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The system Li—V—N was studied by means of X-ray and neutron powder diffraction, thermal and chemical analyses,
and XAS spectroscopy at the vanadium K-edge. Three polymorphs of Li;[VN4] have been established from X-ray
and neutron powder diffraction (y-Liz[VN4], space group P43n, No. 218, a = 960.90(4) pm, V = 887.23(6) x 10¢
pmé, Z = 8: B-Liz[VN4], space group Pa3, No. 205, a = 959.48(3) pm, V = 883.31(5) x 10° pm?, Z = 8;
o-Li7[VNg], P4z/inmc, No. 137, a = 675.90(2) pm, ¢ = 488.34(2) pm, V = 223.09(1) x 105 pm3, Z = 2).
Crystallographic and phase relations are discussed. All three modifications are diamagnetic, indicating vanadium
in the oxidation state +5. The V=K XAS spectra support the oxidation state assignment, the non-centrosymmetric
coordination (tetrahedral), and the nearly identical second coordination sphere of vanadium, made up from Li in all
three phases. The 3d-related features of the spectra display strongly localized properties. The phase transitions
appear to be reconstructive; no direct group—subgroup symmetry relations of the crystal structures exist. The
formation of solid solutions between Li,O and S-Liz[VN,] with the general formula Liy 75{ (Vo.250-xLio.2sx)(N1—xOx)}
with 0 < x < 1 leads to increasing substitution of V by Li. At the approximate composition with x = 0.125 the
Li-V-disorder seems to be complete: X-ray diffraction lines give rise to only one-half of the original unit cell
dimensions, a' = 476.47(3) pm a (1/2)a(B-Li7[VN4)).

Introduction latter phase shows unusual magnetic properties and the
highest hyperfine field ever observed in"b&tbauer studies

Lithium nitridometalates of the transition metals have been i - ves
for an iron compound.The situation in the case of the

studied intensively since the early pioneering work of Robert "™~ o ) !
Juza et ak-# In the row of the 3d transition metal compounds Nitridomanganates is similar: £Mn"Ny] is obtained from

one can find a preference of the unusual low oxidation state Manganese and excess.iin nitrogen atmospheré. This

+1 for Cu, Ni, and C@.These elements form with N in ComF’O“”d can be decompose_d in-argon atmosphere suc-
nitrogen atmosphere solid solution series[(Lii1_xM")N] cessively tol Lia[Mn""N3]sNo, Lis[(Li1—Mn™)N]s, and

with the a-LisN = Li[LiN] structure type in a broad range LPZ[_(L' 1->xMM)N], to fmall;z/ y"?lq the binary manganese

of compositions. For the group 8 metal Fe the most stable Mtrides MiN and MniN.=*2A nitridomanganate(V1l) is not

A3 i ithi
compound is Li[Fe"N,]° with iron in the oxidation state ~ Known so far® For Cr, V, and Ti only ternary lithium

+3. Yet, thermal decomposition in the absence of molecular nitridometalates with the highest oxidation states of the
) ! it . VI 1470 i VI 14
nitrogen leads to L[FE'N]7 and Li[(Li1_F€)N].8 The trgnsnmn metals were reported.eﬂﬁr Ng],2* Lizg CrY'Ng]2N,
Li-[VVNg],*5%and LiTi'"VNs.17 All crystal structures of these
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Polymorphism of Heptalithium Nitridwanadate(V)

lithium nitridometalates with the 3d transition metal in the Table 1. Profile Refinement Parameters fer, 8-, ando-Li7[VN 4]
highest oxidation states can be described as superstructure&-ay bata/Neutron Data)

of the Li,O type. phase y-LiZlVN4]  B-Li7[VN,] a-L/iv[VNA]
e : space gro PA43n, Pa3, P4s/nm
Initially, Li-[VN,] was prepared at temperatures below pace groupz No.218.8  No 2058 Ni’f 137 2
1020 K and described in the cubic space gredpn with 8 a[pm], Guinier 960.90(4)  959.48(3) 675.90(2)
formula units in the unit cef® This ordered 2< 2 x 2 Li,O ¢ [pm] 488.34(2)

) . . ; V [105 prrd] 887.23(6)  883.31(5)  223.09(9)
superstructure is one possible example of eight isolated 5 "Rietveld 960.64(1)  958.59(1)  675.75(1)
tetrahedra [VN]7~ within a face centered cubic (fcc) clpm] 488.18(1)

it i i F 10 radiation [pm] Cu ku Cu Ko Cu Ka3/179.885
a_rrangerpent of_nltrlde ions. Interes_t|ngl;_/,7[llernN418 and 2 range [deg] 15100 13100 12-88110-160
Li7[PNg]*" are isotypes R43n), while Liz[NbN.]*® and step size [deg] 0.005 0.005 0.005/0.1
Li-[TaN,]'® are reported to crystallize with the cubic space no. of params refined 30 32 39
groupPa3, also with 8 formula units per unit cell. For some ;Er“‘:t“ra' params é‘; 0%161 01918/1 06
time we have observed in X-ray powder patterns gf\!N 4] reliability valueR, 0.023 0.030 0.034/0.058

samples obtained above 1070 K reflections not allowed in

the space grOU|5’Zf3n. Recently, we have obtained single Table 2. Positional and Isotropic Displacement Parameters for

-Li7VN
crystals LifVN 4] from Li melt at 1173 K6 The single-crystal VLAV .
structure refinement supported our suspicion of a polymorph _2°m___ sit X y z BIA7]
i : i 3 V(1) 2a 0 0 0 3.06(6)
in the Li[TaNy] structur(_a type v_wth the space grola3. NG e s " 0 3.51(4)
These facts and the interesting thermal decomposition ya) g  0.3907(4)  x N 1.28(5)
behavior of L{{MnN4] and Lis[FeN;] led us to investigate N(2) 24 0.1150(3)  0.1384(2)  0.3959(5) B(N(1))
; Li(1) 12f  0257(6) Y Y 3.7(1)

the thermal behavior of EiVN4] above 900 K. L2  6d v 02 lé BILIL)

: . Li(3) 6b 0 0 1, B(Li(1))
Experimental Section Li4) 8e 0.255(2) X X B(Li(1))

o ) ) i Li(s) 24 0.028(2) 0.244(3) 0.243(3)  B(Li(1))
Syntheses and CharacterizationAll manipulations were carried

out under dry argon in a glovebop(0O,,H.0O) < 0.1 ppm). The Table 3. Positional and Isotropic Displacement Parametergfor
reactions in nitrogen or argon atmosphere were carried out in Li7[VN4]

tantalum or tungsten crucibles contained within steel tubes. This giom  sjte X y z B[AZ
assembly was placed ina quartz tube with ambient back.-pr.essure V) ac 03703(2) x » 2533)
of the respective gas. N was prepared from elemental lithium N(1 & 0.2610(6)  x X 1.30(4)
(rods, Alfa, 99.9%) and nitrogen (Messer-Griesheim, 99.999%, N(2) 24d  0.4858(5)  0.2575(3) 0.4786(2) B(N(1))
additionally purified by passing over molsieve, Roth 3 A, and BTS-  Li(1)  8c 0.125(2)  x X 1.76(9)

24d  0.132(1) 0.383(1) 0.136(2)  B(Li(1))

: i Li(2)
catalyst, Merck) of ambient pressure at 670 K. VN was obtained - 21 0.357(1) 0.379(1) 0.1141(9) B(Li(1))

from VCl; (Alfa 99.9%) in flowing ammonia (Messer-Griesheim
99.998%) at 973 K. Single-phase samples of lithium nitridovana- Taple 4. Positional and Isotropic Displacement Parameters for
dates can be obtained fromsMN, VN, and nitrogen of ambient o-Li7[VN4]

pressure at temperatures above 920 K.

) ; ' atom  site X y z B[AZ
Cubic y-Li7[VN4] was obtained at 920 K (30 h) or 1020 K
h | h I ish q hemi 2a Y, 1, 3, 0.89(5)
(10 h) in N atmosp ere as a Yyellow-grayish powder (c emi- 8g 3, 0.4761(2) 0.5383(3) 0.54(3)
cal analyses: Li, 29.2- 0.7 wt %; V, 31.04+ 1.0 wt %; i.e., Li(1) 8f 0.9867(6) —x i, 0.5(1)
Lis.oVNy4). Annealing for a longer time (1020 K, 50 h) or at higher Li(2) 4d 3/4 3y 0.838(2) 1.6(2)
temperatures (1078C, 20 h) provideg3-Li;[VN4]. In some pat- L@ 2b Y ¥a ¥a 1.3(1)

terns both phases were observed. Annealing of such mixtures
y-LiZ[VN 4)/3-Li7[VN 4] at 970 K, 50 h did not lead tp or S single-
phase material. Thus, the phase transition at this temperature is V—N 184.4(1) & Li(2-N  235.9(6) X
very slow in this temperature range. voLi= 251.6(4) 209:4(5) 2
Single-phase cubif-Li;[VN 4] was synthesized from the binary Li(1)—N 207.3(4) X Li(3)—N 207.71(9) &«

Table 5. Selected Distances ia-Li7[VN 4]

nitrides at longer annealing times and/or higher temperatures 213.23) X

(1020-1120 K, 20-50 h, N,) as a yellow powder (chemical B o
analyses: Li, 29.6+ 0.3 wt %; V, 31.6+ 0.3 wt %; i.e., 488.34(2) pm,\/—_223.09(1)x_10G pm? an_d amolar ratio(Li)/
LisoVNa). n(V) = 7.2 according to chemical analysis (Li, 30t60.2 wt %;

V, 31.4+ 0.2 wt %; N, 32.69+ 0.01 wt %; O, not detected
0.10 wt %; i.e., Ly 2VN3g). The unit cell of yellow-greenish samples
prepared on route ii is slightly smallea = 675.51(2) pmc =
488.05(3) pm\V = 222.70(1)x 10° pn?, n(Li)/n(V) = 6.5 (Li,

Tetragonalt-Liz[VN 4] was obtained in a Natmosphere in two
ways: (i) at the same conditions as for cuBiti;[VN 4] (1020 K,
20 h, then 1120 K, 2 h), buhia V foil envelope, or (ii) by heat

treatment of cubic8-Li[VN4] (1370 K, 5h). Th
reatment of cubici-Li;[VN4] (1370 K, Sh). The second way g 20765 \\iae v/ 3304 0.2 wt %; ie., L VNa_y). This lithium

provides a Li-deficient product; thus, a homogeneity region of . . .
this phase must be supposed. Yellow samples prepared by route Icontent is in agreement with the observed mass loss after heating

have the tetragonal unit cell parameters= 675.90(2) pmg = supposing loss of LN. The powder diffraction patterns presented
' were taken on a sample prepared in way i. The necessary large

(17) Schnick, W.: C'ake, J.J. Solid State Chen1990 87, 101 amount of sample (about 2 g) for the neutron diffraction contained

(18) Vennos, D. A.; DiSalvo, F. Acta Crystallogr. C1992, 48, 610. a small amount of thes-polymorph as observed in the X-ray
(19) Wachsmann, Ch.; Jacobs, H.Alloys Compd1992 19Q 113. diffraction pattern. In the presence of liquid Li at 1270 K, 1 h,
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TG [wt.%] Magnetic Susceptibility. Measurements of the magnetization
were carried out in a SQUID magnetometer (MPMS XL-7,

100 Quantum Design) between 1.8 and 400 K at different magnetic
. fields. Corrections for the sample containers were applied. Since
90 { B-Li;[VN,] ; g . :
N the diamagnetic increment of3Nis only poorly established, we
, -atmosphere . . .
80 did not correct for the core-diamagnetism.
Ar-atmosphere
70 Thermal Analyses.DTA/TG measurements were performed on
a STA 449C (Ar or N atmosphere purified as described above, Ni
60 crucibles, thermocouple type S, NETZSCH Gelmau, Selb,
Germany) completely integrated into a glovebox to avoid any
0 hydrolysis. Temperature calibration was obtained using 5 melting
40 standards in the temperature range of 370 and 1470 K.
1100 1200 1300 1400 1500 1600

X-ray Spectroscopy. For the XAS measurements powder
samples were mixed with 3 times their volume of driegCBo
Figure 1. Thermogravimetric measurement of the decomposition of produce homogeneous absorbers. Air-sensitive samples were loaded
lﬁ_ll[x[’:l/ﬂ;?) Arand N, atmosphere (heating rate 1 K/min, starting phase i, giee capsules, equipped with Be windows (0.5 mm). Due to the

' extreme moisture sensitivity and the necessary way of handling of
a-Li;[VN4] and y-Li;[VN4] convert into3-Li-[VN], a fact that these samples, thickness effects in the resulting XAS spectra are
might be connected with the homogeneity rangeodfi;[VN 4] inevitable?®3°Nonsensitive samples (V oxides) were prepared on
addressed above. At temperatures above 1270 K in open crucibledMylar film. The V K-edge measurements were performed in
under Ar or N atmosphere L[VN 4] increasingly decomposes under transition geometry at the E4 bending magnet beamline located at
release of 4N and N, as indicated in DTA/TG measurements the DORISIII storage ring in the HASYLAB laboratory (DESY
(Figure 1). The final decomposition product at 1670 K is VN if a Hamburg, Germany). The X-ray beam outgoing from the bending
heating rate of 1 K/min is applied. With faster heating rates the magnet and formed with the toroidal and plane golden mirrors
decomposition shifts to considerably higher temperatures. Thoughwas monochromized using a double crystal monochromator,
there are no well-defined steps in the TG curve, X-ray diffraction €quipped with a Si(111) crystal. The absorption spectra of the
patterns of samples quenched from various maximum tempera-vanadium compounds were measured simultaneously with the
tures indicate several more phases in the thermal decompositionspectrum of metallic vanadium foil serving as a reference for energy
of o-Li7[VNy4] to VN. calibration.

Solid solutions were obtained from, -, or a-phase samples
and LpO at 1076-1170 K in nitrogen atmosphere up to 20 wt % Results and Discussion

of oxygen. . . -
Chemical Analyses.Chemical analyses were carried out using Liz[VN,] forms from LisN and VN in nitrogen atmosphere

the hot-extraction technique on a LECO analyzer TC-463 DR. The above 920 K. Depengllng on the preparatlon Con(_jltlt_)ns three
typical oxygen content in the ternary nitride samples was 0.2 wt Polymorphs are obtained and characterized. As indicated by
%, with its origin mainly from an oxide impurity of 0.3 wt % in  DTA measurements (no signal detected) the transformations
the VN starting material. Quantitative analyses of Li and V were between these phases are slow. As shown by thermogravi-
performed using an ICP-OES (Varian Vista RL). All values are metric measurements at temperatures above 1270 K (1070
averages of at least 3 independent measurements. K at longer annealing times, open crucibles, see Experi-

Crystal Structure Determination and Refinements.The binary mental Section) decomposition starts, f|na||y |eading to VN
and ternary nitrides were characterized by X-ray powder diffraction (Figure 1).

using an imaging plate Guinier camera (HUBER diffraction, Cu ) .
Koy radiation, 4x 15 min scans, 8< 20 < 100°). In each case, The crystal structure gf-Li;[VN4] was originally reported

. " 01
the sample was loaded between two polyimide foils in an aluminum by Ju'za for tD'S_ composition and f0r7[ﬁAnN4], L'7[P'_\I4]

cell with a rubber seal to exclude any moisture. Comparison of the IS @n isotype-’ Single crystals ofi-Li7[VN 4] can be obtained
powder patterns of the first and the final scan did not indicate any

Temperature [K]

significant hydrolysis during the measurement procedure. (20) (a) Roisne, T.; Rodriguez CarvajalMiinPLOTR version May 2000;
. . . . aterials Science Forum, Proceedings of the Seven uropean
) Neutron diffraction data on a mlcrocry_stalllne sample cof Powder Diffraction Conference 2000, Barcelona, Spain, p 118. (b)
Li7[VN 4] were gathered at the E9 powder diffractometer at BERII, Rodriguez-Carvajal, REULLPROF.2k version 1.6; Laboratoire loz
HMI Berlin, Germany. The sample was contained in a gastight Brillouin: 2000. In Abstract of Satellite Meeting on Powder Diffrac-

; ; : ; tion, Congress of the International Union of Crystallography, Toulouse,
vanadium cylinder (diameter 6 mm, length 51 mm, wall thickness France 1990, p 127.

0.15 mm). For Rietveld refinements pf and 3-Li7[VN4] based (21) Banighausen, HMATCH, Commun. Math. Cherf1i98Q 9, 139.

on X-ray diffraction data the positional parameters off MinN 4] (22) Juza, R.; Uphoff, W.; Gieren, WZ. Anorg. Allg. Chem1957, 292,
43n)12 i )16 i i 71.

(P43n) and_ I__|7[VN4] (Pa3)'6 obtained _from smgle_ crystals were (23) Grunes, L. APhys. Re. B 1983 27, 2111,

used as initial parameters, respectively. FoiLi;[VN,] the (24) de Groot, F. M. FJ. Electron. Spectrosc. Relat. Phenat894 67,

positional parameters of {d[MoN4]* were used, and the unoc- 529. ‘

cupied tetrahedral hole was filled with an additional Li site leading (25) ﬁhtllllfganaR-SG-;UYgfz{b\?/é 7EI3581F13%(ZTQGE P.; Blumberg, WPEC.
;i P . : atl. Acad. Scl. U.o. 3 .

to the given CompOS'tlon_' The structqre was reflnt_ed Slmultgneously (26) E.g.: Durrant, P. J.; Durrant, Bitroduction to Adanced Inorganic

against both patterns. Figures 2 depict the experimental diffrac- Chemistry 2nd ed.; Longman Group: London, 1970; p 976.

tion patterns together with the calculated profiles and the difference (27) Leapman, R. D.; Grunes, L. Rhys. Re. Lett. 1980 45, 397.

curves of the observed and the simulated patterns as determined?8) (Is_le‘?pman, R. D, Grunes, L. A Fejes, P.Rhys. Re. B 1982 26,

by least-squares refinements (Tables5] program package FULL-  (29) pease, D. MAppl. Spectroscl1976 30, 405.

PROR9), (30) Szmulowicz, F.; Pease, D. NPhys. Re. B 197§ 17, 3341.
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in the presence of elemental lithiu¥h.The latter fact
corresponds to our observation that in liquid Li at 1270 K
botha- andy-Li;[VN 4] transform intog-Li-[VN 4]. The light
yellow color of all lithium nitridovanadates indicates the
oxidation state of+5 for vanadium, corresponding to the
compositions from structure refinements and to the results
from XAS spectroscopy (see below). Measurements of the
magnetic susceptibility reveal diamagnetic behavior.

The crystal structures of-, f-, and a-Li;[VN4] are
depicted in Figure 5. A comparison reveals that all three
structures are based on,O superstructures with nitrogen
on the oxygen site and an ordered distribution of Li and V
on the lithium positiony- andg-Li7[VN 4] crystallize in cubic
2 x 2 x 2 supercells with 8 formula units in the crystal-
lographic unit cell. The unit cell of-Li;[VN 4] is tetragonal.
The three polymorphs differ in the ordering scheme of Li
and V atoms within a fcc arrangement of nitrogen. As a
general rule [VN]"™ tetrahedra are always isolated, i.e., they

Figure 5. Comparison of the crystal structures pfLi7[VN4] (left),
B-Li7[VN4] (middle), anda-Li7[VN4] (right). Top: The arrangement of
isolated [VNj]7~ tetrahedra differs within the ordered,O-type super-
structures. Below: Idealized sections of the crystal structurgslof[VN 4]

(left), B-Li7[VN 4] (middle), anda-Li7[VN 4] (right). Black spheres represent

V, and open spheres represent Li. Nitrogen atoms are omitted for clarity.

of y-Li7[VN 4] with V(y) = 110.90(1)x 10° pm? is slightly

do not share corners or edges. The volume per formula unitlarger than that of-Li-[VN 4], V(3) = 110.41(1)x 10° pne.

Inorganic Chemistry, Vol. 42, No. 8, 2003 2541
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Single-phase/-Li;[VN 4] is obtained at lower temperatures

(920-970 K) than used fof-Li-[VN 4], or at shorter reaction

times at 1026-1070 K. With longer annealing times or at

somewhat higher temperatures alwagd.i/[VN,] was

for B-Li7{[VN 4] (d(V—N(1)) = 181.4(6) pm, Xk, d(V—N(2))

= 186.4(4) pm, X) agree with the data previously obtained
from single-crystal refinementsl( —N(1)) = 181.3(6) pm,
1x, d(V—N(2)) = 185.1(3) pm, X). On average these

observed in the product, either single phase or with admix- distances are larger than those of thphase, despite the
tures ofy-Li;[VN4] or a-Liz[VN 4] depending on the condi-

tions. Thus, we argue that-Li;[VN,4] is metastable, first
formed in the reaction of LN with VN under nitrogen

larger unit cell of the low-temperature polymorph. The
average distanced(Li—N) = 213 and 211 pm iry- and
B-Li7[VN 4], respectively, are in the range expected for

atmosphere. At higher temperatures or longer annealing timedithium in tetrahedral coordination by nitrogen, but due to

the phase is rearranged f&Li-[VN4 according to the
Ostwald rule. Above 9081000 K fS-Li7[VN 4] transforms
to a-Li7[VN 4] with a larger volume per formula unit &f(o)

= 111.55(1)x 1C° pn?, as expected for a high-temperature

phase.

The crystal structure ofi-Li;[VN4] is closely related to
those of Li{MoN4] and Lig]lWN] (and probably LiCrN,]).24
The unit cell dimensions are comparable:Li/[VN,], a =
675.90(2) pmc = 488.34(8) pm; LICrN4], a = 673.4(2)
pm, ¢ = 483.3(2) pm; Li{MoN,], a = 667.3(1) pm,c =
492.5(3) pm; L{WN,], a = 667.9(1) pmc = 492.7(1) pm.
The crystal structures of §[MoN,] and Lig[WN,] are also

based on LJO superstructures and can be written according

to Ligd[MN 4] (O denotes a vacancy in the metal substructure,
M = Mo, W). The crystal structure ad-Li;[VN4] simply
relates by filling the vacancy in the d0di[MN 4] structures
with one additional lithium per formula unit.

Distancesd(V—N) range from 181.4(6) pm to 186.4(4)

pm in the three polymorphs. Distancdév(1)—N(1)) =
181.8(4) pm andl(V(2)—N(2)) = 183.6(3) pm for the two
crystallographic inequivalent [V~ tetrahedra iny-
Liz[VN ] are slightly longer than in the isotypic {MnN]

(181.4(1) pm, 182.6(3) pH) as may be expected from ionic
radii considerations. Similarly, the structural data obtained of Buerger®? Figure 5 (bottom) compares the metal atom
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the large uncertainties in the positional parameters of Li from
X-ray powder diffraction the differences are not signifi-
cant, and, thus, we are not going to discuss these distances
in deeper detail. Ina-Li/[VN4] the distanced(V—N) =
184.4(1) pm and the range of distancdi—N) =
207.3(4)-235.9(6) pm are much more reliable, since they
were obtained from combined X-ray and neutron diffraction
data. This combination is essential for the structure solution
and refinement from powder, because the neutron scattering
length of V is close to zero, while the contribution of Li to
the X-ray diffraction pattern is small. Especially, the special
position Li(3) @(Li—N) = 207.7(1) pm, &) should be
mentioned, since this position is not occupied in the group
6 compounds L{MoN,4] and Lis[WN,] as required by charge
balance.

Figure 6 resembles a “Baighausen” symmetry trékfor
the crystal structures of the polymorphs of[MN 4]. It should
be noted that there is no direct groeugubgroup relation
between any of the structures of the polymorphs. Since the
first coordination sphere of all atoms is basically identical
(Li, V, tetrahedral by 4 N; N, cubic by 7 Li- 1 V) the
phase transitions must be reconstructive with changes only
in higher coordination spheres according to the classification
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Figure 7. X-ray diffraction patterns of solid solution phases of the general f
impurity phase can be seen in this pattexy; 0.11 (second)x = 0.06 (third),
as a function of the oxygen contextand extrapolation to (two times) the un
literaturé?).

1
80

ormulasl(V o.25(1-xLi0.25)(N1-xOx)} with x = 0.20 (front, a small unknown
andk = 0.03 (last). Inset: Unit cell parameters of the solid solution series
it cell of,Oi (open symboals, this study; solid symbols, data taken from the

arrangements in the three structures. As can be seen thef thea-Li;[VN4] polymorph, but addition of small amounts

vanadium and lithium atoms are arranged together in a
primitive cubic array (within tetrahedral coordination by
nitrogen, which is omitted for clarity). The only difference

of oxygen &2 wt %) turn theo-phase to the cubic solid
solution phase.

XAS spectroscopy at the absorption thresholds is an

is the relative arrangement of these metal ions governing element specific tool, that can provide valuable information

the symmetry of the structure. The unusual decrease ingp, the oxidation state and the electronic configuration of most
symmetry from cubic to tetragonal at the high-temperature 5iomic components of both crystalline and amorphous
transformation is attributed to the smaller primitive unit cell aterials. The shape and energy position of the absorption
volume of the tetragonal unit cell following the tendency of - spectrum in its near-edge region is closely related to the
a decreasing number of occupied sites with increasing gjectronic structure, partly also influenced by the magnetic

temperature (frony-, -, to thea-polymorph).

We additionally studied the solid solution series of
Liz;]VNg4 with Li,O with the general formula
Li1,75{(V0,25(17X)Li0,25<)(N17XOX)} and 0< x < 1, that was
earlier observed by Juza etZlWith increasing oxygen
content the unit cell parameter of the product decreases
linearly. An extrapolation to the oxygen content ofQi
indicates that the volume changes of the solid solution series
are in accordance with Vegard’s law for the full range of
compositions (Figure 7). Rietveld refinements on the X-ray
patterns suggest an exchange of V by Li and simultaneously
only very small occupation of the Li sites by ¥ 8%) within
the structural model g8-Li7[VN 4]. Total disorder is reached
at a composition near = 0.125 as is indicated in powder
X-ray diffraction patterns: reflections demanding the su-
perstructure cell o ~ 1000 pm disappear, leading &b~
,a ~ 500 pm (Figure 7). This compositiorx & 0.125)
corresponds to the replacement of one [N tetrahedron
per cubic unit cell, i.e., one formula unit4VN 4] by 4 Li,O
per unit cell. Since the samples were prepared at $070
1170 K, we never observed a solid solution in the structure

(31) Hu, Z.; Kaindl, G.; Meyer, GJ. Alloys Compd1997, 246, 186.

(32) Buerger, M. JFortschr. Miner.1961, 39, 9. Buerger, M. J. IlPhase
Transformations in SoligsSmoluchowski, R., Mayer, J. E., Weyl W.
E., Eds.; John Wiley: New York, 1951.

state, the local symmetry, and the coordination environment
of the nuclei, while the oscillation observed in the high-
energy region of the spectrum is associated with the
arrangement of the atoms, i.e., the local surroundings. Due
to these features XAS spectroscopy today is widely used in
physics and materials sciences, but in chemistry it is still
not well established.

In V—K XAS specta a V 1score—electron is exited to
the related 4p states setting on the continuum according to
dipole selection rules. In general XAS spectra of the first-
row transition metals have a weak preedge structure about
10 eV below the absorption edge. This feature was assigned
as originating from a 1s3d transitior?®~2> For compounds
with the transition metal in a centrosymmetric environment,
a 1s-3d transition is electric dipole forbidden by parity
considerations. (The fact that dipole selection rules hold only
in systems with an inversion center is known in spectroscopy
as Laporte’s rulé® However, a weak preedge feature is still
experimentally observed. In the case of non-centrosymmetric
local surroundings the V-4p states are strongly mixed with
3d orbitals; therefore the spectral weight of 3d states can be
enhanced. All this may lead to a significant preedge feature
that is more intense for local symmetries lacking an inversion
center. In particular, the features in the region of the g
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coordination spheres surrounding V in all three polymorphs
are very similar, this region is also basically identical in all
three spectra.
Figure 8b gives a comparison of the vanadium K-edge
XAS spectra ofy-, 8-, anda-Li7[VN 4] with vanadium metal
and several vanadium oxides. The most prominent feature
is the strong and well-separated preedge feature (at around
5467 eV) of the ternary nitrides and the vanadium(V) oxides
VV,0s and Li[VVO3]. As mentioned above this preedge is
due to an electric dipole forbidden -48d transition. The
occurrence of a strong preedge feature is a clear indication
for non-centrosymmetric first coordination sphere of the
absorbing atom in ¥Os (1 + 3 + 1 coordination), Li[VQ]
(tetrahedral coordination), and the discussed ternary nitri-
dovanadates. The absorption edges selected at about 0.6 of
the edge jump shift from metallic vanadium ovet® and
V!",05 to VV,05 and Li[VVOg] to higher energies indicating
the higher oxidation state of vanadium. The edges of the
three polymorphs of L[VVN,] fit nicely in between W' ,03
and W,0s/Li[VVO;3]. This is easily understood from the
smaller electronegativity of the nitrogen ligands compared
to oxygen. As observed earlier the absorption edge is shifted
to higher energies with increasing electronegativity of the
ligands3! The preedge peak in the three polymorphs of
Li[[VYNg] is much narrower than those in the vanadium
oxides indicating strongly localized 3d orbitals due to the
Figure 8. (a) XAS spectra at the V K-edge of., -, andy-Li[VN 4] and isolated [VN]’~ nitridometalate ions. Th!s results_m 3d
(b) comparison to the spectra of V'@, V1,05, VV,0s, and Li[VVOg). related states well separated from the main absorption edge.
In this case the main-edge shift is more reliable than the
transition have been shown to be sensitive to the oxidation preedge shift to determine the metal ion valence.
state and geometry of a 3d transition metal atém. As conclusion one should note that apparently in many
X-ray absorption probes the unoccupied part of the nitride systems the structures reported so far probably are
electronic structure of the system. Thus, for all following only the most stable compound or phase, mostly obtained
discussions it should be mentioned that from exited statesby chance as single crystals. A similar rich phase diagram
with a V 1shole information on the ground state is derived, as previously demonstrated for theAMn—N system? and
therefore the conclusions might not be uncritical. We chose shown in the present work for £iV—N can be anticipated
to measure K-edge spectra, because (i) the relevant energiefor many nitridometalate systems.
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