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Abstract This review summarizes the development of the rich crystal and bonding chemistry of face-
capped and edge-bridged inorganic niobium and tantalum octahedral cluster halide compounds, with
a particular emphasis on those showing three-dimensional cluster frameworks. Discussion is made on
varied structures and bonding which are intimately linked to the valence electron concentration, i.e.,
the number of electrons that held the octahedral metal cluster architecture. Exploration of the
literature indicates that apart from Nbgli1 and derivatives, which show electron-deficient face-capped
MeX'eX3 units, compounds containing edge-bridged MeX'1,X% motifs are the most largely encountered.
Closed-shell compounds with a valence electron concentration of 16 are predominant, although a few
15-electron open-shell magnetic compounds or even 14-electron closed-shell species have also been
reported. Particularly interesting from a structural point of view is the fashion in which these face-
capped and edge-bridged clusters “pack” in crystals. The astonishing diversity of structural types,
which are observed, is mainly due to the flexibility of the halogen ligands to coordinate in various
manners to metal atoms. However, a rigorous structural analysis of these compounds reveals no close
relationship between the valence electron concentration and the variability of the intercluster
connections and/or the nature of the counter-ions. Indeed, the main bonding features of these
compounds can be understood from the delocalized bonding picture of isolated ‘molecular-like’
MeXigX? or MeX1,X% clusters.
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1 Introduction

Between niobium metal and niobium oxides and halides in their highest oxidation state (i.e., Nb2Os
and NbXs), metal atom cluster-based compounds form a particular class of compounds wherein metal
atoms are associated and held together by metal-metal bonds. Such an association leads to well-
defined aggregates of low nuclearities such as dimers, trimers, tetramers and octahedra [1-5]. They
are separated one from another by a matrix of ligands (i.e., oxygen, halogen or chalcogen) that are
bonded to the cluster in terminal (X?), edge-bridging or face-capping positions (X'). Locally the metal is
in a square pyramidal NbX;X? arrangement of ligands wherein Nb-X' bonds exhibit a stronger covalent
character than the Nb-X? one. Similar clusters are also formed with tantalum and despite a same
number of valence electrons, it turns out that less cluster compounds are reported for this element
than for its niobium congener. In the present study, we will focus on octahedral cluster halide
compounds prepared by solid-state synthesis at high temperature. Resulting compounds are made of
niobium or tantalum and are associated with halogen ligands forming predominantly edge-bridged
MeX12X% building blocks, with M = Nb, Ta; X = F, Cl, Br, and | (Fig. 1, left), except in the case of niobium
iodides and some derivative compounds based on face-capped MeX'sX% building blocks (Fig. 1, right)
which are largely encountered with transition elements from groups 6 and 7. Within the solid, the
building blocks can be either discrete or they can share ligands to form different types of bridges,
namely apical-apical, apical-apical-apical, apical-inner, inner-apical that are noted X2, X322, X1, X2
(Fig. 2), respectively, according to the notation developed by Schafer and Schnering [6]. The cluster
building blocks can be viewed as monomers [7] forming polymeric frameworks through the association
of ligands. Thanks to the orthogonal disposition of ligands around the clusters, the connectivity can be
developed in one-dimensional (1D), bi-dimensional (2D), or three-dimensional (3D) directions. When
alkali metals, alkali-earth metals, p-block metals and rare-earth metals are used during the synthesis
of clusters, they act as counter-cations and the cluster unit building block is negatively charged [8-23].
The size and the charge of the counter-ions as well as the total charge, the nature of halogen and metal
atoms of the units are the keystones that govern crystal packing. The average oxidation state of M in
the Mg clusters ranges from +2.67 in TagBris(TaBrs) to +1.67 in CsNbgli;. However, the metal atoms
cannot be considered independently since overlapping occurs between them leading to metal-metal
bonds. Consequently, for a better description of the bonds within the cluster units, one must consider
the number of valence electrons that are available to form metal-metal bonds, the so-called valence
electron concentration (VEC). It can be simply calculated considering an ionic Zintl-Klemm model with



a total transfer of electrons from the counter-ions to the cluster and from the cluster to the ligands.
The VEC value ranges between 14 as in TagBris(TaBrg) and 20 as in CsNbgli1. The VEC value drives the
physical properties such as magnetism and absorption in the UV-visible region. Beyond fascinating
structures and unusual specific physical properties, some of these cluster-based solid-state
compounds are soluble. Solution chemistry not only revealed interesting redox properties enabling to
stabilize species with lower VEC values, it also enabled the use of metal clusters as redox active or UV-
IR blocking building blocks for the design of composites and electrochromic cells [24, 25], nanoparticles
[26] or modified electrodes [27], for instance.

MeX12X26 MeXigX2g

Fig. 1 Representation of the edge-bridged MeX'1,X3% (left) and face-capped MeX'sX% (right) building

blocks
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Fig. 2 Representation of the different types of building block bridges encountered in inorganic niobium
and tantalum octahedral cluster halide compounds: (a) apical-apical X*?, (b) apical-apical-apical X**,
and (c) apical-inner X*" and inner-apical X

Herein, we review the crystal chemistry and electronic structure of inorganic solid-state
compounds based on Nbg and Tae cluster halides actively studied earlier in the group of Marcel Sergent
enlarged to more contemporary work reported in the literature. The structural richness encountered
in this class of compounds is illustrated in Table 1 where a classification with respect to structural
network dimensionality, as well as main information of the different structure types, are given. Due to
the limited allotted space, solid-state oxy-halides, which constitute an important class of cluster
species (see, e.g., [36] and references therein), are excluded, as well as the halide compounds for which
the structure is discretely molecular (see, e.g., [37] and references therein). Thus, the following
discussion will focus on inorganic solid-state halide compounds containing three-dimensional niobium
and tantalum octahedral cluster frameworks through description and analysis of the electronic and
steric factors that drive their crystal chemistry and bonding. Unit cell parameters and main interatomic
distances of three-dimensional cluster frameworks compounds with complete crystal structure data
available in literature are gathered in Tables 2 and 3, respectively.



Table 1 Main information about structure types reported for inorganic niobium and tantalum octahedral cluster halide compounds

Structure type Network SGstand.? SGpubl®? Symm.© SGNo. Centro.® VEC® Oxi.State’ Published chemical formula Reference
[M6XigX3%/2]

Nbsl11 (HT) 3D Pcen 0 56 Yes 19 +1.83 Nbsl11 [28]
Nbsl11 (LT) 3D Pna2, P2;cn 0 33 No 19 +1.83 Nbel11 [29]
CsNbsl11 3D P6322 H 182 No 20 +1.67 CsNbsli1 [9]
[M6Xi10X"22/2X%T2/2X?24/2]

NbsClis 3D Cmca Bbcm 0] 64 Yes 16 +2.33 NbeCl14 [30]
[MeXi12X323 /3]

NbeCl12l2 3D Pa3 C 205 Yes 16 +2.33 NbeCl12l2 [31]
[MeX12X?36/2]

NbsF1s 3D Im3m C 229 Yes 15 +2.50 NbeF1s [32]
CsNbsClsF7 3D Pm3m C 221 Yes 16 +2.33 Cs1.3NbsClsF7 [20]
NazNbsClsF7(NbFs) 3D Pm3m C 221 Yes 16 +2.33 Na1.9NbesClsF7(NbFs) [19]
TasClis 3D la3d C 230 Yes 15 +2.50 TasClis [33]
NaNbeClis 3D Ia3d C 230 Yes 16 +2.33 NaNbeClis [16]
KNbeCl1oFs 3D Ia3d C 230 Yes 16 +2.33 K1.2NbeCl1oFs [20]
NbsBrsF7 3D R3c Tg 167 Yes 15 +2.50 NbeBrs.32Fe.6s [34]
TaeBris(TaBre) 3D R3c Tg 167 Yes 14 +2.67 TaeBris(TaBre)o.ss [35]
INNbsCl1s 3D Pmma 0] 51 Yes 16 +2.33 INNbeCl1s [18]
[M6Xi12X22X234/2]

Li2NbeCl1s 2D Cmca 0] 64 Yes 16 +2.33 Li2NbeCl1s [17]
[M6X112X3aX322]

Cs2NbeBrsFiz 1D Ccem 0] 66 Yes 15 +2.50 Cs2.1NbeBra.73F12.27 [21]
[M6X12X3]

KaNbeCl1s oD C2/m M 12 Yes 16 +2.33 KaNbeCl1s [8]
CsaNbslosFs.s 0D C2/m M 12 Yes 16 +2.33 Cs4.03Nbslo.42Fs.58 [22]
LuNbeClis oD R3 Tg 148 Yes 15 +2.50 LuNbgClis [12]
Cs2EuNbeBris oD R3 Tg 148 Yes 16 +2.33 Cs2EuNbeBris [14]
KGdNbeCl1s oD R3 Tg 148 Yes 16 +2.33 KGdNbeCl1s [11]
CsLuNbeClig oD P31c Tg 163 Yes 16 +2.33 CsLuNbsCl1s [13]
Li2In2NbsCl1s oD P1 Tc 2 Yes 16 +2.33 Li2In2NbsCl1s [15]

aStandard space group. ° Published space group. ¢ Symmetry: C: cubic; H: hexagonal; Tg: trigonal; O: orthorhombic; M: monoclinic; Tc: triclinic.
4 Centrosymmetric. ¢ Valence electron concentration. f Average oxidation state of M in the M clusters.



Table 2 Compilation of the crystallographic data of inorganic niobium and tantalum octahedral cluster halide compounds with three-dimensional cluster frameworks

Compound Structure type SGstand. VEC  T(K) a(A) b (A) c(A) Vv (A3) Z  V/Z(R3) Ref.
Nbsl11 Nbel11 (HT) Pccn 19 - 11.299(5) 15.309(5) 13.558(5) 2345.21 4 586.3 [28]
Nbsl11 Nbel11 (HT) Pccn 19 298  11.319(2) 15.310(4) 13.552(3) 2348.48 4 587.1 [29]
Nbel10.5Bro.s . Nbel11 (HT) Pccn 19 298  11.280(1) 15.302(1) 13.524(1) 233433 4 583.6 [38]
Nbels.7Br2.3 Nbel11 (HT) Pccn 19 298 11.167(2) 15.091(3) 13.431(3) 2263.41 4 565.9 [38]
Do.asNbsl11* Nbel11 (HT) Pccn 19/20 350 11.334 15.421 13.579 2373.36 4 593.3 [39]
HNbel11 Nbelz1 (HT) Pcen 20 - 11.299(5)  15.454(5)  13.470(5)  2352.06 4 588.0  [40]
HNbel11 Nbelz1 (HT) Pccn 20 347 11.344(2)  15.502(4)  13.530(2) 237931 4 5948  [29]
MoasNbysl Nbelz1 (HT) Pccn  23/24 295 11.0950(2) 15.3216(4) 13.1567(3) 223654 4 559.1  [41]
MosNb1li1 Nbel11 (HT) Pccn 24 110 11.0364(9) 15.2588(10) 13.0874(10) 2203.94 4 551.0 [41]
MosNb1li1 Nbel11 (HT) Pccn 24 220 11.0571(10) 15.2873(14) 13.1289(9) 2219.22 4 554.8 [41]
Nbel11 Nbsl11 (LT) Pna2, 19 110 13.429(4)  15.317(6)  11.286(3)  2321.44 4 5804  [29]
Nbsl11 Nbsl11 (LT) Pna2, 19 258 13.489(3) 15.324(4) 11.311(2) 2338.05 4 584.5 [29]
Nbel105Bros Nbelz1 (LT) Pna2, 19 110 13.404(1)  15.287(1)  11.249(1)  2305.00 4 5763  [38]
Nbels /Br23 Nbelz1 (LT) Pna2, 19 110 13.346(1)  15.064(2)  11.136(1) 223883 4 5597  [38]
Do.asNbsl11* Nbel11 (LT) Pna2, 19/20 120 13.479 15.387 11.294 2342.39 4 585.6 [39]
DNbel11 Nbelz1 (LT) Pna2, 20 295 13.465(7)  15.495(8)  11.328(5) 236348 4 5909  [42]
HNbsl11 Nbsl11 (LT) Pna2, 20 216 13.437(2) 15.474(4) 11.303(3) 2350.17 4 587.5 [29]
CsNbel11 CsNbel11 P6322 20 RT 11.007(2) - 11.894(2) 124795 2 624.0 [9]
NbeCl1a NbeCl1a Cmca 16 - 13.494(5) 12.252(5) 11.019(5) 1821.75 4 455.4 [30]
TasBris NbeCl1a Cmca 16 293  14.063(4) 13.177(4) 11.570(16) 2144.02 4 536.0 [43]
Taelis NbeCls Cmea 16 - 15.000(5)  14.445(5)  12.505(5) 270952 4 677.4  [44]
Taelis NbeCls Cmeca 16 293 15.032(4)  14.487(33)  12.518(6) 272602 4 6815  [45]
NbeCl12l2 NbsCl12l2 Pa3 16 296 12.578(1) - - 1989.92 4 497.5 [31]
NbsClio.sl3.2 NbsCl12l2 Pa3 16 296  12.720(17) - - 2058.08 4 514.5 [31]
NbsFis NbsFis Im3m 15 - 8.19 - - 549.35 2 2747  [32]
NbeF1s NbeF1s Im3m 15 RT 8.1878(2) - - 548.91 2 274.5 [46]
CsNbeClsF7 CsNbeClsF7 Pm3m 16 293  8.2743(3) - - 566.49 1 566.5 [20]
Na2NbsClsF7(NbFs) Na2NbsClsF7 (NbFe) Pm3m 16 298  8.2005(9) - - 551.47 1 551.5 [19]
Naz2NbesBraF11(NbFs)  Naz2NbeClsF7 (NbFe) Pm3m 16 293 8.1765(6) - - 546.64 1 546.6 [34]
TasCl1s TasCl1s la3d 15 - 20.286(1) - - 8348.13 16 521.8 [33]
TasCl1s TasCl1s la3d 15 293  20.326(1) - - 8397.61 16 524.9 [47]
TaeBris TaeCl1s la3d 15 293  21.309(2) - - 9675.85 16 604.7 [47]
NbsCl12.8F2.2 TaeCl1s la3d 15 RT 20.099(1) - - 8119.39 16 507.5 [48]
NbeClio.6Fa. TaeClis la3d 15  RT  19.9700(20) - ; 7964.05 16 497.8  [48]
NaNbeCls NaNbeCls la3d 16 293 20417(2) - - 851091 16 531.9  [16]
LiNbsCl1s NaNbsClis la3d 16 100 20.5550(20) - - 8684.65 16 542.8 [49]

KNbeClioFs KNbeClioFs la3d 16 293 19.589(1)

7516.87 16 469.8 [20]




NbeBrsF7 NbeBrsF, R3¢ 15 293  9.6373(6) - 35.415(2) 284858 6 4748  [34]
TaeBris(TaBre)oss  TasBris(TaBre)o.ss R3¢ 14 293  12.9860(11) - 33.285(4)  4861.05 6 8102  [35]
InNbeClis InNbeCl1s Pmma 16 296 17.866(1)  13.4552(8) 9.2934(8)  2234.05 4 5585  [18]
Ko.77NbsCl1s InNbeClis Pmma 16 293 17.8010(20) 13.4143(11) 9.2551(10) 221001 4 5525  [50]
RbNbeClis InNbsClis Pmma 16 293 17.8348(14) 13.4135(9) 9.2142(6) 220429 4 551.1  [50]
CsNbeClis —  InNbeClis Pmma 16 293 17.8948(15) 13.4397(10) 9.2437(11) 2223.12 4 5558  [50]

* Deuterium deficiency is due to the absence of deuteriation of the inner part of the single-crystal specimen in approximatively equal weight [39].

Table 3 Main interatomic distances (A) encountered in inorganic niobium and tantalum octahedral cluster halide compounds with three-dimensional cluster frameworks

Compound VEC T (K) (dM—M> m <dM—Xi> dM_XL dM_XL—a dM_Xa—l dM_Xa—a dM_Xa—a—a Ref.
Nbesl11 19 - 2.712-2.936 2.834 2.774-2.939 2.863 - - 2.942 - [28]
Nbesli1 19 298 2.743-2.918 2.851 2.834-2.903 2.867 - - 2.926 - [29]
Nbel10.5Bro.s 19 298  2.751-2.912 2.852 2.829-2.897 2.861 - - 2.888 - [38]
Nbels.7Br2.3 19 298 2.734-2.899 2.829 2.809-2.879 2.841 - - 2.852 - [38]
Do.asNbsl11 19/20 350 2.773-2.930 2.866 2.838-2.903 2.870 - - 2.926 - [39]
HNbel11 20 - 2.727-2.936 2.836 2.775-2.945 2.865 - - 2.945 - [40]
HNbel11 20 347 2.806-2.950 2.886 2.839-2.910 2.870 - - 2.918 - [29]
Moas.7Nb13l11 23/24 295 2.667-2.716 2.698 2.760-2.820 2.790 - - 2.932 - [41]
MosNbili1 24 110 2.661-2.714 2.693 2.752-2.810 2.785 - - 2.919 - [41]
MosNbili1 24 220 2.664-2.712 2.693 2.755-2.815 2.780 - - 2.926 - [41]
Nbsl11 19 110 2.676-2.982 2.852 2.807-2.901 2.863 - - 2.921 - [29]
Nbsl11 19 258 2.698-2.955 2.842 2.814-2.895 2.863 - - 2.927 - [29]
Nbel105Bros 19 110 2.683-2.973 2.857 2.816-2.892 2857 - - 2.911 - [38]
Nbels.7Bra.3 19 110 2.688-2.922 2.832 2.799-2.870 2.833 - - NC?® - [38]
Do.asNbsl11 19/20 120 2.707-2.976 2.871 2.830-2.906 2.869 - - 2.922 - [39]
DNbesl11 20 295  2.742-2.991 2.855 2.537-2.968 2.805 - - 2.882 - [42]
HNbel11 20 216  2.722-2.987 2.882 2.823-2.930 2.869 - - 2.916 - [29]
CsNbsli1 20 RT 2.771-2.941 2.826 2.862-2.918 2.882 - - 2.981 - [9]

NbeCl14 16 - 2.889-2.963 2915 2.351-2.458 2.408 2.471 3.014 2.582 - [30]
TasBria 16 293  2.864-2.959 2.897 2.569-2.609 2.585 2.625 3.440 2.839 - [43]
Tasl14 16 - 2.790-3.112 2.899 2.711-2.826 2.764 2.694 4.349 3.110 - [44]
Tasl14 16 293  2.838-3.115 2.927 2.787-2.803 2.795 2.803 4.231 3.105 - [45]
NbsClial2 16 296  2.906-2.928 2.917 2.434-2.486 2.458 - - - 3.148 [31]
NbeClio.sls.2 16 296  2.907-2.933 2.920 2.449-2.760 2.505 - - - 3.189 [31]
NbeFis 15 - 2.803 2.803 2.049 2.049 - - 2.113 - [32]
NbeFis 15 RT 2.794 2.794 2.059 2.059 - - 2.118 - [46]

CsNbeClsF7 16 293 2.861 2.861 2.095-2.461° 2340 - - 2.114 - [20]




Na:NbeClsF7(NbFe) 16 298 2.831 2.831 2.361 2.361 - - 2.099 - [19]

NazNbeBraF11(NbFs) 16 293  2.815 2.815 2.070-2.572° 2.223 - - 2.098 - [34]
TasClis 15 - 2.921-2.928 2.925 2.413-2.462 2434 - - 2.564 - [33]
TasClis 15 293  2.918-2.919 2918 2.424-2.447 2.436 - - 2.599 - [47]
TasBris 15 293  2.956-2.959 2957 2.568-2.586 2.576 - - 2.804 - [47]
NbeCl12.77F2.23 15 RT 2.924-2.938 2.931 2.362-2.427 2404 - - 2.542 - [48]
NbeClio.61Fa.39 15 RT 2.907-2.930 2.918 2.333-2.428 2.387 - - 2.520 - [48]
NaNbeClis 16 293  2.926-2.936 2.931 2.445-2.459 2.451 - - 2.609 - [16]
LiNbeClis 16 100 2.908-2.916 2.912 2.433-2.470 2451 - - 2.643 - [49]
KNbsCl1oFs 16 293 2.830-2.863 2.846 2.029-2.460 2.309 - - 2.443 - [20]
NbeBrsF7 15 293 2.853-2.917 2.885 1.952-2.586° 2.288 - - 2.711 - [34]
TasBris(TaBre)o.ss 14 293 2.960-2.964 2962 2.570-2.589 2.579 - - 2.808 - [35]
InNbeClis © 16 296  2.914-2.951 2936 2.437-2.472 2.454 - - 2.688 - [18]
2.907-2.963 2.936 2.444-2.476 2.456 - - 2.628 -
Ko.77NbsCl1s © 16 293  2.918-2.952 2.940 2.433-2.466 2.449 - - 2.674 - [50]
2.915-2.964 2935 2.436-2.472 2450 - - 2.605 -
RbNbsCl1s 16 293  2.919-2.946 2.934 2.434-2.468 2.451 - - 2.678 - [50]
2.907-2.952 2.933 2.438-2.465 2.451 - - 2.598 -
CsNbeClis 16 293 2.924-2.951 20937 2.435-2.461 2.449 - - 2.679 - [50]
2.913-2.960 2.939 2.436-2.467 2.449 - - 2.605 -

2 NC: not calculated (strong disorder on apical ligand positions, especially Br?, leading to Nb-Br? distances ranging from 2.567 A to 4.431 A). ® Atomic coordinates of halogen atoms
corresponding to the same inner ligands were refined independently. ¢ Calculation done independently for cluster A and cluster B.



2 Cluster Frameworks of Structural Formula [MeX'sX?3/2]

2.1. Nbgli1-Type (HT and LT forms)

The existence of the binary compound Nbgli1 (i.e., Nblig3) was first reported in 1965 [30, 44] and
interpreted as a cluster compound with [Nbsl'sl*%,,] structural formula [44, 51]. This hypothesis was
confirmed independently by Bateman et al. in 1966 [52] and Simon et al. in 1967 [28] with the
resolution of its crystal structure. Nbgli1 crystallizes in the orthorhombic symmetry space group Pccn
(No. 56) with normalized lattice parameters a = 11.30 A, b = 15.31 A and ¢ = 13.56 A [28, 52]. Niobium
atoms are located on three independent crystallographic sites of general position 8e and iodine atoms
are located on five independent 8e and one 4c crystallographic sites [28]. The structure is built up on
four face-capped [Nbel's]>* cluster cores per unit cell, which are three-dimensionally bridged two by
two by the apical ligands (Fig. 3) leading to the structural formula [Nbel'sl*%/2]. Such face-capped cluster
units are generally found with molybdenum, tungsten (group 6) and rhenium (group 7), Nbgli;
representing the first compound containing unusual [MeX's]" cluster core for the group 5 of transition
elements [52].

Nbeli1 (HT) Pccn
\: J O y

Fig. 3 Crystal structure representation of the high-temperature form of Nbeli1 (space group Pccn)
highlighting the three-dimensional cluster framework. Inner ligands are omitted for clarity

Nbel11 is characterized by a second order structural phase transition at 274 K from the
centrosymmetric space group Pccn (high-temperature (HT) form) to the non-centrosymmetric one
Pna2; (low-temperature (LT) form) [29]. As the space group Pna2; is a subgroup of Pccn and differs
only by the lack of the inversion center, the LT form can be viewed as a continuous deformation of the
HT form. Hence, each crystallographic site of general position 8e (according to Pccn space group)
occupied by either niobium or iodine atoms in the HT form splits into two different crystallographic
sites of general position 4a (according to Pna2; space group) in the LT form (Fig. 4). It leads for the LT
form to the distribution of niobium and iodine atoms on six and eleven different 4a crystallographic
sites, respectively [29]. It should be noted that for the sake of comparison, the published space group
was P2icn [29] instead of the standardized one Pna2; (No. 33), allowing keeping equivalent unit cell
parameters and orientation of the cluster units for both HT and LT forms. This structural phase
transition was firstly suggested by large bump in the inverse magnetic susceptibility measurements
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[28] and then confirmed by specific heat measurements [53, 54] and single-crystal X-ray diffraction
[29]. From single-crystal X-ray diffraction, it was shown than both forms evidence a distortion of the
Nbe clusters (Fig. 4). For the HT form, this distortion is due to the interconnection of the clusters leading
to a shift of two opposite metals of the octahedral Nbg cluster. It induces that only the inversion center
is kept as symmetry element, and consequently, leads to strongly distorted octahedral Nbg cluster with
Nb-Nb distances ranging between 2.743 A and 2.918 A at 298 K (Fig. 4). For the LT form, a distortion
component is added which is essentially a twist of 5° at 258 K and 7° at 110 K between the two opposite
triangular faces of the Nbg octahedron accompanied by a compression along the twist axis [29]. This
twist removes the inversion center leading to a non-centrosymmetric structural arrangement and
induces a strong distortion of the octahedral Nbe cluster with Nb-Nb distances ranging between 2.698
A and 2.955 A at 258 K and between 2.676 A and 2.982 A at 110 K (Fig. 4).

15as

YA

15 Nb2 16

- 4
Nbel11 (HT) Nbel11 (LT)
T=298 K T=110K

Fig. 4 Representation of the structural transition effect on the distortion of the Nbg clusters in the HT
form (left) and in the LT form (right) of Nbeli1. Inner ligands are omitted for clarity. Data are from
reference [29]

The [Nbel's]** cluster core shows remarkable magnetic properties in relation with its electron
deficiency, only 19 electrons available for 12 cluster metal-metal bonding d orbitals (see Section 8),
and its second order structural phase transition [28, 53, 54]. Indeed, Nbgl:1 exhibits a paramagnetic
behavior in agreement with the VEC of 19 with a thermal dependence of the inverse magnetic
susceptibility characterized by four different regions (named regions | to IV according to reference
[54]). Above 274 K (i.e., region 1V), Nbgl11 evidences a Curie-Weiss behavior with a quartet ground state
(S = 3/2) which changes into a doublet ground state (S = 1/2) supplemented by a van Vleck
paramagnetism contribution between 40 K and 170 K (i.e., region Il) [54]. Between these two regions
(i.e., region lll), the susceptibility of Nbeli; is unusual and related to a second order structural phase
transition through a spin crossover transition: the S = 3/2 level gradually depopulated due to an
increase in the separation between the two states at the expense of the S = 1/2 level [54]. From
polarized neutron diffraction measurements, it was shown (i) that each Nbgli; cluster carries three
unpaired spins in region IV and only one in region Il and (ii) that the spin density is predominantly
distributed on one of the three pairs of equivalent niobium atoms (centrosymmetrically related) in
region IV, while in region Il the spin density is not delocalized over the cluster but rather mainly
associated to a niobium site and in a lesser extent to its partner involved in the so-called polarized
bond [55]. Finally, the magnetic behavior below 40 K (i.e., region 1) is still not well understood as no
magnetic ordering is detected down to 2.5 K [54]. For more information see references [53-55].

In parallel to the study of the binary Nbgli; compound, the H-filled and D-filled analogues were
also reported (Table 2). As for its parent compound, a structural phase transition at T = 324 K from the
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centrosymmetric space group Pccn to the non-centrosymmetric one Pna2,, as well as similar level
crossing mechanism, is observed for HNbgl11 [29, 53, 54]. The HT and LT crystal structures are similar
to those of Nbgli; with the exception that hydrogen atoms are located into the Nbg octahedra making
these compounds the first examples of centered Mg octahedral clusters reported in the literature.
From neutron powder diffraction results, it was shown that hydrogen/deuterium atoms are located at
the center of the Nbg octahedra on the 4a crystallographic site (according to Pccn space group) in the
HT form [40], while in the LT form, these interstitial atoms are probably slightly displaced from the
center of gravity of the Nbg cluster [42]. However, from a single-crystal neutron diffraction study it was
shown that interstitial atoms are located at the centroid of the Nbes octahedra in both HT and LT forms
[39]. Due to the additional electron coming from hydrogen atom insertion, the [HNbsl's]>* cluster core
in HNbgl11 presents a VEC of 20 explaining the diamagnetic behavior observed at low temperature [40].
Photoelectron spectroscopy data indicated that insertion of hydrogen into Nbeli: induces an increase
of the oxidation state of niobium from = 1.8 to = 2.0 [56]. This result could be related with the weak
polarization of hydrogen atom by neighboring niobium atoms highlighted by theoretical calculations
performed with the self-consistent-field-Xa.-scattered-wave (SCF-Xa-SW) method [57]. Structural data
and magnetic measurements for both Nbgli; and HNbgli; are well explained by a coupled structural
and electronic phase transition where degeneracy is reduced through the crossing of electronic levels
[29, 53]. On the crystal chemistry point of view, insertion of hydrogen in Nbgl1; leads to a weak increase
of the unit cell volume (Table 2) and the Nb-Nb distances (Table 3) whatever the structure [29]. Imoto
and Simon indicated that this experimental result is in apparent contradiction with the theoretical
increase in the number of bonding electrons expected by the electron transfer from hydrogen atom to
metal cluster [29]. However, the distribution of the Nb-Nb distances is narrower in both forms of
HNbel1; compared to those of Nbely; [29].

The crystal structure and magnetic influence of a bromine for iodine substitution was
evidenced with the study of the Nbgli14Brx (0 £ x < 2.7) series [38]. The authors showed from X-ray
diffraction analysis, that the unit cell parameters decrease with the increase of bromine content (Table
2), in agreement with the size difference of bromine and iodine atoms. From single-crystal X-ray
diffraction data obtained on x = 0.5 and x = 2.3 samples at both 298 K and 110 K (Table 2), they
established that a preferential substitution of one bridging apical ligand position (i.e., the 4c
crystallographic site according to Pccn space group for the HT form) by bromine atoms first occurs for
lower bromine content (i.e., x = 0.5), and then for higher bromine content (i.e., x = 2.3), with bromine
atoms equally distributed on all of the apical ligand positions. Finally, they also showed that the
structural phase transition from Pccn space group (HT form) to Pna2, space group (LT form) occurs for
all substituted compounds but with a (non-linear) decrease of the transition temperature with
increasing bromine content from 274 K for Nbel11 to 170 K for Nbglg 3Br,.7. Concomitantly, a broadening
of the transition interval arises from the disorder on apical ligand positions. This influence is also
observed through the inverse magnetic susceptibility measurements, where the bump induced by
phase transition is less and less pronounced upon the increase of bromine content.

More recently, the crystal structure of two heterometallic iodide compounds (Mos7Nb 3l1; and
MosNbsli1, Table 2) was solved by single crystal X-ray diffraction technique at different temperatures
[41]. These compounds crystallize in the Nbel1:-HT type of structure even at 110 K. Due to very close
scattering factors between molybdenum and niobium, the three independent metal atom positions
were assumed by the authors to have the same statistical distribution. The ratios were fixed by the
chemical composition determined from EDX data for Mo ;Nbi3l11 and estimated on the basis of the
chemical data and similarity of the unit cell parameters for MosNbsl11 [41]. The authors interpreted the
surprising crystal structure modification from Mogl1; to Nbgl11-HT for only one niobium to molybdenum
atom substitution, by considering the VEC values in Mogl12, Nbgli1, and Mog.xNbyli1. Indeed, Nbglis is
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characterized with an electron deficient character of the cluster core (VEC = 19) while Mogli2 contains
the optimal VEC number of 24. The niobium for molybdenum substitution should decrease the VEC
number, however, the crystal structure transition from Mogli-type to Nbglii-HT implies a
transformation of the terminal iodine ligands into bridging atoms resulting to optimal VEC number of
24 for the [MosNbsl'g]** cluster core [41]. Nevertheless, electron spin resonance spectrum revealed a
broad signal corresponding to one unpaired electron, suggesting also the existence of the [Mo4Nb;l's]**
cluster core with VEC number of 23 in the solid solution Mogs«Nbyl11 (x = 1 - 1.5). Finally, the authors
showed that in Mos«Nbxli1 (i) the average M-M bond lengths are intermediate between those of the
HT form of Nbsli; and of Mosl1; and (ii) the M-X"and M-X? bond lengths are quite similar to those found
in Mogl1; and Nbelis, respectively (Table 3) [41].

2.2 CsNbgl1i-Type

The crystal structure of CsNbgl;; was reported in 1980 by Imoto and Corbett [9]. This compound
crystallizes in the non-centrosymmetric hexagonal symmetry space group P6522 (No. 182) with refined
cell parameters a = 11.007(2) A and ¢ = 11.894(2) A from a Guinier film at room temperature, and a =
11.007(3) A and ¢ = 11.899(4) A from single-crystal X-ray measurements at the same temperature.
Niobium atoms are located on one crystallographic site of general position 12, iodine atoms on three
independent crystallographic sites 12i, 4f and 6g, and cesium atoms on the 2b site. The crystal
structure consists of a pseudo hexagonal close-packed arrangement along the c-axis of distorted face-
capped octahedral [Nbel's]?* cluster cores (Dss symmetry, VEC = 20) three-dimensionally
interconnected by sharing their apical ligands (Fig. 5). This leads, as in Nbgli1, to a cluster framework
of structural formula [Nbel'sl®%/,]. Cesium atoms lie in the triangular interstices of the hexagonal
cluster layers. The coordination polyhedron of cesium atoms is then formed by six inner iodine ligands
at a distance of 4.110(2) A forming a flattened and twisted trigonal antiprism oriented perpendicularly
to the c-axis and six apical iodine ligands at a distance of 4.293(1) A forming an elongated trigonal
antiprism along the c-axis (Fig. 6).

CsNbgli1  P6322
N ar”

Fig. 5 Crystal structure representation of CsNbglix highlighting the three-dimensional cluster
framework and the hexagonal close-packed arrangement of the cluster units. Inner ligands are omitted
for clarity
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Fig. 6 Representation of the cesium environment in CsNbegl11

In CsNbel11, Nb-Nb distances range from 2.771 A to 2.941 A for an average of 2.826 A, Nb-I
range between 2.862 A and 2.918 A for an average of 2.882 A and Nb-1>? distances are equal to 2.981
A (Table 3). Existence of short and long Nb-Nb distances arises from the rotation of one metal triangle
by 6.1° about the C; axis relative to the other [9]. The Nb-Nb and Nb-I' distances in CsNbel:; are
comparable with those reported for the high-temperature form of Nbgli: (Pccn) (Table 3), indicating
that the VEC increase of the cluster core from 19 ([Nbsl's]>*) to 20 ([Nbsl's]>*) does not influence the
interatomic distances [9]. On the contrary, the Nb-I? distances are longer in CsNbgl;; than those
reported for the high-temperature form of Nbel11 (Table 3), suggesting that the longer Nb-I? distances
encountered in CsNbgli1 in comparison to those found in Nbgli; are related to the different cluster unit
arrangements as well asionic interactions between cesium cations and iodine apical ligands in CsNbgl1;.

The hydride CsNbgli11Ho.93 was reported to be isostructural with its parent compound with unit
cell parameters determined from a Guinier film at room temperature (a = 11.021(1) Aand c = 11.899(2)
R) [9]. As for Nbel11, insertion of hydrogen into CsNbeli; leads to a very similar weak increase of the unit
cell volume. Consequently, even if the localization of the hydrogen atoms was not determined, it can
be assumed that hydrogen atoms are located at the center of the Nbg octahedra as shown for Nbgli;
compounds. Finally, the existence of CsNbgli1H, for which the VEC is equal to 21, indicates that
hydrogen insertion into Nbgli; is not simply a result of the presence of an odd number of electrons
binding the cluster cage [9].

2.3 Structural Comparison of Nbel1: and CsNbgl11

As previously mentioned, Nbgli: and CsNbgli1: compounds are characterized by clusters sharing apical
ligands leading to the same structural formula [Nbel'sl*?/,]. However, these compounds evidence
different cluster unit arrangements. Indeed, the structure of Nbeliz may be described as an
orthorhombic distortion of a face-centered cube defined by [Nbel'sl?s] cluster units (Fig. 3), while that
of CsNbesli1 consists of a pseudo hexagonal close-packed arrangement of [Nbel'sl?s] cluster units (Fig. 5).
The cluster units packing is the result of a compromise between the repulsion between adjacent
clusters (electronic effect) and the attraction between cluster units and counter-cations (halogen
matrix effect). In CsNbgli1, these two effects coexist, while only the former governs the structure of
Nbel11. lonic interactions between cesium cations and iodine apical ligands of the cluster units in
CsNbel11 explain the weak Nb-1°2-Nb bond angle of 118.41°, leading to short Nb-:-Nb distances of 5.122
A (Table 4). On the opposite, the absence of this halogen matrix effect in Nbeli; induces larger Nb-12-
Nb bond angles, especially that at = 152°, leading to longer Nb---Nb distances (Table 4) even if the Nb-I?
distances are shorter in comparison to those encountered in CsNbgli; (Table 3).
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Table 4 Nb---Nb distances (A) and Nb-1>?-Nb bond angles (°) in CsNbel1; and Nbel:

CsNbgli1 (RT)a

Nb1--Nb1l 5.122 Nb1-I13-Nb1 118.41
Nbgl13-HT (T = 298K)®

Nb1--Nb1l 5.629 Nb1-16-Nb1  152.15
Nb2:--Nb3 5.204 Nb2-I15-Nb3  124.59
Nbsl1-LT (T = 258K)°

Nb1:-Nb2 5.635 Nb1-111-Nb2 151.98
Nb3---Nb5 5.185 Nb3-19-Nb5 124.18
Nb4---Nb6 5.200 Nb4-110-Nb6 124.25
Nbsl1-LT (T = 110K)°

Nb1:-Nb2 5.618 Nb1-111-Nb2 150.78
Nb3---Nb5 5.157 Nb3-I9-Nb5  123.87
Nb4---Nb6 5.178 Nb4-110-Nb6 123.58

2Ref. [9]. PRef. [29]

These structural features are also observed through the intercluster distances (i.e., distance
between centroids of two adjacent Nbg clusters). In CsNbgli1, each Nbe cluster is surrounded by six
clusters at 11.007(2) A and by six clusters (three above and three below the hexagonal layer) at
8.704(2) A (Fig. 7). In Nbel11-HT, each Nbg cluster is surrounded by four and two clusters in the (a,c)
plane at 8.829(2) A and 11.319(2) A, respectively, and by two and two clusters at 9.520(2) A and
10.223(2) A, respectively, both above and below the pseudo hexagonal layer (Fig. 7). The shorter
intercluster distances (8.704(2) A for CsNbel1, 8.829(2) A and 9.520(2) A for Nbgli;-HT) are observed
between Nbg clusters bridged by the iodine atoms in apical position. On the opposite, the longer
intercluster distances (11.007(2) for CsNbgli1, 10.223(2) A and 11.319(2) A for Nbel11-HT) are observed
between clusters which are not bridged by apical ligands. The longer intercluster distances in CsNbgli1,
observed in the layers where the cesium cations are lying, are intermediate between those measured
in Nbgl12-HT in relation with both steric and electrostatic effects. This observation is coherent with the
shorter Nb---Nb distances of adjacent cluster units in CsNbgli; compared to those in Nbgli;-HT and
confirms the important role of cesium cations to the cluster framework compactness through halogen
matrix effect in CsNbgli1.

ﬂgﬂ

7 8.704(2) A

\ 10. 223(2)A ,’ 9.520(2) A
11.319(2) A

‘ ‘I =
8. SZQ(Z)A '

N

Nbs|11-HT Pcecn CSNb5|11 P6322

Fig. 7 Representation of the intercluster Nbg:--Nbg distances in the high temperature form of Nbgli;
(left part) and in CsNbgli; (right part). Distances are calculated from crystal data reported at room
temperature in [29] and [9], respectively. Cesium and iodine atoms were omitted for clarity
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3 Cluster Frameworks of Structural Formula [MeX'10X™2/2X%2/2X%24/2]

The preparation of TagBris and Taglia [58], as well as the crystal structures of NbgClis [30] and Taglia
[44] were reported almost at the same time in 1965. These compounds crystallize in the orthorhombic
symmetry normalized space group Cmca (No. 64) with lattice parameters a = 13.494(5) A, b = 12.252(5)
Aand ¢ =11.019(5) A for NbeCli4 [30] and a = 15.000(5) A, b = 14.445(5) A and ¢ = 12.505(5) A for Taglia
[44] (Table 2). NbsClis and Taglis were at first published in the non-normalized space group Bbam,
leading to the redetermination of the crystal structure of Taglis by Artelt and Mayer in 1993 [45]. While
the preparation of TagBris was described in 1965 [58], its crystal structure was reported only in 1995,
confirming that this compound is isostructural with NbsCli4 and Taglia [43]. Attempts to prepare the
isostructural tantalum chloride compound in the same conditions than those used for TagBria and
Taglia, led to the formation of TasClis [58]. One paper reports about the preparation of TasClis from
electrochemical reduction of Ta(V) in NaCl-AlCl; melts [59], however the chemical composition and
crystal structure of the dark green powder product were never confirmed. No publication reports
about the existence of the isostructural niobium bromide and iodine compounds. Surprisingly, a
temperature independent paramagnetic behavior was reported for NbeClis and Taglis, though these
materials are characterized by an even VEC of 16 [30, 44].

In this type of structure, metal atoms are located on two independent crystallographic sites,
one of general position 16g and one 8f, whereas halogen atoms are located on five independent 8d,
8e, 8f, 16g and 16g crystallographic sites. The structure is built up on four edge-bridged [MeX'12]%*
cluster cores per unit cell. Each cluster is linked to eight neighboring congeners through four apical-
apical X, two apical-inner X1, and two inner-apical X" bridges (Fig. 8), forming a three-dimensional
cluster framework and leading to the structural formula [MeX'10X"22/2X312/2X34/2]. The structure can be
viewed as a lozenge arrangement of clusters in the (a,c) plane linked by the apical-apical X*? bridges
and stacked along the b-axis through the apical-inner X* and inner-apical X" bridges (Fig. 9). In NbsClya,
the apical-inner X*' and inner-apical X bridges lead to four short intercluster distances of 8.239(3) A
in the (b,c) plane and the apical-apical X*? bridges to four slightly longer intercluster distances of
8.711(3) A in the (a,c) plane (Fig. 9). The environment is completed by four surrounded clusters in the
(a,b) plane not directly linked to the central cluster at intercluster distances of 9.113(3) A (Fig. 9).
Consequently, in NbsClis each Nbg cluster is surrounded by twelve Nbg clusters at relatively close
intercluster distances forming a pseudo closed packed three-dimensional cluster framework. Similar
cluster framework is encountered in TagBris and Taglis compounds with longer intercluster distances
in relation with the ionic radius of halogen ligands (Table 5 and Fig. 10). However, the evolution of the
intercluster distances as a function of the halogen ionic radius shows some dependence with the type
of cluster bridges. Indeed, while the intercluster distances related to surrounding clusters not directly
linked (in black in Fig. 10) or linked through apical-inner X*" and inner-apical X bridges (in red in Fig.
10) evolve similarly with the halogen ionic radius, those related to apical-apical X2 bridges (in blue in
Fig. 10) are not influenced to the same degree with the increase halogen ionic radius. This evolution
should be directly related to the ionicity of the M-X bonds, which decrease from X = Cl to X = |, at the
expense of a covalent character more and more pronounced.
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NbeClis Cmca

Fig. 8 Crystal structure representation of NbgClis (space group Cmca) highlighting the three
dimensional cluster framework through apical-apical CI*?, apical-inner CI*' and inner-apical CI"? bridges

Fig. 9 Representation of the three-dimensional cluster framework (left part) and intercluster Nbg---Nbg
distances in NbgCli4 (right part). Distances are calculated from crystal data reported in [30]

Table 5 MM intercluster distances (A) in NbsCli4-type structure compounds

Bridging type NbgCli4 2 TaeBris b Taglis © Taela d
Direct (X*x2, X" x2) 8.239(3) 8.768(6) 9.553(3) 9.573(3)
Direct (X*® x4) 8.711(3) 9.105(6) 9.764(3) 9.781(3)
Indirect (x4) 9.113(3) 9.640(2) 10.412(3) 10.438(2)

Distances calculated from crystal data reported in: 2 Ref. [30]. ® Ref. [43]. ¢ Ref. [44]. ¢ Ref. [45]
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Fig. 10 Evolution of the intercluster distances vs. halogen ionic radius in NbgClis-type structure
compounds. Black triangles correspond to intercluster distances between clusters not directly linked,
blue circles correspond to those related to apical-apical X*? bridges and red squares correspond to
those related to apical-inner X*' and inner-apical X" bridges

4 Cluster Frameworks of Structural Formula [MeX'12X?%/3]

The NbgClial24x (X £ 2) compounds, obtained from the reaction of NbsCls and Nbslg cluster compounds
in welded niobium tubes, crystallize in the cubic symmetry space group Pa3 (No. 205) with lattice
parameters a ranging from 12.578(1) A for NbsCly,l5, to 12.754(1) A for NbeCliols [31]. Crystal structure
resolution, performed for two chemical compositions, i.e., NbeCli,12 and NbeCliosls2 (Table 2), reveals
that in NbsClizl;, niobium atoms are located on one crystallographic site of general position 24d,
chlorine atoms on two independent 24d sites and iodine atoms on a 8c crystallographic site. Excess of
iodine atoms (i.e., x value) in the NbeClioxl2+x (0 < x < 2) series are located on one of the 24d site
occupied by chlorine atoms, the second one being fully occupied by chlorine atoms. NbgCliyxlz:x
compounds contain four edge-bridged octahedral niobium clusters per unit cell, connected three by
three by iodine atoms in apical position through apical-apical-apical bridges (Fig. 11). This leads to a
face centered cubic three-dimensional arrangement of structural formula [NbeX'121% %3] (Fig. 12)
closely related to that encountered in NbgClis-type structure (Fig. 9) compounds via a rotation of the
[NbeX'12)?* cluster cores [31]. Consequently, in NbeCl12l2, each Nbg cluster is surrounded by twelve Nbg
clusters at intercluster distances of 8.894(1) A (Fig. 12). This value, slightly longer than the intercluster
distance average encountered in NbgCli4 (i.e., 8.688 R), is due to the presence of two iodine atoms
instead of chlorine atoms.
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NbsCli2l2 Pa3

Fig. 11 Crystal structure representation of NbeClisl, (space group Pa3) highlighting the three-
dimensional cluster framework through apical-apical 1>®?® bridges

$

L7 8.894(1) A

Fig. 12 Representation of the three-dimensional cluster framework (left) and intercluster Nbe---Nbg
distances in NbgCli2l> (right). Distances are calculated from crystal data reported in [31]

5 Cluster Frameworks of Structural Formula [MeX'12X?%;2]

Among inorganic niobium and tantalum octahedral cluster halide compounds with three-dimensional
frameworks, those characterized by the structural formula [MeX'12X*2/2] form the largest and richest
family in term of crystal chemistry and structure types (Fig. 13). This is mainly due to (i) the nature of
the apical-apical M-X*2-M bridges, which can be linear, non-linear (i.e., bent) or both linear and non-
linear (Fig. 13), and (ii) the ability of the cluster frameworks to incorporate cations and/or (MXg)™
complexes (Fig. 13). This latter point directly influences the VEC of the cluster units which can be
stabilized at 14 electrons with incorporation of anion complexes or 16 electrons with incorporation of
counter-cations into 15-VEC MgXys cluster frameworks (Fig. 13). In this section, the crystal structures
of cluster compounds of structural formula [MeX'12X%3/,], firstly those related to NbeFis (linear
M-X22-M bridges), secondly those related to TasClis (bent M-X?2-M bridges in cubic structure), thirdly
those related to NbgBrsF; (bent M-X*2-M bridges in trigonal structure), and finally those related to
InNbgCl1s (both linear and bent M-X#2-M bridges) will be described.
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Fig. 13 Classification of the inorganic niobium and tantalum octahedral cluster halide types of
structures with three-dimensional frameworks of structural formula [MeX'12X3%/2]

5.1 Cluster Compounds with Linear M-X°“°-M Bridges

5.1.1 Nb5F15-Type

The crystal structure of NbgF1s was reported in 1965 by Schafer et al. [32]. This compound crystallizes
in the cubic symmetry (space group Im3m, No. 229) with lattice parameter a = 8.19 A. Niobium atoms
are located on one 12e crystallographic site, fluorine atoms in inner position on one 24h site and
fluorine atoms in apical position on the 6b site [32]. Its crystal structure is formed by the
interpenetration of two primitive cubic cluster networks (Fig. 14), related one to the other by a [%, 1,
%] translation. Each primitive network forms a three-dimensional framework through linear apical-
apical F*? bridges (Fig. 14) and is linked to the second network through F--F and F'--F* halogen bonds
of inter-halogen distances of 2.880 A [46], slightly longer than the sum of the van der Waals radius of
fluorine (i.e., 2.70 A). This leads to a highly compact crystal structure, where each cluster NbeFis
occupied a volume of 275 A3 at room temperature. This volume per cluster unit is by far the smallest
one among the cluster compounds discussed in this review (Table 2).

b
c«—ta

Fig. 14 Crystal structure representation of NbeFis (space group Im3m) highlighting the two
interpenetrated primitive cluster networks. Inner ligands are omitted for clarity
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The crystal structure of NbgFis is characterized by halogen bridging between cluster units
leading to the structural formula [NbeF'1,F*3/] and a VEC of 15, which could cause Curie-Weiss
behavior via superexchange interactions [60]. This behavior, related to one unpaired electron per
[NbeF'12])** cluster core, was confirmed by magnetic susceptibility, °F nuclear magnetic resonance and
electron magnetic resonance measurements [46, 60-62]. Below 6 K, NbgFis exhibits an
antiferromagnetic ordering [46, 61, 62]. From a spin exchange interactions analysis using electronic
structure theoretical calculations of extended Hiickel type, it was suggested that this antiferromagnetic
arrangement is associated to an antiferromagnetic coupling between the two interpenetrating
ferromagnetic simple cubic cluster networks [63]. Neutron powder diffraction measurements did not
confirm this magnetic structure, but rather revealed a decrease of the low-angle background upon
cooling [62]. This result is consistent with the emergence of magnetic ordering, which leads to the
removal of the paramagnetic scattering contribution to the background, and is a clear signature of the
unpaired electron delocalization on the [NbgF'1;]** cluster core [62].

5.1.2 CsNbgClgF7-Type

CsNbeClgF5, reported in 2001 by Cordier et al., crystallizes in the cubic symmetry space group Pm3m
(No. 221) with unit cell parameter a = 8.2743(3) A [20]. In this structure, niobium atoms are located on
one crystallographic site (6e), chlorine and fluorine atoms are randomly distributed on one site (12i)
corresponding to the ligands in inner position, fluorine atoms also fully occupied one site (3d)
corresponding to the ligands in apical position, and cesium atoms are distributed on six independent
sites (6f, 12j, 241, 241, 24m, and 48n) all partially occupied. This leads to the refined structural formula
Cs13(1)[NbeCl'sF4F33/,], where a VEC of 16 is assumed. Its crystal structure can be described as a simple
cubic stacking of [NbsCl'sF'4F?3] cluster units linked to six adjacent other ones by linear F*? bridges,
leading to the [NbeCl'sF'sF3%/2] structural formula (Fig. 15). This primitive three-dimensional cluster
framework can be viewed as a NbgF1s derivative [20] as highlighted by only one Nb-Nb distance (i.e.,
perfectly octahedral cluster), linear F*® bridges and equivalent Nb-F**® interatomic distances (2.114 A

for CsNbeClsF; compared to 2.113 A for NbeFis, Table 3).
! l” 11.702(1) A

4
!/
-

CsNbsClsF; Pm3m

~

Fig. 15 Representation of the three-dimensional cluster framework (left) and intercluster Nbg:--Nbg
distances (right) in CsNbeClgF. Inner ligands are omitted for clarity. Distances are calculated from
crystal data reported in [20]
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5.1.3 NazNbsClsF7(NbFg)-Type

Na:NbsClsF7(NbFs) was the first niobium cluster chlorofluoride reported in the literature in 1999 by
Cordier and Simon [19]. It crystallizes in the cubic symmetry space group Pm3m (No. 221) with unit
cell parameter a = 8.2005(9) A. In this compound, niobium atoms related to the cluster occupy one 6e
crystallographic site, chlorine and fluorine atoms corresponding to ligands in inner position are
randomly distributed on one 12i site, while the 3d site related to the ligands in apical position is fully
occupied by fluorine atoms. Niobium and fluorine atoms related to (NbFs)™ complexes (see below)
occupied the 1b and one 6f crystallographic sites, respectively. Finally, sodium cations are statistically
distributed on one 12h crystallographic site with a site occupancy factor (SOF) of 0.156(8). This leads,
within the standard deviations, to the structural formula Nas[NbeCl'sF'sF2%/2](NbFs) [19].

The crystal structure of NazNbgClsF7(NbF¢) is related to that of NbeFis, for which only one
cluster network (identical to that encountered in CsNbsClsF;, Fig. 15) is preserved while the second is
replaced by (NbFg)™ complexes (Fig. 16). Two sodium cations statistically distributed on the faces of
the cubic unit cell provide the cohesion of the crystal structure (Fig. 16) and counter-balance the charge
of the (NbFs)™ complex located at the center of the cubic unit cell and eventually that of the cluster
[19]. Indeed, the VEC of the cluster should be either 15, if the two sodium cations counter-balance the
charge of the (NbFs)> complex, or 16 if one sodium cation counter-balances the charge of the (NbFg)
complex, the second one counter-balancing the charge of the cluster [19].

A second compound was found to be isotypic with Na;NbeClsF7(NbFs), namely,
Na:NbgBrsF1:(NbFe) [34]. However, in this case, the atomic coordinates of bromine and fluorine atoms
on the inner position were refined independently, while those of chlorine and fluorine were
constrained to be the same in Na;NbgClgF7(NbFs).

NazNbeClsF7(NbFe) Pm3m

Fig. 16 Representation of the unit cell of Na;NbgClsF7(NbFg) (left) and of its three-dimensional cluster
framework (right). Inner ligands are omitted for clarity

5.1.4 Comparison of NbgF1s5, CsNbgClsF7 and NazNbgClsF7(NbFs) Cluster Frameworks

In NbgF1s, the interpenetration of two primitive cubic cluster networks leads to eight very short
intercluster distances of 7.09 A (Table 6). The cluster units separated from these intercluster distances
are then not directly linked by halogen bridging but interact through the F'---F and F"--F? halogen bonds
existing between the two networks. Direct linear apical-apical F*® bridges induce six short intercluster
distances of 8.19 A. Finally, the cluster environment is completed by twelve clusters of the same
network at intercluster distances of 11.58 A, which are not directly linked to the central cluster unit.
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As previously mentioned, the crystal structures of CsNbeClsF; and Na;NbeClsF7(NbFs) are
related to that of NbesF1s. However, in the former compounds only one cluster network is preserved,
the second being replaced either by cesium cations or (NbFg) anionic complexes. This leads to the
absence of the eight very short intercluster distances related to the interpenetration of the two
primitive cubic cluster networks. Hence, the cluster environment in CsNbsClsF; and NazNbeClsF7(NbFe)-
type structure compounds is formed by six cluster units directly linked through X2 bridges and twelve
cluster units not directly linked to the central cluster (see Fig. 15 for example and Table 6). The
intercluster distances in CsNbgClsF; are slightly longer compared to those in NbeFis (Table 6). On the
contrary, they are equivalent in the Na;NbsClsF7(NbFs)-type structure compounds (Table 6), despite
the fact that partial replacement of fluorine inner ligands either by chlorine (i.e., NazNbsClsF7(NbFs)) or
by bromine (i.e., Na;NbsBrsF11(NbFs)) leads to longer M-X'interatomic distances (Table 3). This suggests
that the size of the cluster core and the electronic effect induced by the repulsion between cluster
units and complexes, are compensated by halogen matrix effects between sodium cations and cluster
units/complexes.

Table 6 Me:-Ms intercluster distances (A) in NbsF1s, CsNbeClsF7 and NazNbeClsF7(NbFe)-type structure
compounds

Brldglng type Nb5F15 a Nb5F15 b CSNb6C|gF7 ¢ NaszGCIng(NbFG) d NaszeBr4F11(NbF6) €
Indirect (x8)  7.093(1) 7.091(1) - - -

Direct (x6)  8.190(1) 8.188(1)  8.274(1) 8.201(1) 8.177(1)

Indirect (x12) 11.582(1)  11.579(1) 11.702(1)  11.597(1) 11.563(1)

Distances calculated from crystal data reported in: ? Ref. [32]. ® Ref. [46]. ¢ Ref. [20]. ¢ Ref. [19]. © Ref.
(34]

5.2 Cluster Compounds with Bent M-X"“°-M Bridges in Cubic Structure

5.2.1 TaeClis-Type

TaeClis and TagBris have been reported in 1968 by Bauer and von Schnering to crystallize in the cubic
symmetry (space group Ia3d, No. 230) with lattice parameters a = 20.286(1) A and 21.290(1) A,
respectively [33]. The crystal structure resolution, performed on single crystal of TasClis, indicated that
niobium atoms are located on one crystallographic site of general position 96h, halogen atoms in inner
position are located on two independent 96h sites and halogen atoms in apical position on one 48¢g
site [33]. As in NbgF1s, the crystal structure of TasClis is characterized by clusters sharing apical ligands
in the three directions (Fig. 17), leading to the same kind of structural formula [TasCl'12CI*%/,] but with
a different three-dimensional cluster framework arrangement (Fig. 18). Indeed, in NbgF1s the M-X*2-M
bridges are linear giving two identical independent interpenetrated cluster networks while in TagClis
the bridges are bent giving a unique network.

21



TasClis Ia3d

Fig. 17 Crystal structure representation of TasClis (space group Ia3d) highlighting the three-
dimensional cluster framework through apical-apical CI>® bridges. Inner ligands are omitted for clarity

/
,/ 8.784(1) A

10.143(1) A

8

Fig. 18 Representation of the three-dimensional cluster framework (left) and intercluster Tas:--Tas
distances in TagClss (right). Inner ligands are omitted for clarity. Distances are calculated from crystal
data reported in [33]

Taslis was also reported in 1968 to crystallize in a cubic unit cell with @ = 11.02 A and then was
supposed to be isotypic to NbeF1s [64]. While the crystal structure of TagBris was confirmed in 1999 by
von Schnering et al. [47], that of Taglis is yet unsolved but is probably isotypic to TagClss.

Isostructural niobium chloride compound derivatives can be stabilized by the replacement of
a small amount of chlorine by fluorine [48]. The crystal structure of two NbeClis«Fx chlorofluoride
compounds (x = 2.2 and 4.4) were studied by single-crystal X-ray diffraction [48]. Their structure is
based on [NbeX'12X%] cluster units in which fluorine atoms are randomly distributed on the inner
positions but also on the apical positions for x = 4.4 [48].

As for NbeF1s, TasClis and TagBris exhibit a Curie-Weiss behavior in agreement with the VEC of
15 of the [TaeX'12]** cluster cores [33, 60]. A magnetic behavior is also expected for NbgClisxFx
compounds in relation with their VEC of 15 [48], but it was never confirmed experimentally.
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5.2.2 NaNbgClis-Type

The crystal structure of NaNbeClis was reported in 1995 by Sagebarth et al. [16]. This compound and
its isotypic compound, LiNbeClss, crystallize in the cubic symmetry space group Ia3d (No. 230) with
lattice parameter a = 20.417(2) A at 293 K for NaNbgClss [16] and a = 20.555(2) A at 100 K for LiNbeClss
[49]. The crystal structure of these compounds is characterized by a three-dimensional cluster
framework through bent apical-apical CI*® bridges, identical to that encountered in TagClis (Figs. 17
and 18), with however, alkaline cations statistically distributed on an interstitial position partially
occupied. Hence, niobium atoms are located on one crystallographic site of general position 96h,
chlorine atoms in inner position are located on two independent 96h sites, chlorine atoms in apical
position are located on one 48 site, and sodium/lithium atoms are located on one 48f site with a SOF
of = 1/3 [16, 49]. Based on bond distances, the alkaline environment can be described as distorted
tetrahedral for lithium cations and distorted trigonal-prismatic bicapped for sodium cations [49]. In
this type of structure, alkaline atoms are inside linear channels formed by the body-centered
[NbsCl'12CI7%/2] cluster arrangement. These channels are parallel to the [100], [010] and [001]
directions and are stacked in fashion that they do not intersect with each other [49].

The stabilization of the TasClis three-dimensional cluster framework with [NbeCl'12]** cluster
core through incorporation of sodium is observed only for the stoichiometric composition NaNbgClss,
as no range of homogeneity on the sodium site was detected [16]. It indicates that the NaNbgCl;s
crystal structure is stable only for compound having a VEC of 16, value confirmed by magnetic
measurements [16].

NaNbeClis evidences a second order structural transition around 150 K from the cubic structure
with cell parameter a = 20.364(2) A at 160 K, to a tetragonal structure with cell parameters a =
20.372(6) A and ¢ = 20.282(2) A at 80 K [16]. The space group of the LT form was reported to probably
be 14, /acd [16] but was never confirmed. No structural transition was reported for LiNbgClss. Infra-
red reflectivity measurements performed on NaNbeClis showed a vanishing of the narrow bands
between 50 and 150 cm™ with the increase of the temperature from 100 to 200 K [16]. This is explained
by a local order of sodium atoms in the low temperature crystal structure, while these atoms become
mobile above the temperature of the structural transition, suggesting that NaNbgClis is an ionic
conductor [16]. This was confirmed by “Li-NMR measurements [49]. These analyses also evidenced a
fast lithium mobility above 170 K in this material [49]. Finally, a study reported on the reversible
intercalation of lithium in TagClis, leading to the compound LiTasClis, which is mentioned to be
structurally and electronically related to LiNbgClss [65].

5.2.3 KNbeClioFs-Type

As for NbeClis«Fx [48] and CsNbsClsF7 [20], KNbsClioFs was obtained during investigations of fluorine for
chlorine substitution in order to increase the interactions between Nbg clusters by reducing the steric
hindrance of ligands [20]. This latter compound was reported to crystallize in the cubic symmetry space
group Ia3d (No. 230) with lattice parameter a = 19.589(1) A at 293 K and a refined formula
K1.2(2)NbeCl1oFs assumed to be stoichiometric within the standard deviations [20]. Its crystal structure,
derived of the TasClis-type of structure, is based on cluster units sharing apical ligands, leading to a
three-dimensional cluster framework [NbeX'12X?%/,] with bent bridges. Crystallographic sites
corresponding to the ligands positions (two independent 96h sites and one 48g site) are randomly
occupied by chlorine and fluorine atoms. The potassium cations are statistically distributed on two
crystallographic sites: 24d and 96h with SOF of 0.452(24) and 0.08(2), respectively [20]. Despite a
complex crystal structure and structural formula, this compound is characterized by a VEC of 16.
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5.2.4 Comparison of TagClis, NaNbgClis and KNbgClioFs Cluster Frameworks

In TasClis-type structure each cluster unit is surrounded by eight clusters at short intercluster distances,
ranging from 8.647(1) A for NbeCliosFa4 to 9.227(1) A for TaeBris (Table 7). Six of these eight cluster
units are directly linked to the central cluster through apical-apical M-X*2-M cluster bridges, while the
two remaining cluster units are not directly linked but are located above and below the central cluster
on the three-fold axis (Fig. 18). The cluster environment is completed by six cluster units, not directly
linked to the central cluster (Fig. 18), at longer intercluster distances ranging from 9.985(1) A for
NbeClio.6Fs.4 to 10.655(1) A for TaeBris (Table 7).

Table 7 Me-Mgs intercluster distances (A) in TasClis-type structure compounds

Bridging type NbgCliosFs4® NbgCli2sF22°2 TagClis b TaeClys € TaeBris ©

Direct (x6)  8.647(1) 8.703(1) 8.784(1) 8.801(1) 9.227(1)
Indirect (x2)  8.647(1) 8.703(1) 8.784(1) 8.801(1) 9.227(1)
Indirect (x6)  9.985(1) 10.050(1) 10.143(1) 10.163(1) 10.655(1)

Distances calculated from crystal data reported in: ? Ref. [48]. ® Ref. [33]. ¢ Ref. [47]

The intercluster distances in TagClis-type structure compounds evidence a quadratic evolution
with the average halogen ionic radius as shown in Fig. 19. This quadratic evolution is directly related
to the average M-M, M-X' and M-X? interatomic distances which are slightly shorter and longer when
chlorine ligands are partially substituted by fluorine or totally by bromine, respectively (Table 3). This
reflects the electronic effect on cluster framework compactness. Moreover, from the quadratic
equations, it could be estimated that the minimum intercluster distances should be obtained for an
average ionic radius of 1.65/1.66 A, which corresponds to a chemical composition of NbsClioFs. This
chemical composition, close to that reached experimentally with NbsClio6F4.4, can be considered as a
lower limit to the TasClis-type of structure stability, explaining the different type of structure for NbgFis.
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Fig. 19 Evolution of the intercluster distances vs. the average halogen ionic radius in TasClis-type,
NaNbgClis-type and KNbgClioFs compounds
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Due to their identical three-dimensional cluster frameworks, the cluster unit environments in
NaNbeClis and KNbgClioFs are related to that encountered in TagClis, with eight clusters at short
intercluster distances (six directly linked through apical-apical M-X*?-M cluster bridges and two not
directly linked) and six clusters at longer intercluster distances (Table 8). Similarly to TagClis-type
structure compounds, an electronic effect is observed on the cluster framework compactness.
However, this electronic effect is also influenced by halogen matrix effect through electrostatic
interactions occurring between the cluster units and the counter-cations. It leads to intercluster
distances slightly longer in ternary cluster chlorides NaNbgClis and LiNbgClis (Table 8) than those
observed in binary ones (Table 7), and shorter in the pseudo ternary cluster chlorofluoride KNbgClioFs
(Table 8) compared to those expected for the corresponding pseudo binary chlorofluoride cluster
compound (Fig. 19).

Table 8 Me:--Ms intercluster distances (A) in NaNbsClis-type and KNbeClioFs compounds

Bridging type NaNbgClis 2 LiNbeClis b KNbegClioFs ©
Direct (x6) 8.841(1) 8.901(1) 8.482(1)
Indirect (x2)  8.841(1) 8.901(1) 8.482(1)
Indirect (x6)  10.209(1) 10.278(1) 9.795(1)
Distances calculated from crystal data reported in: ? Ref. [16]. ® Ref. [49]. ¢ Ref. [20]

5.3 Cluster Compounds with Bent M-X"“°-M Bridges in Trigonal Structure
5.3.1 NbeBrng-Type

NbeBrsF7, reported in 2001 by Cordier et al., crystallizes in the trigonal symmetry space group R3c (No.
167) with unit cell parameters a = 9.6373(6) A and ¢ = 35.415(2) A [34]. Niobium atoms are located on
one 36f crystallographic site. Halogen atoms corresponding to inner ligands are located on two
independent 36f sites, one fully occupied by fluorine atoms and the second statistically occupied by
bromine and fluorine atoms with SOF of 0.887(4) and 0.113(4), respectively. Halogen atoms
corresponding to apical ligands are located on one 18e site fully occupied by bromine atoms [34]. The
crystal structure of NbgBrsF is based on a three-dimensional cluster framework through bent apical-
apical Br®® bridges (Fig. 20), leading to the structural formula [NbeBr'sF';Bre3,,]. The non-linearity of
the bridges leads to a new kind of cluster arrangement among the MgX1s compounds of VEC 15, and is
explained by the destabilization of a hypothetical cubic structure due to the presence of a large
interstitial void, which is partially filled by bromide apical ligands in the rhombohedral structure [34].

NbeBrsFz R3¢

Fig 20 Representation of the three-dimensional cluster framework (left) and intercluster Nbg:--Nbg
distances (right) in NbgBrsF. Inner ligands are omitted for clarity. Distances are calculated from crystal
data reported in [34]
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5.3.2 TaeBris(TaBrs)-Type

TaeBris(TaBre)o.ss, formerly known as the elusive “TaBrs”, was reported in 2010 by Habermehl et al.
[35]. This cluster compound crystallizes in the trigonal symmetry space group R3c (No. 167) with unit
cell parameters a = 12.9860(11) A and ¢ = 33.285(4) A [35]. Tantalum atoms arising from the cluster
are located on one 36f crystallographic site, bromine atoms corresponding to inner ligands are located
on two independent 36f sites, and bromine atoms corresponding to apical ligands are located on one
18e site. Tantalum and bromine atoms arising from the TaBrs complex occupied the 6a site and one
36f site, respectively, both with SOF of 0.861(13) [35]. Tantalum in the (TaBrg) complex is assumed to
be pentavalent, suggesting that TagBris(TaBrs)oss should be a salt formed by the association of
(TaBre)8% complexes and [TaesBris]°%* cluster units [35]. Hence, for a full occupation of the interstitial
sites by TaBrs complexes, a VEC of 14 is expected for the [TaeBr'12]** cluster core [35].

The crystal structure of TagBris(TaBrs)oss is strongly related to that of NbgBrsF; through
identical three-dimensional cluster framework based on bent apical-apical Br*? bridges, in which
interstitial cuboctahedral sites are partially filled by (TaBrs) complexes (Fig. 21). These complexes form
a three-dimensional network similar to that of the cluster units. Hence, the crystal structure of
TaeBris(TaBre)o.ss is formed by the interpenetration of clusters and complexes networks, related one to
each other by a [2/3, 1/3, 1/12] translation (Fig. 21).

NbeBrsF~ TaeBris(TaBrs)o.se

o ¥

Fig. 21 Representation of the unit cell of NbgBrsF; (left) and TagBris(TaBrs)o.ss (right) highlighting the
similarity of three-dimensional cluster frameworks. Inner ligands are omitted for clarity

5.3.3 Comparison of NbeBrsF7 and TasBris(TaBrs)o.ss Cluster Frameworks

As previously mentioned, the crystal structures of NbgBrsF; and TaeBris(TaBreg)oss evidence similar
three-dimensional cluster networks characterized by bent apical-apical M-Br®2-M bridges (Fig. 21). The
shorter intercluster distances are found between cluster linked by apical-apical Br*? bridges along the
c-axis, while the longer intercluster distances (corresponding to a parameter) are located in the (a,b)
plane between clusters not directly linked by apical-apical bridges (Fig. 20, Fig. 22 and Table 9). The
crystal structure of TaeBris(TaBre)oss is also characterized by a second network made of TaBrg
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complexes, interpenetrated with that of the clusters via a [2/3, 1/3, 1/12] translation (Fig. 21). This
leads to an increase of the intercluster Tas---Tas distances (Table 9) in relation with higher Ta-Br*?-Ta
angles (141.3°) compared to the Nb-Br®2-Br angles (117.2°) encountered in NbgBrsF7. This increase of
intercluster distances is more important between clusters located in the (a,b) plane and forming an
hexagonal plane (+ 35%), compared to clusters directly linked to the central cluster and located above
and below this hexagonal plane (+ 15%). While, the increase of intercluster distances in the (a,b) plane
is directly related to the a parameter expansion (from NbeBrsF; to TaeBris(TaBre)oss) via
interpenetration of the two networks, that along the c-axis is in apparent contradiction with the ¢
parameter contraction of 6% (Table 2). This reveals a large anisotropy of the electronic and halogen
matrix effects between (TaBrs)" complexes and [TagBris]™ cluster units in TagBris(TaBrs)ose. The former
is predominant in the (a,b) plane and the latter along the c-axis.

Table 9 Me:-Mgs intercluster distances (A) in NbeBrsF; and TagBris(TaBrs)o.ss compounds

Bridging type NbeBrsF;? TaeBris(TaBrs)o.ss °
Direct (x6) 8.112(1)  9.327(1)
Indirect (x6)  9.637(1)  12.986(2)
Distances calculated from crystal data reported in: 2 Ref. [34]. ® Ref. [35]
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Fig. 22 Representation of the three-dimensional cluster framework (left) and intercluster Tae---Tag
distances (right) in TagBris(TaBrs)oss. Inner ligands are omitted for clarity. Distances are calculated from
crystal data reported in [35]

5.4 Cluster Compounds with Both Linear and Bent M-X°°-M Bridges

The crystal structure of InNbeCl15 was first reported by Womelsdorf et al. in 1997 to crystallize in the
orthorhombic symmetry space group Pmma (No. 51) with unit cell parameters a = 17.866(1) A, b =
13.4552(8) A, and c = 9.2934(8) A [18]. Its crystal structure is based on two kinds of NbeClss cluster units
(named cluster A and cluster B) sharing apical ligands. Clusters A form zigzag chains along the a-axis
through bent apical-apical CI*? bridges and clusters B form linear chains along the c-axis through linear
apical-apical CI*? bridges (Fig. 23). These chains, perpendicular to each other, are connected along the
b-axis through bent apical-apical CI>® bridges. This leads to a three-dimensional cluster framework of
structural formula [NbeCl'12CI*%/,], which can be viewed as the interpenetration of two cluster
networks formed by clusters A and B, respectively, linked to each other by bent apical-apical CI*?
bridges along the b-axis. Indium atoms are located in tetrahedral cavities formed by two clusters A and
two clusters B. The coordination polyhedron of indium atoms is then formed by eight inner chlorine
ligands at distances between 3.229(2) and 3.400(2) A and two apical chlorine ligands at distances of
3.301(1) and 3.430(1) A, forming a distorted bicapped cubic geometry (Fig. 24). Monovalent indium
cations counterbalance the charge of the [NbeClis]™ cluster units, which are characterized by a VEC of
16. Niobium atoms are located on five independent crystallographic sites (4j and 8/ for cluster A; 2e,
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2e and 8/ for cluster B), chlorine atoms on inner positions are on eight independent sites (4h, 44, 8/ and
8/ for cluster A; 4i, 4k, 8/ and 8/ for cluster B), chlorine atoms on apical positions are on three
independent sites (2f for cluster A; 2e for cluster B; 8/ for chlorine atoms common to cluster A and B),
and indium atoms are on one 4k site [18].

The crystal structure of isotypic Ko77NbeClis, RbNbgClis and CsNbgClis compounds were also
studied by single-crystal X-ray diffraction [50], while that of TINbsClis was assigned from powder X-ray
diffraction data [18]. However, in contrast to the crystal structure of InNbsCl;s where the cationic 4k
site is totally filled, that in Ko 77NbeClys is partially filled with a SOF of 0.768(5), while alkaline atoms in
RbNbeClis and CsNbgClis are highly disordered with a statistically distribution on five and four
crystallographic sites, respectively.

InNbeClis Pmma

Fig. 23 Representation of the three-dimensional cluster framework encountered in InNbgClss. Inner
ligands and Indium atoms are omitted for clarity

Fig. 24 Representation of the indium environment in InNbgClis

In InNbeClis-type structure compounds, the average Nb-Nb and Nb-Cl' interatomic distances
are equivalent for clusters A and B (Table 3), even if the cluster core is more distorted in the latter than
in the former. On the contrary, the average Nb-CI*? interatomic distances are non-equivalent with a
systematic higher value for cluster A compared to cluster B (Table 3). This is related to longer Nb-CI*?
interatomic distances in the zigzag chains than those encountered in the linear chains.

28



i, @

9.293(1) A |

Il

8.651(1) A

' 9.452(1) A

Fig. 25 Representation of the three-dimensional cluster framework (left) and intercluster Nbg:--Nbg
distances (right) in InNbgClss. Inner ligands and indium atoms are omitted for clarity. Distances are
calculated from crystal data reported in [18]

8.933(1) A

In InNbeClss short intercluster distances of 8.651(1), 8.933(1) and 9.293(1) A are encountered
between cluster A and cluster B along the b-axis through bent apical-apical Nb-CI*?-Nb bridges (132.2°),
between clusters A along the ag-axis through bent apical-apical bridges (138.3°) and between clusters
B along the c-axis through linear apical-apical bridges (180°), respectively (Figure 25). Due to the
interpenetration of the two cluster networks, short intercluster distances of 9.293(1) A are also
observed along the c-axis between clusters A, even if these clusters are not directly linked by apical-
apical Nb-CI*2-Nb bridges (Figure 25). Finally, the cluster environments of both clusters B and A are
completed by surrounded clusters B at intercluster distances of 9.452(1) and 10.176(1) A, respectively
(Figure 25). The intercluster distances are influenced by the nature of the cation but do not modify the
aforementioned description (Table 10). However, due to cation disordering or partial occupation of
the cation site, it is not possible to determine the influence of the cation size on the intercluster
distances and on the halogen matrix effect in the InNbgClis-type structure compounds.

Table 10 Nbe---Nbg intercluster distances (&) in InNbsClis-type structure compounds

Bridging type INNbeClis5 @ Ko.77NbeClis b RbNbgClis b CsNbeCl1s b
Direct A-B (x4) 8.651(1) 8.634(1) 8.666(1) 8.708(1)
Direct A-A (x2) 8.933(1) 8.901(1) 8.917(1) 8.947(1)
Direct B-B (x2) 9.293(1) 9.255(1) 9.214(1) 9.244(2)
Indirect A-A (x2) 9.293(1) 9.255(1) 9.214(1) 9.244(2)
Indirect B-B (x2) 9.452(1) 9.396(1) 9.351(1) 9.350(1)

Indirect A-B (x4) 10.176(1) 10.119(1) 10.051(1)  10.046(1)
Distances calculated from crystal data reported in: ? Ref. [18]. ® Ref. [50]

6 Interatomic Distances in Inorganic Nbe and Tas Cluster Halide Compounds
with Three-dimensional Frameworks

6.1 Cluster Units Based on Face-capped MsX'sX°s Building Blocks

First, among cluster units based on face-capped MeX'sX% building blocks, those arising from
MosxNb1xl11 compounds must be considered separately from the others. Indeed, these cluster units
are generally characterized by a VEC of 24, leading to very short M-M (d,_,, = 2.695 A) and M-X' (d,,_
= 2.785 A) interatomic distances compared to those encountered in cluster units characterized by a
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VEC of 19 or 20 (Table 3). On the opposite, the M-X*? interatomic distances are similar to those found
in the other iodides (Table 3), indicating that VEC value influences only the [M¢X's] cluster core.

Second, the structural transition from the HT to LT forms occurring in Nbgli; and derivative
compounds with VEC of 19 (excluding Nbegls7Br, 5 due to strong disorder on apical positions, especially
Br?, leading to Nb-Br® distances ranging from 2.567 A to 4.431 A) do not influence drastically the
interatomic distances: dy_y = 2.846 A, dy_x: = 2.864 A and dj;_ya-a = 2.919 A for the HT form
compounds, and dy,_y; = 2.850 A, dp;_x = 2.861 A and dy;_ya-a = 2.920 A for the LT form compounds
(Table 3).

Finally, as already mentioned, hydrogen/deuterium atom insertion into Nbeli; leads to a weak
increase of the Nb-Nb distances regardless of the structural form and a narrower distribution of them
(Table 3).

6.2 Cluster Units Based on Edge-bridged MeX'12X°s Building Blocks

In cluster units based on edge-bridged MeX'12X% building blocks, it should be noted that the M-M
interatomic distances are mainly influenced by the halogen matrix effect. This effect is particularly
important when fluorine atoms occupy (partially or totally) the inner positions, leading to the shortest
M-M distances, as exemplified by average M-M distances of 2.794-2.803 A in NbgFys or 2.815 A in
NazNbsBrsF11(NbFs), while in TasClis and TagBris the average M-M distances are 2.918-2.925 A and
2.957 A, respectively (Table 3).

In this family of compounds, the halogen matrix effect on M-X and M-X? interatomic distances
is also predominant. This is highlighted by the linear evolutions of the average M-X' (Fig. 26) and M-X??
(Fig. 27) interatomic distances with the average X' and X? ionic radius, respectively. This leads to short
M-X' and M-X? distances of 2.049-2.059 A and 2.113-2.118 A, respectively, in NbgFs to long M-X' and
M-X>2 distances of 2.764-2.795 A and 3.105-3.110 A, respectively, in Tasl14 (Table 3). It should be noted
that the number of clusters (i.e., 2 or 3) shared by iodine atoms in apical position presents a weak
influence on the M-X*?/M-X222 distances (Fig. 27).

29 T T T T T T j ' ' '
,gl W INbX,] R®=0.9935 A -
. ® [NbX ] A
27+ A [TaX,] T
sl ¥ [TaX.] Nb,CLl, i

‘! TaﬁBrﬁ(TaBr)

- NaNb,Cl,, l

- 25} j
< I Na NbECIaFT(NbF ) ! “—InNbCl,, ]
= 24F e ® \TaCI ]
= I .‘ -
23+ NbBIF, —» & N Nb Clu T
- ‘ CsNb.CLF, ]
22+ ]
I KNbECIwFs :
51l NbEFﬁ/,r y =0.82(2)x + 0.98(4)
S 1

20 2 1 ' 1 ' 1 L 1 L 1

1.2 14 16 1.8 2.0 2.2

X' ionic radius (A)

Fig. 26 Evolution of the average M-X' interatomic distances vs. the average X' ionic radius in cluster
units based on edge-bridged MeX'12X% building blocks
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Fig. 27 Evolution of the average M-X®? interatomic distances vs. the average X? ionic radius in cluster
units based on edge-bridged MeX'1,X% building blocks

Due to the linear evolution of the average M-X and M-X*? distances with the average X' and X®
ionic radius, a linear evolution between average M-X' and M-X2? distances is also observed when both
X' and X2 correspond to the same halogen atoms (Fig. 28). On the contrary, for a different nature of
inner and apical ligands, a deviation to this linear tendency is expected as exemplified with NbgBrsF;
for which inner and apical positions are occupied by fluorine/bromine and bromine atoms,
respectively, or CsNbsClsF; for which inner and apical positions are occupied by fluorine/chlorine and
fluorine atoms, respectively (Fig. 28).
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Fig. 28 Evolution of the average M-X*? interatomic distances vs. the average M-X' interatomic
distances in cluster units based on edge-bridged MeX'1,X% building blocks
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7 Structural Relationships Between Crystal Structures Based on
Hexagonal, Cubic and Trigonal Symmetry

In Fig. 29 are represented the different cluster arrangements along three-fold axes encountered in
crystal structures of three-dimensional cluster frameworks with hexagonal (i.e., along the [001]
direction), cubic (i.e., along the [111] direction) and trigonal (i.e., along the [001] direction) symmetries.
One common structural feature encountered in these types of structures represented in Fig. 29, is that
niobium/tantalum atoms are located on only one crystallographic site, which is not the case for the
other structure-types discussed in this review. A second common structural feature is related to the
fact that the clusters are located on three-fold axes. This leads at least to six identical M-M interatomic
distances, which are related to the cluster faces perpendicular to the three-fold axes. This is also true
for CsNbgli1 even if the crystal structure is non-centrosymmetric (Table 1).

These crystal structures can be described by the stacking of hexagonal layers of clusters, which
are separated from another by layers of apical ligands (Fig. 29). Due to the existence of only one three-
fold axis direction in hexagonal and trigonal symmetry structures (i.e., along the [001] direction), the
clusters arising from one layer are all oriented in the same direction. This is also the case for NbgFis,
CsNbeClgF7 and Na>NbeClsF7(NbFg)-type structure compounds due to the fact that the centroid of the
clusters is at the intersection of the three-fold axes along the [111], [111], [111], and [111] directions
(Fig. 29). On the contrary, in the other cubic symmetry structure types (i.e., NbgCli2l;, TagClis, NaNbgClis
and KNbgsClioFs), the clusters are located on only one three-fold axis, leading to four different
orientations of the clusters in the same layer (Fig. 29).

The crystal structure of CsNbgli1 is characterized by the stacking along the c-axis of two cluster
layers, denoted A and B in Fig. 29, leading to a pseudo hexagonal close-packed arrangement of cluster
units. The cluster layers are separated from another by bent apical-apical bridges. The clusters arising
from layer A are related to clusters of layer B by a rotation of 180° induces by the six-fold screw axis 65.

The crystal structure of NbgFis is characterized by the interpenetration of two cluster
frameworks, each forming a pseudo cubic close-packed arrangement "A-B-C" of cluster units oriented
in the same direction (Fig. 29), and related one to the other by a [%, ¥, %] translation (Fig. 14). The
cluster layers arising from the same framework are separated by linear apical-apical bridges. The
crystal structure of CsNbsClsF7 and Na>NbsClsF7(NbFs) are characterized by only one pseudo cubic close-
packed arrangement "A-B-C" of cluster units, the second being replaced by cesium cations and (NbFg)
complexes, respectively. As in NbgFis, the cluster layers arising from this arrangement are separated
to the others by linear apical-apical bridges. For the sake of clarity, the crystal structure representation
of these compounds, shown in Fig. 29, highlights only the cluster layer stacking common to the three
types of structures, the blue spheres representing either the centroid of the clusters arising from the
second framework or the centroid of the cesium cations distribution/(NbFs) complexes. As in
CsNbsClsF7 and Na;NbeClsF7(NbFg), the crystal structure of NbeCli2l; is also characterized by a pseudo
cubic close-packed arrangement "A-B-C" of cluster units (Fig. 29). However in the latter structure, the
clusters are oriented in four different directions, and the cluster layers are separated one to the others
by bent apical-apical-apical bridges.

The crystal structures of NbgBrsF; and TagBris(TaBrg) are characterized by a cluster layer
stacking "A-B-C-A’-C’-B’" along the c-axis, where the cluster layers are separated one to the others by
bent apical-apical bridges similar to those encountered in CsNbgli; (Fig. 29). The crystal structures of
TaeClis, NaNbeClis and KNbgClioFs are also characterized by a cluster layer stacking "A-B-C-A’-C’-B’" but
with a higher degree of interpenetration (Fig. 29). These structures can be viewed as pseudo cubic
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derivatives close-packed arrangement of cluster units. However, in TagClis, NaNbgClis and KNbgClioFs,
the cubic symmetry induces four different orientations of the clusters in the same layer, while in
NbeBrsF; and TagBris(TaBrs) the clusters show the same orientation inside the layers. Moreover, in
TaeClis, NaNbgClis and KNbgClioFs structures, bent apical-apical bridges are located between but also
inside the cluster layers, leading to an enlargement and a shortening of the structure perpendicularly
and in parallel to the stacking direction, respectively, compared to trigonal structures (Fig. 29).
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Fig. 29 Cluster arrangements along three-fold axes encountered in crystal structures of three-
dimensional cluster frameworks with hexagonal (i.e., along the [001] direction), cubic (i.e., along the
[111] direction) and trigonal (i.e., along the [001] direction) symmetries. Three-fold axes are
represented by red arrows. Blue spheres represent either the centroid of the clusters arising from the
second cluster framework in NbgFis or the centroid of the cesium cations distribution/(NbFe)
complexes in CsNbgClgF7/Na;NbeClsF7(NbFg)

8 Electronic Structure of Niobium and Tantalum Octahedral Cluster Halide
Compounds

Face-capped and edge-bridged octahedral clusters, with the general formula MeX'sX% and MeX12X%,
respectively (Fig. 1), are among the oldest prototypes of inorganic cluster chemistry [66]. Over the
years, these octahedral clusters have been the subject of considerable theoretical studies carried out
at different levels of theory (mostly extended Hiickel (EH) and density functional theory (DFT)) [67-84].
Results converge overall to a bonding picture where the M—M bonding is based essentially on the
interaction of metal d orbitals, a situation notably different from the bonding picture for most
transition-metal carbonyl clusters [74, 85]. The bonding in both types of cluster has been described
initially in terms of localized two-center or three-center bonds in MgX'sX% and MeX'12X%, respectively
[68]. In this description, five hybrid orbitals at each metal atom are directed toward the five ligands,
which are arranged in a square-pyramidal fashion (Fig. 1). The remaining four hybrid orbitals per
vertex, point along the edges for MeX'12X% and into the faces for MeX'sX%. Later on, a delocalized
molecular orbital model has been developed providing additional insights into the structural and
electronic properties of these clusters [67, 69, 70, 75]. Qualitative molecular orbital diagrams of face-
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capped and edge-bridged octahedral clusters MeX'sX?% and MgX'12X% are shown in Fig. 30 to illustrate
similarities and differences in their electronic structures [79]. In summary, the electronic structure of
face-capped MeX'sX% clusters shows 12 M—M bonding molecular orbitals (MOs) energetically
separated from antibonding ones. That of edge-bridged MeX'12X% clusters exhibits only 8 M—M bonding
MOs. Consequently, full occupation of these M—M bonding MOs leads to stable VEC of 24 and 16 metal
electrons for face-capped MeX'sX?% and edge-bridged MeX'12X% clusters, respectively (Fig. 30). These
two different "magic" numbers differ due to the different number and structural distribution of the X'
ligands. Indeed, when the ligands are face-capped, the metal electrons occupy the regions along the
M-M bonds to avoid electron-electron repulsion. Similarly, when the ligands are edge-bridged, the
metal electrons occupy the regions of metal triangle faces [79]. All theoretical calculations indicate
that the highest occupied molecular orbitals (HOMO), e, for MeX'sX% and az, for MeX'12X%, are
somewhat energetically separated from the other occupied bonding MOs (Fig. 30). This is due to their
peculiar nodal properties. In the former, the e, orbitals are weakly M—M bonding, being of local &
symmetry with respect to an axis extending from M to the neighbor X? atom as shown in Fig. 31 [73].
In the latter, the ay, orbital is also of 6symmetry and consequently weakly M—M bonding (Fig. 31), and
moreover is M—X' antibonding [81]. This peculiar situation confers exceptional ‘redox’ properties to
these face-capped and edge-bridged octahedral clusters and related properties (paramagnetism,
conductivity, superconductivity, optics, etc.), explaining the sustained interest in these compounds. A
great advantage of the delocalized bonding picture described above is that it can equally well describe
MeX12X% and MeXgX3 clusters with variable VEC. For example, KLuNbeClig has a VEC of 16 filling all the
M—-M bonding MOs of an edge-bridged octahedron, and the Nb—Nb bond lengths are 2.91-2.92 A [12].
The existence of the structurally related LuNb¢Clis compound (VEC of 15) can be associated with the
partial depopulation of the a2, MO. The Nb—Nb bond lengths are 2.95-2.96 A, confirming the weakly
bonding nature of the HOMO, and the compound is paramagnetic [12], confirming that the HOMO is
singly degenerate.
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Fig. 30 Qualitative molecular orbital interaction diagrams for face-capped MeXsX% (left) and edge-
bridged MeX'1,X% (right) octahedral clusters
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Fig. 31 Qualitative sketch of the ey and a;, HOMOs of 24-electron face-capped MeX'sX% (left) and 16-
electron edge-bridged MeX'1:X% (right) clusters, respectively

8.1 Variable VEC of Nb¢l11 and Derivatives

As just said, because of the weakly M—M bonding character of the e, orbital in face-capped octahedral
MeXigX3 clusters, the VEC can rather easily be lowered from 24 to 20. This is the case of the “Chevrel
phases” PbMoeSs for instance [86], amply discussed in Chapter 1 of this volume, which contain 22-
electron [MoeS's]* motifs, rendering this compound superconductor [87]. Being largely encountered
for group 6 and 7 transition elements, face-capped octahedral MeX'sX?® are observed with group 5
metals only for electron-deficient Nbgl;1 and derivatives (Tables 1-3). With 20 electrons per motif
[Nbel'sl3]" in CsNbeli1 [9] the e, orbital is fully depopulated. More puzzling is the drastically electron
deficient 19-electron [Nbsl'sl?s] unit in the paramagnetic Nbeli; compound [28, 54]. Indeed, the low
value of VEC = 19 is the reason for a reversible incorporation of a hydrogen atom into the cluster
center.

8.2 Electronic Structure of Edge-bridged MsX'12X°s Clusters

Examination of Tables 1-3 indicates that the same relatively regular octahedral architectural unit is
observed in all edge-bridged inorganic niobium and tantalum octahedral cluster halide compounds,
regardless of the VEC which can vary from 14 to 16. There is, however, some significant lengthening of
the M-M distances and some shortening of the M-X? and M-X' bond lengths, respectively, with the
diminution of the electron count from 16 to 15 or 14. This is the case for instance for the structurally
related 16-electron KLuNbsClis and 15-electron LuNbsClis compounds just mentioned above due to the
partial depopulation of the a;, HOMO in the latter [12].

It is clear that the conceptual ease of describing the structure of inorganic niobium and
tantalum octahedral cluster halide compounds with the isolated “molecular” method of construction
outlined above obscures the effect of intercluster contacts. As shown above, clusters can pack in
different ways generating a plethora of zero-to-three-dimensional solid-state structures (Table 1). We
may wonder if the various features of intercluster connection and/or the variability in positioning and
stoichiometry with regard to the intercalated counter-ions can influence the VEC of the MeX'12X%
motifs. It seems not much looking at Table 1 where most of MeX'1,X% clusters possess a VEC = 16,
regardless of the dimensionality of the solid-state compounds. Indeed, because of the rather large
separations between the MeX'1,X% motifs encountered in this kind of compound, it would be difficult
to imagine that the energy bands in the solid-state structures, which can be thought of as consisting
of a broadening version of the cluster MOs depicted in Fig. 30, would be so perturbed as to modify the
electronic properties expected from the ‘isolated’ clusters. This suspicion has not been directly
confirmed for inorganic niobium and tantalum octahedral cluster halide compounds since no periodic
theoretical calculations have been performed so far to the best of our knowledge. On the other hand,
this has been confirmed using periodic EH-tight binding [88] and DFT [89] calculations for related
octahedral niobium cluster-based solid-state oxyhalides such as RbNbgCl1;0, which contains 15-
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electron [NbeCl'100';1CI2,0%]" units and related compounds [36]. The electronic density of states (DOS)
in these species shows narrow peaks that indicate weak intercluster three-dimensional interactions in
the compound.

9 Summary

In this review we have surveyed the development of crystal and bonding chemistry of face-capped and
edge-bridged inorganic niobium and tantalum octahedral cluster halide compounds, over a long
period, from its origin to most recent work, with a particular emphasis on those showing three-
dimensional cluster frameworks. Structure and bonding are intimately linked to the valence electron
concentration, i.e., the number of electrons that held the octahedral architecture. Apart from Nbgli1
and derivatives, which show electron-deficient face-capped MesX'sX% units, compounds containing
edge-bridged MeX'12X% motifs are the most largely encountered. Closed-shell compounds with a
valence electron concentration of 16 are predominant, although a few 15-electron open-shell
magnetic compounds or even 14-electron closed-shell species have also been reported.

Particularly interesting from a structural point of view is the fashion in which these face-capped
and edge-bridged clusters “pack” in crystals. The astonishing diversity of structural types, which are
observed, is mainly due to the flexibility of the halogen ligands to coordinate in various manners to
metal atoms. This is highlighted with the fact that fluorine ligands in apical positions favor the
formation of linear bridges between building blocks whereas they are bent for other halogens, or the
predominant halogen matrix effect on M-X and M-X?? interatomic distances. Moreover, considering
the ionic nature of the M-X® bonds compared to the M-X ones, it turns out that all these structures
can be described by the stacking of layers of {MeX'1,}™ or {MeX's}™ cluster cores separated by layers of
apical ligands {X?}. The nature of the clusters orientation arising from one layer, influences the degree
of ordering/disordering of the apical ligands in their corresponding layers. This is exemplified with
hexagonal, trigonal, and cubic structures, where the localization of the cluster units on a three-fold
axis leads to one or four different orientations of the clusters in the same layer, inducing in the former
case a higher degree of ordering of the apical ligands compared to the latter case. Finally, a rigorous
structural analysis of these compounds reveals no close relationship between the valence electron
concentration and the variability of the intercluster connections and/or the nature of the counter-ions.
Indeed, the main bonding features of these compounds can be understood from the delocalized
bonding picture of isolated ‘molecular-like’ MeXgX% or MeX'12X% clusters.
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