattering factors were taken from Cro-
mer and Waber (25). All calculations were performed
with the TEXSAN (26) crystallographic software pack-
age. Data collection and atomic position parameters are
listed in Tables 1 and 2, respectively. Thermal parame-
ters (L7;) are presented in Table 3.

TABLE 2

Atomic Positions and B{eq) for Li;Ba;NbN,
Atom x ¥ : B(eq) (A2)
Nb 0 0.1118(3) 0.25 0.49(4)
Ba 0,20933(7) —0.035%(1) 0.11209(7) 0.84(3)
N 0.164(1) —0.088(2) 0.337(1} 0.8(3}
N(@2) 0.001(1) 0.318(2) 0.113(1) 1.2(3)
Li(l} 4] —0.365(6} .25 Hn
Li(2) 0.384(2) —0.052(5) 0.458(2) 1.6(8)

Note. The equivalent isotropic temperature factor is defined as (28}

82 3 3
Bleq) = 3 Z z Ul’.ja(*aj*af "

i=1j=1
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TABLE 3

Anisotropic Thermal Parameters, Uy, for Li;Ba;NbN,
Atom U Uy U Uy, LT Ly
Nb 0.0062(6)  0.0046(6)  0.0071(6) Q 0.003KS) {0
Ba 0.0091(3) 0.0110(4) 0.0108(4) 0.0002(2)  0.0045(2) 0.0010¢2)
N 0.006(4) 0.014(5) ¢.011{4) 0.006(3) 0.003(3) 0.003(3)
N(2) 0.016{3) 0.015(5) 0.015(5) —0.002(4) 0.009(4) 0.003(4)
Li(1) 0.01(2) 0.01(2) 0.07(3) Q 0.01(2) 0
Li(2) 0.01(1) 0.03() 0.02(1) 0.010(9) 0.002(8) 0.01(1)

Note. The anisotropic temperature factor

eXp(=2mXa Ul + B*Unk? + PUP
zb*C*Uzgk!)).

RESULTS AND DISCUSSION

The crystal structure of Li;Ba;NbN, is identical 1o that
of Li;Ba,TaN, {18). Selected bond distances and angles
are given in Table 4. The Nb and Li{1) atoms are coordi-
nated tetrahedrally by two N(1) and two N(2} atoms (Fig.

coefficients Ui are defined as

+  2a*b*Uhk  +  2a%c*Uphl +

1), with the Li tetrahedra distorted as bond lengths indi-
cate. These Nb and Li tetrahedra share edges to form
along b parallel chains which are then linked together by
Li(2) atoms to form the three-dimensional network. The
M-N(1} and M-N(2) bond lengths in Li;Ba,MNy, M =
Nb, are 1.948(9) and 1.95(1) A, and, M = Ta, 1.962(6) and

TABLE 4
Selected Bond Distances (A) and Angles (°) in Li;Ba;NbN,

Bond distances

Nb-N{1) 1.948(9)
Nb-N(2) 1.95(1)
Li(h)=N(1) 2.23(3)
Li(1)-N(2) 2.3803)
Li(2)-N{1) 2.12(2)
2
Li2)-N(2) { ;32{5;
2.87(1)
Ba-N(1) 2.97(1)
2.82(1)
3.10(1)
Ba-N(2) 2.90(1)
3.23¢1)
{250
3.5503(9)
Nb-Ba 3.5381(1)
3.444(1)
Li(1)-Ba { gg;g;
3.3502)
Li(2)-Ba g Zgg;
3.07(2)
Li{(1)-Li(2) { i Z?g;
Li(2)-Li(2) 2.35(4)
4.056(2)
Ba-Ba 3.960(1}
3.956(2)

Bond angles
N{1)-Nb-N(1) 108.9(6)
o { 1818
N(2)-Nb-N(2) 106.3(7)
NOD-LiD-NCD) 900
Li(1)=Nb—Li(1) 180.00(0)
Nb-Li(1)-Nb 180.00(0)
N(1)-Li(2)-N(2) ﬁgg;
N@)-Li)-N(2)  109(1).
N()-Li(D-N(2)  82(1).
Nb-N(H-Li{1) 80.3(7)
Nb-N(2)-Li(1) 85.9(7)
. o A02(1).
LiC)-N(2)-Li(2) { 1D,
LI2-NQ)-Li2)  7i(D.
Nb-N(1)-Li(2) 133.9(5)
Li{-N()-Li2)  145.2(8)
Nb-N()-Li(2) 2%  144.3(9)
N(D-LHD)-N{D2x 122,14
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FIG. 1. Edge-shared Nb and Li(1} tetrahedra. Note how the distor-
tion in the Li tetrahedra contrasts with the regularity of the Nb tetrahe-

dra. Distances are in A. te
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b-N(2) (106.3°) and N(1)-INb-N(1) (108.5°) are smaller

than the N(1)-Nb-N(2) angles (avg. 110.4°), suggestive
that the smaller angles result because of the Li(1)=N in-

ractions. The interactions of the three-coordinated

Li(2) atoms (which have short Li(2)-N{1) and Li(2)-N(2)

stances) with the N{I) atoms probably causes the N(1)-
b—N(1) angle to be larger than the N(2)-Nb-N¢2) angle.

The bond angle variations N(2)-Li(I1}-N(2) (82°) << N(i)-
Li(1)~N(1) (90°) < N(I)-Li(1)-N(2) (avg. 122.2°) can be
explained in the same way. Comparable angular relation-
ships were observed in the tetrathiometalates, The major
difference between this nitride structure and those of the

trathiometalates is that in the latter the linear chains are

not linked together by Li(2} atoms. Instead, the chains
are connected to the TMEDAs through Li(2) atoms

1.942(7) A (18), respectively, consistent with those in
Li;NbN, (1.95 A) (19), where Nb atoms are comparably
coordinated by N atoms. Most bond distances in Lis
Ba,NbN, are identical within error limits to those in Lis
Ba,TaN, (i8).

The environments of the two kinds of Li atoms differ.
A layered fragmeat devoid of Ba atoms that shows the
Li(2)-N(1) bond which is perpendicular to the bc¢ plane
can be viewed in the bc plane as shown in Fig. 2. The
Li(2) atoms are in the center of a slightly distorted trigo-
nal plane comprised of one N(1) atom and two N(2) at-
oms such that each Li(2) atom links three Li(1)-Nb
chains.

The edge-sharing of the [NbN,] and [LiNg4] tetrahedra
is similar to that observed in the molecular tetrathimeta-
lates, Lis[MS,] - 2TMEDA (M = V, Nb, Ta; TMEDA =
N, N, N’, N'-tetramethylethylenediamine) (27), where
[MS4]*~ ion interact with Li atoms by edge sharing to
form a linear chain. In Li;Ba;NbN, the bond angles N(2}—

fu
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FIG. 2. The layered structure of the Li(2) atoms bridges the Li(1)-
Nb chains. The three-dimenstonal network is cut above and below the

Li(Z)-N(1) bonds. Ba atoms are omitted for clarity. 13

which are located in tetrahedral sites formed by two snl-

r and two nitrogen atoms.
The Ba atoms in Li;Ba,NbN, are located between the

Li(I1)-Nb chains and serve to balance charges. Each Ba®l

n has four nearest N(1) and four nearest N(2) neighbors

whose distances range from 2.82 to 3.39 A. Comparable
values in Ba,TaN; (21) range from 2.771 to 3.462 A and in
Ba;MoN, (8) from 2.654 to 3.566 A. Two sets of two N(1)
and two N(2) atoms describe trapezoids that comprise

¢ arcs of a distorted dodecahedron (18).
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