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New Calcium Germanium Nitrides: CaGeN,, CasGeNs, and CasGesNg
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We report three new calcium germanium nitrides synthesized as crystals from the elements in sealed niobium
tubes at 76°C using liquid sodium as a growth medium. Black,GaN; is isostructural with the previously
reported strontium analogue. It is tetragoRédp/mbc(no. 135) witha = 11.2004(8) Ac = 5.0482(6) A, anz

= 8. It contains GeB~ units which have 18 valence electrons, and consequently are bent, like the isoelectronic
molecule SQ. In contrast, clear, orange g£zeN, with fully oxidized germanium contains isolated G&Ntetrahedra

and is monoclinidP2y/c (no. 14) witha = 9.2823(8) A,b = 6.0429(5) A.c = 11.1612(9) A8 = 116.498(6),

andZ = 4. Clear, colorless G&eNe, also with fully oxidized germanium, contains infinite chaihgGeNoN,2° ],

of corner-sharing tetrahedra similar to those found in pyroxenes. However, the precise structure of this latter
phase has not yet been determined because of twinning problems.

Introduction We have been investigating ternary nitrides containing
alkaline-earth metals and later main-group metals to assess the
range of structures exhibited by these materials, and their relation
to other classes of materials such as oxides, sulfides, and the
higher pnictides. In the course of investigations in our group
we have used the molten sodium technique to synthesize a range
f new nitrides with a range of new structure tyge¥ These
aterials contain a range of ,,"~ units (M = transition or
main-group metal). B#SihNg3 BaZnN, and SpZnN,*
BasZnN;0 > SisCsNs,6 BasGeNo,” and SgGeN, and SpGeN®
ontain discrete nitridometalate anionsNgio,3 ZnNy*— 45
uN,®~ and CuNs"~,6 and GeN*~.”8 One-dimensional chains,
1,[GaNy 7], of edge-sharing tetrahedra are found in@aN.°
and SgGaN4,° while SrCuN contains.[CuN,2~] chains.

Interest in the chemistry of ternary nitrides has grown in
recent years, partly as a result of the technological applications
of many binary nitrides, and partly as a result of advances in
synthetic methodology. In general, the synthesis of ternary
nitrides is more synthetically demanding than that of the
analogous oxides, sulfides, halides or phosphides as summarize
elsewheré. One convenient route for the synthesis of single
crystals of ternary nitrides containing alkaline earths and late
transition or main group metals is to grow them from a melt of
sodium and the other metals held under a pressure of severa
atmospheres of Nin sealed metal tubes12 Sodium does not
form a stable binary nitride, presumably because the coordina-

tion requirements of the sodium and nitride ions cannot both
be simultaneously satisfied in material with stoichiometrgM|a
and it is found empirically that sodium is only raréliyncor-
porated into the products of these reactions. Sodium appears t
act as a growth medium or a flux for the growth of ternary
nitrides in these reactions. Although nitrogen is insoluble in
molten sodium, it does dissolve in these mixed metal melts as
shown by the work of Simon and co-workéfs15

T Current address: School of Chemistry, University of Exeter, Stocker
Rd., Exeter EX4 4QD, U.K. (before Sept 1, 2000). Inorganic Chemistry
Laboratory, University of Oxford, South Parks Rd., Oxford OX1 3QR, U.K.
(after Sept 1, 2000).

(1) DiSalvo, F. J.; Clarke, S. Curr. Opin. Solid State Mater. Sci996
1, 241.
(2) Somer, M.; Herterich, U.; Curda, J.; Peters, K.; von Schnering, H. G.
Z. Kristallogr. 1995 210 529.
(3) Yamane, H.; DiSalvo, F. J. Alloys Compd1996 240, 33.
(4) Yamane, H.; DiSalvo, F. J. Solid State Cheni995 119, 375.
(5) Yamane, H.; DiSalvo, F. J. Alloys Compd1996 234, 203.
(6) Trail, S. S.; Yamane, H.; Brese, N. E.; DiSalvo, FJ.JAlloys Compd.
1997 255 122.
(7) Yamane, H.; DiSalvo, F. J. Alloys Compd1996 241, 69.
(8) Clarke, S. J.; Kowach, G. R.; DiSalvo, F.ldorg. Chem.1996 35,
7009.
(9) Yamane, H.; DiSalvo, F. Acta Crystallogr., Sect @996 52, 760.
(10) Clarke, S. J.; DiSalvo, F. lnorg. Chem.1997, 36, 1143.
(11) Clarke, S. J.; DiSalvo, F. J. Alloys Compd1998 274, 118.
(12) Clarke, S. J.; DiSalvo, F. J. Alloys Compd1997, 259, 158.
(13) Snyder, G. J.; Simon, Al. Am. Chem. Sod 995 117, 1996.
(14) Rauch, P. E.; Simon, Angew. Chem., Int. Ed. Endl992 31, 1519.
(15) Snyder, G. J.; Simon, Angew. Chem., Int. Ed. Endl994 33, 689.

10.1021/ic991427d CCC: $19.00

(0]

o-CaGaN4° has a two-dimensionaf..[GaNy2~] anionic
framework, while3-CasGaN4t and SgGagNs1® have three-
dimensional anionic frameworks. The compounds containing
discrete nitridometalate anions are alkaline-earth-metal-rich and
extremely sensitive to aerial hydrolysis. As the dimensionality
of the anionic nitride framework increases, the materials become
less alkaline-earth-metal-rich and the crystals of the three-
dimensional framework materials are resistant to aerial hydroly-
sis for a few hours. Although these materials are synthesized
under several atmospheres of nitrogen, the metals are frequently
not found in their highest oxidation states: Cu(l) is the normal
oxidation state of copper in nitrides, and Ge(ll) is found as well
as Ge(lV). This reflects the fact that nitrogen is less oxidizing
than oxygen.

The only previously reported and characterized calcium
germanium nitrides are CaGeMith a stuffedg-cristobalite-
type frameworké and CaGeN” with formally anionic germa-
nium in the anti-perovskite-type structure. Here we report the
synthesis of three new calcium germanium nitrides including
CaGeN,, which contains the first example of an isolated
GeNg~ unit analogous to the units in orthosilicates and
orthogermanates, and §&ze,Ng, which contains infinite chains
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1,[GeNoN,2> 7] of corner-linked Gelytetrahedra similar to those ~ Table 1. Crystallographic Data for G&eN, and CaGeN,

found in the pyroxene silicates. empirical formula CaGeN CaGeN,
formula weight 180.77 288.94
Experimental Section space group P4,/mbc(no. 135)  P2i/c (no. 14)
a, 11.2004(8) 9.2823(8)
Synthesis All materials were handled in a drybox in which the argon P, A 6.0429(5)
c, A 5.0482(6) 11.1612(9)

atmosphere was constantly circulated through molecular sieves and a

Dow Q-5 Reagent copper catalyzer, and in which the combingd O 60??&93 633.3(1) éégg?f)(ﬁ)

and HO content was below 1 ppm. A 10 cm long Nb tube with a wall ’ 8 ' 4 '

thickness of 1 mm and an internal diameter of 7 mm was cleaned using gensity (calcd), g cm? ~ 3.792(1) 3.425(1)

a mixture of 15% HF, 40% concentrated HN@nd 45% concentrated temp, K 203 293

H,SQu. Starting materials were NaNAldrich Chemical Co., 99%), wavelength, A 0.710 73 (Mo &)  0.710 73 (Mo Kx)
Na (Aldrich Chemical Co., 99%), Ca (Aldrich Chemical Co.;19%), abs coeff, mm?! 12.63 9.01

and Ge (Cerac 99.999%). Ge was obtained as chunks and ground to max, min transmission ~ 0.28, 0.23 0.44, 0.36
—300 mesh in the drybox to avoid oxide contamination, @\, and R1# 0.0165 88322

CaGeNg were prepared as crystals from the same reaction mixture WR2 0.0362
(reaction 1), and it has not, so far, proved possible to synthesize either aR1= S||F,| — |F(||/S|Fol. PWR2=[SW(F.2 — FR)¥S (WF:2)Z]*?2,
material exclusive of the other. For reaction 1 the following amounts wherew = 1/[o(Fi?? + (gP)?2 + jP], P = (maxF.2,0) + 2F2)/3,
of reactants were placed in the tube, NgB1 mg), Na (48 mg), Ca g = 0.011 for CaGeN, and 0.0361 for C#&eN,, andj = 0.000 for
(20 mg), and Ge (25 mg), so that the molar ratio Na:Ca:Ge:N was CaGeN, and 0.2097 for CazeN,.

about 10:1.5:1:11. G&eN, was prepared (reaction 2) along with some .

CaGeN; from more Ca-rich melts, NaN(83 mg), Na (50 mg), Ca  lable 2. Atomic Parameters for GaeN,”

(39 mg), and Ge (25 mg), so that the molar ratio Na:Ca:Ge:N was  atom X y z Uyq

about 10:3:1:11. The Nb tubes were sealed under 1 atm of clean Ar in Ca(l) 0.36719(9) 0.42420(9) 0 8.4(3)
a Centorr Associates arc furnace, taking care that thesNed$ not ca(2) 0.02108(9) 0.34983(9) 0 8.1(3)
allowed to reach its decomposition temperature. The Nb tubes were Ge(1) 0.25469(5) 0.15590(4) 0 7.9(2)
then sealed in silica tubes under vacuum to prevent oxidation at elevated  N(1) 0.0899(4) 0.1362(4) 0 9.3(9)
temperatures, and placed upright in a muffle furnace. The temperature  N(2) 0.3358(4) 0.0097(3) 0 9.9(9)

was raised to 760C over 15 h, maintained at 76@ for 24 h, and
then lowered linearly to 100C over 200 h, whence the furnace was
turned off. The tubes were cut open in the drybox using a tube cutter
so that no Nb chips were produced, which could have contaminated
the products. The samples were washed anaerobically with anhydrous
liquid ammonia to remove the Na and any excess Ca, and then dried
under vacuum.

Elemental Analysis. The approximate ratio of the heavy elements
(Na or heavier) was determined using electron probe microanalysis
(EPMA) using a JEOL 733 Superprobe instrument equipped with
software for performing standardless quantitative analysis. This tech-
nique could not be used to determine the N content of the materials
because the X-rays produced from N were absorbed by the Be window
of the detector, and it was not possible to perform a windowless
measurement using this instrument.

Crystal Structure Determination. All three materials are extremely
air-sensitive, producing ammonia on contact with moist air. Hence,
the crystals for X-ray diffraction were mounted using 5 min epoxy
cement on thin glass fibers inside dry glass capillary tubes which were
sealed inside the drybox using a hot Pt wire. Diffraction data were
collected using a Siemens P4 four-circle diffractometer and Mo K
radiation ¢ = 0.710 73 A) with a graphite monochromator. Accurate
cell dimensions for C#&eN,, CasGeN,, and CaGeNg were deter-
mined using 37, 38, and 40 well-centered reflections, respectively,
using a least-squares procedure. Data were collected using the
Siemens XSCANS softwaré During data collection the intensities of
three strong reflections were measured every 100 reflections; they
were observed not to change their intensities significantly, indi-
cating that the crystals did not decompose during data collection. The Figure 1. (a, top) Structure of G&eN, viewed down the tetragonal
intensity data were reduced by profile analysis and corrected for axis. (b, bottom) Coordinations of the N and Ge atoms ipGedhb.
Lorentz-polarization and absorption effects. Scattering factors and The thermal ellipsoids are shown at the 99% level. N was refined
anomalous dispersion terms were obtained from standard bles. iSotropically, and is shown as spheres. Bond distances are given in
Absorption corrections carried out using scans were found to be angstroms.
satisfactory. Structure determination by direct methods and struc-
ture refinement using a nonlinear full-matrix least-squares minimization version5 suité® An extinction correction was applied during the
of the goodness of fit td=,2 were carried out using the SHELXTL  refinements.

aAll atoms are on the I8 site. The equivalent isotropic thermal
displacement paramettlq in A2 x 10% is defined as one-third of the
trace of the orthogonalized; tensor.
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Table 3. Atomic Separations and Bond Angles in Ga&N?

Ca(1)-N(1) 2.423(4) Ca(2yN(2)  2.403(4)
Ca(1)-N(1) 2529(1)[2] Ca(@yN(2)  2.552(1)[2]
Ca(1)-N(1) 2.585(4) Ca(@yN(2)  2.604(4)
Ca(1)-N(2) 2.468(4) Ca(@)N(1)  2.514(5)
Ca(1)-Ge(1) 2.932(1) Ca(®Ge(l) 2.985(1)
Ca(1)-Ge(1) 3.233(1)[2] Ca(2)Ge(l) 3.248(1) [2]
Ca(1)-Ge(1) 3.259(1)

Ge(1)-N(1) 1.859(4) Ge(ByGe(l) 2.894(1) [2]
Ge(1)-N(2) 1.872(4)

N(1)-Ge(1)-N(2) 112.2(2)

@ The numbers in square brackets indicate the number of bonds of a
particular type.

Results and Discussion
1.906(2)

The products of both reactions appeared to be dark gray
powders. When inspected using an optical microscope, it was gigure 2. (a, top) Structure of C&eN, viewed down the monoclinic
clear that the product of reaction 1 contained both clear colorlessaxis. (b, bottom) GeNtetrahedron with thermal ellipsoids shown at
lamellar needles which often occurred as aggregatess(&lds) the 99% level and bond distances given in angstroms.
and, additionally, small black crystals which were almost cubic
in shape (CgGeN,). EPMA on a few crystals of each type
indicated that the Ca:Ge ratio in both cases was close to 2:1, atom X y z Uy
quite similar to the ratio in the reaction mixture. The product ca(1) 0.07798(6) 0.75612(9) 0.04371(6) 7.5(2)
of reaction 2 contained a large number of clear orange crystals Ca(2) 0.14675(7) 0.34522(9) 0.27039(6) 8.7(1)
(CaGeN,) which had a Ca:Ge ratio of about 4:1 by EPMA. ~ Ca(3) ~ 0.54803(7)  0.42246(9)  0.38031(6)  7.1(1)
No Na or other e_Iements were dete_cted in t_he EPMA e_xperi- gzg)) 8:223228 8:3;2;&1()5) g:égigé((g% 55)'_3((3
ment. These ratios were not consistent with the previously q) 0.0959(3) 0.0186(4) 0.3902(2) 8.6(4)
reported CaGe—N phased817 Automatic indexing of the N(2) 0.1976(3) 0.1117(4) 0.1146(2) 7.7(5)
reflections measured using single-crystal diffraction confirmed  N(3) 0.3368(3) 0.5841(4) 0.1854(3) 9.3(5)
that the three materials were new phases and suggested that theN(4) 0.4111(3) 0.2468(4) 0.4852(2) 8.0(4)

Table 4. Atomic Parameters for G&eN2

black material (CzGeNp) is isostructural with $GeN,.® The aAll atoms are on the @ site. The equivalent isotropic thermal
crystallographic information for G&eN, and CaGeN, is displacement paramettlqin A2 x 103 is defined as one-third of the
presented in Table 1. trace of the orthogonalized; tensor.

Crystal Structure of Ca,GeN,. The absorption correction
was carried out using @ scan with 37 reflections measured in
18 different orientations of the crystal. The systematic extinc-
tions suggeste®4,/mbcand P4.bc as possible space groups. . . )
Structure solution for the Ca and Ge using direct methods in the conventional setting using the SHELXTL softwétehe
P4,/mbg followed by location of the N atoms in the early stages "€Sults are in Table 1. The fin& factor (R1) was 3.02%. Al

of refinement, confirmed the material to be isostructural with a{Oms were refined anisotropically. _
SKGeN,.# Refinement of the structure was carried out in 1 he structure of C&eN, is shown in Figure 2a, atomic

P4,/mbc,and the results are given in Table 1. The fiRdhctor parameters are listed in Table 4, and bond lengths and angles
(R1) was 1.65%. Anisotropic refinement of the thermal dis- &€ listed in Table 5. The structure consists of slightly distorted

placement parameters of the N atoms indicated that they wereGeN: tetrahedra isolated from one another. The N atoms are

approximately isotropic, and thus their inclusion did notimprove &l Six-coordinate, as is commonly found in nitride chemistry.
the refinement. The Ca atoms are all five-coordinate. Figure 2b shows the

The structure of C&BeNs is shown in Figure 1a. A fuller coordination about the Ge atom. The structure is not closely
description of the structure is given in ref 8 (fopSeNs). Atom- related to those of the known alkali-metal orthosilicates,
ic parameters are listed in Table 2. and bond lenaths and an Iesorthogermanates, orthostannates, orthoplumbates, or orthotitan-
arlejlisted in Table 3. There are staéks of @”eNmitsgextendin 9"%tes with similar stoichiometries. In the structures adopted by
along thec axis THe GeN bond lengths are 1.859(4) a%d such compounds containing the smaller alkali-metal cations
1.872(4) A anoi thus almost equal to each otﬁer and to the(Li_K.)’ one or more of the alkali-metal lons are always fqur-
distances in $SGeNs within error. The N-Ge—N bond angle coordinate by oxygen, meaning that one or more oxide ions

; - . are five-coordinate by the metal ions. In the Rb and Cs com-
is 112.2(2%, very similar to that in $GeN (113.7(5)) and . e .
somewh(at) Iargt)e/r than that in the simiIaE units( g)resent in pounds, one of the cations is six-coordinate by oxygen. Among

BasGeN,’ (107.0). Figure 1b shows the coordination about the iso§toichiometric orthqthiosilicates, orthothioge.rm.anates,
the N and Ge atoms and the thermal ellipsoids of all the atoms. orthothiostannates, ortho_thlqplumbates, and orthothlotlt_anates,
. . only Na;SnS?! has coordinatiomumbersfor all atoms which
Crystal Structure of CasGeN.. It\{vas.not possible to index are similar to those in G&eN,, but the structure of N&nS,
the faces of the crystal due to its irregular shape, so the is of much higher symmetry, and there is no close relationship

absorption correction was carried out using &can in which between this structure and that of G&N.. The known higher
32 reflections were measured in 18 different orientations of the pnictide analogues of GaeNs: A;ME, (A' = Sr, Ba; M= Si,

crystal. The systematic extinctions were consistent with the

monoclinic space grOUB21/n_ (a n(_)nstandard setting 82:/c). (21) Jumas, J. C.; Vermot-Gaud-Daniel, F.; Philippot,(yst. Struct.
Structure solution ifP2;/n using direct methods located the Ca Commun1973 2, 157.

and Ge atoms, and the N atoms were located in the early stages
of refinement. Refinement of the structure was carried out in
P2,/c after conversion of the axes and atomic coordinates to
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Table 5. Atomic Separations and Bond Angles in GaN,

Ca(1)-N(1) 2.444(2) Ca(2yN(1) 2.405(2) N(4)-Ge(1)-N(2) 107.5(1)

Ca(1)-N(1) 2.504(3) ca(2yN(1) 2.544(3) N(4)-Ge(1)-N(3) 120.4(1)

Ca(1)-N(2) 2.386(3) Ca(2yN(2) 2.444(3) N(4)-Ge(1)-N(1) 101.3(1)

Ca(1)-N(2) 2.504(2) ca(2yN(3) 2.755(3) N(2)-Ge(1)-N(3) 108.8(1)

Ca(1)-N(3) 2.442(3) Ca(2yN(4) 2.621(2) N(2)-Ge(1)-N(1) 111.2(1)
N(3)—Ge(1)-N(1) 107.5(1)

Ca(3-N(4) 2.332(2) Ca(4yN(4) 2.415(2)

Ca(3)-N(3) 2.393(3) Ca(4yN(4) 2.443(2)

Ca(3)-N(4) 2.426(3) Ca(4yN(2) 2.591(2)

Ca(3)-N(3) 2.561(3) Ca(4yN(3) 2.656(3)

ca(3-N(2) 2.601(3) Ca(4yN(1) 2.669(3)

Ge(1)-N(4) 1.889(2) Ge(1N(3) 1.906(2)

Ge(1)-N(2) 1.892(2) Ge(1¥N(1) 1.950(2)

Ge; E= P, As), have the B&iP; structure?? with isolated elucidate the twin law for G&eNs. The structure is completely
ME, tetrahedra, but in which the pnictide anion is seven- different from those of the isostoichiometric compounds
coordinate and the alkaline-earth metal is six-coordinate. The BasSinN¢® and SEGeNg!? which contain isolated units, MMl
structure of CgGeN; is likely determined by the preference of (M = Si, Ge), composed of a pair of edge-sharing MN
the nitride anion for a six-coordinate site. tetrahedra. Infinite chains of tetrahedra with similar connec-
Crystal Structure of CasGe;Ne. It was not possible to index  tivities have been reported in several alkali-metal/early-transi-
the faces of the crystal due to its irregular shape, so the tion-metal nitride$’ and in the isostoichiometric phosphide
absorption correction was carried out usipgscans in which SrsSnPe,28 but in all these cases the chain geometry is
39 reflections were measured in 18 different orientations of the completely different from that in G&e:Ng and the pyroxene
crystal. oxides.
Several unusual systematic extinction conditions were ap-
parent, suggesting probable twinning, and these were consistenfummary

for all the Cl’ystals of this Composition measured. A number of We have Synthesized three new calcium germanium nitrides
primitive orthorhombic space groups were consistent with the from molten sodium and have determined that very different
absences, but monoclinic symmetryR2y/c could not be ruled  structural motifs and oxidation states are attainable in ternary
out. Direct methods were used R£4/c to obtain the starting  germanium nitrides, and further that these may be present in
structural model for the Ca and Ge atoms. The structure could different materials grown from the same reactiorm(%\Ll is

then be refined in the orthorhombic space grélgea(no. 61) a nitride analogue of the orthosilicates and orthogermanates,
with a = 5.2342(6) Ab = 21.561 A,c = 13.125 A, andz = albeit with no direct structural relative in those classes of
8. The nitrogen atoms were located during the initial stages of compounds. Despite its different stoichiometrysGaNg can
Ieast'squares refinement. This analysis indicated that the truebe thought of as the first nitride ana]ogue of the pyroxene class
Ca:Ge:N ratio was 5:2:6. Refinementfcaproduced a final  of sjlicates. CaGeN,, on the other hand, contains structural
R1 of 3.1% forF, > 40 and a wR2 of 7.5% for all data.  motifs which have not been found in the corresponding oxide
However, this model was unsatisfactory because pairs of atomschemistry, but which appear to be characteristic of nitride
were related by an additional symmetry operatitpn— x, '/ chemistry. Whether all these materials form under similar

— ¥, 2 — z which suggests that halving of the axis is  conditions during the reaction is uncertain, and has not yet been
necessary, together with twinning to explain the high intensity jnyestigated.

of the hkl reflections withk = 2n + 1.
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