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Abstract: A new quaternary niobium cluster chloride, RbGdNbsClis has been prepared by solid state reaction
methods. The RbCI, GdCls, NbCls, and niobium powder were mixed in stoichiometric proportions. This mixture
was fed into a sealed quartz tube, and heated at 700°C for 2 days. A single crystal was selected for use in
determining the structure of this compound using a single crystal X-ray diffractometer. It crystallizes in the
trigonal system, hexagonal setting with space group R-3 (No. 148). The unit cell parameters are: a = 9.3037(2)
A, ¢ =255752(2) A, V = 1.917.17(7) A3, and Z =3. The structure consists of discrete cluster units, [NbsClig]*
that separated by Rb* and Gd®* cations in a close packed cubic stacking arrangement.

Keywords: crystal structure, niobium cluster, X-ray diffraction

Abstrak: Suatu Kluster niobium klorida kuaterner baru, RbGdNbeClig telah disiapkan dengan metode reaksi
padat. RbCIl, GdCl;, NbCls, dan bubuk niobium dicampur dalam proporsi stoikiometri. Campuran ini
dimasukkan ke dalam tabung kuarsa tertutup, dan dipanaskan pada suhu 700°C selama 2 hari. Sebuah kristal
tunggal dipilih untuk digunakan dalam menentukan struktur senyawa ini memakai diffraktometer sinar-X.
Senyawa ini mengkristal dalam sistim trigonal, pengaturan heksagonal dengan kelompok ruang R-3 (No. 148).
Parameter sel satuannya adalah: a = 9,3037(2) A, ¢ = 25,5752(2) A, V = 1,917,17(7) A3, dan Z =3. Struktur
senyawa ini terdiri dari unit cluster diskrit, [NbsClig]* yang dipisahkan oleh kation Rb* dan Gd** dalam
penataan susunan kubik terkemas rapat.

Kata kunci: difraksi sinar-X, kluster niobium, struktur kristal

INTRODUCTION Schéfer 1970), CsErNbe¢Brig (Cordier et al. 1993),
Halide compounds of the early transition metals K2SrNbsClig  (Duraisamy &  Lachgar 2002),
in a low oxidation state show a tendency to form KYNbsClig (Duraisamy & Lachgar 2003) and
octahedral hexanuclear clusters. Aggregates of metal Cs2PbNbsClis (Gulo et al. 2001). The octahedral
atoms with limited dimensions and high symmetry cluster units can be linked to each other by sharing
are called clusters (Perrin et al. 2001). In clusters, apical ligands and/or inner ligands to form polymers
metal atoms are connected to each other through as observed in compounds: NaNbsClis (Sagebarth et
metal-metal bonds. In cluster core, the distances al. 1995) and NbgCli4 (Simon et al. 1965).
between metal atoms are not significantly different In chemistry of niobium cluster halides with
from those inside metal bulks (Corbett 2000). monovalent and rare earth as counter-cations, two
The hexanuclear clusters of niobium halides tend structure types have been found: R type and P type.
to favor structures with an octahedral edge-bridged KLuNbeClig crystallized with space group, R-3 is
geometry. The most common structural motif in these called R type (Ihmaine et al. 1988) and CsLuNbsClis
. i ya ™ L crystallized with space group, P-31c is hamed P type
SRS [ [Nbﬁ LiZLG} cluster unit with L = (Ir}:ma'l'ne et al. 198pQ). Tgheseptwo structure types hg\r;e
Cl, Br. In this case, the octahedron of the niobium also been encountered in the centered zirconium
atoms is surrounded by twelve inner ligands (L") and  cluster halide chemistry, for instance KzZr7(H)Clis
six apical ligands (L?® (Perrin et al. 2001). These  (R) (Imoto et al. 1981) and CsLaZre(Fe)Clis (P)
cluster units can be present in the form of discrete (Zhang & Corbett 1993). The coexistence of these
anions, in the solid state compounds. Discrete cluster ~ two phases (R and P types) is due to the difference in
units are found in the following various compounds: cation size.
KsNbsClig (Simon et al., 1968), BazNbsClis (Broll & The use of metal clusters as building units for
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supramolecular materials is very advantageous due to
their unique structural, chemical, physical properties
(Zhou & Lachgar 2007). Transition metal clusters
have high potential impact and performance in
biotechnology, photovoltaic, solar control, catalytic,
photonic and sensory applications (Nguyen et al.
2022). Several research groups are actively exploring
the use of octahedral transition metal clusters, as
building units in investigating the effects of metal-
metal bonding on their physicochemical properties.

The Charge-transfer antiperovskite (CT) solids
have been derived from molybdenum cluster units by
electrocrystallization (Hiramatsu et al. 2015). In
addition, octahedral cluster units of niobium have
been widely used as raw materials for the preparation
of novel compounds with new structures and
magnetic properties (Naumov et al. 2003; Zhang et
al. 2011; Zhou et al. 2011).

Up to now, no structure of octahedral niobium
cluster of halides with rubidium and gadolinium
metals as counter-cations has been reported. Here, we
describe the preparation and structural characteriza-
tion of RbGdNbeClis containing octahedral clusters
that are connected to each other through Rb* and
Gd®*" cations.

MATERIAL AND METHODS
Preparation

The compound RbGdNbsClis is prepared from
stoichiometrically proportional mixing of RbClI,

GdCls, NbCls, and niobium powder. This mixture
was placed in silica tube in dry boxes (gloved boxes)
under an atmosphere of argon gases. The silica tube
containing this sample was sealed under vacuum.
Then, the sample was heated slowly at a rate of 15 °C
per minute to 700°C. A temperature of 700°C was
maintained for 2 days, followed by slow cooling to
room temperature. This compound was found in the
form of microcrystalline powder that has dark brown
color and is stable in air at room temperature. Several
suitable single crystals for structural determination
were obtained during synthesis.

Data Collection

A good single crystal of RbGdNbgClis has been
selected and used in the determination of structure
with X-ray diffraction method. Data were collected
using the Enraf Nonius KappaCCD diffractometer at
room temperature. The Denzo program from the
KappaCCD software package was used to perform
the identification, correction for Lorentz-polarization,
and integration of 11,697 reflections in hexagonal
symmetry. A total of 1,874 reflections were obtained
from frames scaling and combining of equivalent,
redundant, and Friedel reflections in the r3 point

group.

Structure Determination
The SHELXS-97 program with a direct method
has been used to resolve the structure of this

Table 1. Crystal data and structure refinement for RbGdNbgClig

Empirical formula

RbGdNbsClis

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections observed (>20)
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20(1)]

R indices (all data)

Largest diff. peak and hole

1438.28 g.mol*

293(2) K

0.71073 A

Trigonal

R-3 (No. 148), hexagonal setting
a=9.3037(2) A

b =9.3037(2) A

¢ =25.5752(6) A

1917.17(7) A3

3

3.737 g.cm?®

8.917 mm*

1959

0.15x0.12 x 0.10 mm?
2.3910 34.97 °.
0<h<14;-12<k<0;-41<1<40
1874

1874

1683

Full-matrix least-squares on F?
1874/0/43

1.134

R; =0.0254; wR, = 0.0511

R; =0.0309; wR, = 0.0533
1.746 and -1.060 e. A
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compound in the centrosymmetric space group  R-3
(Sheldrick 2018). Thr method of least squares of full
matrices and Fourier synthesis of F2 have been
applied in the refinement by using the SHELXL-97
program (Sheldrick 2018?). Anisotropic displacement
factors have been applied in the refinement of the all
atoms. Rubidium atoms are randomly distributed
with an occupancy factor of 0.1726(8) or 51% giving
1.035 Rb per formula. Therefore, we round the
formula of this compound to RbGdNb¢Clis. The
highest residual peak of 1.76 e.A= is located at 1.00
A from the CI2 atom while the largest residual hole
of -1.05 e.A lies at 0.68 A from the Nb atom.

Selected data of crystals and structural refinement
are presented in Table 1. Atomic coordinates and
equivalent isotropic displacement parameters (A) are
listed in Table 2. Selected bond lengths (A) are
summarized in Table 3. The structure is visualized
with aid of DIAMOND software (K. Brandenburg,
2014).

RESULTS AND DISCUSSION

The new halide compound, RbGdNbsClig
crystallizes in a trigonal system and its structure is
isotypic with those of KLuUNbsClig (Ihmaine et al.
1988) and Cs;PbNbeClis (Gulo et al. 2001).
Hexagonal unit-cell of the structure is represented in
Figure 1 with the NbsClig units centered on a -3
inversion axis. Gadolinium and rubidium atoms lie at
(1/3 2/3 1/6) and (2/3 1/3 z) positions in the
octahedral and tetrahedral cavities respectively
between the cluster units.

The structure is characterized by the presence of

. 4—
[NbGCI;ZCIg‘] cluster unit of D3y symmetry. The

octahedral Nbg cluster is edge-bridged by 12 chlorine
atoms called inner ligands (CI') and bonded to six

additional chlorine atoms occupying the terminal
position denoted by the apical ligand (CI%). This
discrete cluster unit is shown in Figure 2.
Crystallographically, the octahedral Nbs cluster is
formed from one independent niobium atom located
at the base of a pyramidal site built by

Figure 1. Unit cell of RbGdNbsClis. The ClI
atoms are omitted for clarity.

Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A) for RbGdNbeClig

Atom X Y z Ueq
Gd 1/3 2/3 1/6 0.012(1)
Nb 0.1578(1) 0.9598(1) 0.0466(1) 0.009(1)

Cl(2) 0.4181(1) 0.1404(1) 0.0005(1) 0.015(1)

Cl(2) 0.3650(1) 0.9164(1) 0.1065(1) 0.017(1)

CI(3) 0.2325(1) 0.1855(1) 0.1097(1) 0.016(1)
Rb 2/3 1/3 0.1104(1) 0.029(1)

Ueq is defined as one third of the trace of the orthogonalized U;; tensor.

Table 3. Bond lengths [A] for RoGdNbeClys

Bond Length Bond Length
Gd-CI(2) 2.6783(6) 6x Nb-Nb 2.9181(3) 6x
Nb-CI(1) 2.4492(6) Nb-Nb 2.9206(4) 6x
Nb-CI(1) 2.4512(6) Rb-CI(2) 3.4706(6) 3x
Nb-CI(3) 2.4553(6) Rb-CI(3) 3.5087(11) 3x
Nb-CI(3) 2.4576(6) Rb-CI(1) 3.5102(10) 3x
Nb-CI(2) 2.6468(6) Rb-CI(3) 3.5573(6) 3x
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five chlorine ligands. Each niobium atom is bonded
to three different chlorine atoms, CI1 and CI3 which
act as inner ligands and CI2 which is at the terminal
position.

. 4—
Figure 2. A view of [Nb6C|1'2C|g’] cluster
unit in RoGdNbeClis

RbGdNbeClis contains the Nbg cluster that is
slightly distorted. The length of intracluster Nb-Nb
bonds range from 2.9181 (3) A to 2.9207 (3) A with
an average of 2.9194 A. The length of the niobium-
ligand bond is strongly influenced by the type of
ligands (Nb-CI' = 2.4534 A and Nb-CI* = 2.6469 A).
This bond length is comparable to the values
commonly found in various Nbg halide compounds
(Perrin et al. 1995). The Nb-CI? distance is longer
than the Nb-CI' distance due to the electronic
repulsion and steric effect of inner ligands, CI'
whichbuild up the base of pyramidal sites inhabited
by niobium atom.

In the network, the cluster units are linked with
each other through Gd** and Rb* cations as shown in
Figure 3. Gadolinium atom is coordinated to six
chlorine apical ligands from six neighboring cluster
units that arranged in a slightly deformed octahedron
of -3 symmetry with Gd-ClI distance of 2.6783(6) A.
This bond length is very close to the sum of Gd®*
radii (0.938 A) and CI radii (1.81 A) (Shannon,
1976). The Gd-Cl bond in RbGdNbgClig is longer
than Lu-Cl one in KLuNbeClis. It corresponds to
metal ionic radii, which is smaller for lutetium than
for gadolinium.

Rubidium atom is surrounded tetrahedrally by
four cluster units and bonded to twelve chlorine
ligands. The bond length of Rb-Cl is about 3.4706(6)
A to 3.5573(6) A with an average value of 3.5116 A.
There is no significant difference between this value
and the sum of the ionic radii Rb* (1.72 A) and CI-
(1.81 A) (Shannon 1976).

In RbGdNbeClig, the alkaline site is only half
occupied but it is fully occupied in Cs;PbNbsClig
(Gulo et al. 2001). The substitution of divalent metal
(Pb) with trivalent metal (Gd) is compensated by the

Rubidium  and
environments. For clarity, Cl atoms coordinated
to Rb and Gd are only represented

Figure 3. gadolinium

presence of only one rubidium atom per formula in
RbGdNbeClig instead of two cesium atoms in
Cs2PbNbsClys. Thus, the number of valence electrons
as much as 16 per unit cluster can be maintained
according to the magic number for valence electrons
in the NbeClg unit.

The site occupied by alkaline atoms in two latter
compounds is vacant in LuUNbsClig (Ihmaine et al.
1988). Alkaline site in RbGdNbgClys is very different
from that in CsLuNbeClis (Ihmaine et al. 1989). The
cesium site is built from six ligands in the CI' and six
CI? ligands from six adjacent clusters. The cesium
atom is linked to twelve chlorine ligands so that it
occupies an octahedral void between the cluster units.
In fact, for all ARENb¢Clis compounds (A =
monovalent cation, and RE = trivalent rare earth
metal cation), rare earth metals always have
octahedral environments built from six ligands
belonging to six different clusters.

In RbGdNbeClig, arrangement of cluster units
corresponds to an approximately close packed cubic
stacking. The octahedral NbeClis cluster unit layers
are arranged successively according to ... ABCA ... as
presented in Figure 4. Rubidium and gadolinium
atoms spread out between the layers. This is very
different from what is observed in CsLuUNbgClis. In
this case, the NbgClig cluster units are organized
according to stacking ... AA'A .... In this arrangement,
the cluster units in plane 4’ experience a slope of
about 20° to the cluster units in plane A [(Ihmaine et
al. 1989). The cohesion of cluster units in the
compound ARENDsClys is highly dependent on the
size of the alkaline cation (A) and is less influenced
by the size of the rare earth metal (RE) ions (Ihmaine
et al. 1988; Perrin et al. 1995). The R structure type
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will be generated if A = K and Rb while the P
structure type will be obtained when A = Cs.

bizw RN

(¥

N .m' .m' .m' :
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®
®Gd

SN N N

Figure 4. A view of the Nbg clusters, Gd** and
Rb* in the hexagonal unit cell of RbGdNbgClig

The existence of discrete cluster units or the
absence of intercluster connectivity in this compound
RbGdNbgClys is due to the equivalence of all niobium
atoms. This has been observed in other halide
compounds of the octahedral cluster of niobium.
However, in the compounds NbsClis (Simon et al.
1965) and CsNbgCl120, (Gulo & Perrin 2000), it
appears that niobium atoms have unequal
environments and ligands have different functions
(bridging and non-bridging) leading to an anisotropic
framework.

CONCLUSIONS

RbGdNbeClis has been prepared by solid state
routes. It crystallizes in a trigonal system with space
group, R-3 in the R structure type. This compound
contains the octahedral cluster of niobium atoms. The
clusters are linked to each other via Rb* and Gd®*
cations.

CRYSTALLOGRAPHIC DETAILS

Crystal data collection and processing parameters
of RbGdNbeClig (CSD-2269483) are provided free of
charge by The Cambridge Crystallographic Data
Centre.
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