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1. INTRODUCTION

published in previous years, i.e. approximately between 1984 aad mid-1987. A few newer
references are included. The review can be considered as a continuation of previous reviews
in this series [1-3] and of other reviews on niobium, tantalum and in some cases vanadivm

The papers are referred in the following sections mainly according to the formal oxidation
state of the metal, ranging from (V) to below (0). In some cases it is not trivial to divide after
the oxidation state. Within a section, the maierial is further sub-divided according to the kind
of ligands bound to the metal, The basic order of sections is such: halogens, halogens mixed
with non-halogens, ro halogens.

Short modern reviews on basic niobium and tantalum chemistry can be found in many textbooks
on inorganic chemistry, e.g.[7, 10-11]. Niobium and tantalum compounds are of importance
in several areas of scientific interest, but some of these areas are of less importance from the
point of view of a coordination chemist, Hence, papers dealing with subjects such as the
structural chemistry of hydrides of Nb and Ta metals, orthe catalytic activity of £. g.NbyQs5 or
NbO» supported catalysts [12],are not referenced. Likewise, papers dealing with e. g.sputtering
for the preparation of thin-film optical devices, or the characterization of nenlinear optical
crystais of doped compounds (typically LiNB(3 and KTa(3), erthe preparation of ceramics
{e.g. NbC-NbO-NbN sintered phases), alloys, superconduciors or magnetic materials, and the
properties of such materials, are generally not referenced. The new resecarch-field on charge
density waves in e.g.niobium and tantalom sulphides is covered by referring to some of the
most important new papers. Extraction chemisiry on nicbium and iantalum is shortly included
{the extraction of niobium from ore or scrap o ferroniobium, niobium complexes aad finally
high-purity niobium metal has recently been reviewed [13-15].

Traditionaily, coordination chemistry has been concerned with molecuiar species, but in recent
years it has become increasingly linked with solid state chemistry. Structural results are now
often described in terms of polyhedra, see Table 1, instead of sometimes rather mysterious
close-packed arrays, as discussed in a recent account on the relation between coordination
chemistry and the solid state {16]. Thus, the dramatic increase in the reseach for new materials
with interesting properties is reflected in the large number of solid state structural resulis
referred in this review.
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Table I. Oxidation states and common stereochemistry of Niobium and Tantalum compounds [7], {10-11)."

Oaid El je state  Coondt Polyhed Exsmples
state number
MOY) a0 4 Teteahedron MBO413, (NbOIN(SIMes)2) 31
5 Trigenz! bipymmid [MCisi{vapoury, [TabMesl,
Dhstorted square pyramid [M{NMerlsl, INBOC, INBSCI{PhaFS))
6 Cielehedon [TaFgi~, [WbaCiypl, [TalClz), (NbAICig),
[Nh(SOq,}sI?', [NBCI5 OPCI3), [Nb(OMelsia,
MCI3OR?IZ, ITaCls S{CHy ). NaNbOy (perovek-
H)
Trigonel prism [Mb(S2CaH)31
7 Distorted pervagonat bipyramid  [NbOFgid, [NBIODFsIZ:, [NeOIC2003,
[(MbOSaCNEi)3l. [Tu=5(82CNEn 1.
ITa{NMe 23 (S2CNMen3], TaMerz(S20NR210
Capped wigonal priam ['!.'uF';IZ‘
! Bicapped tngonal prism or ITqu]-", [Ta{P34)52]
square antiprom
Dodecahedron MEOD41", TaiS7CNMezgi ™, INOODHTI0GI
¢ ? [{n*-C5Hs)2Tek3), [{NbCla(n™-CsHszi201
0 ? [NBbCI5{0CCO0H)S)
MV} dl 4 D3q Tetrahedron [N Exp)4]
5 Trigonal bipyrermid [NbH2(05iBulanly
6 Octahedron [NbClgi2, [TaClafpyla)
7 Distorted pentagonal bipyramid  [NbF7)3-
Capped oclahedron [NbCLg(PMca)al
B Dodecahedron [Nb{CN]gI“'
Square antiprism [Nb2Cig{PMeig]
high H [{n*CsH51NEMez)
Mii) 42 6 Octahedron IBbzCHg, INBCHGYIL TTezChiin-ClaEMea);)
Triganal Peism LiNBO2
? Complex [Falg(CONPMep Phisl, TTaH(PPhyjaldmpels]
8 Dodecahedron [NB{CNIg] S
(2T ad 4 Square Nb
& Oclahedron [NEC{PMe3)a]
Trigenal prism Nbs
8 Dodecnhedron [TaHACla(PMe114)
Square aatipeism ITaH2Cl3¢dmpe)z]
WD a4 5 Pentagonal bipyramid [TalzR{CoH4k2!
& ? [Mbin"-C4Hgiz{ n'-Meallyl))
Capped oclabedron ITaHCO{dmpelz). iTa(CO)3(PMc3)4]+
Cupped trigonal prism [TaX{COizidmpe)z], INBCHOOPMe)3]
'd-legged  piancstool’ INB{CO}{CsH5}]
M) 45 [ Octehedron |Nbidmper3l
M-D 46 3 Cctshedron [N O
M(-TIT 48 5 Trigoaal bipyramid [Ta{Coys 13-
& ? IM(CORC s 2

* For meaning of ligand names, see list of abbreviations.



2. Nb(V) and Ta(V) compounds (d0)
2.1 Nb(V) and Ta(V) complexes confaining only halides

The NbFs5 and TaFs menomeric molecules have been studied in the gas phase by means of
electron diffraction [17]. A Dap symmetry is preferable to describe the structure of the mol-
ecules. In the solid state MF5 (M = Nb, Ta) exists as tetrameric molecules, MsFq [18, 19].
Solid TagqF7p was studied by 18114 NQR spectroscopy at low temperature, and evidence was
found for the presence of hexadecapole interactions obtained (1 =7/2 for 181Tg), The TagFaq
entity is thombohedrally distorted [19].

Thermodynamic data for gaseous tantalum fluorides, TaFs, TasF|q, and TagFpg were
reviewed and data were given alsc for a large number of liquid and solid tantalum halide and
oxyhalide compounds [20]. The molecular constants and thermodynamical characteristics of
the NbFg™ and TaFg ions were determined in vapours over the oxyfluorides between 730 and
960K [21]. The electronic structure of the TaFg™ anion wascalculated by the discrete-variation
X« method in an expanded basis of numerical Hartree-Fock functions [22]. Graphite can
accomodate trigonal-bipyramidal NbF5 molecules and octahedral NbFg™ ions, forming
intercalation compounds [23].

Thermodynamic data for gaseous tantalum halides, TaCls, TaBrs and Tals were reviewed
and data were given also for a larpe number of liquid and solid tantalum halide and oxyhalide
compounds [20]. Enthalpy contents and molar heat capacities of NbCls and TaCls were
measured as function of temperatures [24]. The stability of NbClg gas in contact with metallic
nichium was studied by DTA and TG methods in order to find the optimum conditions for
the synthesis of lower chlorides [25]. The reduction to NbClg starts at ca. 205 ©C. NbCls does
not exhibit fluorinating behaviour towards polyfluorinated cycloatkenes at 150 ©C [26).
Experimental hints for the preparation of solid NbClg was described [27]. The heat capacity
of nicbium pemrachloride was measured from 8 to 315 K and thermedymanic data evaluated
28].

The IR spectra of Arand N7 matrices trapping vapours coming from solid NbX5 (X = Cland
Br) have been investigated [29]. The vapours contain monomeric NbX3, dimeric NbgX1p and
also pofymeric species. Assignments of the spectra were given.

NbCls and NbBrg molecules of D3y symmetry have been subjected to vibrational normal
coordinate analyses using Wilson's GF method. Assignments of observed vibrational fre-
quencies and calculated potential energy distribution values for each vibration are given [36].
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Solid NbCls and TaCls compounds have been reexamined by X-ray diffraction and IR
spectroscopy [37). NbCls was studied by 93Nb and 33CI nuclear quadrupole resonance
spectroscopy in the tomperature range 4.2 - 440 K [38]. Catalytic properties of NbClg and
TaCls on the preparation of triphenylbenzene was reported [39,40]. The sublimation pressure
of solid NbBrg, Nbis and Talg has been determined by a spectrophotometric method, as
function of temperature [41]. The melting point of Nbig was 673 + 1 K, and the vapour pressure
of the melt was given versus temperaiure [41]. The photoelectron specirom {AlK«, Hely of
Nblg was studied in an attempt to find the relation between the energy of the nichivm core
levels and the oxidation number [42].

Both NbFs5 and TaFs have been intercalated inio graphite in the preserce of chlerine, and it
has been thought to happen via the formation of complex chloride-fluoride ions NbFsCI™ and
TaFsCl™. This idea has found support by the characterization (by X-ray diffraction and mass
spectroscopy) of intercalates formed via reaction between HgFp and NbF5 or TaFs. The NbFg”
and TaFg~ ions were identified by Raman spectroscopy [43].

Not just TaFg™ but &2 mixture of the ions TaFg", TaF72‘, TaFg3‘ in mutual exchange of F~
seems to exist in a saturated solution of KoTaF7 dissolved in 48 % HF, according 1o 181,
NMR data [44]. Also, the !81Ta NMR spectrum of the [TaClg]" ion in solutiocn was obsained
and interpreted in terms of a perfect octahedral symmertry: Tantalum has a large quadrupolar
moment and, without the cubic environment, the NMR band would be much broader than
found [44]. The TaFg" anion has been identified in dry methylene chlornide solution by means
of 19F NMR spectroscopy [18].

Vibrational specira were studied of niobium and tantatum complexes in hydrofluoric acid [453].
For high concentrations of HF and metal, TaFg, TaF72-, NbFg and NbOF52- ions exist in
the solutions, According to the interpretation of the spectra, dilution leads to a relative increase
in TaF72- and NbOF52' concentrations [45].Raman spectra of KoNbF7, K2TaF7 and CsTaFg
fiave been published in connection with extraction experiments [46].

Alkali metal hexafluorotantalates, A[TaFgl with A = Li, Na, K, Rb, or Cs, were prepared and
characterized by IR and X-ray diffraction, Crystal symmetries and lattice constants were
determined [47].Based on coordination geometry, a classification of fluorides and oxyfluorides
of niobium or tantalum, i.c. the compounds AMFg 3,0, with 4 = Li, Na, K,Rb, Csand # =
Nb or Ta, has been attempied [48]. Low-temperature phase transitions in KNbFg and KTaFg
were determined by the I9F NMR retaxation method and related to rotation of the MFg"
octzhedral anions [49].

The lightly blue silver{ll) hexafluoro niohaie and tanialaic Jahn-Teller-compounds,

ApiMTaFgly with M = Nb or Ta (Ta is paramagnetic), were prepared from oxides in an
autoclave at ¢a. 380 OC and under a Fp-pressure of cq. 3 kbar. Single crystal needles were
characterized by X-ray diffraction (layer struciure with cumulated AgFg and MFg octahedra)
[50].



Methods of preparing shiny crystals of the new compounds Hgz[MFg] and Hg3.x [MFg]l. M =
Nb and Ta, and x small, have been described [51]. These compounds are exceptional in con-
taining electrically conducting either layers or linear chains of mercury atoms in between layers
of [NbFg] and [TaFg} octahedra. A transformation between the two kinds of structures takes
place in contact with liquid SO or liquid AsFq at temperatures from room temperature to
120 0C [51].

The compourds K[NbClg] and KfTaClg) have been studied [52] to elucidate the mechanism
of their superionic conduction. Methods applied involved ac-conductivity, differential scanning
calorimetry, and powder neutron diffraction. Crystal symmetries and phase relations versus
temperature were reported [52]. The elecirical conductivity of NbCis-NaCl, NbCis-KCl,
TaCls-NaCl and TaCis-KCl binary melt systems were measvred to delermine the phase
diagrams [53]. Enthalpy contents and molar heat capacities of RbNbClg, CsNbClg, RbTaClg
and CsTaClg were measured as function of temperatures, and ali these compounds undergo
allotropic solid-solid transformations as well as fusion, and enthalpies and entropies associated
with these transformations have been evaluated [24].

New pyridinium saits, (py-H...py) T [MClgl-and {py—H...py)"‘[MXs Y], with M = Nb, Ta; X =
F,Cl; ¥ = C1,Br, and py = CsHsN (pyridine), have been characterized [54]. Also, new acidic
hydrogen-bound etherate salis, (EtpO-H...OE0) T [MCigl™ and (EtpO-H...0E) T [MX5Y],
with M = Nb, Ta; X = F, Cl; ¥ = Cl, Br and Ei20 = dicthylether, have been prepared [54].
Furthermore, acidic ethylenediamine salts, H[ACig]-n{en) and H[MX5Y)-n{en), with Af = Nb,
Ta; X =F,CL, ¥ =CLBr;n =2,30r4and en = H)NCH»CHyNH3 (ethylenediamine), were
obtained [54]. The compounds were characterized by chemical analysis and IR spectra.

Eleciron-transfer-induced ligand-exchange reactions have been discovered by electrochemical
methods (cyclic voltammetry and conséant potential electrolysisy applied on niobium chlorides
(Et4N)INBClgl, (BtaN)2[NbClg), [NbCls], and [NbCi4(NCMe)71, in "superdry” acetonitrile
{NCMe). Two one-electron reduction waves were observed, corresponding to consecutive
reductions to Nb{IV) and Nb{III} compounds [535].

Cyclic voltammograms have been obtained on NbCls dissolved in a room temperature molien
salt liquid conmsisting of 49.0:51.0mol % AICl3-{1-methyl-3-ethylimidazolium chloride),
proving that the dimeric niobium oxide chloride species (formed by reaction with the usually
present exide impurities) can be converied to the "oxide-free” [NbClg]™ species by a treatment
of the melt with COClz [56].

Crystalline NbAIClg was prepared direcily from AlpClg and NbpCl g: The crystal structure
consists of an AICly tetrahedron sharing an edpe with an NbClg octahedron [57], see Figure
1.



Figure 1. Structure of the [NDAICIR] molecule. Reproduced with permission from [57],
B. Krebs, H. Janssen, N.J. Bjerrum, R. W._Berg and G. N. Papathecdorou, Inorg.
Chem. 23 (1984) 164,

Two salts, [PCIg)INbClg] and [PCI4]{NbClg]-SOCl3, of the tetrachlorophosphonium  and
hexachloroniobate ions have been prepared from PCis and NbCls in thionyl chioride solution
[58]. Their siructures were studied by vibrational spectroscopy.

The penrachlorides MCls (M = Nb, Ta) were fourd to be reactive with an excess of vithiazyl
chloride, (NSCH3 in CCly sospension to give the ionic compounds, [SgN4CI[MClg]. Fur-
thermore, with SCly, the ionic species [N(SCI)2][MClg) can be cbiained. The products were
characterized by chemical analysis and IR-spectra [59].

The elecirochemical behaviour of Ta(V) was studied at 400-550 CC in mixed melts containing
LiCI-KC1-TaClg [607.By reduction, the anionic [TaClg]” complex most probably forms a stable
and soluble Ta(ll) complex, which in a second siep can be further reduced to the metal. By
titration of such melts with solid KF it was shown that in mixed chloride-fluoride melis,
primarily [TaF7)2- complexes are present, but also small amounts of [TaFg]™ and [TaClFg)?-
coexisted with them [60].

The crystal structure of KopTaF7 has been determined by using single crystal X-ray diffraction
data [61]. The TaF72' polyhedra may be described as monrocapped trigonal prisms {distorted
from true mm or Cp, symmeiry) with the capping atom located on one of the rectangular
faces, see Figure 2. The Ta-F bond lengths varied from 1.918to 1.975 A. Raman specira
showed bands at 645 cm! (Ta-F stretching) and 395 and 280 cm~! (Ta-F bending). The
previously unreported luminescense properties of crystals of KyTaF7 as well as of KoNbF7
have been reported [61-62]. The emission spectrum of crystalline KoNbF7 showed a long



progression in a Nb-F deformational mode at 290cm-1 [62). The mechanism of electrochemical
reduction of KoNbF7 and KoTaF7 on a nickel electrode in LiF-NaF molien mixtures was
studied, and stable NbNij and TaNiy phases identified [63].

f1
F1
6
p.L £2
F5 4
F

Figure 2. Structure of the [TaF7]2' ion in the potassiusn sali, Reproduced with permission
from [61],C. C. Torardi, L. H. Brixner, and G. Blasse, J. Solid State Chem. 67
(1987) 21.

The reaction of TapOs5 with NHgHF) and alkaline earth fluorides on heating was shown to
give CaTaF7, BaTaFy, SrTaF7, Bay(TaFg)y, Tap(OaFg, and Ba(TaFg)y, and the stability of
these and analogous compounds was discussed {641,

The hydrazipium heptafluorotantalate monohydrate compound, (NoHg)TaF7-H20O, decom-
poses in four steps through the intermediates (NpHg)TaF7, (NoHs5)TaFg and (NH4)TaFg,
according to results obtained by thermogravimetry, differential thermal analysis, X-ray powder
diffraction, chemical analysis and vibrational spectra {65].

An organic molecular charge-transfer salt, (BEDT-TTF)3TapF{; has been prepared elec-
trochemically (BEDT-TTF is a short name for bis-ethylenedithiolotetrathiafulvalene)  [66).
This salt containg the TapF) 1~ anion with a unigue linear fluorine bridge between two tantalum
atoms, according to a crystal structure determination [66). The salt exhibiis an optically
enhanced magnetic phase transition which was detected by ESR absorption spectroscopy [67].
The TapFj 1~ anion has also been beea identified in dry methylene chioride solution by means
of 1I9F NMR spectroscopy [18)and in the crystal structure solution of (Hga2 ¥ )(TagF ;1) [68).
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2.2 NBb(V) and Ta(V) oxyhatide complexes
2.2.1 Oxyfiveride complexes

Molecular compounds NbOF3, TaOF3, NbO;F and Ta(pF were formed by the reaction
between NbFg or TaFs and silica under various conditions [69]. The compounds were
identified by X-ray diffraction and mass speciroscopy [6%]. Thermodynamic data for gaseous
tantalem oxyhalides, TaOF3 and TaOF were reviewed and data are also given for a large
number of liquid and solid tantalum halide and oxyhalide compounds {20]. Chemical and
structural data were given for NbOF3 and TaOFq [69]. A powder sampie of NbO>F was
investigated by 93Nb NMR two-dimensional spectroscopy [70].

"Non-stoichiometric” niobium oxide fluorides, Nb31077F, NbigOgaF2, NbsgOj47F, and
NbgsO151F3 were prepared by reacting Nb2O35 with NbaO7F at 1200 €C [71]. According to
high-resolution eleciron microscopy and computer image simulations, these compounds have
block-structores, like e.g.7-NbaOs [71].

The molecular constants and thermodynamical characteristics of the NbOF4~ ion were
determined in vapours over nichivmoxyfluorides between 730 and 960 K [21]. Based on the
coordination geometry, development of a classification system has been attempted for the
fluorides and oxyfluorides of niobium or tantalum, i.¢.the compounds AMFg 2,0, with A =
Li, Na, K, Rb, Csand #f = Nb or Ta, and x = an integer [48].

The crystal structures of sodium pemrefluoro oxy-niobates(V), Najp[NbOFs] and
<«-Na3[NbOFg] were solved [72-72A], see Figure 3. NajINbOFs] contained discrete
[NbOF5]2' ions of slightly distorted octahedral configuration [72]. The O-Nb-F equatorial
angles were larger than 909, being on the average 97° + 29, and the symmetry of the ion was
found to be approximately Cgy. In Na3INBOFg}, the [NbOFg)>" ion with peatagonal bipy-
ramidat configuration was determined, adding diversity to the earlier found monocapped
octahedral geometry of the ion [72A].

Unexpectedly, crystal structure solutions of (Hg3)[(MF532504] salts, with M = Nb or Ta, have
proven that ions [(MF5)2S04)2- with a MF5-0-$02-O-MF5 bonding geometry have a sig-
nificant stability [68).

19¢ NMR spectroscopy was used to study the oxyfluoride complexes present in acidic aguecus
solutions and in acetonitrile [73]. The trans-[NbOF4(OH2)]" anion and the [NbOFS]Z‘ anion
were detected.
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©

1.76512}

1931024 1.974{2}

2.095{2)

Figure 3. The [NbOFsiz' and [Nb0F6]3' anipns as found in the crystal structures of the
sodium salts. Reproduced with permission from [72-72A], R, Stombesg, Acta
Chem, Scand. A 38 (1984) 603 and A 37 (1983) 453.

[MOF5]2' anions (M = Nb and Ta) have been identified by IR spectroscopy as corrosion
products, formed by the attack of HF-DMF-H207 solutions on the meial [74). The Raman
spectrum of KaNbOF5 has been published in connection with extraciion experiments [46].
The preparation of alkali metal monooxofluoronichates, ANbBOF4 and A2NbOFs (4 = Li,
Na, K, Rb and Cs), in molien NHgHF7 was described [75]. IR specira indicate ANBOF, to
have a chain structure and ApNbOF5 a discrete-ion structure. X-ray data were given for
LiNbOF4 and NaNbOF4 [75]. In the KF-NboOs5 system, three intermediate
tetragonal-tungsten-bronze  phases, KNbyOsF, KNbaO1gF and KNbgO)sF were identified
[761. Alse, unit cell dimensions of KoNBOFs, K7TaOF5, K3NbOoFs and K3TaOgFa were
determined by X-ray powder diffraction [77]. The compounds were prepared by heating the
corréesponrding fluoro-peroxy-metallates [77].

The reaction between NbjOs and CoO in molien NH4HF) has been studied by DTA, IR
spectroscopy and X-ray diffraction [78]. CoNbOFs5 was formed, At high temperatues it
pyrolysed to CoaNbQ3F3 giving off NbFg and HF vapours [78].

An attempt has been made [79],t0 make it possible beforehand to distinguish, among niobium
and eantalum oxide fluorides, those compounds which willhave a coordination type of structure
fcontaining isclated octahedra): The ions present must be of a simitar size; otherwise island,
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chain, tayer, or framework type structures seem to be the result {79]. New niobium and tantalum
oxyfluoride double salts, LisNbOy4F and LiaTaO4F, have been prepared and characterized
by X-ray powder diffracion and infrared spectroscopy [80-82]. When passing from LiMFg
complex salts to LirMO3 through oxy-fluotides, a transition from compounds of an island-type
through chain and laminated ones to framework structures was observed [80]. The reaction
between NbOF and alkali metal carbonates was studied by DTA, DGA and X-ray analysis,
MaNbO4F and MoNbO1F (M = Li,Na, K, Rb and Cs) were formed [83]. The reaction between
TaOpF and lithium, sodium and potassium carbonates was studied by DTA, DGA and X-ray
analysis; LigTaO4F, Nag gsTa0p 9s5Fg g5, NapTapOsFp, KoTaO3F and KgTag4,Ois-
xFe+7x (x is small) were the main components formed [84].

By heating Nb20s5 and NbOoF with CuzO it was possible to obtain red crystals of
Cup ¢NbgO14 6F 1 4,suitable for X-ray structure solution [83]. The structure is of the same
type as that of LiNbgOq5F, H-LiTaz0g and Cug gTa30g, containing peniagonal columns with
seven-coordinated niobium atoms in NbX7 pentagonal bipyramids (X = F or 0}, sharing edges
with five NbXg octahedra (see Figure 4). These building units are further linked via corner-
sharing.

Figure 4. Projected structure of Cug gNbgOj4.6F1.4. Niobium is displaced from the
center of the (hatched) octahedra. Reproduced with permission from [85], P.
N. Wa Llunga, Acra Chem. Scand. A38(1984) 641.

Within the system PbO-PbFp-3705-M0)F (M = Nb, Ta), several crystal structures have

been obtained:

a) PbaNb30O7Fs isbuilt of slabs of ReQ3 structure type of ret composition Nb307F322‘,
separated by layers of PbyFp2 ¥, and related 1o the BigTa30}> structure [86).

b) The Pb3NbgO)oF2 and Pb3TagO)2F2 structures contain corner-sharing M(O,F)g
octahedra, related to the pyrochlore, fluorite and B -NayTazOs5F; structures [87].
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c) The Pb3TasOgF 13 structure can be described as made up from slabs of ReQ3 structure
type and bands of red PbOy structure type [88).

d) The Pb12TagOzgFog structure contains columns of ReQy structure type, 3 times 3
octahedra wide, separated by layers of PbpFp2t and related to the layered Bin0o2+
perovskites (Aurivillius phases) [89).

e) The PbyM(O,F)34y/2 (x = ca. 0.25,M = Nb, Ta) structures which are disordered
superstructures of the hexagonal tungsten bronze type [90], see Figure 5.

Figure 5. Structure of P M(0,F)3.4 x/2, with x = ca. 0.25and M = Nb, Ta. The Pb atoms
are located in the hexagonal tunneis (left). A view of a suggested Ph-X-Pb
arrangement (X is F or O} in the tunnels (right). Reproduced with permission
from [90], O. Savborg, J. Solid State Chem. 57 (1985) 160,

2.2.2 Other Oxyhalide complexes

Thermodynamic data for gasecus tanialum oxyhalides, TaOCly, TaOCl, TaOBr3, TaO;Br,
TaOlz and TaOpl were reviewed and data given also for a large number of liquid and solid
tantalom halide and oxyhalide compounds [24].

The IR specira of Ar and Ny matrices trapping vapours coming from solid NbOXy and
NbXs/NbyOs mixtures (X = Cl, Br and 1} have been investigated [29]. The vapours contain
monomeric NbOX3 and also polymeric species. Assignmenis of the spectra were given.

The He 1 a photoelectron specirum of gaseous monomeric NbOCly was assigned using the
new semi-empirical molecular-orbital calculation technique SCC-X «[30). Molecular orbital
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correlation diagrams are given and bonding modes of NbOCl3 are discussed in comparison

with similar molecules like POCI3 and VOCi3 [30]. The sublimation pressure and the standard

entropy of NbOClz was redetermined [31].

NbOCli3 and TaOCly powders have been examined by X-ray diffraction; the two compounds

were found to be iso-structural and indexed powder diagrams were given [32}. The sublimation

pressure of solid NbOCly has been determined by the transportation method, as a function
of temperature [33], Thermodynamic functions for solid and gaseous NbOCI3y were given [33],
Compounds like NbO3Cl Nb30O7Cl, Nbs0j1€ly, NbOzBr, TaOCl3, TaOpCl, Taz07CI,
Ta(;Br (some of which are aew) have been made and studied [34]. The structure of NbOBr3
was investigated by electron diffraction [35].

Niobium penrachloride reacts with rrichloromethane, forming NOT[NbOCI4)- and CCly [911.
The {M20C110]2‘ anions, 4 = Nb or Ta, were found in ¢crystal structures [92-93],in the case
of Nb for the first time, Both of the iong consist of twe MOCIS octahedra sharing the oxygen
apex and with linear M-O-M bonding arrangements and inversion symmetries.

Lightly red NH4[NbOBr4] is formed when a mixivre of NbOBr3 and NHg¢Br is heated in a
sealed ampoule at 400 ©C. X-ray data and vibrational spectra of NH4[NbOBrg] have been
reported [94,94a].

Potentiometric investigations of niobism(V} and tantalum(V) oxychloro complex formation
were done in NaCl-AlCly melts at 175 ©C [95]. Resulis were explained by a two-equilibria
model:

HMOC1,4~ <« —> MoCly  + €1~
MOC1 5 < —> Moclpt o+ €T

with pK values of 2.2and 3.95 for M = Nb, and 2.74and 4.52 for M = Ta, respectively.

The X-ray structure of prepared BigNbOgCl single crystals was solved and consists of [NbO4]
layers composed of much distorted ociahedra which are canted with respect to one another.
From powder data it was concluded that BiaTaOgCl and BigNbOgBr crystallize with the same
structure [96].

Luminescence properties of La3Ta04Clg crystals have been reported [97]. The structure is
similar to that of PraNbO4Clig [98] and contains infinite linear chains of comer-sharing TaQOs
trigonal bipyramids with the equatorial oxygens corner-sharing the oxygens of the LaCl707
polyhedra. Crystals in which lanthanum{i{l} was partly replaced with indium or other rare
earth ions (Sm, Eu, Tb, Dy and Tm) have been prepared and their peculiar luminescerce
properties examined [99].
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Iso-structural LnyMOsXCizy crystals have been prepared and their crystal data reporied, with
Ln = La, Ce, Pr, Nd, Thy M = Nb, Ta; X = 0, OH, F {100]. The single crystal structures of
LapThTaQgCly and Ce3Ta0gCly [L00], as well as of La3TaOs(OH)Cly ([101] were solved.
The structures consist of TaOg polyhedra with vausual trigonally prismatic environments for
Ta, see Figure 6.

Figure 6. The unusual trigonally prismatic coordination polyhedron of TaOg in the
structure of LagThTaOgCl3. T2-O bond length = 1.984 A, Reproduced with
permission from [100], U. Schaffrath and R. Gruchn, J. Less-Comin. Met. 137
{1588) 61,

2.3 NEB(V) and Ta(V) peroxyhaiide and peroxy-pseudchalide complexes

The pensafluoro-peroxy-niobate(V) ion, [NbF§O212" ,1, which isknown {102] to be pentagonal
bipyramidally seven-coordinate, has been investigaied in the sodium and potassium saits

F 2-

by means of Raman and IR spectroscopic techniques [103-105,106]. For the sodium salt, bands
observed at 955, 880 and 900 cm! were assigned to \{0-0), v(Nb-O) and vye{Nb-O),
respectively, based on Cpy symmetry, but the assignments were questioned because of probable
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impurities present in the sample. A diagram shows the y-bonding involved in between NbFg
and the peroxide ion. (The work by Nour ef al. has been published three times in virtually
wdentical forms [103-1051.

Mono-peroxy-chloroniobates A>[Nb(02)Cls] with 4 = K, NHy or EigN were found to react
with HF in CH3CN giving A2[Nb(O2)Fs]-nHF, with # = 2-5[107]. In the presence of various
acido ligands, A2[Nb(Q2)F3lg) (4 =K, Cs,NHy or EyN; L = NCS, OAc, CF3C02, HCO2)
and A3[Nb(02)F2L'2] (L= 804 and C304) were formed. The complexes were characterized
by IR spectroscopy [107].

The di-peroxy-compound K3{Ta(072)72F4] was shown to undergo UV-photodecomposiiion

[108). The kinetics of oxygen evolution cbey a parabolic raie equation, indicating a mono-
excitation process for the photolysis [108). The activation energy was deiermined and the
decomposition given as

K3([Ta{03)2F4] (s} ——> K3[{TaCaFa1(s) + Ou(g}

according to chemical analyses, IR speciroscopy and thermogravimetry [109].

2.4 Nb(V) and Ta(¥) chalcegeno-halide complexes

Niebium sulphide trichloride, NbSCl3, has been obtained by reacting NbCls with hexame-
thyldisilthiane, Me3Si-S-8iMes, in dichlormethane at room temperature [110]). The reaction
is fast and gives a precipitate which does not react further. The NbSCly product was
characterized by IR spectroscopy as a coordination polymer containing Nb-S-Nb bonds, in
conirast to other kinds of NbSCl3 which coniain Nb=S$ bonds [110].

In the solid state at 100 ©C and under vacuem, NbCljg reacts with BoS3 to form NbSCly
{111]. Ia CHCly solution, NbSCl3 and P(Ph)4Cl form crystals of [P(Ph)4]INbSCiy}, which
contain quadratic-pyramidal [NbSCl4)- ions with a 2.09 A long Nb=$ bond, according to the
X-ray structure determination [111],see Figure 7. An improved synthetic procedure to oblain
[P(Ph)4][NDSCIl4] has recently been described [112]. IR spectra of the crystals are discussed
in reference [111]. By hydrolysis of {P(Ph)4][NbSCi4] in the presence of POCIy in CHpCly,
[(P(Ph)4}2INbOCla(0PCly)]-CH,Cly is formed [113].

Presumably, solid NbS2Cl has been obtained from NbSpCly by electrochemical oxidaiion at
160-2009C in a cell using a NaAlCly molten salt as electrolyte [114]. The structure of Nb$Br3
was investigated by electron diffraction [35]. The reactivity of NbSBry and NbSeBry with
respect to the formation of complexes was studied [115].
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Figure 7. The X-ray structure of the quadratic-pyramidal [NbSCig]- ion in
[P(Ph)4][NbSCl4). Reproduced with permission from ([111], U. Miiller and
P, Klingelhifer, Z. Anorg. Aligem. Chem, 518 (1984) 109,

The preparation of NbSCly and some thiohalogeno compounds containing (NbSCls]?-',
[TaSCls]2- and [NbSBrs]Z- will soon be described [I1SA]. The crystal structures of
{PPhy)y[NDSCls]-2(CH2Cl2) and NEty[NbClg) were solved [115A].

2.5 Nb(V) and Ta({V} halide complexes with O-donor ligands
2.5.1 Fluoride complexes with O-donor ligands

According to I9F NMR speciral data, tantalumpentafluoride TaFs reacts with
0,0-diphenyl-N-benzoylamidophosphate, (PhO}P(O)NHC(O)Ph, ia methylene chloride
solution to form essentially a dimeric complex cation [F5Ta-O-P+(OPh)y-NH-C T (Ph)-O-

TaFs] and monomeric complex cations, [F5Ta-OP(OPh)yNHC(O)Ph)] and [FaTaf-
0P+(0Ph)2NHC(0)(Ph)}2]’ balanced by TaFg™ anions [116}. The monodentate monomeric
cation forms [F5Ta{-OP(OPh)2=NC(O)(Ph)}] by splitting off one proton from the NH group
[i18].
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2.5.2 Chleride complexes with O-donor ligands

The [NbOCI3(THF)l" (THF =tetrahydrofuran) anion has been characterized by spectroscopy
and crystallography [117]. It has two oxygens in trans positions and four ¢hlorines in a nearly
octahedral configuration.

By hydrolysis of [P(Ph)41[NbSCiq] [111] in the presence of POCl3 in CH2Cly solution,
[P{Ph}4]2[NbOCI4(02PCl2)]-CHCl2  was formed [113]. Attempts to prepare the compound
directly from NbzCl g, POCl3, P(Ph)4Cl and Ho{ yielded crystals of [P(Ph)4J[NbOCla(CH2)]
{113), Crystal structures of both compounds, determined by means of X-ray diffraction data,
show quadratic-pyramidal [NbOCl4]™ ioms, to which a molecule of either HoO or a [PCCl7)
ion is attached in rrans-position to the O atom, see Figure 8. IR spectra of the crystals are
discussed in reference [1131.

Figure 8, The X-ray structure of the [NbOCl4(02PC12)}2‘ ion in its [P(Ph}q]* sait.
Distances in pm. Reproduced with permission from [113] P. Klingelhofer
ard U. Mailler, Z. Anorg. Allgem. Chem. 516 (1984) 85.

The tri-alkoxy di-chloride niobium(¥) complexes, Nb{OR)3Cl> (where R = CH3, CpHs,
i-CqH7, and n-C4Hg) have been prepared as lightly coloured compounds [118-119].

Reacticns of M{(OPh)s (M = Nb or Ta) with acety! or benzoyl chlorides (AcCl or BzCl} in 1:1
or 1:2molar ratic resulis in the replacement of phenoxy groups with chloride [120].0n heating,
in molar ratio 1 to 3, however, compounds MCI3(OPh)oRCO2Ph  and in molar ratio | o
higher than 4, MOCI3RCOoPh  were formed, with R = CHj (methyl) or CgHs (phenyl) [120].
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Complex formation among NbCls and oxygen-containing donors D in organic solvenis was
studied by titration methods [121]. [In the non-solvating solvent bemzene, the complexes
NbClsD and NbCisDs were progressively formed, with B = (C4HoO)3PO and (iso-
CsH11)3P0. In butyl acetate, in which 1:1 solvates with NbCly already occur, the addition of
oxygen dogtor molecules D resulted in the progressive formation of NbClg{CH3COOC4Hg)D,

iNbCl4(CH3COOC4Hg)»]Cl  ard [NbCiyD3]Cl complexes, with D = (CaHgOPO, (iso-
CsHjp 1O} (CH3)PO, (CgH7)280, (CgH13)280 and (ise-CsH1)3PO. These D ligands are
listed here in the order of increasing oxygen donor power {1213,

NbOCl3 reacts with acetamide (L = H3CO-NHjp) in CH3CN to give actamidates, 1:1elec-
trolytes NbOCI3Ly, (n =2.5,3,4,6,7),in which L is O-bonded [122]. In ethanol the compounds
undergo alcoholysis to give NbOCIH(OENL(ECOH),

Complexes [TaClgLls_p] withn =2and 3and L = 2,6-di-t-butylphenoxide have been obtained
by letting TaCls veact with lithium 2,6-di-r-butylphenoxide in benzene [123]. The compounds
were characterized byelemental analysis, IR, and 14 and 13C NMR specira. The X-ray crystal
structure was determined for the case of [TaCly(2,6-di--butyiphenoxide}s]. This complex is
a monomer with a square pyramidal coordination geometry around Ta. The phenyl rings (sce
Figure 9) are oriented such as to minimise interactions between 2- and &- substituents. A
comparison of the new structure with that of [TaCl3(2,6-di-r-butylphenoxide)s] [124],is given
in reference [123].

Figure 9. ‘The coordination in sguare pyramidal [TaCly(2,6-di-t-
butylphenoxide};], adapted after reference [123],

Lithium 2,6-di-isopropylphenoxide reacts with TaCls to give [TaCly{diethylether)(2,6-di-
isopropylphenoxide)3], which on recrysiallization in air gives the binuclear [TapCi(p
-Cl)7(2,6-di-isopropyiphenoxide)s{ 1 -0)] [123). The X-ray crystal structure was solved, to give
the siructure showa in Figure 10. Also, in this strucfure the phenyl rings are oriented such as
to minimise interactions between 2- and 6- substituents.
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Figure 10. Inner coordination geometry from the crystal structure of dinuciear
[TasCl(u-C1)2(2,6-di-isopropylphenoxide}s( 11-O)]. Reproduced by per-
mission from [123],G. R. Clark, A.J, Nielson and C. E. F. Rickard, Polyhedron
6 (1987) 1765.

A series of chloro-chlorophenoxy salicylaidehyde complexes, NbCl(OCgH4C 4, (sal) with
n = 0 to 3 can be prepared [125] by refluxing niobium pentachloride in the presence of
o-chlorphenol and salicylaldehyde (salH). The compounds were characterized by scveral
methods, and seem to contain octahedrally coordinated monemeric niobium. In one case, for
NBCl2(0CgH4Cl)-2(sal), evidence for a dimeric structure (see Figure 11}, with eight-coor-
dinated Nb was presented [125].

A seriess of chloro-chlorophenoxy c-hydroxyketone  complexes  of  Nb{V),
INDCL{CCgHaCl) 4. 5(L)] withn = 0 to 3 and LH = benzoin (benzH) or 2-hydroxyaceto-
phenone (hapH) was prepared by refluxing niobium perrachloride in benzene in the presence
of o-chlorphenol and HL in predetermined molar ratios [126]. Complexes of the type
[NbCI2(OCgH4CI)(L)z] were likewise obtained. Structures of the complexes were assigned
on the basis of elemental analysis, conductance, cryoscopic, magnetic and IR spectral studies.
In the case of [NbCl{OCgHaClg-x(L)] they seem ic contain octahedrally coordinated
monoraeric niobium, In the case of [NDClp{OGCgH4CIMLY7], 2 dimeric structure (see Figure
11} with eight-coordinated Nb was assumed [126].
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Figure 11. The estimated structure of NbCl5{OCgH4C1) (L) dimers with
eight-coordinated Nb. Chelate ligands (L} are salicyl-
aldehyde [125], benzoin or 2Z-hydroxyacetophencone [126].
Adapted after [125] and [128], 5. €. Chaudhry. J. Gupta
and S. Mehta, Indian J. Chem. 23 A (1984) 1036, and 2%
A {1985) 521.

The complexation reaction of 5,5’-methylene-bis-salicylaldehyde (MBS) with TaCls was stu-
died under various conditions (in DMF solution in dry nitrogen or ambient air or in oxalate
solutiony [127]. The 1:1 compounds obtained were digmagnetic and insoluble in common
organic solvents. Probable structures {see Figure 12) were proposed on the basis of elemental
analyses, magnetic measurements and infrared spectra {§27].
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Figure 12. Probable structures of tantalum MBS complexes [TaCl3Cis5H04] and
[TaClC5HpOs] with five and seven-coordinated Ta. Reproduced with
permission from [1271,S. Chomal, A. 8. Aazmi and G. C. Shivahare, Acig
Chim. Hung. 122 (1986} 127.

The preparation of heterocyclic carboxylates of niobium({V) and tantalum{V) in dry benzene
has been considered for the acids HL. = HTCA = 2-thiophenecarboxylic acid and HL =
HTAA = 2-thiopheneacetic acid:
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HTCA HTAA

Complexes of the type MCls L, were obtained, with M = Nb, Ta,n = 1-3and L = TCA
or TAA [128). The complexes were characterized on basis of chemical analyses as well as IR
and !H NMR data. A tentative seven-coordinated structure was assigned to the MCizlo
complexes (2), with M = Nb or Ta and L = TCA or TAA [128].

/0 Ci
R‘< M<—Cl 2
L b

White crystalline compounds of the general formula NbCiy{QCOCR) and TaCla(OOCR) can
be obtained from the pentachlorides and an equimolar amount of the carboxylic acids, RCOOH
with R = H, CH3, C2Hs, n-C3H7, CHCl, CHCI7 and CCly. With carboxylic acid anhydrides
{RCO)0 with R = CH3 and CgHs, brown pofymeric compounds NbOCKOOCR)» and
TaOCI(OOCR)y were obtained. The compounds were characterized by chemical analysis and
IR speciroscopy [129].

According to resulis [130] obtained by IR spectrophotometric, conductimetric and potentio-
metric methods and chemical analysis, the 7-nitroso-8-hydroxyguinoline-5-sulphonic  acid, 3,
has an ability to coordinate o Nb{V) forming preen chelates such as
[(CoN205SH4Nb(HyO)(Cl)2]Cl  and Na[{CoN20s5SH4)2Nb{HO)2(Cl}z]. The tigand is
bonded to Nb through the oxygess of nitrosc and hydroxy groups. Stability constants are
reported [130].
OH
&)

-
Sy N

Y
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Tantalem(V) complexes with citric and trhydroxyglutaric acids have been studied [131].

Nichiem{V) complexes with bis{3-diketones (L) were studied [132]. When L is
2-phenyl-1,1,3,3-retra-acetylpropane (PTAP) or 2-phenyi-1,3-di-acetyl- 1,3-di-benzoyipropane
(PDADBP), l:1 complexes (NbOCKCj7H1g04) and NbOCICp7H2204)) were obtained,
according to analytic data and molecular weight determinations, together with IR, UV, 1y-
NMR and magnetic measurements. Trimeric structures of the type shown below, 4, were

assumed [132]. //_,__\
-1
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2.5.3 Bromide complexes with O-dorer ligands

New tribromooxide Nb(V) complexes of the type NbOBr3-2L, with L = PhaPO, CH3CN,
{CH3)280, ((CH3)}2N)2CO and C4HgS, and NbOBr3-EtpS have been prepared [133].

2.6 NBb(V) and Ta(V) halide complexes with N-denor ligands

Novel compounds with the general formula A3[MNX35] (A =Nb, Ta; A =K, Cs, PhyP, TEBA
= triethylbenzylammonium; X =F,Cl) have been synthesized byheating dry mixtures of MCls,
NHsCl and ACI in an argon atmosphere [134]. There are ao previous report on nitri-
do-complexes of niobium or tantalum coniaining a metal-nitrogen tripple bond, 5.

X 13-

N 5

|
x|
X
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The new compounds were characterized by chemical analysis and by physico-chemical
methods; the IR spectra contain a strong narrow band in the range 1000-1050 cm~! due to the
M-N triple bond streching [134].

Previously, the synthesis of (NHg)3[TagNBryp] by ammonotysis of TaBrs with NH4Br under
HBr formation has been described [135). This unusual reaction in sealed glass ampoule at ca.
400 OC has been used to prepare alse the compounds (NH4)3[NbpNBrigl and
{NH4)3[TapNIgl [94]. The X-ray crystal structures have been solved [94], showing linear
symmetrical Nb=N=Nb bridges (see Figure 13) that also occur in the other compounds, The
vibrational specira of these red |1 -nitrido halides were interpreted to contain v, (M>N) at ca.
950 can-! (IR} and v, (M9N) ai ca. 215 cm-l {Raman), the frequencies depending on the
particular salt [94].

O i

rith B-ill
ME %

Figure 13,  Structure of the [NngBr10]3' anion. The Nb-N bond distance is 1.845¢2) A.
Reproduced with permission from [34], M. Homer, K.-P.Frank and J. Strihle,
Z, Narurforsch., 41 b (1988) 423.

The properiies of NbgBroN7 were studied and reactions leading to NbgBrg(NH)1{(NH3)4
{with ammonia) and to NagNbg(C=C)4(N)gNH and NasNbg(C=C)s(N)s(NH)s (with
sodium acetylide) were described [136]. Pyrolysis of these compounds gave NbyN3 and NbC
products.

Ammonolysis of NbBrg have been studied in order to obtain precussor compounds {e.g.
NbBr{NH2)2NH) that can be thermally converted into advanced ceramic materials such as
nitrides or carbonitrides [136]. One reaction was represented by
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room temperature
6 NbBrg + 46 NHjy —_—

220 °C
6 [NbBrj{NHp)o*2NH4Br+3.66NH3)] ——>
A

NbgBrgN; + 21 NHaBr + 18 NHjy

According to 19F NMR spectra, tantalum pensafluoride reacts with tri-ethylamin (L) in
methylene chloride solution to form 2 monodentate N-donor complex [TaFs(L)] [116], and
with picolinic acid (LH) in acetonitrile solution io form monodentate N-donor 1:1and 1:2
six-coordinated complexes [TaFs(LH)] and [TaF4(LH)>1 [137]. The picolinic acid only
coordinates monodentately, see Figure 14,

COOH

Figure 14. Structure of [TaFs5(LH}] for LH = picolinic acid [137].

Further molecular complexes of the gencral formula [TaFsl], where L is a N-donor ligand
have been synthesized and characterized. For L = hexaphenoxycyclophosphazene
{N3P3(OPh)g), the coordination takes place between Ta and one of the N-atoms of the NaP3
heterocyclic ring, according to NMR and IR spectroscopic results [18]. The complex is shown
below, 6.

PhO OPh
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The pentachlorides MClg (M = Nb, Ta) were found to be reactive with frithiazyl chioride,
(NSCl)y in CClg suspension to give the donor-acceptor complexes MCls-NSCl and
{MCls))-N2S>. The products were characterized by chemical analysis and IR-spectra [59].
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Tantalum pentachloride reacts with bis(srimethylsilyljcasbodiimide (CH3)3SINCNSH{CH3)3
to give S{CH3)3C] and [Cl4TaNCNSI(CH3)z]2 {138). IR and Raman spectra of the white
compound, 7, were interpreted [138] to give a planar TagN7 structure (R = CNS(CH3)3):

Cl T Cl
Cl\Ja/N\Ja/CI ;
CI/ | \N/ , \CI

Cl | Cl

R

The periachlorides of niobium and tantalum react with N(frimethylsilyl)--butylamine to give
[M{NCMe3}Cl3(NH;CMeq)] and with primary amines fo form [M(NR)(NHR)Cly(NH)R)]
which contain imido, amido and amire ligands coordinated io the same metal cenire (M =
Nb, Ta) [139-140].

In benzene, [Nb(NCMep)Cl3(NHyCMes)]y reacts with 4-picoline {pic) to give
[Nb(NCMe3)Cla(pic)z], with 2,2'-bipyridyl(bipy) to give [Nb{NCMe3)Cla(bipy)j-1/12 CgHg
and with N,N,N',N"-ferramethylethylenediaming {tmed) to give [Nb(NCMe3)Clz(imed)]. The
tantalum complexes [Ta(NCMe3)-Clybipy)al-1/3 CgHg, [TA(NCMer)Cla(tmed)]- 1/6  CgHg,
[Ta{NCMe3)}{NHCMe3)Cla(bipy)]- 1/2 CgHg, [Ta(NEGCI3(NH2ED] and
[Ta(NCHMe»} NHCHMe3)Clx(bipy)] were also prepared. The complexes were character-
ized by melting points, chemical analyses and IR and NMR spectra, and suggestions of their
geometry given [141). The crystal structure of [TaClp-CINNBU)(NHBUYNH2Bu)], a
Ta(V) complex containing terminal imido, amido and amino ligands, was determined [139}
(Buf is rert-butylamine), see Figure 15.

A methoxynitrere complex of tantalum(V), [Cl3{bpy)Ta = NOMie], has been prepared and
characterized [142].1n the presence of 2,2'-bipyridine (bpy), TaCig reacted with O-methyl-
hydroxylamire to form a red menomer complex, exhibiting an X-ray crystal structure with a
distoried ociahedrally coordinated tantalum aiom [142],see Figure 16. The tantalum-nitrogen
bond has a distance of 1.744 A, and it gives an IR absorption band at 950 el

it was shown that TaCls-{CH3CN) and TaCiy[O9S(N:C(CH3)Cl)2j formed when SO was
passed through a solution of TaCls in CH3CN; and also isomerization and hydrolyzation
reactions were observed, giving [FaOCI{N:C(CH3)CI}{OS(O)NHC(OXCH3)}]  [143].

The preparation of organo-imido complexes of Nb and Ta from reactions of the pentahalides
with amines were studied [140]to obtain simpler and betier synthetic procedures. Previously,
monoalkylamide complexes Ta{NHR)2Cl2(NH2R) with R = Me, Es, Pr't and Bu”? [144] and
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[R11) N1}

Figure 15. Crystal structure of the binuclear [TaCl(p-CIY{NBu}(NHBuf)(NH2Bu)]
complex. Reproduced with permission from [139],T. C.Jones, A, J. Nielson
and C.E. F. Rickard, J. Chem. Soc. Chem. Comm. 1984 (1984) 205.

Figure 16.  Structure of the [Cl3(bpy)Ta = NOMe} complex. The Nb-N triple bond distance
is 1.744 A and the Ta-N-Q angle 1740 (nearly linear). Reproduced with per-
mission from [142],K. Haug., W Hiller and 1. Strdhle, Z, Anorg. Allg. Chem. 533
(1986) 49.

Nb{NHR)}3Clp with R = Me [145] have been claimed on basis of analytical data.
MeaSiNHCMez and MCls (M = Nb, Ta) react in dry benzene solution to form the imido
complexes M(NCMe3)Cl3(NH2CMe3) and these and other compounds were characterized
byIR-, |H and 13¢ NMR-spectroscopy [140]. The compounds are expected to have octahedral
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coordination, like what was the case for the one structure which has been solved, see Figure
17. Note the linearity of the Ta = N - C bonding system. Ta-Njgido and Ta-Namido bond
lengths were 1.70and 2.28 A, respectively,

Figure 17. The molecular structure of white [Ta{NCMe3z)( (-OEDCip(NHoCMep]s.
Hydrogen atoms have been omitted. Reproduced with permission from [140],
P. A. Bates, A.J, Nieclson and J. M. Waters, Polyhedron 4 (1985) 1391.

The reaction of TaCls with Me3SiNHAr (NAr = N-2,4-CgH3-(Prf)7) in the presence of donor
solvents L provides the imido complexes [Ta{NAr)Ci3Ls] in high vield (L = tetrahydrofuran,
dimethoxyethane, pyridine, tetrahydrothiophene, erc.) [470]. The properties of these imido
complexes and their reactions with alkynes were studied. The crysial structure was solved for
the complex [Ta{NA){0-2,6-CgH3Me2)Cla(py)], which tumed out to confirm the octahedral
geomeiry predicted by NMR data. The bonding in the complexes are discussed [470].

2.7 Nb(V) and Ta(V) oxyhalide complexes with N-donor lipands

NbOCly reacts with acetoxime (HL, (H3C»C=NOH} in CHACN to give oximates,
NeOCl3(HL)p, NbOCI2L(HL)2 and NbOCH.2(HL), in which L is N-borded [122].

Niobium(V} ia hydrochloric and sulphuric acid media, in the presence of an excess of chloride
or thiocyanate iens, reacts with 3-hydroxy-2-methyl-1-phenyl-4-pyridone (HR) to give com-
plexes, Nb{CH}3CIR or Nb(OH)3(NCS)R, which are exiractable into chloroform [146]. The
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experimental conditions for quantitative extraction of niobium(V) into the organic phase are
given, permifting a separation from zircomium(IV) and hafniom(IV). The identity of the
complexes was determined spectrophofometrically.

Nicbium pentachloride reacts with zrichloromethane, forming CCly and NOHNbOCLs]-,
which latter complex in acetonitri] solution reacts with sriphenylmethylphosphonivim  chleride
to form PPhyMefNbOCI4(CH{CN)] [91). The crystal structure solution of this complex {and
the IR and Raman vibrational specira) show that the niobium is octahedrally coordinated with
O and N-bonded CH3CN in frans positions to each other, see Figure 18.

Ci2

Figure 18. The crysial structure of the PPhyMe[NbOCI4(CH3CN)] complex. Repro-
duced with permission from [91), W, Hiller, J. Strihle, H. Prinz and K.

Dehnicke, Z. Naturforsch. 39 b (1984} 107,

Substituted 2-hydroxy-benzalbenzoyl hydrazones (L) react with NbCls forming complexes of
the type Nb(L)>Cl [147]. Infrared specira were interpreied to indicate (J) enolisation of the
C=0 followed by deprotonation and complexation with Nb, and (2) azomethine nitrogen
complexation with Nb and (3) deprotonation of phenolic OH and complexation with Nb. The
central metal ion acquires a coordination number of seven, see Figure 19 (A).

Tantalum(V)-[bis-(8-hydroxyquinoline)] coordination compounds [TaCl3¢{BH),
[TaOCKBHQ)] and [TaQ{BEBHQ)3), with Hp(BHQ) = bis-(8-hydroxyquinoline) =
C1gHi1g{OH»Ny, are yellow and insoluble in common organic solvents [148], Probable
structures of the three complexes are piven, based on chemical analyses, magnetic measure-
meats, IR spectra and thermograms. The O and N atoms of ligands coordinate to tantalum,
forming chelate rings and piving tantalum coordination numbers of 7, 6 and 7, respectively
[148].
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Dihydroxychalcones, i.e. substituted 2,2'-dihydroxy-benzalacetophenones (L), react with
NbCls {orming complexes of the type Nb(L)3Clp [147]. Infrared specira were interpreted to
indicate complexation to niobium in such a way that the metal acquires a coordination number
of eight, see Figure 19 (B).

HC == CH{C;H,OH}

CH=N—N=C o 0=C
X | o H '/ XCre
~ 4/ Q——Nb —-0
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CH=CH{CsH,OH)
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Figure 19. The estimated structure of A: benzalbenzoyl hydrazone mongmer complexes
Nb{L)2Cl with seven-cocrdination; B: dihydroxychalcone monomer complexes
Nb(L)3Cip with eight-coordination. Reproduced with permission from [147),
N.5.Biradar, V.L.Roddabasanagoudar and T.M. Aminabhavi, Indign J. Chem.
24 A (1985) 703.

In  dimethyliormamide  (DMF), niobiumpentachloride  and  [-phenyi-3-methyl-4-
(2-methoxybenzeneazo)-5-pyrazolone (PMMBP, an azo-dye) were found to react in a ratio of
1:2{149]. Based on chemical analysis and TR-spectra the following possible structure, 8, was
proposed for the complex.
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The complexation reaction of §,5'-methylene-bis-salicylaldoxime (MBSQ) with TaCis was
studied under various conditions (in DMF solution in dry nitrogen or ambient air or in oxalate
solution) [127]. The 1:1 compounds obtained were diemagnetic ard insoluble in common
organic solvents. Probable structures (see Figure 2{)) were proposed on the basis of elemental
analysis, magnetic measurements and infrared spectra [127].

HO H H OH
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Figure 20. Probable structures of tantalum MBSO complexes [TaCl3C15H{(204N2]
and [TzClC15H1205N7] with five and seven-coordinated Ta. Reproduced
with permission from [127], S. Chomal, A, S. Aazmi and G. C, Shivahare,
Acta Chim. Hung. 122 (1986) 127.

The tantatum(V) coordination polymers of 3,5'-methylene-bis-salicylaldehyde-aniline Schiff-
base (MBSASB), 5,5-methylenc-bis-salicylaldehyde-o-phenylenediamine Schiff-base
(MBSOPDSB) or 5,5-methylene-bis- salicylaldehyde-trieihyleneteiramine  Schiff-base
(MBSTETASB) have been prepared and characterized [150). The Schiff-bases are double-
acting bideniate ligands which coordinate io tantalum via nitrogens and oxygens cn both sides.
Tantalum isin turn 6 or 7 coordinated and form polymeric chains:

-++- Schiff-base - TaOxCly - Schiff-base - TaOCly - ---

2.8 NB(V) and Ta(V) thishalide complexes with N-donor ligands

NbSBry reacts with ligands io give NbSBra3-2L (for ligands L = CHaCN, py, 1,4-thioxane,
tetrahydrothiophene}, NbSBra-3py, and NbSBri-bpy (py = pyridine, bpy = 2,2°-bipyridine)
[115]. NbSeBry reacts only with CH3CN to give NbSeBry-2CHAUN. The complexes were
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characterized byIR, 1 NMR, and diffuse reflectance spectra and elecirical conductivity [115].

Complexation of thiopicolinamides TPMA and TPA with niobium{V) was studied in dry
DMFEF-methanol medium (TPMA = thiopicolinmethylamide and TPA = thio-picolinanilide)
[151]. Inscluble nine-coordinated bi-nuclear {NbaClaLg] compounds were formed, having
two Cl bridges and three pairs of NS coordinated chelate rings, according to chemical analyses
and IR-specira, see Figure 21.
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Figure 21. Proposed structures of thiopicolinanilide and thiopicolinmethylamide nic-
bium(V) complexes. Reproduced with permission from [1511,R. K. Sharma
and G. C. Shivahare, J. Indian Chem. Soc. 62 (1985) 18.

2.9 Nb(V) and Ta(V) halide complexes with C-donor and ofher ligands

Because of the short Nb-C and Ta-C bond lengths observed experimentally, the complexes in
this section can be taken to be in the oxidation state +V.

The @2-d° ditantalum complex [TaClp(SMex)(N-CgHs)]o( p-Cl)z can be prepared from the
reaction of TapClg(Me)S)3 and azo-benzene in benzene-toluene solution (like the iso-
structural niobivm compound) [152]. Single crystal X-ray data show a dinuclear compound,
adopting a distorted edge-sharing bi-octahedral structure, see Figure 22, The Ta=N-Ph
distance is 1.747(8) A, IR data are given [152].

After the first characterization in 1980 of a n’° -alkyne complex ({the anion
[TaCly{py)(PRCCPh)} with py = pyridine and PhCCPh = diphenylacetylene), several similar
complexes have now been described. By use of NbCiy(THF) (THF = tetrahydrofuran} as
a starting material, the foliowing compounds have been obtained and characterized by means
of their crystal structures (PhCCMe = I1-phenyl-t-propyne): NbBCI3(PRCCPh) [153],
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Figure 22. Drawing of the [TaCly(SMep){N-CgHsY2( 1-Cl)2 molecule. Reproduced with
permission from [152], 1. A. M. Canich, F. A, Cotton, S. A. Duraj and W.J.
Roth, Polyhedron 5 (1986) 895.

and NbCl3(PhCCPhY(THF)p [154], NbCl3(PhCCMe)(THF); [154],
{MerCla(TER)GIINbCl4(PhCCPR)(THEF))-0.5(THF) [154],and NbzOCl43(PhCCPh)(THF)4
[154). The structures are illustrated in Figures 23 and 24. It is evident that a sevenfold
cocrdination around the metal atom ispreferred. Note also the threefold coordination around
the C11 ligands in Figure 23.

Silancyl derivatives of tantalum have been discovered: (Cp*)ClzTa[ n® -COSiMes], with Cp*
=1®-CsMes and Me = methyl [155-156), (C])"‘)ClgTa[n2 -OCLSiMe3) where the Lewis
donor L binds to the n° -silaacyl carbon atom [156], (Cp*)Cl3Ta{ n° -0C(SiMez)[P(OMe)3]}
[157] and (Cp*)CiyTa( n* -OC(SiMe3)P(OMe)20  [157). X-ray crystal structure, as well as
spectroscopic and reactivity data of these six and seven coordinate complexes are given.

2.10 Nb(V) and Ta(V) pseudo-halide complexes with oxy-denors

Tri-alkoxy di-psendohalide niobium(V) complexes, Nb(OR)3(Ps)2 (where R = CH3, CoHsg,
i-C3H7, n-C4Hg and Ps = CN-, NCO-, NCS™ and N37) have been prepared using chlori-
de/pscudohalide exchange in hot dry teirahydrofuran solution. The sixteen light-yellow to
dark-brown compounds were characierized as NB(OR)3(Ps)y on the basis of chemical analyses
and IR spectral data [118].
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Figure 23. Structure of the tetrameric alkyne niobium(V)} complex: (NeCl3(PhCCPh))4
[153]. Reproduced with permission from {153, E. Hey, F. Weller and K.
Dehnicke, Z. Anorg. Aligem. Chem. 514 (1984) 25.

Also, belonging to the above series, seven fri-phenoxy di-pseudohalide niobium(V) complexes,
NB(OR)3(Ps)y (where R = CgHs (phenyl) and Ps = CN-, NCO", NCS°, N3°, NHp" and
CgHgNO™ (oxine}) were prepared using chioride/pseudohalide  exchange in hot dry ace-
tonitrile or tetrahydrofuran solution [158]. These brown compounds were characterized as
Nb(OR)3(Ps)2. Analytical data, conductance, and IR and pronton NMR spectral data were
reported [158]. A monomeric trigonal hipyramidal structure, 9, was assumed:

Fs
RO
OR 9
RO
Ps
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Figure 24.

Structures of new alkyne  aichium(V) complexes: {a) =
NbCl3(PhCCPR}(THF), () = NbCI3(PhRCCMe}THF);, (¢} =
Mg2CI3(THE)g)[NbCl4(PhCCPhY(THE)}-0.5¢THF),  and  (d) =
NbsOCl43(PRCCPhYTHF)4 [154). The crystal structures a. Reproduced
with permission from [154], F. A, Cotton and M. Shang, Inorg. Chem. 29
(1950) 508.
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Reactions of acety] isothiocyanate, CH3CONCS, with isopropoxides of Nb(V) and Ta(V} in
dry benzene give products of the type M(OPrf)S_x(NCS)x, x= 1104 [159].On the basis of IR
spectra and molecular weight determinations, it was concluded that the mono- and di-thic-
cyanato derivatives are dimeric with double alkoxy bridging; ro information is given on the
higher thiccyanates.

The ¢ri-alkoxy{or tri-phenoxy) di-chloride niobium{V) ¢omplexes, NB{OR)1Cly, where (OR)3
={OCH3)3, (OC2Hs)3, (i-OC3H7)3, (n-OC4Hg)3, (OCgH35)3, [(OCgH40) +(OCH4OH)I,
[(02CEH30H)+(OCEHA(OH)2)], react with NaNOp, AgNO2 or AgNO3 in dry tetrahy-
drofuran forming Nb{OR)3L7 with L = NOs", ONO~ or ONOp~ [119}. The 21 complexes
formed were characterized by chemical aralysis and IR spectroscopy [11%].

New pseudohalide, oxine and amido derivates of niobium(V) dichloro #ri-catecholoate or
1ri-pyrogaliolate complexes, [NB{Ps)2{X}], where Ps = CN-, NCO-, NCS-, N3~, NHy" and
CoHgNO~ (oxine) and X = (OCgH4OWOCsH4O0H)  (fricatecholate) or (OCgH30-
HOYOCsH3(OH)2)  (ri-pyrogallolate), were isolated and characterized by chemical anaiysis
and IR spectra [160]. Also, these 12 colovred solids are monomeric with an assumed trigonal
bipyramidal coordinaticn geometry.

2.1t Oxides of nichium({V) and tantalum(V)

Niobium and tantalum oxides are numerous, and struciurally very complicated and elaborate.
Columbite-iantalite  series of minerals of general composition (Fe,Mn)(Nb,Ta);0g and
pyrochlore minerals are in this respect no exception, The pentoxides and many other phases
are built of MOg octahedra sharing edges and corers, but this can be {and is) done in an
almost unlimited number of ways (block structures), By partial oxygen loss various subvalent
phases are formed, e.g.Nbp20s4, NbO2, NbO and so on.

The presence of the molecules NbpOy, NbQs, NbyOg, and NbgQ)g were identified in the
gas phase over lithium niobate [161].The molecules were characterized thermochemically
{atomization energies and standard heats of formation) [#61].

Defect structures in non-stoichiometric NbyOs was treated statistically [162]. At high tem-
peratures and pressures, NbyOs and TapOs solids may be reduced by Ta metal foil to form
NbO7 and TaOp phases [163]. Shock-induced phases in NbpOs were studied by X-ray
diffraction anatysis and high-resolution electron microscopy [164-165].

Recrystallization experiments in closed silica glass ampoules with H-NbaOg/NbCls mixtures
gave crystals of N-NbyQ35, B-Nby0Os and 7-NbyQ5 deperding on circumstances [166].
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The specific heat ofthe high temperatuse modification of of *~TapOs were detenmined at 10-320
K [167]. Thermodynamic properties were reported. A phase transition was observed at 215.3
K [168]. The thermodynamic properties of rhombic B -Tap0Os were redetermined by the e.m.f.
method at high temperatures [169),and below room temperature by the method of adiabatic

calorimetry [170]. The dependence of the electronic structure of TapOs5 on coordination

number and symmetry of nearest coordination sphere around Ta was determined [171]. A
high temperature phase transition in TapOg were found [172].

X-ray photoeleciron spectroscopic analysis of 4 keV Ar¥-bombarded NbpOs and NaNbQs
has revealed the formation of lower-valence oxides and even metallic niobium [173}.

The structure of NboOsg phases [174) and the many NboQOs, LiNbO3 and NaNbO3 polymorphs
have been described, e.g.in relation to the phases within the LipO-Nb2Og system [175-177],
the LipO-Nb2Os-Tap0s5 system [178].

Figure 25. Twin planes relating the structure of ReOs-type to the framework structures
of NboW(Og and the tetraponal ftungsten bronze (TTB), Nay,WQOq [179.
Reproduced with permission from Chemica Scripia 26 (1986) 547, article by
B.-O. Marinder.

The NaNbC3-NbQOs5-WO3 system was reviewed [179]; very complicated structures occur:
NapNbs011, NaNb3Og, NayNbgOpj, NaNbj0O1g, NaNbjzO33 [180), WNby2033,
W3Nb14044, WaNbogO77, NbaWOg, NbogWog0143 [181-182],just to mention a few. Also,
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NapTagO)j and AgyTag( were characterized [183-184].Many of these structures are based
on cumulated blocks of octahedra like in ReQ3, or related (o the tefragonal tungsten bronze
(TTB) structure, known from ¢.g.Na, WO3. One typical example is shown in Figure 25 for
the case of NbpWOg [179].

A powder sample of LiNbO3 was investigated by 93Nb NMR two-dimensional spectroscopy
[79]. LiTa0y3 single crystals were studied by Raman spectroscopy in ferro- and parg-electric
phases and extensive assignments of observed bands were given [185]. A lithivm insertion
compound (Li,Cu)Ta03 with the LiNbO3 structure was prepared {[471]. AgNbO3 single
crystals were studied by Raman spectroscopy at different temperatures, rtevealing a complex
sequence of phases [186].

Polymorphism at high temperatures was studied in the oxides LigNbOy4 and LizTa0O4 having
nearly rock-salt structure [81],and these salts were characterized by X-ray powder diffracion
and infrared spectroscopy (80, 82]. Comments were given on the formation of LiNb3Og [176].
The binary systems LipO-M205 were reinvestigated and phases like e.g. LijgMaOyg (M =
Nb or Ta) [177],LizNbgO1¢ [187Fand LipNbrgO7; [188]found. Compound formation among
LizNbOy4 and LipWO4 or LiNb3Og and TiOp was studied in the solid state [189-190]. The
reaction of TapOs and LizCOy was studied by mass spectra, thermogravimetry, and X-ray
phase analysis to establish the mechanism of the LiTa30g formation [#91].Iftantalic acid was
used in stead of TasQ3, similar resulis were obtained [192]. The orthotantalate Li3TaO4 has
been protolysed to form Lij p2Hy §Ta04 and Lij |Hy gTa04 having rock-salt related struc-
tures [193]. Proton motion in solid HNbO3 and HTaO3 (obtained by HY-Lit ion exchange)
was determined by proton NMR relaxation [194]. The electric conductivity of HNbQ3 powder
was measured by impedance spectroscopy [195]. LiNbO3 and LiTaO3 phases have been
substituted in part with the pair Cu(ll)}-TYIV) [196]. Fervoelectric tungsien-bronze single
crystals K3LipNbgO15 have been grown [197].

NaTa0O3 and NapTaqO|; phases were prepared by decomposition of pyrochlores obtained
vader hydrothermal conditions [183].

To the already known structures of crystals formed from mixtures of potassium oxide and
niobium pentoxide, {e.g. KNbO3, KNb3Og and KgNb)gO40 and the long list of non-stoi-
chiometric KoO:Nb2Q5 mixtures), K3Nb70j9 has now been added. it forms white triclinic
crystals with a structure, soived by X-ray diffraction methods, consisting of edge-shared pairs
of ociahedra. As Figure 26 shows, the pairs of octahedra are comner-shared to one another to
form double strings seven pairs long, and the strings are corner-shared (o other strings forming
tunnels [198].A high-resolution electron microscopic study of the KNbO3-NbyOs system has
confirmed the existence of layer structures KgNbgOi7 and L-KNbqOg, three tetragonal
tungsten-bronze related structures and a block structure KNby3O33 [199].
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Figure 26. View of the structure of KyNb70j9 showing one of the sets of tuanels. Open
circles represent Kin the unit cell. Also shown isan idealized diagram of the
block structure. Reproduced with permission from [198], G. D. Fallon, B. M.
Gatehouse and L. Guddai, J. Solid State Chem. 61 (1986) 181.

The compounds LiNbWOg and LiTaWOg have been protolysed to form HNbWOg and
HTaWOg in hot aqueous HpSO4 [200-201). The reaction is accompanied by a structural
transformation from the rutile to the ReO3 structure. Compounds were characterized by
chemical analysis, X-ray powder diffraction, thermogravimetry and IR spectroscopy [200].

Methods for synthesis of antiferroelectric bismuth orthotantalate, BiTaQy, [202]and dielectric
antimony orthotantalate, SbTaOy [203), were studied.

in the CupO-TapOs system, CusTa) 1030 and Cu3Ta701g phases were prepared in vacuo at
high temperatures and studied by X-ray diffraction [204]. They have similar structuses, based
on layers of cU30g type (containing pentagonal bipyramids) and layers composed of
octahedra, only differing in the sequence of these layers [205].
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The CaTapOg and CaTayOj| phases were prepared at high temperature and siudied by
high-resolution transmission electron microscopy. The resuliing structure was compared with
computer simulated images [205]). In CaTap0Og tantalum is octahedrally, in CaTaqOyq pen-
tagonal bipyramidally and octahedrally coordinaied [205]. X-ray powder diffraction data were
given for monoctinic 2TiOy-5NboQOs, prepared by simultaneous hydrolysis of tianium and
aiobium alkoxides [206].

The crystal structure has been found for a new kind of lamellar nicbate, Ba{Nb3Ogiz-H20.
The layers are similar to those of KNb3Og, but one layer out of iwo is displaced [207].

Iron niobate crystals form an ordered super-struciure of oPbQrp, the Columbite-type,
FeNb2Og, see Figure 27(c), according to a neutron powder diffraction stydy (Rietveld pro-
file-refinement method) [209]. During preparation, it appears to be essential to control the
partial pressure of oxygen; low pressures favour the formation of si-rutile structure phases
with high content of Fcz"', according to X-ray and Mdissbaver data [210]. The sri-rutile
FeNbyQg structure was solved by single crystal X-ray diffraction and found to consist of chains
of MOg octahedra (M = Fe or Nb, disordered), in which each octahedron shares a pair of
opposite edges [211]. The sri-rutile struciure was confirmed for FeTagOyg in an investigation
covering X-ray and neutron diffraction, magnetic susceptibility, heat capacity and Méssbauer
techniques [212]. The magnetic structures of this Fe{Il)-compound was also described. Iron
tantalates FeTaQ4, FeTayOg and FeyTapQg have a considerable range of non-stoichiometry
[213].

Crystals of SryFeTa0g and SrqCoTaQg with KoNiFy structure were examined by X-ray and
electron diffraction and magnetic susceptibility measurements [214]. The crystals were
unstable inair. The structures and electronic spin states were discussed [214]. Rutile phases
related to CeNBO4 (which contains Nb{V)} have been prepared and characterized in terms
of the structural, magnetic and electronic properties [213]. Thermal interaction between
Taz04 and Co304 at high temperatures, led to the formation of CoTazOg and other phases
{216].

Single crystals of NiTapOg were prepared and investigated by X-ray methods [208]. The
structural refationships were systematised between the different ordered and disordered
AB2Og and ABO4 oxo-metallates, e.g.the a-PbOy and Columbite structures, see Figure 27.
Mixed phases, Zn{NbyTaj_x)20g are known also [217].

In the CaO-Nby05-P205 system, CaNbyOg, CazNbyQg, £-NbyOs, NbOs and NbO{PGy)
are formed at 1400 OC [218-219], and in the BaO-NbyQs5-P20s5 system, BaNbyP20y{ is
formed {220]. By heating, the latter compound decomposes into oxides and NbOPOy4. The
crystal structures were solved for BaNbyP20 | (isomorphous with BaNbyV2013) and NbPQs
(NbGg octahedra joined to PO4 tetrahedra, forming a framework} [220]. Other phosphates
are mentioned in a later section,
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Crystal structeres of (a): «-PbOy, (b): ZnTa30g in the o-Pb02 type structure
with Zn?t and Ta>t ociahedra (the latter are hatched), (c): ZnNbyOg
belonging to the Columbite type structure, with NbS ¥ octahedra hatched, (d):
FeNbO4 in the Wolframite type structure, with Fe3t and No3+ differently
hatched and (e) NiTapOg in the rutile SnO7 type structure, with Tadt densely
hatched. Reproduced with permission from [208], H. Miller-Buschbaum and
R, Wichmann, Z, Anorg, Allgem. Chem. 536 {1986) 15.

formed in the BaO-NbyOg, BaO-NbpOs5-Tiy, Ba0-Nby0s5-V20s,

Ca0-Nby05-P205 and BaQ-NbpOs5-P205 systems have been studied by X-ray phase and
structure analyses [218, 220-223). In the BaO-NbyOs5 system, BagNbyOg and BasNbqOis
were identified [221]. Compounds BagTi|4NbpO13g, BajqTiggNboOgg, BajgTizgNbzO72
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and BajgTisgNbyOj3p were isolated and their structures studied {222]. In the
BaO-NbyOs5-Vo04 system, at 700-850 OC ietragonal BagNbaV014 and rhombohedric
BaNbyVo0y| were formed, among others [223]. The crystal structure of the latter was
determined. Tt contained NbOg octahedra tinked through vertices, forming ReOs-type infinite
layers of composition NbyQOg2- [223].

Compounds formed in the ZrO-NbyQ5 and ZnO-NbpQOs5-420 systems {4 = Na, K) have
been studied by X-ray phase analyses [224].1n the ZnO-Nb)yOs system, ZnaNb2Og, ZnNb2Cg
and other phases were identified [224]. Compounds K3Zng 33Nb7 67071, KoZnpNbgO13
and KyM3Nb3013 where M is Al, Cr, Ga, Fe, Sc, Y, or In were isolated and their properties
studied [224].

Compounds formed in the PbO-Nb2O5-K2O system have been studied by thermal and X-ray
phase analyses, and a compound, Ko,Pbj_yNbyOg, was found [225]. The formation of sodium
and potassium lead niobates, NapPbsNb1gO30 and KoPbgNbjgOap, by the method of heating
mixtures of NaaCO3 or KoCOy, NboOs and PbO powders were studied by thermogravimetry
and X-ray diffraction [226]. The KyPbgNbigO3g phase melts congruently at 1600 K {227].

A series of oxides, AM30g(M90y4),, has been made and characterized by X-ray and clectron
diffraction. The series was derived from the mutile structure by chemical twinning {e.g.,4 =
Na, K; 8 = Ba, Fe, Ti, Nb; #n =2 and 4) [228]. The pemzavalent oxidation state of niobium is
counterbalanced by the presence of tri-valent ions {e.g. Ti(IiI), Fe(Tl}) in the rutile structure.

A iopotactic dehydration of the lamellar oxide HKpTisNbOj4-H20 to the oxide
K4Ti|gNbpOy7 was performed, and the process studied by electron and X-ray diffraction
[229]. The structural model of K4TijgNb2077 involved intergrowth of K3TisNb(|4 layers
with the KoTigO13 tunnel structure [229].

The compound LiNbGeQOs, recently prepared [230], have been found to give a strong blue
luminescence when irradiated with UV light at low temperatures [231]. The crystal structure
is similar to that of sillimanite (Al78i0g) with octahedrally coordinated Nb+3_ distorted in a
way similar o that of a-NbPOsg, i.e. with one shorter and one longer Nb-Q distance (1.78 and
2.32A, respectively). The Raman spectrum of LiNbGeOs was reported [231].

The formation of calcium pyronicbate, CazNb2O7 {as well as SroNb20O7 and CapTay07), in
a sodivm chioride/sulphate melt at 800-8309C wasreporfed [232].Substitutions in CapNbs(O7,
{CarMy_y)2(Ti1_yNby)2C7, with pyrochlore and perovskite-type layer structures, were also
studied for M = La, Pr, Nd, Sm, Dy, Bi and 0 <x < 1[233].

The self-diffusion of 895;', 1408, and 95Nb cations in strontium and barium miobates
BaNb2Qg, StNb2Og, SroNbO7, SrgNb207 and SrgNbgO15 has been studied in an effort to
understand the solid-stale high-temperature reactive-diffusion processes between SrCO3
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Figure 28. Crystal structure of ZnaTapOg, showing edge-linked Ta0Og and Tag sZng 50g
octahedra (hatched) and chains of TaOg octahedra (not hatched). Reproduced
with permission from [242), M. Waburg and H. Miiller-Buschbaum, Z. Anorg.
Aflgem. Chem. 522 (1985) 137.

(Sr0) and NbyOs [234]. The X-ray crysial structure of SINb>Og and SrNbgOj6 was solved
by the Rietveld powder diffraciion profile techaique [235). The crystailization of BaNba(Og
was described in [236].

The luminescence in SroNbzQ7 and SrpTay(O7 were compared with other luminescing
perovskite-like nicbates and tantalates with structures based on corner-sharing NbOg and
TaOg octahedra, and with the associated electronic delocalization playing an impostant role
for the luminescense [237). The X-ray powder diffraction diagrams of TiNboO7, ZrNbyOy
and mixed phases thereof were given in {238].

The X-ray single crystal structure of NigNbpOgy was shown to consist of a three-dimensional

framework of NiOg-octahedra, between which isolated pairs of NbOg-double octahedra
{Nb2Og] are deposited [239]. The structure is much more complicated (480 atoms per celf)
than those of similar compounds with Co, Fe, Mn or Mg substituting Ni; compounds which
also have cumulated NbQg-double octahedra.
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Mixed oxides NbpTepOqg and TapTesOg were prepared by solid state reactions between oxides
TeO3 and NbzCs or TapQs, Crystal data, IR spectra and thermal decomposition processes
were given [240]. The crystal structure of TayTepOg was solved {241). It containg two different
kinds of TaOg octahedra, sharing oxygens with each other and with TeQy tetrahedra,

A new compound, ZagTapOg, was synthesized by high temperature reaction. The structure
was solved and found [242] to consist of 8 Zn/O-network  with incorporated one-dimensional
TaQg-chains, see Figure 28.

Also Sr4Tap0g has been studied and it seems to have a complex perovskite super-structure
which manifests itself on X-ray diffraction photographs and electron micrographs [243).

Single crystals of monoclinic TapTerOg were grown from TapOs-TeOy melts {244]. The solved
X-ray crystal structure showed infinite puckered layers of composition (TeqQO12); aliernating
with layers of nearly regular TaOg octahedra sharing comers, The Ta-O bond distances ranged
between 1,88and 2.07 A [244].

New complex Fgim-pyrochlore Az(M’1_xM "y)207 type oxides have been made, withA = Y
and M'|.xM"y = Mn3;32FNbg/39+, Mnys32+Tag;s3 %, Mad+NbS+ or Mad+Tad+,
Oxidation states were obtained from the measured magnetic susceptibility, and hexagonally
indexed powder X-ray diffraction patlerns were given [245]). Bronzoid and pyrochlore phases
AxNbyW ) 03 have been characterized in the KNbO3-WO3 and CsNbO3-W(3 systems (A
= K, Cs; x <0.5) [246]. Pyrochiore type compounds KMWOg-HyO (M = Nb, Ta), or perhaps
more correctly (KHoO)MW)Og, were synthesized and characterized by thermogravimetry,
differential scanning calorimetry and X-ray powder diffraction [247].

Complex oxides of the type La(M'g g7Mq 33)03, for M = Mn, Co, Ni and Mg and M = Nb
and Ta, with a perovskite structure, have been made and studied by X-ray diffraction [248].

The system Laz03-Liz0-NbyOs was studied, and a new phase, LazLijNbyQq3, was found
[249]. X-ray diffraction diagrams of this compound and of LagLiNbQg are given [249-250].In
the sysiem Lap03-Lip0-Tap0s, two new phases, LapLiTaOg and La3LigTapQ)3, were
identified by X-ray diffraction [250-251]. LapLiNbOg and LapLiTaOg are ordered orho-
rhombic perovskites, whose vibrational spectra are known [252].

in the system Bip03-NbyOs, complicated ordered solid solution struciures, being related to
those of fluorite, pyrochlore and perovskite, were studied by high-resolution electron micro-
scopy and electron diffraction in order to elucidate structural principles [253]. Very impressive
pyrochlore-like units of cumulated octahedra were found [254], A high resolution electron
micrograph of BigNboOyj was given in [255]. The systems Bip03-GeOp-NbyOs5 and
Bip03-Ge0;-Taz(05 were studied separately [256].
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In the BaO-Ry03-Nb20Os  systems (R = trivalent Sc, In, Lu, Yb, T, efc.},a new 1BR stacking
polytype BagRp sNby 5018 has been prepared at ca. 1200 0C {257]. The stability of the new
polytype decreases with increasing radius of the R ion (for Y, Tb, Gd, and Eu), but for R =
Sm and Nd no 18R phase was observed. For R = Er, Ho, and Dy there was a small con-
tamination with BagNbyOj5. Unit ceil data are given, based on X-ray diffraction [257]. Also,
BaO-Ro04-TagO5 systems f258] and systems containing (itania have been studied.
Perovskite-type structures were found, like e.g. BagTigM4024 with M = Nb or Ta [259]and
Ba7Nb4Tip(31 [260]. A yellow 11H hexagonal perovskite BajjRe7/4Nb7;4W72037  has
been characterized 261].

Lead zink niobate, Pb{Zn|;3Nby/3)03, isan excellent ferroelectric perovskite. It kas been
obtained by a sol-gel process involving the complex Zn[Nb(OEt)glz, followed by an in sity
sintering process {262]. Crystal growth and properties of PhpFeNbQg [263] and PboScTaOg
[264] were studied.

The Nb-O bond lengths in NdNbO4 and niobium-vanadium mixed NdNbj_VyxOy crystals of
Fergusonite structure, see Figure 29, were studied by extended X-ray absorption (EXAFS)
[265]. The Nb-O distances, 1.85 + 0.03 A, were unexpectedly aimost independent of com-
position and essentiafly unchanged from the values exhibited in NdNbOy.

ol 18
o @

Figure 29. Tetragonal structure of NdNb_yV,O4 crystals. A = Nd, B = Nb or V. Repro-
duced with permission from [263],G. S. Knapp, M. V. Nevitt, A. T. Aldred and
T. K. Klippert, J. Phys. Chem. Solids 46 {1985) 1321.
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The high-melting fluorite-related rare earth tantalum oxides 3Rp03-TapOs5 or K3TaO7, R =
rare earth = La, Pr,Nd, $m, En, Gd, Tb, Dy, Ho, Er, Yb have had their melting (selidification)
points redetermined (range caq. 1900-2500 ©C), and the correlation of the iemperatures with
rare earth ionic radii and crystal structures was examined [266]. Temperature and treaiment
dependent polymorphism in these oxides was studied by X-ray powder diffraction [267-268].

KNbLIQg, RBNDUGg, CsNbUOg and TINbyUO) | 5 single crystals were made from U3QCg,
NboOs and the monovalent carbonates [263-2701. Their X-ray crystal struciures were solved
and show complicated systems of U7 and NbOs5 (or NbOg) poiyhedra sharing edges and
corners and with the monovalent ions in tunnels or between slabs [269-270], see Figure 30.

Figure 30. The CsNbUQg structure seen in two projections, showing (a) the layered
structure and (b} the NbOs and UO7 polyhedral network within a layer.Re-
produced with permission from [2701, M. Gasperin, Acta Cryst.C43 (1987 404,

The compounds UNb3O7, UNbyOj9 and UNb3On were examined by magnetic suscepti-
bility, XPS and ESR methods and atl were found to contain penravalent nicbium [271].

The series of perovskite compounds 4l41aNb301g with 41 = H. Na, K, Rb, Cs and Al =
Ca have been made and characterized structurally by X-ray diffraction {272].

Plate-like green crystals of « -PrNb3Og have been obtained hydrothermally [273]. The
structure was solved and shown to consist of double and singie zig-zag chains of corner-shared
distorted NbOg-octahedra which sometimes also share edges, see Figure 31.

LaTa3zOg crystals were obtained and studied by X-ray and election diffraction and electron
microscopy [274]. The structure is containing ribbons of pentagonal TaQ7-fipyramids in one
direction, connected by planes of TaOg-octahedra. The tunnels formed in this way are occu-
pied by La atoms [274].
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Ternary perovskite oxides La(Mn2/3Nby/3)03, La(Cop/3Nbiy3)03, La(Nip/3Nbi/3)03,
La(Mnp;qTa|/3)03, La(Cop/3Tayy3)03 and La(NizygTa)s3)03  have been made. IR
spectra and X-ray diffraction crystal structures of these highlyordered compounds were studied
[275]. Also, the crystal structure of La3{Gas sNbg 53014 was solved [276].

Figure 31. Projection of the view along oPrNb3yOg structure showing connected
NbQOg-octakedra and Pr3+ jons (small filled circles) in tunaets. Reproduced
with permission from [273),C. C. Torardi, L. K. Brixner and C. M. Foris, J. Solid
State Chem. 58 (1985) 204,

Thermal stability of rare-earth element nicbates was sfudied in the high-temperature region
[277]. Thermodynamic data, melting points and electric conductivity data were given for the
following compounds: LagNbO7, Nd3NbO7, LaNbO4, NdNbQ4, EuNbO4, ThNbO4, YNDOy,
NdNb3Og [277}

The crystal structures of SroRNbOg (R == Sm and Tm) have been determined and were fouad
to be of a distorted cryolite-type containing octahedra sharing comers [278).

New hexagonal perovskite-like compounds SrylnNbiOyo (with Lr = La, Pr or Nd) and
SryLaTaz0y2 and Sr3PrTaz0j2 have been prepared by long-time sintering of mixtures of
lanthanide oxides, niobium or tantalum oxides and strontium carbonate at 1350 0C [279]. The
unit-cell parameters of the single-phase materials were determined [279]. Also, transparent
BajLaNb3012 single crystals have been grown [280].

The crystal siructure of (Csg 75Kg,25){Nb, Ti)U( 1 was shown to contain niobium-titanivm
pairs in sriangular bipyramidal coordination joined by a comer [281].

High resolution electron microscopy was used to study the structures of K7NbjsW130g0 and
BiyNb5O1gF [282]. The Fourier-processed images gave atomic coordinates near those of the
refined X-ray structures.
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Solid state reactions have lead to single crystals of new kinds of tetragonal tungsten bronze-
types whose X-ray structures could be solved: The BagFeNbgQO3( structure has a statistical
distribution of Fe3 1 and Nb3+ in the comer-linked octahedral framework with pentagonal
tunnels [2831. StNbgO¢ is isostructural with NaNbgO(5F according to resulis found by the
Rietveld powder diffraction profile technique [235]. A new compound, BagFeTajpO3zg with
a tunnel structure is also related to NaNbgOjis5F [284]. The complicated structures of e.g.
BagCoTa O30 [286), BagMgTa) O30 and BagNiTa O30 have been determined [285].The
BasCoTa|O3g structure conforms to the network of the NagNbj2030F2 type 12861

The PBO-Nb05-WQ3 system contains solid solutions of composition PbNboOg W03 and
PbgNbsO11-xW03, both with the high temperature PbNbpOyg tetragonal tungsten bronze-type
structure [287].

Heat treatments of mixtures of TapOs5, WO3 and W metal at high temperatures resulted in
the formation of TazWOg [288-289]. The structural properties of this and other bronzes,
contatning pentagonal tunnels, were siudied by X-ray diffraction and by optical and electron
microscopic methods [288-289].

Phase equilibria at 1300 ©C have been studied for the S#(-LapO3-NbpOsg system [290]. An
indexed X-ray patiern was given for the SrylapNbyp0O3g phase [250]. Analogous ternary
lanthanide phases SralnoNbj2036 with Ln = La - Lu were studied as well, and the crystal
structure of Sr3Nd>Nb120zg (tetragonal tungsten-bronze type) was solved [281].

In the system TapOs-LayOsz, a new compound, LaTay(0Ohg, has been made [292]. High res-
olution transmission electron microscopy and X-ray diffraction methods were used to study
its crystal siructure [292]. It can be considered to be built from two kinds of coordination
polyhedra, octahedral TaOg and double layers of pentagonal TaO7-bipyramids.

The products of the reaction between Euz03 and NbjOs in the presence of reducing agents
like EuQ, Nb, NbQ, and NbO9 have been characterized by X-ray L.jj[ absorption spectroscopy
[293]. The oxidation states were found to be Eu3 ¥+ and Nb> ¥ in EusNbO7, whereas EusNbOg
contains also EuZ+. On the other hand, EuNb(3 clearly was proven to contain EuZ* and
Nb#+ [293].In the presence of SrO, SrgNb207| and EuaNbOg may be forined, but a number
of previously described Eu-Nb-O phases were proved to be non-existing [294].

Single crystals of SrgNb3400) were prepared by COg-laser technique [295). The structure,
solved by X-ray diffraction techniques, consisis of a network of comer-sharing NbOg-octahedra
similar to the known [M1gO30]!2 tetragonal tungsten-bronze (see Figure 32). The tunnels
of the network are partiy filled by Sr2+ Nb3* and 02 -ions.
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a b

Figure 32. Perspective drawing of the [M1003g]12' tetragonal tungsten bronze network
{a) and the new SrgNb340g) structure (b), both viewed along the direction
[001]. Reproduced with permissiorn from [295], K. Schiickel and H.
Mailler-Buschbaum, Rev. Chim. Minérale 23 (1986) 154 and Gauthier-Villars,
Publisher (Paris).

The compound LazGas §Nbp 5014, having the CanGapGegOq4 Sstructure, has been prepared
during a study of the phase relations in the Lag03 - GapOn - NbpOs system [296). Also, the
compounds GaNb(O4 and GaNbpOo9 were formed.

In the systems R03-V205-Taz0s, with R = a rare earth metal {Y, La, Ce, Pr, Nd, Sm, and
Eu), new compounds of the type RVTa2Og have been discovered and characterized by their
X-ray powder diifraction diagrams, and in some cases, IR specira were given [297-299].

2.12 Heteropolycompouads of Nb(V) and Ta(V)

The structures, properties and uses of metal-oxygen “heteropoly”clusters in agueous solutions
and in solids were reviewed [300]. A polyeder model illusirating the discussed kind of siructures
obtainable with niobium or tantalum s given in Figore 33. The (MnIYOgNb12032112- anion
depicted can be thought of as containing two [Nb6019]3' basic building wnits, known e.g.
from the [HNb6019]7' anion [300].

A new niobium-vanadium isopolycompound has been prepared and assigned the formula
{NasH[NbV501g]}2 §301].
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Figure 33. The heteropoly anion {(MalYOgNbj2032]12-with octahedrally coordinated
Mn4+. Reproduced with permission from [300], H.-J. Lunk, S. Schénherr
and V. 1. Spitzin, Z. f. Chem. 27 (1987} 157.

2.13 Perchlorates, sulphates, phosphates and other oxy-complexes of Nb({V} and Ta(V)

Anhydrous  Niobinm(V)  perchlorate, Nb{ClQ4)5, and the perchlorato-nicbates,
Cs[NB{ClO4)g] and Csp[NDB{C104)71, were prepared and characterized by chemical analysis,
X-ray powder diagrams and IR-spectra [{302]. Nb(ClO4)5 isa crystaliine hygroscopic substance,
which decomposes endothermally at about 70 ©C, forming NbQ{CiOg)3 and Cly07. Above
115 0C, NbO(Cl04)3 is transformed exothermally to NbO{(CI0Oy) with the liberation of Cip
and Op. The reaction of NWCl04)5 with CsCl0y in HCIO4 gives the perchloratoniobates
Cs[NB(CIO4)g] and Cs7{Nb(Cl04)7] [302]. The IR-spectrum of Nb(ClOy4)5 contains sets of
bands characteristic of unidentate and bidentate perchiorato-groups, whereas the complexes
in Cs[NB(CIO4)g] and CspiNB(CIO4)7] are unidentately bound [302].

Anhydrous Tantalom(V) perchilorate, Ta{ClO4j5, and the perchlorato-tantalates,

CsfTa(ClCy)g] and Csp[Ta(CiOy4)7], have been prepared and characterized similarly {303].
Ta{Cl04)s isa colourless, crystalline, hygroscopic substance, which looses ClyO7 at about S0
OC, to give TaQ(CIO4)3. Above 130-140 ©C, TaQ(Cl0O4)3 s transformed exothermally to
Ta0(CiOy) with the liberation of Clp and Op. The reaction of Ta{Cl0Dy)5 with CsCiO4 in
HCI0y gives the perchloratotantalates CsfTa{ClO4)gl and Cs2ITa{ClO4)77 [303). Ta(ClO4)s

gives sets of IR bands characteristic of unidentate and bidentate perchlorato-groups, whereas
Cs[Ta(ClOy)g] and Csp[Ta(ClO4)7] are yridentate [303].
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Electrode reaction equilibria of miobium complexes were studied by potentiometry and
polarography in perchlorate and sulphate acidic solutions [304-305]. One- and two-electron
reactions:

NbB{(V) +& = Nb(IV}

Nb(V) +2e

Nb{Iil}

occurred at the mercury eiectrode, Nb(V) probably being NbO(OH)» T, NBOOH)(S04),
NbOSO4+ and NbO(SO4)7", and Nb(IIl) being Nb3+ and NbSO4 T, respectively. Equilibria
kingtics were studied [304-305].

The complexation reaction of Nb(V) with 5042' and HSO4™ was studied using UV speciro-
scopy; it was found that freshly prepared solutions are in general non-equilibrivm ones [306].

The crystal siructures were solved for K7Nb{SO4)g and K7Ta{SO4)s, prepared by precipi-
tation from solutions of NbpOs or TapQ5 in molten K28707. The coordination polyhedron
consisted of six unidentate sulphato ligands [307], see Figure 34.

Figure 34. The structure of [Nb(SO4)6]7' and [Ta(SO4)6]7' tons with six ynidentaie
suiphato ligands {307-308]. Reproduced with permissior from F. Borup and
R, W, Berg.
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The crystal structure of B-NBPOg (or NoO(PQy)) contains PQg tetrahedra and strands of two
NbQOg octahedra, being connected in such a way that a ReQ3-bronze type of structure with
pentagonal tunnels is formed {309]. New allotropic forms of nicbium and tantalum phosphates,
NbPOs and TaPQOs [310], and hydrates thereof NbOPO4-nHO [311) were prepared and
characterized by spectroscopy and by structural methods.

Preparation techniques for orthotantalates ATa(PO4);, with A = an alkali metal, have been
developed [312]. Thermally induced solid siate decomposition reactions, X-ray diffraction
diagrams and IR-spectra were given [312]. In the crystal structure of RbTa(POg4)p, the tantalum
atoms are in octahedral coordination with six POy groups [313]. Infinite chains are formed
by the TaOg and POy groups. The results agree with earlier studies on HTa(POy4)7 and
CsTa(POy4)o.

Sodivm niobium phosphate NagNB(PO4}3 exists in both crystalline and vitreous states {314].
Lattice data, EPR and optical absorption spectra were obtained, Vitrification seems to favour
the formation of a nioby! group [314].

The crystal structure of niobyl tetraphosphate, (NbO)P4014, has been solved, showing the
Nb atom in octahedral coordination with five O atoms from different P403%- ions and one
separate O atom [315].

Niobium({V}-coniaining phosphates with the general formula CuyNbj_ Tij4,{POq)3 (0 <x
< 1y were made by sintering TiP2QOy, Cu and oxides at high temperatures [316]. These
compounds were recently shown to belong to the Nasicen type of structures, NaA2(PO4)3
with A = Ti, Ge, Zr or analogous silicates. In such structures, three-dimensional lattice
networks of cumulated octahedra and tetrahedra exist, forming large cavities, which are empty
in NbTi(PO4)3 and in the new compounds [316]. Nicbium is octahedrally coordinated to six
OXygens.

The large family of niobium phosphate bronzes, 44_yNbgP4Oog (0 <x <2, A =K, Rb, Baj,
has been studied, including K3NbgPsOng characterized by a mixed framework formed of
corner-sharing NbOg octahedra and POy tetrahedra and with KT located in between in
intersecting tunnels [317], see Figure 35.

The crystal structure of Kg[NbgZraP5014] has been soived [318].1t contains NbOg and ZrOg
octahedra sharing comers and POy tetrahedra sharing cormers with octahedra to form a
thres-dimensicnal network with potassium ions situated in interconmected channel-like
cavities [318].

Also, the structure of newly prepared crystals of CaNbyO(P4qO3)(P207) bhas been resolved
[319]. The main outstanding feature of this compound is the coexistence In the same lattice
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of two kinds of phosphate anions with different degrees of condensation: a tetrameric one:
('E’4C}‘13)‘SP and a dimeric linear one: (P207)4'. Niobium atoms are in two octahedral NbOg
coordination arrangements, one of which is nearly regular and another one less regular (319].

Figure 35. Projections onto (010) and (100) of the K3yNbgP4O2g framework structure
[317]. Reproduced with permission from [317], M. M. Borel, A. Grandin, A.
Benabbas, A. Leclaire and B. Raveau, Mater. Res. Bull, 24 (1989) 1485,

The 11-tungstoniobophosphoric acid, H4(PNbW);040), xH0, was prepared and its UV
absorption and IR spectral proterties examined [320].

The role of Nb2O5 and T2)05 in glass-forming systems were discussed in some detail [321-323].
Raman spectra of some NbOg containing glasses and crystals of LiNbO3 or MgNbpyQg were
compared [321,323). NbQg and TaOg octahedra are capable of forming continuous networks
in Cs20-Nb205-Alp03 and P205-Ba0-TagOs5-AlpO3  system glasses [322-323).  Other
phosphates are mentioned in the section on oxides.



54

2.14 Intercalation of molecules into NbB(V) and Ta(V) oxides

Many niobates and tantalates are well-suited frameworks for intercalation: Intercalation of
primary monoamines NH2CpH2,41 with r ranging from 1 to 9 [324] and of diamines
HoN-{CH3),-NH7y, with nranging from two o ten [325], can be done into the lamellar niobate
HNb3Og-H2O with interesting resulis. The intercalated producis can be dehydrated or
hydrated at room temperature, I hydrated, they can - easily and reversibly - be dehydrated to
compounds such as e. g.[H3N-(CHz2),-NH3]g 5iNb30Ogl. Crystaliographic investigations have
revealed that the diamines tend to orieni themselves transverse Lo the Nb3Og layers, forming,
for the larger values of n, dense organic layers [325]. A typical structure is shown in Figure 36,
Similar results were found for the moncamines [324].
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Figure 36, Structure of [H3N-(CH2)g-NH3lg s[Nb3Og] {n = 9). The Nb3Og layers and
the organic layer ate distinetly shown. Reproduced with permission from [325],
R. Nedjar, M. M. Borel and B, Raveau, J. Solid State Chem. 71 (1987) 451,

The intercalation properties of HTINDO¢ in the presence secondary and tertiary amines was
also studied [326-327]. The TiNbQOs layers, though different from the Nb3yOg layers of Figure
36, are able to form similar kinds of hydro-amine oxide layer compounds.

The layered solid acid HCajyNb3jOig can be intercalated with organic primary amines
CpHyp + 1NHy, 7 = 1 10 16 [328]).
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2.15 Peroxy-niobates(V) and -tantalates(V)

The reactivity of the niobium fetraperoxocomplex ion, [Nb(02)4]3', was studied theoretically,
using the multiple scattering X-a model as a basis for the calculation of molecular electrostatic
potentials and electron deformation densities [329]. The electronic ground state configuration
of [Nb(O2)4)3 is given as 1A1(2a2)2(2b1)2(8ey*  [3301.

2,16 Nb(V) and Ta{V} sulphides and related S- and Se-containing compounds

Amorphous niobium sulphide, NbjSs, was prepared by letting hexamethyldisilathiane
{CH2)38i-8-51(CH3)3 react with NbCls in acetoritrile at room temperatuze [331). Acetonitrile
was used because of high solubility of the intermediate NbSCl3, and in this way a pure product
could be obtained [331].

The structural chemistry of birary and ternary selenides of niobium and tantalum has been
extensively studied. The four tetrachalcogenometalates KaMXy (M= Nb, Ta, X = §, Se) have
been obtained and characterized by e.g.single crystal X-ray diffraction methods [332]. They
all contain discrete tetrahedral MX43- ions. Single crystals of TI3MXy (M= Nb, Ta, ¥ = §,
Se) were synthesized and characterized by DTA, X-ray diffraction and infrared photographs
[333]. Such crystals contain isolated, paraliel-oriented AMXy tetrahedra with metals M forming
a body-centered cubic laitice. The ionicity of the chemical bonding in Ti3MSy4 (M = Nb or
Ta) was estimated to be intermediate between ([), a2 crystal consisting of ionicly bonded T1T
and MS43‘, and (2), an all covalent crystal. The bond ionicity increases from Nb o Ta
{334-335). Also, for Cu3TaS4 and Cu3TaSeq the bond ionicity was studied and found to
decrease from S to Se [336). The compounds Ti3TaXy (X = S,Se)} were investigated by nuclear
gamma resonance spectroscopy {isomer shifts of the 6.2keV nuclear transition of 181Ta) and
the results compared with similar ones for Cu3TaS4 and CugTaSes [337]. When mixed,
Ti3Ta84 and Tl3TaSe4 form continuous solid solutions, whose thermodynamic data were given
[338].

Discrete anions TazS$i 14‘ and Nb4Se226‘ of the metals in oxidation staie +35 have been dis-
covered in the newly solved crystal structures of the salts KyTapSq1 and K3NboSeq) [472).

Black platy hexagonal crystals of approximate composition BagNb84(52)g.5 have been pre-
pased from BaS, Nb and S at 1000 ©C [339). The solved X-ray crystal structure shows that Nb
atoms occupy octahedral interstices in between layers of disordered S and S3 iens [339).
Related compounds NbjPdSeg, NbyPdy, 715es, Nb3Pdg 728e7, TagNiSs and TagNiSes have
been prepared and examined [16,340-341].
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In the Ba-Ta-$ system, unstoichiometric compounds with tantalum vacancies exist, Hence, Ta
can have a formal charge of +5, even when the formula looks otherwise. Thus, BaTaS3 is
BaTag g83. The same seems to be the case for BaTapSs, Ba3TapS8g, BagTag82¢ and now
Bajg_5TagS3g, all of which have been characterized by means of their crystal structures {342].

Compounds TapMSe7 (M = Ni, Pt) have also been prepared and shown [343-344] to contain
Ta{V)-centered bicapped inigonal prisms of SeZ- ions and Se-Se bonds analogous to TaSes.
In addition to this, the structure also contains chains of Ta-centered octahedra and Pt- or
Ni-ceniered square pyramids. The metallic versus non-metallic properties were examined by
electronic structure calcuiations.

Following the earlier synthesis {and structure evaluation) of NbyPd3Seg [345], now also
TapNi3Sg [346], TaxPd3Seg [347), TayPt3Seg [346], CooNbyPdSen [346], CopTagPdSej;
[347-348],[Co; 5Pt sTTagPiSejg [349] and NboPdg 71Ses (347] single crystal fibers or pla-
telets have been prepared, bythe method of long-time heating of the elements in closed quartz
cells, placed in a temperature gradient and with bromine as iransporting agent. The crystai
structures have been solved and a review on these compounds and their structural chemistry
has been published [16].

The basic NbpPd3Seg channel type structure, like that of TapPd3Seg, see Figure 37, contains
riobium atoms in a trigonal prismatic environment of Se atoms and two types of Pd atoms -
square planar and squase pyramidal - each coordinated by Se atoms [345]. The structural

results are consistent with the simple valence description: Nb{V}, Pd{lI} and Se(-IT). The other
structures contaia columns of Nb or Ta in somewhat similar octahedral and frigonal-prismatic

sites, surrounded by shared sulphur or selenium atoms. TazNi3Sg can be characterized as a
semicorductor [346], wheseas NboPdg 71Ses is a metallic conductor along the needle axis
[347].

TapP81) is a new phase of the Ta-P-S sysiem {350]. Single crystal X-ray diffraction studies
on TapP7811, obtained from elements ai high temperature, yielded a structure based en
bipolyhedral [TaS3)) with hepra-coordinated tantalum(V) and teirahedral [PS4]. The
[TapS11] units are formed of two distorted [TaS7) groups sharing a triangular face made of
mono- and disulphide anions {ir some positions disordered). The [Ta281j] units are shown
in Figure 38,

The framework of the {Ta2S; |1 units leaves three kinds of empty tunnels in the structure. The
compound can be formulated as Ta{VP(V)S(-IDo(S(-I)7) and it is a diamagnetic semi-
conductor [350].
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Figure 37. Perspective view along [001] of the structure of TapPd3Seg. Ta, Pd and Se
atoms are small filled circles, small open circles, and large open circles,
respectively. Reproduced with permission from [347], D. A, Keszler, 1. A,
Ibers, 8. Maoyu and L. Jiaxi, J. Solid State Chem. 57 (1985) 68.

A new tunnel structure compound with inserted polymeric sulphur was found by X-ray dif-
fraction study on single crystals of TagP3S70, obtained from the elements by tempering under
vacuum [351]. The structure isbased on bi-prismatic, bicapped [Tap8)72] units including sulphur
pairs, bonded to each other through [PS4] tetrahedra sharing sulphurs with {Ta3S17]). The
[Ta28127 unit is shown in Figure 39. The framework leaves large tunnels, in which (Siq).
sulphurchains are found to be inserted. The compound can be formulated as
Ta(V)4P(V)4S(-1D16(S(-1}2)45(0)s and it is accordingly a diemagnetic semiconductor [351].

2.17 Nb(V) and Ta(V) cemplexes with O-donor ligands

2,17.1 Nb(V) and Ta(V) alkoxides

The complex salt Li[Nb(OEt)g] was obtained as a result of crystallization from an ethanolic
solution of lithium ethoxide and niobium ethoxide [352). The crystal structure was recently
determined [353]. A partial hydrolysis product, [LiaNbo(OEt) |((OH)21, bas a structure which
was solved by single crystal X-ray diffraction analysis, see Figure 40. The structeral unit is
based on the rerranuclear LipNby framework, simiiar to the [Ti{OMe)gls and [W(OEt)q)4
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Figure 38. The three different [TapSjj} bipolyhedral units encountered in TazP81;.

(1) and (3) have two arrangements due to disorder in the shared sulphur
rriangle. Reproduced with permission from [350], M, Evaia, S. Lee, M.
Queignec and R. Brec, J. Solid State Chern. 71 (1987) 139,

teiramers; however, two of the four [MOg] octahedrons are replaced by [Li0Oy4] tetrahedra.
The interest in Li[ND(OEt)g) is large, partly because of its possible application as a pre-
cursor-material for the preparation of LiNbO3 optical components {333].

Zn{Nb{OEt)gly, was obtained from treating K[Nb(OEt)gl with ZnCiy [2621. K[Nb{OEn)g]
was obtained from dissolving potassium inic dry ethanol (EtOH) and letting it react with
{Nb(OEt)s]. From Zn[Nb{OEt}g]2, a lead zink riobate, Pb{Znis3Nbp;3¥03, has been
obtained by a sol-gel process j262].



59

Figure 39. Perspective drawing of the [TapSi7} bicapped biprismatic unit of the basic
wnnel structore of TagP4S29. Reproduced with permission from [351], M.
Evain, M. Queignec, R. Brec and . Rouxel, J. Solid State Chem. 56 (1985) 148.

Figure 40, Structure of [LipNba(OED19(OH)2]. Reproduced with permission from
3521, A. 1. Yanovskii, B. P. Turevskaya, N. Ya. Turova and Yu.T. Struchkov,
Sav. J. Coord. Chem. 11 (1985) 63
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The 3-methyl-1-pentene-3-oxy derivates, M(OC(CoH3)}(CH3)CH:CH2)g, withM =Nbor Ta,
have been prepared [354]. They were characterized by ¢lemental analysis, mol weight
determinations, and IR and |H NMR spectral studics, and found to be monomeric colourless
complexes, soluble in common organic solvents [354].

The penta-iso-propyloxide complex [Nb{OPrf)s] reacts with [La(OPr-i);;] n aleoholic solution
forming crysialline alkoxyniobates with formula [I,aNbg(OPri)13]. The structure of the
complexes was discussed in terms of the so-called “ccordination polymerism® concept [355).

Iso-propyloxide complexes K[M(OPrf)(,] {M = Nb, Ta) react with CrCl3-3THF (THF =
tetrahydrofuran) in benzene in molar ratios 3:1 yielding soluble complexes of the type
Cr[M(OPrhgl3 [356]. On heating under vacuum the green complexes tend to disproporiionate
ko Cr(OPrf)j; and M{OPrf)s. A number of Aimetallic alkexides (CriM(OR)g]l3 with R = Me,
Et, Prf, and/or Amf in varying combinations, and Cr[M(OPrf)4(acac}2]3 with acac = acetyl-
acetonate) have also been synthesized byalcoholysis of Cr[M(OPrf)6]3 with methanol, ethanol
and r-amyt alcohol. The compounds were characterized by chemical analysis, by infrared,
visible and eleciron spin resonance spectroscopy, and by magnetic susceptibility measurements
{356]. This and the replaceability of only twelve out of eighteen isopsopoxy groups were taken
as evidence for the following structure, 18;
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In the acetylacetonate complexes, Cr{M(OPrf)4{acac)2]3, niobium or tantalum achieve a
coordination number of eight (acac is bidentate) [356].

A new class of bimetallic isopropoxides of Ni(ll} with the general formula Ni [M{OPrf')5]2, with
M = Nb or Ta, have been synthesized and characterized by elemental analyses, molecular
weight determinations, IR and VIS spectroscopy, in addition to magnetic susceptibility
measurements and alcohol exchange reaction studies [357]. An octahedral geometry was
assigned to Ni(H) primary bimetallic alkoxides (Ni[M(OR)glz, M = Nb or Ta, R = Me, Ei,
Prit or Bu®), while in secondary derivatives, {e. 2. Ni[M(OR)gl2, M =Nbor Ta,and R = Prf),
an equilibrium between octahedral and tetrahedral forms seems to exist. The tetrahedral and
octahedral structures deduced were 11 and 12 §357).
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Bimetallic alkoxides of copper(ll) of the type Cu[M{OPri)ﬁlz {M = Nb or Ta) have been
obtained, byletiing CuCly interact with K[M(OPH)(,] in the molar ratio 1:2inbenzene solution
[358]). These blue-green complexes undergo facile alcohol interchange with primary alcohols
such as methanol, ethanol, n-propanol and n-butanol, forming complexes of the type
Cu[M{OR)gl2, R = Me, Et, Pr’* and Bu®, With s-butanol, only Cu[Ta(OPri)g(OBuf).;]g was
obtained. Infrared, electronic and electron spin rescnance spectral and magnetic susceptibility
measurements indicated a distorted octahedral Dy, geometry, 13, for Cu(il) [358].
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Novel fermetallic isopropoxides [(PrO)gM(1-OPrf)y Be( u-opri)zAl(opri)zj, M =Nb(V) and
Ta(V) have been synthesized from PrOBe( u—OPrf)gAl(OPrf)z and M(OPrf)s and char-
acterized by IR, NMR and mass spectroscopy [359]. The complexes have the structure shown
in Figure 41,and they are soluble in anhydrous common organic solvenis and can be volatilized
without noticeable disproportionation.

13

A mixed alkoxide-aryloxide of tantalum, Ta2(0C6H3Priz)4(OCH3)6 has beer isolated as
white crystals, whose structure has been solved {360]. The structure, 14,consists of an octahedral
arrangement of oxygen donor aioms around two tantalum metal centers in an edge shared
bi-octahedron with two methoxide ligands (R = the 2,6-di-isopropylphenoxy group) [360].

Some ethoxy-complexes are mentioned in the section on carboxylates.

81
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Figure 41,  Structure of termetallic isopropoxides {(PrfO)4M{ u—OPri)QBe( -
OP:i)) AI(OPr)p], M = Nb(V) and Ta(V). Reproduced with permission from
{359], M. Aggrawal and R.C. Mehrotra, Polvhedron 4 (1985) 845.
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2.17.2 Nb{V} and Ta(V)} alkenexides

4-peatene-1-oxy derivatives of niobium and tantatum, M{OCHpCH>CHCH=CHj)s, have
been prepared indry benzene and characterized on the basis of elemental anatyses, molecular
weight determinations, IR and PMR spectral studies [361]. The presence of double bonds
does not seem to have any marked effect on the properties of these compounds when compared
with the corresponrding alkoxides.

An X-ray study of the alkylidene complex Ta(CHCMe3)(S-2,4,6-CgHp-Prisz)3(SEty) have
suggesied why the complex is inactive for metathesis of ordinary olefins [362].
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2.17.3 Nb{V} and Ta(V) carboxylates

White crystalline compounds of the general formula NbO2{(OOCR) and TaOy(COCR) can
be cbtained from the penrachlorides and an excess of the carboxyiic acids, RCOOH with R =
H, CHj3, CpHs, n-C3H7, CHaC), CHCly and CCi3. The compounds were characierized by
chemical analysis and IR spectroscopy [129].

A tris-complex of niobium(V), NbOL3, with I = the pyridine-2-caboxylate anion, 15, as a
bidentate ligand, was prepared by controlled oxidation of the serrakis-niobiem(lV) complex
Nb{L)4. The compound was characterized by electronic and IR spectra [363].

The preparation of heterocyclic carboxylates of nioblum(V) and iantalum({V) in dry benzene

has been considered for the acids HL = HTCA = 2-thiophenecarboxylic acid and HL =
HTAA = 2-thiopheneacetic acid.

=

UK

The ethoxy complexes of the type M(OEDs_ L, were obtained, with M =Nb, Ta,n =1t0
3and L = TCA or TAA [128]. The complexes were characterized on basis of chemical analysis
as well as IR and 1H NMR data. A tentative seven-coordinated structure, 16, was assigned
to the M(OEf3ly complexes:

ava
R’< M—OR 16
%2 \OR

M(CEt)aLp, with M = Kb or Ta and L = TCA or TAA [128].
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A study of the mechanism of formation of mixed complexes of aiobium(V) with 4-(2-pyri-
dylazo)-resorcinol (PAR or HoR) and hydroxy-acid ions (A2~ = oxalate and tastrate) wasdone
[364]. The reaction was represenied by a ligand-ligand replacement reaction and a ligand
addition reaction:

N604;3- 20+ 4+ HpR > [NbOA(HR) + (-1)42- +2H7

NbO3+ + A42- 4+ HyR > [NBOA(HR)?)” +2HT

When the hydroxyacid residue A2~ is citrate, rrihydroxy-glutarate or mucate, the replacement
of the residues by PAR anions were not possible dug fo steric hindrance [364].1n this case the
mixed complexes can be made by the addition reaction [364].

The nicbiem(V)-4-(2-pyridylazo)-resorcinol  (PAR) -tartaric acid - sodivm chiorate complex
system exhibits a catalytic polarographic wave which can be applied lo sensitive determination
of minute amounts of niobium in geological samples [365). Further propertics of 4-{2-pyri-
dylazo)-resorcinol {(PAR) complexes ase described in the section on extraction.

A new seven coordinate sonomeric complex, the oxo-fris-(tropolonato)nicbinm{V)
monohydrate, NbOT1-H20 (T = QpH5C7, the tropolonato seven-sided-ting group} was
synthesized and its X-ray crystal structure determined [366]. The distorted pentagonal-bipy-
ramid configuration of oxygen atoms around niobium is shown in Figure 42. The terminal Q
atom occupies an axial position with a short Nb-O boad (1,71 A). The aralogous compounds
NbST3 and NbSeT3 have been obtained by reaction of NbOT3 with [{(MeaSi)2¥] (¥ = Sor
Se).

The complexation reaction of 5,5 -methylene-bis-salicylaldehyde (MBS) with TaClg was stu-
died under various conditions {in DMF solution in dry nitrogen or ambient air or in oxalate
solutior) {127].The 1:3compound oblained wasdigmagnetic and tnsoluble incommon organic
solvents. A probable structure (see Figure 43) was proposed on the basis of elemenial analysis,
magnetic measurements and infrared specira [127].

2.18 Nb(V) and Ta(¥) complexes with 8- and Se-donor ligands
By mixing NbCls, LISCHCHASLi (lithium 1,2-ethane dithiolate) and (Ey4NCl (tetracthyt

ammonivm chloride} in molar ratios 1:3:1in acetonitrile it waspossible [367]to prepare crystais
of the composition [(Et)gNIINB(SCH2CH,8)3]. TaCls formed a similar compound. The anion
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Figuze 42, X-ray crystal structure of oxo-fris-(tropolonato) niobium(V) monohydrate,
NbO(OH5C7)31-H0. The distorted pentagonal-bipyramid configuration
is easily seen. Reproduced with permission from [3661,M.G. B. Drew, D. A.
Rice and D. M. Williams, Jrorg. Chim. Acta 118 (1986) 165,
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Figure 43, Probable structure of iantalum MBS complex [TaC4s5H33013] with

seven-coordinated Ta, Reproduced with permission from (127], S. Cho-
mal, A.S. Aazmi and G. C. Shivahare, Acie Chim. Hung. 122 (1986) 127.

of the niobiem complex was studied by X-ray crystal structure determination [367). It has
three chelate rings arranged like a propeller {(C3-symmetry, absolute configuration A, see
Figure 44).
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Figure 44. Structure of the anion A-[NB{SCH7CH28)3]". Reproduced with permission
from [367], K. Tatsumi, Y. Sekiguchi, A. Nakamura, R. E. Cramer and J. J.
Rupp, Angew. Chem. 98 (1986) 95.

Also, the synthesis and IR and Raman spectroscopic studies of [A1[M{SCH>CH2CH28)3] and
[AIM(SCH=CHS})3] with 4 = PhyP, EY4yN and M = Nb, Ta an¢ the crystal structure of
[PhaP]{NB(SCHCH2CH,8)3] have been presented [473). Electronic spectra and structu-
re/bonding properties were discussed in relation to extended Hiickei calculations [473].

High-coordination-number diethyl-dithiocarbamate compounds have been obtained by letting
the penrahalides react with Na{SoCNEty) [368]. The following compounds were identified by
means of their crystal structuses:  [NB{SpCNEt2)41Br, [NB(S2CNEtp)38]) and
[Ta{S2CNEi2)3(52)). The (SpCNEip) ligands are all chelating the metals. The first of these
compounds is eight-coordinate with mummm  dodecahedral symmetry, the next one is
seven-coordinate with an axial multiple Nb=3 bond and a pentagonal sipyramidai molecular
geometry and the third one is eight-coordinale with the metal in a distorted dodecahedral
environment [368].

The coordination chemistry of pefyauclear transition metal complexes with sulphur lipands
has been reviewed recently [368A).

2.19 Nb(Y) and Ta(V) complexes with O- and S-donor ligands

Polysuiphide anions sz‘,with x =2 or more, have been incorporated into a red nicbium(V)

dinuclear complex salt, (PPhg{NH2)[Nb(OMe)»(S2)3(S5)01, see Figure 45. The ligands
around Nb form a pentagonal bipyramid, in which the bridging oxy group and the oxygen atoms
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of the methoxy groups are on axial positiors and the S atoms of the S52' and non-equivalent
$92- ligands are equatorially positioned. Preparative details, IR and Raman data are given
[369].

Figure 45. Structure of the anion [sz(OMe)g{Sz):;(Ss)O]z'. Reproduced with per-
mission from [369], A. Miiller, J. Schimanski, M. Romer, H. Bogge, F.-W.
Baumann, W. Eitzaer, E. Krickemeyer and U. Billerbeck, Chimia 39 (1985)
25.

The new seven coordinate mohomeric complexes NbST3 and NbSeTy have been obtained by
reaction of NoOTy with [(Me3SiypY] (T = OpH5Cy, the wopolonato  seven-sided-sing group
and ¥ = S or Se). X-ray crystal structures were determined [366], see the analogous oxide
shown in Figure 42.

The Nb=S group has been examined in the tris-N,N-diethyl dithiocarbamato compouad
NbS(S9CNEty)y [370-371]. The X-ray structure solution of the yellow crystals showed two
independent molecules with pentagonal bipyramidal coordination, in which the terminal
sulphide atom occupies an axial position and the other six positions are taken by suiphur of
dithiocarbamate [370]. The results compare well with previously solved structures of
NbO(S2CNE)y [372] and TaS(S2CNER)3 [373].

Dithiolate dinitrogen (or hydrazido (4-)) tantalum(V} complexes, [Ta(SAnN3(THF)]2{ u-Nz)
with Ar = 2,&C6H3(Prf)2,2,4,6-C6H2(Prf)3 and phenoxide analogues (S replaced by O) have
been made (pri = jsopropyl) [374]. Also, crystal structural comparisons have been made of
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[Ta($-2,6-CaH3(Pri))3(THE))2( y-Np) and [Ta(0-2,6-CoH3(Pri)2)3(THF)¢ (wNp).  The
compounds contain nrearly linear Ta=N-N=Ta cores and the Ta coordination is five-coor-
dinate [374].

The preparatior of (PPhg)[NbS(SPh)4] was described, and the crystal structure of the com-
pound was solved, giving a square-pyramidal geometry at the metal with a2 muliiply-bonded
sulphur at the apex (Nb-$ = 2,171(2) A) [112].

2.20 Nb(V) and Ta(V) oxyniérides and complexes with O- and N-deners

New oxynitrides ANbOyN and ATaOsN with A = Ba, Sr, Ca were prepared and shown to
have a ABOj perovskite type structure [375].

Ta(OPrf)s_x(SB)x cootdination compounds of tantalum(V) have been synthesized in boiling
anhydrous benzene solution, OPr! being the isopropoxide radical, x =0, 1,2 or 3and SBH is
aldimines of the type o¢-HO-CgHy-CH:N-CgHg-CH3-0, o-HO-CgHgq-CH:N-C4Hg-n,
CgHs-CH:N-NH-CONH3 or CgHsCH:N-NH-CSNH7 [376-377]. The aldimines were
obiained by condensation of salicylaldehyde with o-methylaniline or R-butylamine and of
benzatdehyde with semicarbacide hydrochloride or thicsemicarbacide. The complexes were
fully characterized by their analytical data, conduciances, magnetic data, IR, VIS and PMR
spectra and molecular weighis determined by the cryoscopic method in benzene. The com-
plexes are ail monomeric, with coordination numbers six, seven and eight for the x = 1-, 2-
and 3-derivatives, respectively, with the aldimines acting as bidentate ligands, using O, Nor §
atoms for chelating to tantafum [377].

Complexation of niobium({V) and tantalum({V} with 4-oximino-3-methyl-2-pyrazolin-5-one
takes place via oximino N and pyrazolone carbony! O, resulting in the binuclear compounds
LM{OY 1-0)z2MOXL, (M = Nb or Ta, HL = 4-oximino-3-methyi-2-pyrazolin-5-one},
according to elemental analysis, magnetic and IR speciral methods [378].

The complexation reaction of 5,5’-methylene-bis-salicylaldoxime (MBSQ) with TaCly was
studied under various conditions (in DMF solution in dry nitrogen or ambient air ot in oxalate
solution} [127].The 1:3 compound obtained wasdiamagnetic and insoluble in common organic
soivents. A probable structure (see Figure 46) was proposed on the basis of elemental analysis,
magnetic measuremenis and infrared spectra [127].

Niobium and tantalum pentaethoxides react with monofunctional benzoyl hydrazones, BHyH
[379],er bifunctional benzoyl hydrazones, BHz [380],in refluxing benzene to give monomeric
red or brown products of the type M(OEt)s.(BHy)y, x=1,2 or 3 [379],0r yellow {0 orange
M(OEf5 24(B)y, x = 1 or 2 and M = Nb, Ta, respectively [380]. The bifunctional benzoyl
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Figure 46, Probable structure of tantalum MBSO complex, [TaC45H39013Ng), with

seven-coordinated Ta. Reproduced with permission from [127], S.Chomal,
A.S. Aazmi and G. C. Shivahare, Acta Chim, Hung. 122 (1986) 127.

hydrazones are fridentate {380). The benzoyl hydrazones employed were prepared by con-

densing an amine with an aldehyde or ketone, ¢, g.benzaldehyde, acetophenone and furfural,
On the basis of elemental analysis, IR and NMR specira and molecular weight determinations,
it was concluded that the monofunctional hydrazones behave like bidentate ligands coordi-

nating to the metal through deprotonated enolic and azamethine groups {379]. The following

6,7 and 8 coordinate structures, 17 ,18and 19, were tentatively assigned to the complexes.
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Niobium(V) Schiff-base compiexes of the type NB{OE)s ({L)y where x = lor Zand LH is
the Schiff-base salicylidene-2-aminpyridine, 20, have been isolated as liquids from niobium
pentacthoxide /Schiff-base mixtures in dry benzene [381].

DWW
\ \

OH N——/‘_“

The Schiff-base salicylidene-2-aminopyridine,

The compounds were monomeric in boiling benzene, IR spectra indicated coordination
through azomethine nitrogen and phenolic oxygen. Also tantalum atkoxides are known to
react with certain Schiff-bases [382].

Nicbium(V) forms a ternary complex [Nb(BPHA)(DCTA)] (BPHA = N-benzoyl-N-
phenylhydroxylaming and DCTA = 1,2-diamino-cyclohexane-fetraacetic  acid) which can be
used for analytical purposes (polarographic determination of traces of Nb) {383].

A comparative characterization was given of glycirato-niobates and glycinato-tantalates,
synthesized in basic media [384]. Both the carboxylate and the amino groups of the glycinic
acid were coordinated to the metal, according to IR-speciral evidence [384].

The synthesis has been performed and the crystal struciure solved of Nb{QAr-2,6-
Pho)3(NMe)(HNMe;) and the corresponding Ta methylimide complex (OAr-2,6-Phy is
2,6-diphenylphenoxide) [385].
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2.21 NBV) and Ta(V) complexes with As-ligands

A new kind of complex anion, [NbAsg)3-, see Figure 47, was discovered in crystals containing
also rubidium and a rubidium cryptate. The new ion of symmetry B82m-Dyy participates in
the formation of one-dimensional chains with stacked crown-forming (As’)g polyanions con-
faining Nb3t in their centers separated by Rb¥ cations. Some data on the crystal structure
and the molecular orbital diagram are reported [386].

! o[RofMdas ) ([Rb—Z,Z.Z‘—crm I

Figure 47. Structure of the new complex anicn, [NbAsg]3’, and the crystal in which it was
found. Reproduced with permission from [3861, H.-G. von Schaering, J. Wolf,
D. Weber, R, Ramirez and T, Meyer, Angew. Chem. 98 {1986) 372.

2,22 Nb(V) and Ta(V} carbides and complexes with C-donor ligands

Niobium carbide NbC has unusual properties such as being hard and brittle. Its elecironic
structure has been siudied by high-energy electron energy-loss spectroscopy [3871.

The reaction between the Nb(V) cyclopenradienyl derivate [(n°-+-BuCsH4)pNb]BH4 and
sulphur in toluene solution has been studied [388]. In this way, a aew Nb{V) compound,
{(Cp"12Nb(n2-S7)}2(11-S5) {Cp’ =n>-1-BuCsHy = tert-buiyl-substitued cyclopentadienyl), has
been synthesized and its crystal structure determined, see Figure 48,
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Figure 48.  Structure of (-BuC5H)4NbySg. Reproduced with permission from [388], H.
Brunner, U. Klement, J. Wachier, M. Tsunoda, J.-C. Leblanc and C. Moise,
Inorg. Chem. 29 (1990) 584,

2.23 Biological complexes of Nhi{V} and Ta(V}

Chelate macrocyclic complexes of the exiended m-bonding type have been little studied in the
period.  Acid-base propertics of the meso-nitrogen atoms of a substituted tetrazaporphyrin
metallate(V) ring system (rerra-4-tert-butylphtalocyanine, OTaPc’) were studied in anhydrous
acetic and sulphuric acids, for the case of niobium [389] and for tantalum [3501. The kinetic
stabilities (stepwise protonation constants [389]) were determined by visible absorption
speciroscopy. Niobium and tantalum phtalocyanine complexes belong to the grovp of stable
phialocyanines in proton-donor media {3901.

The syntheseis, properties and crystal siructures of some phialocyaninate complexes have
recently been reported: The dinuclear Bry salt p-bromo-p-dioxo-bis(phtalocyaninato-
niobivm(V)}tribromide [390A], and the mononuclear rrichloro{phtalocyaninato)Tantal{V)
{3908B], both haviag coordination numbers of seven,

Complexes [Nb{por)(0){OAc)] and [Nb(por)(X)3], (in whichporisa porphyrinatez‘ anion;
oep = oclacthylporphyrinate, tpp = tetraphenylporphyrinate or tptp = tetraparatolyipor-
phyrinate and X =Clor Br), have been prepared and characterized on the basis of IR, UV-VIS,
electrochemical and FPR data [391].
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Ascidians (sea squirts) are able to extract niobium from sea-water confaining (.1 ppb of Nb,
but the complexes responsible for the binding of niobium are not known. Recently, it was
shown [392] in vitro that amino-acids like glycine, alanine, serine, tyrosine, cysteine cannot be
responsible, but ceriain o -hydroxy carboxylic acids (lactic, malic, glycollic,and tartaric acids)
are able to candidate, and suggestions are made for the mechanism [392].

2.24 Solvent extraction of NB(V) and Ta{V}

The extraction of niobium from ores and the refinements needed to obtain high-purity nicbivm
complexes and niobium metal have been reviewed [13-14]. The distribution coefficients for
extraction of various elements into the commonly used solvent methyl-isobutyl-ketone (MIBK)
are given, according to reactions similar to e.2.

4 HF + NbF32- + 3 MIBK > HpNbFy-3(MIBK) + 2 HFp~

Separation coefficients of nichium and tantalum in various ketones and other details are also
given [14-15). In the extraction/separation process, MIBK can be replaced by tri-butyl phos-
phate (TBP) forming a soluble complex HyNbF7-3(TBP) [151.

The exiraction of niobium(V) and tantalum(V) from >4 molar sulphuric acid solutions by
di-2-ethylhexylhydrogen phosphate (DoEHHP} has been studied bychemical analysis, infrared
spectroscopy and other methods [393). The extracied compounds did not contain any sulphate
group, and corresponded {o the formulaec NbQ(DyEHHP)3 and TaO{(DoEHHP)3, tending to
polymerize in the organic phase, perhaps forming MO(D2EHHP)3(H-D2EHHP)3, M = Nb
or Ta [393).

Niobium(V) in hydrochloric and sulphuric acid media, in the presence of an excess of chloride
or thiccyanate ions, reacts with 3-hydsoxy-2-methyl-1-phenyl4-pyridone (HR) to give com-
plexes, Nb{OH)3CLR or Nb{OH)3(NCS)R, which are extractable inio chloroform [146]. The
experimental corditions for quantitative extraction of nipbium(V) into the organic phase are
given, permitting a separation from zirconium{@V) and hafnium(IV) [394). The ideniity of the
complexes was determined spectrophotometrically [146].

A spectrophotometric study was made on the extraction of mixed complexes of nicbium(V)
and iantalum(V) with 4-(2-pyridylazo}-resorcinol (PAR or HoR) and hydroxy-acids (oxalate,
tartrate, citrate, rrihydroxy-glutarate and mucate) by a chloroform solutions of iri-n-octylamine
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(TOA) [395]. The Nb{V}-PAR-oxalate, Nb{V)-PAR-tartrate and Ta({V)-PAR-oxalate com-
pounds go iato the basic orgamic phase, probably forming the singly charged anions
INDO(C2O4MHR)21,  [NbO(C4H406)(HR)]™ and [Ta(OH){C204)(HR)21",  respectively
364, 365].

Re-extraction of Nb0F52' and TaF72" from solvents with C=0, $=0 and P=0 functional
groups has beer studied by means of chemical analysis and Raman spectroscopy [46].

3, Niobium(V) and {IV) mixed complexes (d® and &1}

The knowledge of the complicated phase relationships within the system NbQz-NbpQOg, some
of which have already been mentioned, has been exiended through the preparation of 1-2mm
large crystals of Nbp2051, Nbg70116, Nb25082 and Nbs3Oq3, all belonging to the NbO,
type with 2.4 <x < 2.5 [396]. Many systems with NbOp-NbyOs and a third metal oxide have
been studied, Nb12029 has been modified to form V3NbgOog, the block-structure of which
was studied by eleciron microscopy [397]. A new kind of block structure was found in the
crystal structure of VgNbsOyg [398]. Lithium metal has been inserted into V3NbgOog forming

e.8.Li13 gVaNboOng [359].

Non-stoichiometric phases HfoNbzgOs, ZraNb4aO116, Hi3Nbg401 16, B-ZriNb240g2 and
R-HfNb40g2 have block structures, according to high resolution transmissior electron
microscopy [400].

A new mixed-valence oxoniobate compound, Sr5Nb4+3Nb5+2016, was synthesized from Sr
and Nb oxides in 2 hydrogen plasma at about 2000 °C. The complicated crystal structure was
solved and found [401] to contain four different kinds of NbQOg octahedra (two Nb(IV} and
two Nb(V}) and one relatively strongly distoried NbO4 tetrahedron, see Figure 49. Hence,
niobiom{iV} then can be octahedral as well as tetrahedral coordinated within the same
tframework.

Another new mixed-valence oxy-niobate compound, S:7NbgO21, has been prepared [402].
The method involved a mixture of 4 SrCO3, 2 Nb and | Nb3O5 which was pressed and heated
to about 2500 @C by means of the thermal power of a CO7 laser. Single crystals produced
were investigated by X-ray diffraction techniques and proved to have a structure consisting of
layers of perovskite-type, with 2 width of about 13 A, and containing 6 layers of comer-linked
NbOg octahedra and Sr2+ ions in between, see Figure 50. The three different kinds of
nicbium atoms all have trigonal symmetry with three long Nb - O bonds (2.05 - 2.18 A) and
three short ones (1.85 - 1.96 A). The formula S$ryNbgOo;{ can be given as
Sry. 167N+ 49 333NbF 35 66703 5,showing the close relationship of the structure to the
already known perovskites CaNbOs 5 and Bay 25TaO3 75 [402].
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Figure 49. Structure of the mixed-valence oxy-niobate compound, SrsNb4t3Nbd 17016,
showing four kinds of NbOg octahedra (hatched) and one kind of deformed NbOg
tetrahedra (small filled circles). Reproduced with permission from [401], K.
Schiickel and H, Miiller-Buschbaum, Z. Anorg. Allgem. Chem. 528 (1985) 91.

4. Nb(IV) and Ta(iV) compounds (d1)

Low valent complexes of atobium and tantalum were described in a 275 pages long thesis
[4031.

4.1 Nb{(IV} and Ta{IV)} halide complexes

Thermodynamic data for gaseous tantalum halides, TaF4, TaCls, TaBrg, and Taly were
reviewed, and data given also for a large number of liguid and solid tantalum halide and
oxyhalide compounds [20]. Crysials of NbClg have been obtained by chemical vapour
transportation [404].

The vapour pressures of solid NbClq and NbBrg have been determined by a spectrophoto-
metric method, as function of temperature near 600K [405].NbCly ismonomeric inthe paseous
state. Gas phase visible/near-IR spectra of NbCly and NbBry are given [405]. The stability
of gaseous NbClg was studied by tensimetry, DTA and TG methods [25, 406], and the
enthalpies of formation of solid NbCly, NbBrg and Nbi4 were given {407-408]. A possible
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Figure 50. Unit cell of the mixed-valence oxyniobate compound, SryNb#+oNb3+407),
showing a perovskite layer of corner-linked NbOg octabedra ¢hatched) and the
beginning of the next layers. Strontium ions {in the cavities between ociahedsa)
are not shown. Reproduced with permission from [402]. K. Schiickel and H.
Miiller-Buschbaum, Z. Anorg. Allgem. Chem. 523 (1985) 69.

disproportionation  of NbCly into NbCly and NbCls occurred at ca. 320 9C [406}. The
photoelectron spectrum (AlKa, Hel) of Nbiy (or rather Nbplg) was studied in an attempt 10
find the relation between the energy of the niobium core levels and the oxidation number [42].

The magnetic properties of crystals of LigNbFg and NajNbFg were determined from 4.2 to
293 K [409]. The crystals exhibit paramagnetic behaviour asa result of the presence of Nb(IV)
cations at the centers of independent oclahedra, which are distorted from the ideal octahedral
Op-symmetry. The standard enthalpy of formation was determined for the RbpTaBrg crystal
and for the TaBr62' ion in the gas state [410]. The ferri-magnetic behaviour of trigonal
MnaNbFg was studied in order to obtain information on the Mn2+.F--Nb3* super-exchange
interaction in this structure of comer-sharing NbFg and MnFg ocizhedra [411].

Niobium and tantalum in K9NbF7 and K2TaF7 will be partly reduced to oxidation state 1V
after being bombarded in a 4 keV ArT ion beam [412),
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A termmary chloride of tin{Il} and tantalum(IV), Sa[TapClg], has been prepared as a green
digmagnetic solid [413). The X-ray crystal structure of this compound has several surprising
features: discrete face-sharing bioctahedral [TapClg)™ units that show a chiral distortion from
D3p symmetry, see Figure 51,

Figure 51. Structure of the [TayClg)" unit as found in the Sn2+ sait, Reproduced with
permission from [413],F. A, Cotton, E. Babaian-Kibala, L.R. Falvello and M,
Shang, Inorg. Chem. 29 (1990) 2591.

4.2 NB{IV} and Ta{IV) oxyhalide complexes

Thermodynamic data for gaseous tantalum oxyhalides, TaQF7, TaOCly, TaOBrz, and TaOl)
were reviewed and data given also for a large number of liquid and solid tantalum balide and
oxyhalide compounds [20]. Solid NbOF, has been synthesized and found to crystallize in
space group Pm3m with one formula in the cell. Nb ison an octahedral site. Visible and UV
spectra and magnetic behaviour between 77 and 300 K are reported [414).

NbOCly and TaOCly powders have also been examined by X-ray diffraction; the two com-
pounds were found to be iso-structural and indexed powder diagrams were given, as well as
structural and IR spectral data for the grey-green niobium compound [32]. NbOBrp, TaOBro
and TaOly crystals have further been prepared and examined by X-ray diffraction [34].

4.3 Nb{IV) and Ta(lV) haiide complexes with O-donars

Dinuclear niobium(IV) complexes, NbyCly{OMe)s(MeOH)>-2MeOH  and NbpCly(O-
Me)4(CH3CN)2, have been prepared and studied by X-ray crystallography and proton NMR
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spectroscopy [415]. The complexes have an edge-sharing Aioctashedral geometry and possess
a single Nb-Nb bond and two bridging methoxy groups, see Figure 52. Axial and equatorial
terminal ligands seem to inierchange easily [415].

Figure 52. Structure  of the centrosymmetric  dinuclear nicbium({IVy  molecule,
Nb3Cla(OMejg(MeOH);. Reproduced with permission from [415], F, A,
Cotton, M. P. Diebold and W. J. Roth, Inorg. Chem. 26 (1987} 3319,

The compound trans-NbCip(BulC(OYCHC(O)Bul)2  or, in short notation, frans-NbCly(dpm);
with Hdpm = dipivaloylmethane = 2,2,6,6-tetramethylheptane-3,5-dione, has been prepared
in twe polymorphs {416]. The X-ray crystal siructures have been solved, and they show the
same kind of molecule, see Figure 53. The UV-visible spectrum for this octabedral or rather
Dop-symmetry niobium#+ chromophore (the ¢! electron system) shows a doublet band at
588.4and 626.7nm, High formal oxidation states of the metal in many cases lead to charge
transfer transitions obscuring the d-d transitions. By combining VIS and EPR spectral
measurements with a molecular orbital calculation {the Fenske-Hall procedure), a reasonable
and comsistent picture of the electronic structure of the molecule was obtained [416]. The
doublet in the spectrum was assigned to the d-d transitions yz-->xzand yz-->x2 - yZ{at ca.
16000 and 17000 cm!). The EPR spectrum with the expected 10-line signal, with <g> =
1.930and with <Ajgq> = 149 G also were explainabie.

The new binuclear Nb(iV) compound, NbyCla(OE(OpCMe)s, has been shown to have a
crystal structure in which two {n” -CH3COO);Nb groups are joined by p -OCHs, two ju -Ci
atoms and 1t 3-n” -CH3CO;. Tn this complex the Nb-Nb distance indicates the presence of a
single bond [1i7].
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Figure 53. Structure of frans-NbCly(dpm)y with Hdpm = dipivaloylmethane in its
monoclinic phase. Reproduced with permission from [416), F. A. Cotton, M.
P. Dicbold and W. 3. Roth, Polyhedron 4 (1985) 1485,

4.4 Other Nbh{IV)} and Ta(IV) halide complexes

Solid NbSyCly was obtained by letting Nb react with $3Clp [114]. It contains Nbp(Spnt+
groups linked with one another by C1” ions in a layered lattice [417] and i3 unstable when
heated [418). Its electronic, vibrational, resonance Raman spectra and the crystal valence
force field were reporied [419]. The compound underwent oxidation forming NbS2Cl at
160-200 9C in an clectrochemical cell using a NaAlCly molten sait as an electrolyte [1141.1¢
can be intercalated with lithium to form Lig 7NbS2Cly [420).

The tantalum dimer TapClg(SMez)3 has been found to react with the bulky chelating ligand
1,3-bis(diisopropylphosphino)propane  {dippp) to form [(dippp)TaHCIl( 1-S)(p-H)y [474].
The bonding was deduced form spectroscopic data and the solved X-ray structure.

Dark brown paramagnetic, triangulo niobium(IV) clusters, (Cp’)3Nb3Clz(uz-Cliz{us-
0)p3-X), with Cp” = CsHgqMe (methylcyclopentadienyl) and X = OH or Ci have been pre-
pared. X-ray structure determinations show that these clusters contain a Nbj triangle bridged
by Cl atoms along each edge and capped by a p3-oxo ligand and a j13-X ligand on opposite
sides of the Nby planie. Terminal Cp’ and Cl ligands complete the coordination sphere about
each Nb atom. Bonding in the clusters is discussed, based on their 10-line ESR specira (the
three dl electrons forman S = 1/2 system, coupled to one Nb nucieus with I =8/2) [421-423].
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Tantalum(IV) complexes, (Cp')2TazXyg{u3-X)2, with Cp* = e.2. CsHaMe {methylcyclopen-
tadienyl) and X = Clor Br have been prepared. X-vay structures were determined, includiag
their reactivity as precursors to the doubly bonded (Cp’)oTaz(p-X)4 tantalum(Iil) complexes.
Bonding in the clusiers is discussed {4751

4.5 Nb(IV)and Ta(iV) oxides

By use of mass spectrometry and a Knudsen cell, the gaseous molecule NbO; has been
characterized thermodynamically waith respect to dissociation stability [424]. Thermodynamic
data for gaseous tantalum(IV) oxide, TaQy, were reviewed and data given also for a large
number of liquid and solid tantalum halide and oxyhalide compounds [20].

Solid NbQ9p was studied theoretically by molecular orbital model calculations on small clusters
in order to explain the photo-electron spectra [4251, MO level schemes and atomic charges of
[INbO5J6- and [NbOg)8- have been given [425]. Thesmogravimetric measurements have shown
that solid NbOy is a metal-deficient oxide, whose main defects are neutral niobium vacancies
in the rutile structure [426]. Rutile Nbg 9407 was prepared by shock reduction of NbpOs, like
previously rutile TaOy was prepared from TaoQg [427]. Recovered producis were examined
by X-ray powder diffraction analysis [427). TaO7 is unstable, but can be sindied in (Ti,Ta)Op
rutile solid solutions. Crystal field splittings for Ta have been studied in such phases j428).

A new mixed-oxidation-state compound NaNb{I)N»(IV}>OsF has been prepared. Single
crystals are diamagnetic and black with metallic luster. The structure was determined and it
shows short Nb-Nb distances [429].

The compound (Ti3 F)(Ti4 +);_(Nb?+),05 with x = 0.075 was examined magnetically
versus temperature [430]. Nb(IV)-NB{IV) pairs were discovered in new mixed valence oxides
KTip_Nbs ¢ yO7 rutile crysials (0 <x < 1.75) [431].

The product EuNbO3 of the reaction between EuQ and NbQ7 has been characterized by
X-ray Lyjy absorption spectroscopy. The oxidation staies were proven to be Fu2t and Nb4+
[293].

4.6 Nb(IV} and Ta(IV} complexes with O-donors

A red refrakis-complex of riobium{IV), NblLs, with L = the pyridine-2-caboxylate anion, 15,
was prepared in dry benzene. The compound was analysed and characterized as a non-jonic
monomer Nb{IV} complex by iodine titration, by molecular weight and conrductivity
determinations. Electronic and IR spectra as well as magnetic susceptibility were reporied
{363].
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Crystaliographic analyses of two salis, Ka(H3NCHCHoNH3)[NB{(C204)4)-4H20 and
K4INb(C30a)4)-3H20, have shown that the letrekis(oxalaio)piobium(IV)  anion,
Nb(C204)44‘, can be either square gmiprismatic or dodecahedral in the solid state [432).

The new niobium({IV) noramethoxide anion, [Nbp(OMe)g]", has been characterized in three
X-ray crystaliographic structure solutions; it has a confacial bioctahedral geometry of virtual
D35, symmetry with Nb-Nb bonding and three O-bridging methoxy groups [433].

4.7 Nb{IV) and Ta({IV) suiphides and selenides

The layered compounds MX5, with M = Nb, Ta and X =S5, Se tend to be of interest in many
contexts. The M atoms and the chalcogen atoms are in hexagonal close-packed iayers; layers
of M are sandwiched between layers of chalcogen, see Figure 54, Nb and Ta atoms display
both octabedral and trigonal-prismatic coordination [16}.

Figure 54. Schematic representation of the MX9 type structure. Intercalation can take
place as indicated by arrows. The drawing is adapted with permission by [347),
D. D. Keszler, J. A. Toers, S. Maoyu and L. Jiaxi, J. Solid State Chem. 57 {1985)
68,

Phases NbSy with x = ¢q. 1.50r 1.7are obtained often when preparing NbS; from NbjOg and
Hp8 at 7009C {434]. NbS,Sez. ¢ layer crystals, with different polytype-structures depending
on x,for 0 <x €2, were prepared and studied by X-ray diffraction [435].

The properties of NbS» were studied by X-ray photoelectron  speciroscopy and by magretic
susceptibility [436]. The kinetics of the oxidation of NbS9 to NbyOs has been studied ther-
mogravimetrically as a function of the partial pressure of oxygen [437].
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Inner-shell-electron energy-ltoss spectroscopy [438], scanning tunneling microscopy [439] and
81Ty Mossbauer spectroscopy [440] were used to obtain information on electronic structure
and atomic arrangements of 2H-TaSy. In Liintercalated 2H-TaS3, the electronic configuration
of Ta changes form Ta%H(541) toward Ta3+(542) [440). Elecironic structures of other 2H-
TaS7 intercalaies are given in [441). Preparational details for 2H-TaS7 intercalates have been
reported in [442]and 181 T4 Mbssbauer spectra given in [443]. The supersiructure in 45b-TaSy
was studied by high resolution eleciron microscopy [444).

A phase transition in 17-TaS; involving charge density waves has been studied by X-ray
scattering [445-446), electron diffraction [447], 181Ta NMR and NQR spectroscopy [448),
magnetic methods [449], thermal methods [450], and high resolution ¢lectron and scanaing
tunneling microscopy [439,451-452]). The transition ishydrogen impurity dependent [453-454].
The special interest of the study is that the phase transition which clearly could be followed
on precession photographs does not involve the underlying crystalline structure, only the waves.
Similar waves occur in 17-TaSe), see £.2.1453].

It has been shown that silver ions can be intercalated between ihe layers in 2H-3S7 [456) (M
= Nb, Ta). in such crystals, grown using vapour transport with chlorine as tramsport agent,
short Ag-Nb or Ag-Ta distances, determined by X-ray diffraction methods, suggest interaction
between the Ss-orbital of sitver and the lowest unoccupied {or partly occupied) djz2-orbital of
the trigonal-prismatically coordinated trassition metal. The stability of intercalated phases
AgyMS> was studied [456] by EMF measurements and compared with the similar alkali metal
intercalates.  Also, lithivm, copper, silver, iron, tin, zink and many others [437] have been
intercalated iato NbS; [458][459-464] and NbSe; [465-466]ard into molybdenum substituied
niobium dichalcogenides [467].

TaS7 has been intercalated with hydrogen [468), lithium [441-442,469,476], sodium [442-443],
lead [441],tin [44]1] and substituted with molybdenum [477],and with rare carth metals (La
and Ce), forming several new phases with interesting superconductivity [478]. TaSy can be
intercalated with ammonia [479-480], pyridine [481-482] and with metalhvdroxides {483).

Co-intercalation of alkali metal hydroxides and water molecules into NbSs and TaS> can be
made, according to chemical analyses, X-ray diffraction and NMR spectroscopic investigations
[484].

Crystals of NbpSeg have been re-examined by structure solution and classified as containing
Nb(IV); hence the formula can be specified as 2Nb%+2(Se2)2 (Se)4", in accordance with the
cne-dimensional semiconducting properties. The structure is based on chains of niobium in
bicapped trigonal prismatic coordination with sefenium and has short Nb-Nb bonds [485].
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Also, the CuTaS3 crystal structure solution has piven the valence description as
Cu2+Tad +352- [485). A new temary chalcogenide, TapCug 0S¢, has been prepared and its
crystal structure solved [486]. 1t contains ng'pairs and the Ta atoms must then have a formal
valency of IV. It shows a close relation to the CuTaS3 structure, containing uaits of infinite
chains of CuS4 tefrakedra and TaSg octahedra [486).

The compouads NbPdSeg, NboPdy 71Ses, NbjPdg 728e7, TagNiS5 and TapNiSes have been
prepared and examined [16, 340-341]). They contain new kinds of layered and channel
siructures, see e.g Figure 55. They have intcresting electric and magnetic properties, and
exhibit structural phase transitions. TapNiSs have been intercalated topotactically with
hydrazine, 1,2-diamino-ethane and 1,3-diamino-propane and the inter-layer distance
enlargements studied by X-ray diffraction [487).

Figure 55. The orthorhombic Cmem TapMNiSg structure in the (a,c) plane. Octahedral
tantalum and tetrahedral nickel are shown, surrounded by sulphur (or sele-
nium) in layess three atoms thick. Reproduced with permission from [340],F.
J. i Salve, C. H. Chen, R. M. Fleming, J. V. Waszczak, R. G, Dunn, S. A,
Sunshine and J. A, Tbers, J. Less-Comm. Met. 116 (1986) 51.

Furthermore, it was found that e. g.the reaction of TapNiSes and TapPdSeg with n-butyilithivm
affords the compounds LizTapNiSes and LiTajPdSeg which have layered structures [488].

A paramagnetic compound, NbNiTes, with metallic conductivity and a new kind of layer
structure has been prepared [489). Each Jayer consists of bicapped trigonal prismatic nicbinm
atoms and octahedral nickel atoms coordinated by tellurium atoms, see Figure 56, For
comparison, note the structure of TapNiS5 and TasNiSes, Figure 55,
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Figure 56. View of one layer of the layer structure of NbNiTes, showing the coordination
around the Nb atoms (small open circles) and Ni atomas (small filled atoms}.
Reproduced with permission from [489],E. W. Liimatta and J. A. lbers, /. Solid
State Chem, 71 (1987) 384.

In the compounds NbTey and TaTey the metals occupy octahedral positions [16]. NbTep
reacts with PCls, giving NbCls and PCly [490].

4.8 Other Nb(IV) and Ta{lV) complexes

Complexes [Nb{por)}(Q)] and [Nb{por)(X)7] (in which por isa porphyrinatez' agion: oep =
octaethylporphyrinate, ipp = ietraphenylporphyrinate or iptp = teiraparatelylporphyninate
and X = Cl or Br) have been prepared, by reduction of [Nb{por}(X})3] of [Nb{por}O)(QAc)]
[391]. The compounds were characterized on the basis of IR, UV-VIS, electrochemical and
EPR data [391], The [Nb{por}X})3] complexes have axial symmetry [351].

4.9 Nb(IV) and T2(IV) complexes with N- and C-donors

Ammonolysis of tantalum alkyls kas been studied in order to obtain a safe procedure for
preparing solid state materials. In this way cubic TaN and a #rimeric nitride, ({Cp")MeTaN)3
(Cp’ = methylcyclopenradienyl and Me = methyl) were obtained. The crystal structure of the
latter compound was solved, see Figure 57,and other properties elucidated. The compound
can be reduced io form [K(nEt7()] +[((Cp')MeTaN)3]‘. Molecular orbital diagrams are given
[491).

The formation of vacancies in niobium carbides has been studied theoretically [492).
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Figure 57. Crystal structure of the #rimernic nitride molecule, ((Cp")MeTaN}3 (Cp' =
methylcyclopentadienyl and Me = methyl) [491]. Reproduced with permission
from [491], M. M. B, Holl, M. Kersting, B. D. Pendley, and P. T. Wolczanski,
Inorg. Chem. 29 (1990) 1518.

5. Mixed NB{IV}) and Nb{III} complexes (¢! and d2)

A new mixed valence (NL{II) and NB(IV)) compound of unknown structure,
{CsMes)3Nb3S7), has been obtained by letting the Nb{l) cyclopentadienyl derivate (n®°
-CsMes)NB(CO)4 and sulphur react in tetrahydrofuran sclution under irradiation [388].

6. NB{IID and Ta(ll) complexes (d2)
6.1 Nb{IIl} and Ta(Iil} halides and hakde complexes

Thermodynamic data for gaseous tantalum halides, TaF3, TaCly, TaBr3y, and Taly were
reviewed and data given also for a large number of liquid and solid tantalum halide and
oxyhalide compounds [20].

The thermodynamic properties of crystalline TaCly were studied, and the composition of the
vapour phase in equilibrivm with it was determined. The vapour contained TaCls, TaCly,
TaCl3, TaCly, TaCl, Ta, Cl,and Clo. The heats, free energies and entropies of sublimation
were determined [493].
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It has been shown that electrochemically formed [TaCla]™ ions, in LiCl-KCI-TaCls molien
mixtures at 400-3500C, by fluoride ion addition are unstable and disproportionate te primarily
[T2F7]2" and metallic tantalum [60].

6.2 Nbill1) and Ta({lll} chalcogenchalide complexes

Thermodynamic data for gaseous tantalum({ITl) oxyhalides, TaOF, TaOC), T20Br, and Ta0l
were reviewed and datz given also for a large number of liquid and solid tantalum halide and
oxyhalide compounds [20].

The selenciodide NbSeil has been prepared and classified as NbgSeqly, a cubic cluster com-
pound containing tetrahedral NbgSesq uniis with niobium-niobium bonding, according to the
results of a crystal structure solution [494]. The structure has a close relation to the new
(iaNbgSeg structures, see Figure 69. NbgSeyglq can be intercalated with lithinm to form
Liz gNbaSesly [420].

6.3 NbiOD} and Ta(fIl} halides with O- and chalcegen-donors

With NbpClg(THT)3 as starting material (THT = tetrahydrothiophene), dimeric Nb(ID
alkoxide compounds, NboClg(ORYHOR)y (R = Me, Ei, Prf), have been made [495],
According to crystallographic examination, these compounds have edge-sharing bioctahedral
geometrics in which the Nb atoms are bridged by one chloride and one alkoxide ligand.
NbCls(OMe}MceOH)4  has a short Nb-Nb distarce, indicative of a metal-metal double bond
[495].For R = Et and Pri, the compounds are uastable in THF, forming tetranuclear Nb(iV}
coimplexes, [NbyOCI4{OR)2(THF);]> [495]),see Figure 58. The compounds have been further
characterized in solution by proton NMR spectroscopy [495].

A dinuclear Nb(ili) complex salt, (NMeg{Nb2Clo{THTH(CH3CO3)51-CH2Cly  with THT =
tetrakydrothiophene  has been characterized by NMR, IR, cyclic voltammetry and X-ray cry-
stallography [496). The Nb-Nb distance and the diamagnetism indicated a double metal-metal
bond. Acetate is coordinated in three different modes: Bridging bidentate, chelating, and
bridging uni-dentate, see Figure 59,

Niobium and tastalum face-sharing dimers MoClg(SMez)3 (M=Nb or Ta, and with two
bridging Cl) have been found to react with dimethylsulphide, SMey, fo form edge-sharing
biociahedra M7Clg(SMen)q [497]. The crystal structures were compared (o those of similar
complexes in which dimethylsulphides were replaced by 3,6-dithiacctane, in an attempt to
understand the M-M bonding schemes in these complexes [497]. Also, single crystal struc-
tures of diqu-chloro-tetrachloro-bis--(tetrahydrofuran}-{ p-(edimethyisulphide)]-di-niohium(IIT),
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Figure 58.  Crystal structure of the tetranuclear [NbpOCLi(OED(THF)]j2  molecule
[495]. Reproduced with permission from {495], F. A. Cotton, M. P. Diebold
and W._J. Roth, Inorg. Chem. 26 (1987) 3323,

Figure 5.  View of the [Nt Cla(THTHCH3COZ)5] anion. Carbon atoms in the bridging
THT ligand have been omitted for clarity. Reproduced with permission from
[496],F. A. Cotton, M. P. Diebold, M. Matusz and W.J. Roth, Jnorg. Chim. Acta
112 {1986) 147.

[NbClg(C4HRO)(CoHgS)], and the analogous tantalum compouad have been solved [498].
The coordination geometry can here be described as confacial-bioctahedral, see Figure 60,
with a double metal-to-metal bond and a coordination number of 7 around the metal.
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Cid}

Figure 60. View of the [NbCIx(THF)]2( p-Cl)2(i-SMep) molecule.  Reproduced  with
permission from [498],F. A. Cotton, S. A. Duraj and W.J. Roth, Acta Cryst. C41

(1985) 878.

Figure 61. Structure view of the [TaClp(THF)Jx( p-SMeo}-(p-C2CC4Hg) molecule,
Reproduced with permission from [459),F. A. Cofton, M, P. Diebold, §. A. Duraj
and W. J. Roth, Polyhedron 4 {1985) 1479,

A binuclear tanmtalum(lil) complex with a brdging carboxylato  ligand,
TapCls(02CC4Hg)(SMez)THF), has been obtained by letting TayClg{SMez)3 react with
C4HgCOpLi [499). The complex is a dimer with a distorted octahedra-sharing-an-edge

geometry and some Ta=Ta bonding, see Figure 61. It isinteresting to note that the existence



89

of this green compound proves that low-valent tantaluln can be stable in contact with
oxygen-donor ligands, and moreover that this is the case even when the dimer contains a
bridging bidentate ligand.

For the crystal siructure of di4s  chloro-tetrachloro-bis-(tetrahydrofuran)-[ -
(dimethylsulphide)]-di-tantalum{lil}, [TasClg(C4HgO)2(CoHgS)), see the analogous nio-
bium compound and Figure 60 [498].

6.4 Nb(IIN and Ta(lll) halides with N- and P-donors

Relativistic MS Xa molecular orbital calculations have been performed under Cpyp symmetry
on diq-chloro-tetrachloro-fetra-ammine  tantalum(Tll) compounds [TapClg(NH3)4] and
[TaxClg{NH3)al" [500). These complexes were used as models for TapClg(v-pic)y and
short-lived anion species obtained from this [50%) by pulse radiolysis reduction (y-pic =
y-picoline = 4-methylpyridine). Calculated electronic transitions compared to experimental
absorption spectra have lead to the conclusion that the transient Ta dimer has a formal bonrd
order of 2.50r 1.5 (electronic configuration aZn?5") (138, 5001,

Bis-nitrogen-chelated, edge-sharing bioctahedrat molecules [M7Clg(EtaNCHCHNED)0]

{M = Nb, Ta) with two bridging chlorides and four uni-planar terminal chlorides have been
isolated, and their crystal structures determined [502]. These molecules have five membered
M-N-C-C-N rings and are in the achiral meso conformation of Cpy, symmetry with one ring of
A and the other ring of & conformation, and the twofold axis passing along the metal-metal

vecior. For the phosphorous substituted analogous molecules [M7Clg(EtzPCH2CH)PEiD)]

{M = Nb, Ta} chiral conformations of D7 symmetry have been isolated [S02-503),see Figure
63.

Tons Nb(IlI) and Ta(lll) in the presence of hydroxide form binuclear complexes with nitrogen,
in which the N2 molecule is significantly activated and can be converted to hydrazine and
ammonia [504].

Adinuclear organoimido niobium(Iil) complex, NbyClg(NPh)2{S8Mez)2, has been synihesized
byadding triphenylazide to a solution of the metal-metal double bonded dimer NbyClg{SMeo)3
in toluene at 0 OC [505),in a simpler way than previously [506]. The compound is air-sensitive
and can be described as [NbCI{NPh){SMep)ia( 1-Cl)7 (see the analogous tantalum compound
depicted in Figure 22). Iis reactivity was investipated, see reference [505].

An exeptionally reactive 16electron tantalum(Ill) moromer, TaCiHo(PMe3)4, hasbeen made
and characterized with respect to its neutron structure, IR-, IH- and 31P[1H] NMR spectra,
and reactivity [SO7]. In the solid state, the coordination polyhedron is a slightly distorted
pentagonal bipyramid with two axial phosphines and the hydride ligands in cis coordination,
see Figure 62.
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Figure 62. The neutron diffraction structure of the Ta(lll} compound TaClHo(PMesjy
[507]. Methyl hydrogens have been omitted for clarity. Reproduced with
permission from [SG7], M. L. Luetkins, Jr., M. D, Hopkins, A. }. Schultz, J. M.
Williams, K. C. Fair, F. K. Ross, J. €. Huffman and A. P. Sattelberger, fnorg.
Chem, 26 (1987) 2430.

TaClHy(PMe3z)g reacts with 1,2-bis(dimethylphosphinojethane (MepPCH)CHIPMey =
dmpe) to give TaClHy(dmpe)z, with ethylene to give TaCl{CoHa){(PMez)s, with dinitrogen
to give the 1 -dinitrogen complex [TaCIH2(PMe3)3]o{ 11-N2) and with carbonmonoxide to give
TaCNCOy3(PMes)s [507]. The crystal structure of TaCl{CO)3(PMe3)3 has been solved based
on X-ray data [507].

Bis-phosphorous-chelated, edpe-sharing bioctahedral molecules
{TaxClg(EipPCHCHpPEty)2]  with two bridging chlorides and four wnmi-planar terminal

chlorides have been isolated, in diastercomeric forms, and their crystal structurcs determined

[503]. The difference between these molecules isin the conformations of the five membered

Ta-P-C-C-P rings. Form [ is the achiral mesae compound of Cpp symmetry with one ring of A
and the other ring of & conformation, and the twofold axis passing along the metal-metal

vector. Form 2 is chiral of Dy symmetry, with both rings in A conformation and the twofold
axes intersecting at the midpoint of the Ta-Ta bond. Form 2 has also been isolated for the
case of niobium [502-503], sec Figure 63.
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Figure 63. The structure of the two different ligand conformations m the dinuclear
[NbyClg(EryNCHCHNER);] (A) and [NbyClg(EtyPCHyCHPEDR)] (B)
molecules [502]. Reproduced with permission from {502],J. A. Canich and F.
A. Cotton, Inorg. Chem. 26 (1987) 4236.

Discreie frinuclear complexes of niobium(ill) and tantalum(liI}) have been described:
(PE£3H)+[Nb3C110(PEt3)3} and (PEt3H)+[T33C110fPEt3)3] [508}. A related compound,
Nb3Ciz(PMePh)g, with a nonintegral oxidation state was also described. The structures have
been established by X-ray crystallography, see Figure 64. Tneach case there isan M3(1 3-CD{u
2-Cl)3 core surrounded by the remaining nine ligands. Six and eight elecirons are available
for M-M bonding, according io Fenske-Hall molecular orbital calculations [308].

Finally,a discrete tetranuclear tetrahydrothiophene ethylene-bis{diphenylphosphine) complex
of tantalum{IlT} has been described: [TapCla(p-Cho(u-SCaHg) o (-
PhoPCHyCH2PPh}y-C7Hg  [5091. The siructure consists of two confacial bi-octahedral units
of [TazCla{p-Clya(p-SC4Hg)l (with Ta=Ta double bonds, see Figure 60), bridged by two
PhoPCH,CH2PPhs ligands to form the unusual tetrameric units. The structure wasestablished
by X-ray crystallography on the red crystals [509].

6.5 Nb{lID and Ta{lID} halides with C-donors
The reaction between niobium{V)chloride and phenyl-acetylene was investigated in carbon

tetrachloride  [310). Two mols of phenylacetylene were found to react with one mol NbCls
forming first a five-coordinated complex (Figure 65,T) which in turm rezcts with more
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Figure 64, The structure of the [Tag{p3-Cl(u2-CliaClg{PMes)sl™ ion [508). Reproduced
with permission from [508],F. A. Cotton, M. P. Diebold, X. Feng and Wieslaw
J. Roth, Tnorg, Chem, 27 (1988) 3413,

phenyl-acetylene to form an unstable 1i-bonded complex (Figure 63,11}, and finally catalytically
produces NbClj and oligomerized {mainly rrimerization) of the phenylacetylene,

Fh
):CHC!
NbCl, + 3CH,C=CH —» a—pr—a + C¢H,C=CH
ct CHC
Ph
I
H
Fh
CHO
P
Cl—Nb—I
d
ci
CHC!
Ph
Figure Cyclotrimerization of phenylacetylene by HNbClg. Adapted
65. from [510] €. J, du Toit, J. A. K. du Plessis and G.

Lachmann, S. Afr. J. Chem. 38 (1985) 185.
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A tantaium(Il) species, probably ClyTafiCgHsYC=C(H}Cllz, 21, is formed during the
TaClg-catalysed cyclotrimerization of phenyl-acetylene CgHsC=CH [4(0}. The complex 21
shown zbove is assumed to react with more phenylacetylene forming triphenylbenzene and
TaCl3 [40].

Anew unique dinuclear Niobium{IIl) cation, [NbpCl3{(PRC)4}(THF)41™", has been prepared
and characterized by solving the X-ray crystal structure of a salt [S11]. The cation has a short
(2.695 A} Nb=Nb double bond and bridging as well as terminal chlorine atoms. A C-shaped
PRC-C(PH)C(Ph)-CPh chain clasps the Nb=Nb bond. The structure is shown in Figore 66.

Figure 66.  The  structure of the unique  dinuclear  Nb(II)  catien,
[NbyCl3{(PhC)s}(THF)}4] 1 [S11].Four tetrahydrofuran groups (left side) and
four C-phenyl groups (right side) are shown in full. Reproduced with permission
from [511],F. A. Cotton and M. Shang, fnorg. Chem. 29 (1990) 2619.

Another new unique tetranuciear NBb(III) anion, [Nb4OClg{(PhC)4}2]2', has been prepared

and characterized by solving the X-ray crystal structures of several diffevent saits {511-5121.
The anion consists of a planar, rectangular Nby4 group with an oxygen atom at the center, The
long Nb+-Nb edges are doubly bridged by Cl atoms, and there isone terminal (]atom on each



94

Nb atom. A C-shaped PhC-C{Ph)C(Ph)-CPh chain clasps each short Nb--Nb edge. The mode
of bonding is shown in Figure 67. The oxidation state of Nb is most likely to be +1ilI, and
henace two Nb="Nb double bonds can be formed pertetramer unit, in accordance with the short
(2.611 Ay Nb-Nb distance. The central oxygen atom in his anion has an envivopment that is
without precedent. Note the relation between the two ions in Figures 67 and 66.

Figure 67. The  structure of the  unigue tetranuclear Nb{I1I} anion,
[Nb4OClg{(PhC)4}2]2‘. as found in several salts [511-512].Phenyl groups are
omitted for clarity. Reproduced with permission from [511],F. A. Cotton and
M. Shang, Inorg. Chem, 29 (1990) 2619.

Finally, a hexanuclear Nb({III) compound of composition {Bu)3Sn[NbgCl19(PhC)q2]-CrHg,
has been made and characterized by its X-ray crysial structure [5131. The hexanuclear entity
consists of a central triangular Nb3(n3-Cly(1-Chg cluster with a Cl3NbCiy(¢-CgqPhyg) unit of
roughly octahedral shape (if c-C4Phy is considered as one ligand) attached to each central Nb
atom by three mutvally c¢is Cl atoms. The Nb-Nb distances in the ceniral cluster (2.87 A) are
indicative of Nb-Nb single bonds and there is no fusther Nb-Nb bonding. The mede of bonding
is shown in Figure 68. The oxidation state of Nb is considered to be +1I1,

6.6 Nb(HI) and Taflll) oxides, sniphides and selenides

Electrode reaction equilibria of involving niobium({Iil} complexes were studied potentiome-
trically and polarographically in perchlorate aad sulphate acidic solutions [304-305]. A two
electron reaction:
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NbSF 4+ 2e& = Nb3t

occurred at the mercury electrode, the Nb(II) complexes probably being Nb3+,NbSO4 ™t or

Nb{QOH}» +. Equilibrium constants were given [304]. An intermediate Nb{IV) complex might
also be formed [305).

Several bis-oxo-capped M3X)7 clusters (M = Nb and X = O) have now been obtained and
their crysial structures solved [117]. These complexes have a core of three Nb atoms and two
oxygens forming a triangular bipyramid. Each niobium are further bound ic five outer-sphere
ligands. The structures have been solved for the cases of [Nb302(804)6(H20)3]5‘,
[NbgOg(OgCBu‘)ﬁ(’I’HF)g]"', and [Nb3O{OCCH3)g(THF)31F.  In all these compounds,
six chelating groups provide twelve ligands, and thiee monedentate groups provide the last
three oxygens [117].

Figure 68. The unique hexanuclear Nb{IH) compound (Bul3Sn[NbgCljo(PhC)12]1-C7Hg,
characterized by its X-ray crystal structure [513].The entity consists of a central
triangular Nba{u3-Cl)(u-Cl)z cluster with three roughly eoctahedral
Cl3NbCly{c-C4Phy) units attached to ceatral Nb atoms by Cl atoms. Repro-
duced with permission from [S13],F. A. Cotten and M. Shanp, Inorg. Chem. 29
(1990) 2614.
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The preparation and crystal struciure of Nby$3 are discussed in {514].

New GaNbgSg and GaNbgSeg cluster compounds of Niobium{lIT), have been prepared by
heating the elements in closed silica tubes {494]. According to the results of crystal strucivre
solutions, the compounds contain teirahedral NbgSgq or NbgSeq units with a Nby cluster as
the core and with niobium-niobium bonding, see Figure 69. The structure has a close relation
to the AByX4 spinel structures and the new NbgSegly structure [4594].

Figure 69. New NbgSegls, GaNbgSg and GaNbgSeg cluster compounds of Niobium(IIl)
contzin tetrahedral NbyS4 or NbaSeq units with a Nbg core. Filled circles =
Nb, open circles = § or Se. Reproduced with permission from [4%4], H. B.
Yaich, J, C. Jegaden, M. Potel, M. Sergent, A, K. Rastogi and R. Tournier, J.
Less-Comm, Mer. 102 (1984} 9.

6.7 ND(I) and Ta(IThH nitrides

In the vapour phase, NbN, molecules have been characterized by spectroscopy (molecular
constants for upper 3 and ground 3A states, obtained from vibrational and rotational spectra)
[515-516].

Solid nicbium mitride, NbN, has unusual properties such as being hard, bristle and a super-
conductor below 16K. Its electronic structure has been studied by high enesgy electron energy
loss spectroscopy [3871.

The formation of vacancies in niobium nitrides has been studied theoretically [492].
Nen-stoichiometric compact cubic 8-NbN|., phases with small x values were prepared and
investigated [517}. Energy band structure studies have beern performed on NbN single crystals



97

using the linearized augmented-plane-wave method [518].

6.8 Nb{IIl) and Ta{lll) C-donor complexes

The reaction between the Nb(lI) cyclopentadienyl derivate (n°-CsMes)yNbBH4 and sulphur
has been studied [388].

7. Niobium and tantalum clusters of exidation state < Il

The electronic bonding in NbgCly4, and, in general, in NbgClisLe2 ¥ clusters (with L as a
ligand) was described using graph theory, by means of 76 valence electrons including 16 in
eight face-localized three-center bonds [519].

In acidic aqueous solution, green {T36C112]2+ cluster ions can be oxidized bynitrate, bromate,
dichromate or Cett to form [TagClyoP+ and {TagClizi4 T clusters in separate potentio-
metric steps, before the formation of Tay05,xHpO staris [520). [TagBri212+, (NbgCly2i2+
and [NbgBri2]2+ behave in a rather similar way [520-521].

The hgand replacement reactions in {pyH)7[TagBr131Clg at elevated temperature were fol-
lowed by chiemical analyses in steps; the chloride atoms penetrate into the interior of the cluster
gradually, forming the ions [TagBrgClgld t, [TagBryCligl4 + and [TagClyz1*t in agrement
with theotetical predictions [522].

The mixed oxidation state cluster ions [NbgCly2]2 +-3+and [TagCly2}2 3t have been used
for incorporation into Na-montmorillopite as a first step in obtaining new oxide materials by
calcination [523].

Dark red solid cluster hydroxides M)[TagClyoWOH)g-nHO with M = Na, K, Rb, (CH3N
and (CoHg)4N and n = 12 to 20 were prepared, and their stability towards air oxidation in
alkaline methanol-water solution examined [524]. Insoluble [TagCli2}(OH)a:10H2GC and
soluble clusters [TagClj2)X4-nHpO and [TagCli2)Xg2", X = Ci, Br are the products of
acidification with HC! and HBr [524). The are no evidence that the OH- ions enter into the
inside coordination sphere of the cluster unit.

A new dodeca-p-bromo-hexabromo-octahedro-hexaniobate(4-)  salt, KGd{NbgCljg], con-
taining (NbgCl)2)Clg clusters has been studied bycrystal structure solution [523). The average
oxidation state of Nb is 7/3. The found geometry of the cluster is shown in Figure 70. A
similar structure was found for the case of Kg[(NbgBr|2)Brg] [5261,isotypic with the previously
found K4[(NbgCl)2)Clg) [527].
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Figure 70.  Structure of octahedral (NbgCli2)Clg clusters surrounded by K+ and Ga3+ in
the trigonal crystal. Reproduced with permission from [525], S. Ihmaine, C.
Perrin and M., Sergent, Acra Crysr. C43 (1987) 813.

Other salts, R[NbgCligl, R[TagCl)g], MRINbgClig] and MR[TagClig] with M = a mono
valent ion and R = a tare earth, have been made [528]. All of these compounds crystallize in
the trigonal system (rhombohedral space group £ 3}, except when M = Cs, for which cases
the lattices are hexagonal (space group P 31c) [528].

Alkoxides of the hexanuclear aiobium and tantalum cluster units have now been made and
studied: [MgX12)(OMe)y-4MeOH and M’)[TagCli2](OMe)g-6MeOH, M = Nb, Ta, X = Cl,
Br, Me = methyl and M" = alkali metal [529]. Physical and spectral data are reported.

The photoelectron spectra (AlKa, Eel) of Nbslg {(with trigonal Nb3 groups) and the Nbgig
cluster compounds Nbgli), HNbglj), Nbglg{CH3NH2)g and Nbgig{Ci1H7NH7)g were stu-
died in an attempt to find the relation between the binding energy of the nicbium core levels
and the oxidation number [42].

Clusters with chioro and trialkylphosphine ligands, [(MgCl12)Cla{P(R)3}4)", M = Nb, Ta,
R = CHs, C3H7 and C4Hg, and # = 0, 1 or 2 have been isolated in cisand rrans isomers by
column chromatography; structure determinations have shown that bond distances between
the metals in the cluster depend rot only on the oxidation state of the cluster but also on the
kind of terminal ligands on each metal, see Figure 71. Electronic spectra of the charged clusters
{n =1 or 2) show bands indicating splittings of a metal cluster orbital (1}, or 12g) due to
lowering of the symmetry from Op [530).
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Figure 71.  Structure of octahedral #ransand cisisomers of [(TagCly2)Cla{P(CoHs)334)+
ions {from BFj4" saits}, isolated by columa chromatography. Reproduced with
permission from [3301, H. Imoto, 8. Hayakawa, N. Morita and T. Saito, fnorg.
Chem. 29 (1990) 2007.

A new mixed-oxidation-state compound NaNbL{ILNbB{IV)2>OsF has been prepared. Siangle
crysials are diamagnetic and black with metallic luster. The structure was determined and it
shows shori Nb-Nb distances [429].

Green crystals of Nb3Og was prepared and their properties investipated [331]. The relation
between Nb3Clg and other discrete srinuclear niobium and tamtalum clusters have been
discussed [508].

Dark green single crystals of Mp3aNbgO; (with Nb of mean oxidation state 2.667) were
prepared by heating a pellet containing MgO, Nb, Nb2Os (15:14:8) at 1550 ©C in a Nb-con-
tainer. The X-ray structure wassolved and found to contain clusters of Nbg octzhedra, asranged
in combination with other atoms to form cubic close-packed layers [532]. A similar structure
was found for Mn3NbgO] crystals, prepared in a somewhat different way [332].

Cluster compounds Na3zAlyNbiqOgq and Na(Si,Nb)NbjpOig with niobium in different
oxidation states {45, +4, +2.5and +5, +4, +2.67,respectively) have been made and their
crysial structures obtained by X-ray diffraction [533).In both compounds, charactesistic
building units of NbgO12 and NbpOqg groups as well as isolated NbOg octahedra are found
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Figure 72.

Figure 73,

Structure of octahedral NbgO(20g clusters found in Na(Si,Nb)NbjgOi9.
Large and small circles denote oxygen and niobium atoms.Reproduced with
permission from [533], J. Kéhier and A. Simon, Z. Anorg. Allgem. Chem. 553
(1987) 106.

Projection of the M7TagSg structure with M = Fe, Co, Ni down the C-axis,
with emphasis on (a): the coordination polyhedra and (b): the condensed
tantalum clusters, centered on the 3d metal.  Reproduced with permission
from {535], B. Harbrecht and H. F. Franzen, J. Less-Comm. Met. 113 {1985)
349.
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in layers. The Nbg units are close-packed and surrounded by oxygen, forming a Nbg0O70¢
unit (see Figure 72), closely analogous with the NbgClypClg unit known from e.g.
K4NbgCly2Clg. The stability of the compounds are discussed [533]).

New metal-rich sulphides Tas3, TagS, MyTag S (M =V, Cr; x =ca. 1), FepTagSg, NigTagSg
and CopTagSg have been prepared through high-temperature techaiques [534-537]. The
hexagonal crystal MTagSg (M = Fe, Ni, Co} structures determined from X-ray data exhibit
condensed tefrakaidecahedral tantalum clusters, accomodating the transition metal, sur-
rounded by suiphur and having a channe! structure, see Figure 73, Metal-metal interactions
and the presence of S-lined channels in the M3TagSg (M = Fe, Ni, Co) structures were studied
in connection with extended Hiickel electron structure calculations [$37}. The TagS and
MyTag.x8 crystals contain pentagonal gmriprismatic tanialum columns surrounded by sulphur,
see Figure 74 [536-536A].
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Figure 74, Projection of (a) TagS (high temperature modification) and (b) M Tag. S (M
=V, Cr;, x = ca. 1) structures, viewed with emphasis on the peniagonal
antiprismatic metal columns (Ta, M, large circles). Reproduced with per-
mission from [536],B. Harbrecht and H. F. Franzen, Z. Anorg .Allgem. Chem.
5§51 (1987 74.

The technique of heating mixtures of metal sulphides or selenides in a tungsten Kaudsen ceil
has been used for preparing new metal-rich {ransition metal sulphides and selenides. The
following compounds have begn made and their structures have been examined: NbjaSs,
Nby5g, NboSe, TapSe [536B], Tags [536A], Tays, FepNbgSg and M'2TagSg and M'2Taj |Seg
[563C] (M= Fe, Co, Ni), as well as Tag yM,S. The structures can be thought of as modified
metals with extended metal-metal bonding [538]),and the oxidation state is not always known.
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8. Nb{il} and Ta{il} complexes @)

Thermodynamic data for gaseous tantalum{ll} halides, TaFy, TaCly, TaBrp, Taly and TaQ
were reviewed and data given also for a large number of liquid and solid tantalum halide and
oxyhatide compounds [20].

The thermodynamic properties of crystalline TaCly were studied, and the composition of the
vapour phase in equilibrium with it determined. The vapour contained Ta(lg, TaClyg, TaCls,
TaCly, TaCl, Ta, Cl and Cly. The heats, free energies and entropies of sublimation were
determined [493].

Niobium and tantalum in KoNbF7 and KoTaF7 are reduced partly to oxidation state IF after
being bombarded by a 4 keV ArT ion beam [412].

The He-1 photoelectron spectra and first ionization emergies of NbO and Ta0 molecules in
the vapour phase have been obiained and assigned with the aid of Hartree-Fock-Slater
calculations [539]. The optical spectrum of the gaseous free radical molecule NbO have been
examined [540], and unusual intensity features have been found in ifs magnetic hyperfine
structure [541]. By use of mass spectrometry and a Knudsen cell, the gaseous molecule NbO
has been characterized thermodynamically with respect to dissociation stabiiity [424]. Also,
ithe NbO molecule was studied in argon and krypton matrix-isolation experiments (absorption
and magnetic circular dichroism) at low temperatures [168]. Solid NbQ, having a much dis-
cussed vacant NaCl type of structure [542}, was shown to disportionate intc NbO; and Nb at
high temperatures and pressures [543].

The formation of vacancies in niobium oxide Nb3O3 has been studied theoretically [492].
The formation of chemical boads in the hexagonal close-packed niobium carbide NbaC was
studied by MO LCAO cluster calculations, and the results compared with the X-ray emission

spectra [544].

The NB(ID) cyclopentadienyl compound, [(Cp)aNb2(S)7] has been studied [545].

9. Nb(D and Ta(l) complexes (d%)

Thermodynamic data for gaseous tantalum(I} halides, TaF, TaCl, TaBr, and Tal were reviewed
and data given also for a large number of ligquid and solid tantalum halide and cxyhalide
compounds {20].
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Nb(I) or Ta(l) complexes can be made from hexacarbonyl metalates of niobium{-1) or
tantalum{-I), Na[M(CO)g) or Na[M(CO)gl-xTHF with M = Nb or Ta, x = ca. 0.5t0 5 and
THF = tetrahydrofuran, by exclusively a two-electron transfer process using suitable agents
such as CuCl, FeCls, or bis(acetylacetonato)nickel(ll) [546). The metallate{l}complexes were
Na[M(1-X)3(CO)g]l with X = Cl, Br, I, the 1,2-bis(diphenylphosphino)ethare complexes
[M{acac)(COY(PhoP-CHoCH-PPHy)),  the  cyclohexylisocyanide complexes  [M(a-
cac{COY3{CYyNCy], and [M{acacy{CO)4(THF)] [546]. The latier tanfalum compound was
studied by X-ray structure determination; tantalus(l) was hepre-coordinated, being
surrounded by the bidentate acetylacetonato ligand, by four carbon monoxide groups and by
the oxygen atom of the tetrahydrofuran ligand, see Figure 75. The THF ligand can easily be
substituied together with one of the carbonyl groups [546].

Q)
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OIW %> N\ e
O

Figure 75. The [TafacacyCO)4(THF)] crystal structure. The tantalum(l}) was found
to be heptqcoordinated, being surrounded by the bidentate acetylacetonato
ligand, the monodeniate tetrahydrofuran ligand and the four CO molecules.
Reproduced with permission from [546),F. Calderazzo, G. Pampaloni and
P.F. Zanazzi, Chem. Ber. 119 (1986) 2796,

The reaction between the Nb(I) cyclopentadienyl carbonyl derivate (n°-CsMes)Nb(CO)4 and
sulphur in tetrahydrofuran solution under irradiation has been studied [388). In this way, a
new mixed valence (Nb{IIl) and Nb{IV)} compound of unknown structure, (Cs5Mes)3Nb3S7),
has been obtained and some of iis properties have been determined [388].

The structures of niobocene carbonyi chlorude, 11-(C5H5)2Nb{CO)C], and nicbocene carbonyl
hydride, 11 -{CsH5)sNB(CO)H, were reported [547-548]. Both compounds have a wedged
sandwich geometry with four-coordinatie Nb(l} and with an eclipsed conformation of the
cyclopentadienyl (Cp) rings, see Figure 76.
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Figure 76.  Structure view of the niobocene carbonyl hydride 1t(C5Hs)oNB(CO)H mol-
ecule. Niobocene carbonyl chloride 1-(C5Hs5)oNW{CO)CI has a closely similar
structure, Reproduced with permission from [547], A. S. Antsyshkina, L. M.
Dikareva, M. A. Porai-Koshits, V. N, QOstrikova, Yu. V. Skripkin, A. A. Pasynskii,
0. G. Volkov and V. T. Kalinnikov, Russ. J. Coord. Chem. 10 {1984) 872, Engl.
Transl. of Keord. Khim. 10 (1984) 1560.

Gas phase reactions of Nb+ and Ta™ with alkanes and alkenes in a mass spectrometer have
been reported. A long listof reaction products were identified, including the first mononuctear
nichocene Nb(Cp)z T structure {Cp = cyclopentadienyl [549],

19. Nb{@) and Ta(0) complexes and alloys (85)
Small clusters of nichium Nby {x = ca. 5 - 10) were made ard studied with a time-of-flight

mass spectrometer [5501. Spectroscopic (photodetachment) data were given for Nby 7 and
Nbg~ [550].
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The photoelectron spectrum (Al-Kor, Hel) of Nb was studied in an attempt to find the relation
between the energy of the niobium core levels and the oxidation number [42].

Niobium and tantalum in KoNbF7 and K5TaF7 are partly reduced to oxidation state Q after
being bombarded bya 4 keV Art ion beam [412).

The formation of chemical bonds in the hexagonal close-packed niobium carbide NbC and
nitride NboN was studied by MO LCAO cluster calculations, and the results compared with
the X-ray emission spectra {544].

Enthalptes of formation and atomization for intermetallic compounds in the Al-Ta system
(e.g.for TaAls, TapAls, TapAl and TagAl) have been determined and compared with similar
sulphur compounds [551].

Vapour phase reductions of NbClg and GeCl4 mixiures by hydrogen were studied at high
ternperatures. Under certain conditions the deposited products formed were super-conrducting
Nb3Ge alloys [552].

In NbTeq and TaTe4, the metals are in a sguare aariprism of Te atoms [16]. In the compounds
NbTez and TaTey the metals occupy octahedral positions [16]).

The Nb-Cr phase diagram was reviewed [553]. The intermediate compound CrpNb has high
and low temperature phases, whose structures and thermodynamics are given [553]. It was
shown by self-consistent orbital calculations that the uakaown compounds NbCe and NbLa
should not be stable at ordinary pressure [554].

Crystal structure and magnetic properties of the peramagnetic compounds NbCoSn, NbNiSn,
TaCoSn and TaNiSn have been obtained [S55]. Finally, NbNiTes contains Nb in a bicapped
trigonal prism of Te atoms [16].

11, Niebium and Tantalum in oxidation states below 0

Hexacarbonylmetallates of niobium{-I) or tantalum{-1), NafA{CQO)g] and Na[M(CO)l-xTHF
with M = Nb or Ta, x = ca. 0.5t0 5 and THF = tetrahydrofuran, have been prepared [558].
These compounds can be oxidized by suitable agents, exclusively by a two-electron traasfer
process to Nb(Il) or Ta(l) complexes [546).

A new, safer synthetic procedure to carbonylate NbCls forming the [Nb(CO)gl™ anion has
been found [557). Dry pyridine was used as the selvent, and magnesium/zink as the reducing
agent at room temperature and at atmospheric pressure of carbon monoxide. The hexa-car-
bonyl nichium(V) complex ion was isolated as the yellow-orange, tetrahydrofuran-stabilized
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sodium salt [Na{C4HgO)JINb{CO)g]. Other salts, such as the brick-red nickel-phenanthroline

sait, [Ni(phen)3][NB{CQ)g], and the yellow p-nitrido-bis(¢riphenyl-phosphorousil +]1) salt,
[(PPh3};N][NB{C(C)g] have been prepared. According to X-ray diffraction methods applied
on the latier salt, the [Nb{CQ)g]" ion has an almost perfect octahedral geometry [557].

The F3NMR spectrum of the [NB(CO)g]™ ion has been reported and the dependence upon
isotopic replacement of 12160 ligands by 13¢160 and 12180 studied. Also, IR and Raman
spectra of the hexacarconyl anion were reported for the solid (Ey4N)NB(CO¥gl {5581
Furthermore, the 181Ta NMR spectrum of the [Ta(CO)gl™ ion in solution was obtained and
interpreted in terms of a perfect octahedral symmeriry: Tantalum has a large quadrupolar
moment and without the cubic environment the NMR band would be much broader than
found [44].

The pentacarbonylniobate(-111) and the comesponding tantalate frianion form the lowest
krown oxidation states of Nb and Ta. The synthesis and chemisiry of some [M(C0)5]3'
complexes, A = Nb and Ta, have been descsibed in a dissertasion [5591].

12, Compounds of unknown oxidation state

Some compounds have already been referred which have uncertain oxidation states. Addi-
tional information is given here.

By use of mass spectrometry and a Knudsen cell, gaseous molecules EuNbO3, EuNbOo,
EuNbOg have been characterized thermodynamically and shown to have a relatively high
stability [424].

Quasi-one-dimensional  conductors have been of much interest to physicists, because of their
interesting properties in relation to charge density wave-type instabilities [560]. Some of the
papers do ceriainly not conialn coordination chemical information and are not referred.

In NbS3 the structural unit is the bicapped trigonal prism [S61]. When heated, NbS3 looses
one sulphur atom for every S pair, leading to f{ormation ef a non-stoichiometric NbS»
structural type [56i]. A monoclinic NbS3 phase can be obtained at high pressvres and tem-
peratures [562]. Stacking disoder in NbSz was studied by diffuse X-ray scattering [563].
Electronic, vibrational and resomance Raman spectra were obtained of the layered
semiconducting NbS3 compound [564].

The NbSe3 structure contains selenium in tetrahedral and octahedral cavities: the octahedral
cavities are large enough to contain also lithium atoms without significant deformation of the
fattice. Such lithium intercalated phases have beer prepared by treating NbX3 {X = S or Se)
with n-butyl-tithium in hexane. LiyNb81 and Li,NbSes3 phases with x = I - 3 were characterized
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bychemica) analysis, X-ray powder diffraction and differential thermal analysis [562-565);they
might have a potential application as cathode material in lithivm secondary batteries [514].
Optical investigations have been performed on the one-dimensional chain compounds NbSe3
[566-567).

Thermal conductivity of whiskers of grthorhombic NbS3 and TaSq was studied versus tem-
perature in the range 10 - 250 K, without any sharp anomaly being detected [5681. Monoclinic
NbS3 was prepared under high pressure, and it can be intercalated with lithium to form
Li,NbS3 (x = 2 - 3) in batteries [569].

Charpe density waves were studied in orthorhombic {567,570-571)and monoclinic [572] phases
of TaS3. Unstoichiometric Ta3S8; g has been prepared and its structure studied [373].

A comparative study was done on the layered MX3 trichalcogenides, TaSe3, TaS3 and NbSe3

[574). Broken X-X bonds of equilateral-like MX3 chaias and short intra- and interlayer X---X
contacts were found o be crucial for the semi-metallic properties of TaSe3 and for the charge

density wave phenomena of NbSe3 and TaS3, and qualitative agreement wasobtained between

experimental observations and band electronic structure calculations [574].

The main representative, (NbBSeg)sl, of an uausual seres of one-dimensicnal compounds, -
the (MXg),Y type phases with M = Nb, Ta; X = §, Se; ¥ = halogen, - has had its structure
thoroughly characterized by single crystal X-ray work [575]. Formally, the compond can be
written as 2Nb3FNbIT6Sep2-I-.  The (NbSeq)3l structure consists of essentially one-di-
mensional NbSeg-chains separated by iodine jons (Nb-Nb inter-chain separation is < 6.7A).
The coordination of the eight selenium(-I} ions is gari-prismatic as well for the Nb(V) as for
the Nb(IV) ions, see Figure 77.

Optical investigations have been performed on the one-dimensional chain compound (Ta-
Ses)l [566-567]. The low temperature IR spectrum and other properties were recorded
[576-579). Magnetic susceptibility and other properties of quasi-one-dimensicnal (NbSeg)2l
and (TaSe4)71 were reported [580-581]. Thermal properites of the one dimensional (NbSeg)3l
were studied near its structural phase transition at 247 K [582]. Raman scattering spectra
from (NbSeq)1o/3l and (NbSeyq)3l were recorded as a function of temperature in an effort to
understand the nature of the phase transitions [583). Also, ultrascnic properties [384], far-IR
reflectance spectra [585) and the X-ray crysial structure of (NbSeg)zl at 30 K [585] were
determined, shedding light on the Nb-Nb chain interaction. 93Nb NMR results on (NbSe4)3l
wasdiscussed in terms of a charge density wave transition at 274 K [586]. At room temperature,
Raman spectra of (NbSes)3l and (TaSeq)3l single crystals are now known [587]. Other
properties of (NbSeq)3I and (TaSeq)3] are reported in [588-589]. (NbSeq)31 can be interca-
lated with lithium to form Liy_5¢(NbSeq)3l [420). By passing through a second order displacive
phase trassition at 274 K, the Nb-Nb in-chain separations in (NbSeq)31 changed from triplets
of two-long-one-short to one-long-cne-mean-cne-short  (ranging from 3.31te 3.06 A) [575).
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Figure 77. Three rectangular [NbSeg) anti-prisms encountered
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in the mixed valence

{NbSeq)3l structure. Reproduced with permission from [575], P. Gressier, L.
Guémas, A. Meerschaut, Mater. Res. Buil, 20 {1985} 535,

Figure 78. The structure of Nb3aSeq, projection aleng the hexagonal c¢-axis. Empty
channels between the edge and face-sharing NbSeg octahedra can easily take
up ¢.g.alkali metals. After [5911,T. Ohtani and § Onoue. J. Sofid State Chem.

59 (1985) 324 and references ihere.
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New AxNbgSeg phases with the Nb3Teg structure have been prepared by molten salf ion
exchange (A = Na, K, Rb, Cu, Ag, Zn, Cd, Pb and 0 < x <1} [590]. The A ions enter
topotactically into the empty channels of the three-dimensional network structure of Nb3Seq,
with little effect on the density, see Figure 78.

The charge-density-wave phase transition at 110 K in the hexagonal one-dimensional con-
ductor Nb3Tes was studied by X-ray diffraction and other methods [592].

The magnetic properties of NbUS3 and TalJS3 near the Curie poiats were investipated
[593-594). Also, the space groups and cefl constants of NbUS3 and TaUS3 structures were
given [$94].

Needie crystals of NbgSejgBry and TaySejgBrp have been prepared from the elements
conizined in an evacuated seafed pyrextube placed in a 500-4600C gradient [S60). The crystal
structures have beea solved. The structures are based partly on the presence of waved [MSey]
chains. Along the chains, four ntobium or tantalum atoms in a near eight-coordinated anti-
prismatic environment are found, forming groups of M4Se| g with short (ca. 3.1A) bords [560).
Also, chains were found in the solved structure of NbgSeogBrg [S951.

Crystals of M NbiSejg, with M’=e¢. g.Fe, have been the subject for numerous studies on charge
density wave phenomena. Part of the selenium can be substituted with sulphur, and also some
of the niobium can be exchanged, e.g. with iron [S96). The compounds are structurally
characterized by the presence of two distinct chains, (7) a trigonal prismatic [NbSe3] chain
similar to that exhibiting the shortest Se-Se pairing in NbSe3, and {2} a double chain of
edge-shared [(Fe,Nb)Segl ociahedra, Structure determinations, and magnetic and ESR
measurements are reported of some of the non-stoichiometric compounds [596].

NbaPdp 78¢5 single crystal fibers have been obiained by the method of long-time heating of
the clements in a closed guartz cell, placed in a temperature gradient and with broming as
transporting agent [347). The structure was solved based on X-ray diffraction data. It was
found to be related to the basic NbpPd3Seg chamnel type structere, see Figure 37. The
NboPdg 71Se5 structure is laminar and contains slabs of [NbgPdSejpl. Nb atoms are six and
seven coordinated by Se in edge-sharing érigonal prisms and monocapped trigonal-prismatic
sites. NboPdg 718e5 is a metallic conductor along the meedle axis, consistent with the
non-stoichicmetric composition and the non-integral formal oxidation state of the Nb atoms

[347.
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