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The first quaternary vanadium niobium compounds containing triangular Nb3 clusters corresponding to the general
formula, AVNb3Cl11 (A ) K, Rb, Cs, Tl), have been prepared in sealed quartz tubes from stoichiometric amounts
of ACl (A ) K, Rb, Cs), or Tl metal, VCl3, Nb powder, and NbCl5 heated at 740 °C. The compounds crystallize
in the orthorhombic space group Pnma (No. 62). The crystal structures of the Rb and Tl members were determined
by single-crystal X-ray diffraction techniques. Crystal data: a ) 12.771(3) Å, b ) 6.811(2) Å, c ) 17.183(3) Å,
V ) 1494.6(1) Å3, and Z ) 4 for A ) Rb; and a ) 12.698(5) Å, b ) 6.798(3) Å, c ) 17.145(10) Å, V )
1480.0(13) Å3, and Z ) 4 for A ) Tl. The crystal structure of AVNb3Cl11 consists of triangular Nb3Cl13 clusters
(Nb−Nb ) 2.826 Å) connected to each other via four outer ligands to form infinite chains along the b-axis. The
chains are connected by vanadium atoms located in an octahedral environment to form puckered sheets. The A+

counterions are located between adjacent sheets and coordinate to twelve chlorine ligands in anticubeoctahedral
geometry. Electronic structure calculations show bonding orbitals similar to those in Nb3Cl8. Magnetic susceptibility
measurements show paramagnetic Curie Weiss behavior.

Introduction

Compounds containing triangular Nb3 clusters have been
extensively studied in recent years in the solid state and in
solution.1-3 The binary cluster compounds, Nb3X8 (X ) Cl,
Br, I) are based on [Nb3(µ3 - X i)(µ2 - X i)3Xa

9]5- cluster
anion ((i) and (a) denote “inner” and “outer” ligand,
respectively), formed of triangular Nb3 metal core face-
capped by one halogen (µ3 - X), edge-capped by three
halogen ligands (µ2 - X), and nine other halogen ligands
are located in apical positions.4-6 The cluster units share all
their outer ligands to form a layered structure according to
theconnectivityformula,Nb3(µ3-Xi)(µ2-Xi)3Xa-a

6/2Xa-a-a
3/3.

Molecular orbital calculations have shown that in most Nb3

cluster containing compounds the cluster is stable with six
(e.g., Nb3SBr7,7 Nb3SI78, and (PEt3H)[Nb3Cl10(PEt3)3

9]),
seven (e.g., Nb3X8 (A ) Cl, Br, I),4-6 CsNb3SBr710), or eight

(e.g., Nb3Cl7(PMe2Ph)69) valence electrons (VEC) available
for metal-metal bonding. Modification of the cluster layers
in Nb3X8 by either ligand substitution as is the case in the
niobium chalcohalides Nb3YX7 (Y ) chalcogen, X)
halogen), which is based on [Nb3YX12]5- cluster units with
six valence electrons, or stabilization of the Nb3 units by
countercations (e.g., pseudo-ternary series, ANb3YX7, where
A ) Rb, Cs; Y) chalcogen; X) halogen, which are based
on [Nb3YX10]4- cluster units) led to the discovery of different
structure types.7,8,10,11

Our work in this area focuses on the investigation of metal-
rich halides and oxyhalides containing transition metals as
counterions. In the chloride systems we reported the com-
pounds Rb2Cu2Nb6Cl18,12 K2MnNb6Cl18,13 the series ATiNb6-
Cl18 (A ) K, Rb, Cs, In, Tl),14 and A2VNb6Cl18 (A ) Tl, In,
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Rb),15 which contain the octahedral [Nb6Cl18]4- units and
Cu(I), Mn(II), Ti(III), and V(II) as counterions. In compounds
containing triangular Nb3 cluster units, only the pseudo
ternary phases ANb3YX8 (A ) Rb, Cs; Y) chalcogen; X
) halogen) which contain the [Nb3YX10]4- unit have been
reported. To date, no Nb3 triangular cluster units have been
isolated in the presence of transition metals as countercations.
Transition-metal counterions can exhibit different coordina-
tion and different oxidation states, which may lead to
stabilization of novel structures. In this paper we report the
synthesis, crystal structure, magnetic properties, and elec-
tronic structures of the first quaternary niobium chloride
cluster series containing triangular Nb3 clusters and vanadium
with the formula AVNb3Cl11 (A ) K, Rb, Cs, Tl).

Experimental Section

Syntheses.TlVNb3Cl11 was initially formed as small black
platelike crystals during our investigation of niobium oxychloride
cluster compounds containing Tl and V as counterions. Subse-
quently, the series AVNb3Cl11 (A ) K, Rb, Cs, Tl) was prepared
quantitatively from reactions carried out using stoichiometric
quantities of NbCl5 (Alfa, 99.5%), Nb powder (Alfa 99.8%), VCl3

(Alfa 99.8%), and KCl (Alfa, 99.99%) or RbCl (Alfa, 99.99%) or
CsCl (Alfa, 99.9%) or Tl metal (Johnson Matthey, 99.99%). The
mixtures were handled under argon atmosphere, sealed in silica
tubes (length 4 cm, i.d.7 mm) under vacuum, heated at 740°C for
one week, followed by slow cooling to 550°C in 48 h and radiative
cooling to room temperature. The products were obtained as black,
air-stable platelike crystals between 0.15 and 0.3 mm in size.

Elemental Analysis. The products were analyzed by X-ray
microanalysis (EDAX). The spectra were obtained with a Philips
515 scanning electron microscope equipped with an EDAX
microprobe, at an accelerating voltage of 30 kV, beam diameter of
50-100 µm, and counting times of 50-100 s. The analysis
confirmed the presence of alkali metals or Tl, and V, Nb, and Cl.

Phase Analysis.The products were characterized by X-ray
powder diffraction for phase purity. Powder patterns were recorded
on an automated Philips diffractometer using Cu KR radiation. The
phases RbVNb3Cl11 and TlVNb3Cl11 were obtained in yields>90%
with Tl2VNb6Cl18

15 as the only minor product observed in XPD.
In the reactions of K and Cs, ca. 50% Nb3Cl8 was observed.

Magnetic Measurements.Magnetic susceptibility measurements
as a function of temperature (2-300 K) were carried out using a
Quantum Design MPMS XL SQUID magnetometer. Loose crystals
(54.4 mg) of the thallium phase were manually selected and placed
into a gelatin capsule, which was placed inside a plastic straw.
Samples were measured under both zero-field-cooled (zfc) and field-
cooled (fc) conditions. In both cases, the magnetization was
measured in the temperature range 2-300 K at applied fields of 5
and 10 kG. In addition, fields sweep at applied fields between-40
kG and 40 kG was measured at 5 K. The very small diamagnetic
contribution of the gelatin capsule containing the sample had a
negligible contribution to the overall magnetization, which was
dominated by the sample signal.

Electronic Structure Calculations. Electronic structure calcula-
tions were carried out using the extended-Hu¨ckel tight-binding
method.16-18 The density of states (DOS) were calculated using a
set of 24 special k-points uniformly distributed over the asymmetric

unit of the Brillouin Zone, and a set of 88 k-points was used to
verify the convergence. The calculations were carried out on
[VNb3Cl11]-, [Nb3Cl11]n- (n ) 3, 4), and [Nb3Cl13]n- anions, and
on the entire structure, AVNb3Cl11. Niobium atomic orbital energies
were corrected for charge transfer,19 and these parameters together
with those for V and Cl are available as Supporting Information.

Crystal Structure Determination of RbVNb 3Cl11. A suitable
single crystal of 0.2× 0.2× 0.10 mm3 was selected and mounted
in a glass capillary for X-ray diffraction analysis. Intensity data
were collected at 293(2) K on a Bruker P4 X-ray diffractometer
using Mo KR radiation. The unit cell parameters were refined using
51 centered reflections to give an orthorhombic unit cell with lattice
parametersa ) 12.771(3),b ) 6.811(2), andc ) 17.183(3) Å. A
total of 2464 reflections was collected (2.37° < θ < 27.49) of which
1847 were unique. An empiricalψ scan absorption correction based
on 10 reflections was applied. Extinction conditions and Laue
symmetry suggestedPnmaor Pna2(1) as possible space groups.
The structure was solved inPnmaas intensity statistics indicated
a centrosymmetric space group. Initial atomic positions of all atoms
were determined using direct methods.20 Least-squares refinement
(Shelxl-93) of a model containing all atoms with isotropic thermal
parameters converged to R1 ) 0.0731 and wR2 ) 0.1758 for all
data.21 Subsequent refinement with anisotropic thermal parameters
converged to R1 ) 0.0671 and wR2 ) 0.1214 for all data.
Refinement of the structure in the noncentrosymmetric space group
Pna21 did not lead to any statistically significant differences. Further
details regarding data collection and refinement parameters are listed
in Table 1. Positional and equivalent isotropic thermal parameters,
and anisotropic displacement parameters for Rb and Tl phases are
submitted as Supporting Information in CIF format.

The unit cell parameters for the compounds AVNb3Cl11 (A )
K, Cs) were determined from single-crystal X-ray diffraction
studies. For A) K: a ) 12.652(1) Å,b ) 6.701(1) Å, c )
17.055(1) Å, andV ) 1445.93 Å3. For A ) Cs: a )12.659(7) Å,
b ) 6.783(3) Å,c ) 17.091(10) Å, andV ) 1467.45 Å3.
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Table 1. Crystal Data and Structural Refinement Parameters for
AVNb3Cl11 (A ) Rb, Tl)

A ) Rb A) Tl

chemical formula RbVNb3Cl11 TlVNb3Cl1

FW 805.09 923.99
temperature (K) 293(2) 228(2)
wavelength (Å) 0.71073 0.71073
space group Pnma(No. 62) Pnma(No. 62)
a (Å) 12.771(3) 12.698(5)
b (Å) 6.8110(17) 6.798(3)
c (Å) 17.183(3) 17.145(10)
V (Å3) 1494.6(6) 1480.0(13)
Z 4 4
Fcalcd(g/cm3) 3.578 4.147
µ (cm-1) 80.1 156.6
R1/wR2

a (all data) 0.067/0.121 0.076//0.178

a R1 ) (||Fo| - |Fc||)/(|Fo|); wR2 ) [(w(Fo
2 - Fc

2)/(wFo
4)1/2.
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Results and Discussion

The series AVNb3Cl11 crystallizes in the orthorhombic
space group,Pnma, and is based on triangular Nb3Cl13 cluster
units, linked through four outer chlorine ligands (Cla-a) to
form chains that are connected to each other through
vanadium cations to form puckered sheets. The overall
structure of the compound RbVNb3Cl11 is given in Figure
1.

The Nb3Cl13 cluster unit consists of three NbCl6 octahedra
each of which shares a pair of Cl i edges, one vertex being
common to all three, and nine other Cla ligands in apical
positions, viz., Nb3Cli3/3Cli6/2Cla9. The intra-cluster bonding
parameters are given in Table 2. The observed bonding
parameters of the cluster unitd(Nb-Nb) ) 2.819(1) -
2.833(2), d(Nb-(µ2-Cl)i) ) 2.428(3) - 2.445(4),
d(Nb-(µ3-Cl)i) ) 2.440(4)- 2.450(5) andd(Nb-Cla))
2.505(3)- 2.638(3) Å are similar to those found in other
cluster compounds containing triangular Nb3Cl13 units.1-4,6,22

The averaged(Nb-Nb) distance, 2.826(1) Å is between that
found in Nb3Cl86,22 with VEC ) 7 (d(Nb-Nb) ) 2.808(1)
Å) and that found in Nb3Cl7(PMe2Ph)69 (d(Nb-Nb) )

2.832(1) Å) which has VEC) 8. In contrast, significantly
longer Nb-Nb distances have been reported for six-electron
Nb3 clusters (e.g., Nb-Nb ) 2.976(1) Å, in (HPEt3)Nb3-
Cl10(PEt3)3

9).
The Nb3Cl13 units share four Cla-a atoms to form infinite

chains running along theb-axis, according to the connectivity
formula, Nb3(µ3 - Cli)(µ2 - Cli)3Cla5Cla-a

4/2 (Figure 2). One
bridging ligand, Cla-a and the five remaining terminal Cla

coordinate to the vanadium atoms which join the chains into
puckered sheets that stack along thea-axis. Theµ3-Cli and
the bridging Cla-a coordinate to three niobium, and two
niobium and one vanadium, respectively, and all other
chloride ligands are bonded to either two niobium, or one
niobium and one vanadium atoms. The chains occur with
alternate orientations of the cappingµ3-Cli ligand.

Puckering within the layers results from alternate rotations
of adjoining chains, approximately by 19° about the Nb-
Nb edges of the Nb3 cluster, so as to generate suitable
coordination sites for the vanadium atoms (Figure 3). Five
Cla and one Cla-a ligands from three neighboring cluster units
in two adjacent layers coordinate the vanadium. The average

(22) Miller, G. J.J. Alloys Compd.1995, 217, 5.

Figure 1. Perspective view of the crystal structure of AVNb3Cl11 showing
the puckered layers stacked along the crystallographica axis. Vanadium
coordination is shown as polyhedral representation: Nb, gray; Cl, green;
V, red; A, blue.

Table 2. Selected Bond Lengths [Å] and Angles [°] for AVNb3Cl11

A ) Rb A ) Tl

Nb(1)-Nb(1) 2.833(2) 2.828(3)
Nb(1)-Nb(2) 2.8187(17) 2.824(2)
Nb(1)-Cl(1) 2.445(4) 2.436(4)
Nb(1)-Cl(2) 2.439(4) 2.427(3)
Nb(1)-Cl(3) 2.551(3) 2.553(3)
Nb(1)-Cl(5) 2.440(4) 2.428(4)
Nb(1)-Cl(6) 2.506(3) 2.516(3)
Nb(1)-Cl(7) 2.638(3) 2.641(3)
Nb(2)-Cl(4) × 2 2.524(3) 2.522(3)
Nb(2)-Cl(5) 2.450(5) 2.442(5)
Nb(2)-Cl(6) × 2 2.428(3) 2.423(3)
Nb(2)-Cl(8) 2.603(5) 2.598(5)
V-Cl(4) 2.461(6) 2.467(6)
V-Cl(6) × 2 2.464(4) 2.460(4)
V-Cl(7) 2.485(5) 2.469(6)
V-Cl(8) × 2 2.490(4) 2.483(4)
A-Cl 3.4337(11)-3.690(5) 3.322(1)-3.819(1)
V-Nb 3.265(1)-3.731(1) 3.252(2)-3.719(2)
Nb(2)-Nb(1)-Nb(1) 59.84(3) 59.95(3)
Nb(1)-Nb(2)-Nb(1) 60.33(6) 60.10(7)
Nb(2)-Cl(6)-Nb(1) 70.79(10) 70.99(14)
Nb(1)-Cl(5)-Nb(1) 70.80(13) 70.88(13)

Figure 2. Projection of a layer in AVNb3Cl11 showing cluster connectivity
into chains and the vanadium octahedra linking the chains to form layers.

Figure 3. View of the octahedral coordination environment of vanadium
formed of five Cla and one Cla-a ligands from three neighboring Nb3Cl13

units.
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d(V-Cl) ) 2.475(6) Å, is between the V-Cl distances in
binary vanadium chlorides, VCl2 (V-Cl ) 2.539(1) Å)23 and
VCl3(V-Cl ) 2.417(5) Å),24 indicating that the vanadium
could be present in mixed valence with a formal oxidation
state V+2.5. The oxidation state of vanadium is confirmed
based on bond valence sums:25 BVS for averaged(V-Cl),
0.409× 6 ) 2.456(1). The Rb+ cations occupy distorted
anticubeoctahedral sites between the layers, holding the
layers together into three dimensions, and are coordinated
by 12 chlorine ligands. The averaged(Rb-Cl) distance
3.569(4) Å (Table 2) is in good agreement with the sum of
the ionic radii of the Rb+ (1.72 Å, CN) 12) and Cl- (1.81
Å) ions.26

Several molecular orbital (MO) calculations have been
performed on the (Nb3X13)5- anion and Nb3X8 com-
pounds.19,27-31 There are nine molecular orbitals, of which
four are in the metal-metal bonding states, which indicates
that the Nb3 cluster can be stabilized with a maximum of
eight electrons. In the (Nb3X13)5- unit, six electrons occupy
the most strongly bonding Nb-Nb states, 1a1 and 1e, and
the weakly bonding 2a1 level accommodates the seventh
electron which is half filled in the case of Nb3Cl8 (VEC )
7), and fully occupied in eight electron systems.9 The density
of states (DOS) for the Nb3 cluster of the title phase in the
energy region-18.0 to-5.0 eV covering the Fermi level is
shown in Figure 4.

The position of the Fermi level lies on the DOS peak that
is essentially of 2a1 character located at-7.85 eV. The
energy bands at-9.41 eV (1a1 level), -9.06 eV (1e level)

and -7.85 eV (2a1 level) correspond to Nb-Nb bonding
states. The broad bands below-12.5 eV are primarily
chloride states lying at lower energy than the higher occupied
orbitals of mostly niobium character. The lowest lying Nb-
Nb states are located at lower energies compared to Nb3Cl8,
indicating an increase in bonding character. However, the
Nb-Nb bonding scheme is still much the same. A similar
trend has been observed between six- and eight-electron
molecular cluster compounds, (HPEt3)Nb3Cl10(PEt3)6 and
Nb3Cl7(PEt3)6.9 The intermediate state between seven and
eight valence electrons does not lead to any significant
change in the electronic structures.

Magnetic susceptibility measurements performed on
TlVNb3Cl11 bulk crystalline sample between 2 and 300 K
show paramagnetic Curie-Weiss behavior (C ) 1.47 emu
K mol-1, θ ) -6.44 K, andøTIP ) 4.68× 10-4 emu mol-1)
with an effective magnetic moment of 3.43µB per formula
unit, which is close to the expected value for 2.5 unpaired
electrons (3.35µB) from one V2.5+ per formula unit. These
measurements, along with results from bond valence calcula-
tions and the extended-Hu¨ckel calculations, indicate that the
number of valence electrons per Nb3 cluster could be 7.5.

Conclusion

The structure of the title compound is the first example
of a layered material based on triangular Nb3Cl13 cluster units
and vanadium. The compound is isostructural with KTi4-
Cl11

32 in which infinite chains, [Ti3(µ3 - Cli)(µ2 -
Cli)3Cla5Cla-a

4/2]1
∞ built of Ti3Cl13 cluster units, are linked

by Ti(IV) to form sheets. The puckered layers in the structure
of AVNb3Cl1 appear to be similar to the wavelike nets found
in ANb4Cl11 (A ) Rb, Cs)33,34 in which the [Nb4Cl16]6-

cluster units compose the layers according to the connectivity
formula Nb4Cli6Cla10/2. However, the cluster framework in
the title phases consists of infinite chains made of Nb3Cl4-
Cla5Cla4/2 units. Vanadium is present in mixed valence state
with formal oxidation state, V+2.5, and consequently, the
valence electrons available for Nb-Nb bonding is 7.5. The
mixed valence vanadium is consistent with the magnetic
susceptibility data, the V-Cl bond lengths, and bond valence
sum calculations. Extended-Hu¨ckel calculations show that
the electronic structure of the cluster anion [Nb3Cl4Cl5Cl4/2]5-

in the title phase is similar to that of the [Nb3Cl4Cl3/3Cl6/2]5-

subunits in Nb3Cl8 with seven valence electrons, and to that
of the molecular cluster unit [Nb3Cl7] in [Nb3Cl7(PEt3)3], with
eight electrons, except for a small increase in Nb-Nb
bonding character (2a1 level) compared to Nb3Cl8. The
observedd(Nb-Nb) ) 2.808(1) Å in Nb3Cl8 is compara-
tively shorter than that found in the title compound (average
d(Nb-Nb) ) 2.826(1) Å) which could be explained by
constraints specific to the 2D structure of Nb3Cl8.
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