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Abstract

We have synthesized by solid state chemistry and structurally characterized by single crystal X-ray diffraction two new cluster
compounds, KNbCl;oF5 and CsNbgCIgF;. KNbgCl(Fs5 is a TagCly 5 derived structure, whereas CsNbgClgF; exhibits a primitive framework
derived from NbgF;s. In both structures, fluorine and chlorine are randomly distributed on the ligand positions, but in CsNbgClgF; fluorine
fully occupies the apical positions. The comparison between the geometrical parameters of the title compounds and those observed in
previously isolated Nbg chlorofluorides, halides and fluorides, allows specification of the influence of fluorine in niobium cluster chemistry.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Complex fluorides A,M,F, (A = alkaline element;
M = transition element) crystallize in numerous structure-
types [1] which can be described as various stackings of
(MFg)"™ octahedra sharing apices, edges or faces with
adjacent groups. Additional A cations fill the vacancies of
these architectures allowing the cohesion as well as the
neutrality of the compounds. The type of condensation of
these octahedra depends on the size of the M transition
element. For instance, in Na,NbF; [2] and CoNbFg [3], the
NbF octahedra preferentially share their apices. In complex
fluorides, the high value of the redox potential of fluorine
leads to a high oxidation state for the M cation, typically 4"
or 5° for Nb and Ta.

In contrast to fluoroniobates and fluorotantalates, in many
halides (halogen = Cl, Br, I) niobium and tantalum are well-
known to remain in a low oxidation state forming metallic
clusters characterized by M-M bonds. Edge-bridged octa-
hedral cluster units of general formula [(MgLi,)L3]""
(M =Nb, Ta; L!=two-bonded inner halogen ligand;
L? = two-electron donor apical ligand (H,O, OH, Cl,
Br~ etc.)) (Fig. 1a) were characterized for the first time in
solution [4]. They were subsequently encountered in solid
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state compounds in which the [(M6Lilz) 21" units can be
isolated as found in K4NbCl,g [5], or connected by sharing
some ligands with other adjacent units like for instance in
TagClys [6], a chloride with the T216C1112C12/_2a developed
formula. The various types of possible connections are
represented in Fig. 1b, according to the Schifer notation
[7]. Notice that the sharing of apical ligands (L*™* ligands)
between adjacent units in Nbg cluster chemistry is compar-
able to the sharing of fluorine apices of the NbF¢ octahedra
in fluoroniobate chemistry.

This last decade, we have investigated niobium or tanta-
lum cluster materials with the general formula A,REMgX;g
(A = monovalent cation; RE = rare earth cation; M = Nb,
Ta; X = Cl, Br; x = 0, 1, 2) [8], A, REMeX 5,0, (y = 1, 3)
[9,10] and REMgX;305 [11] containing (MéLilz)Lg units.
Changing the nature of the different constituting elements
has led to a set of isostructural compounds, allowing to
perform a rigorous structural analysis of the unit deforma-
tion versus the VEC (valence electron concentration) per Mg
cluster, as well as versus the electronic and size effects of the
ligands [8]. Let us recall that the VEC corresponds to the
number of valence electrons available for the Nb—Nb bonds
in the Nbyg cluster. These electrons are located in the higher
four bonding levels (ajg, trg, tiu, @, Symmetry) of the
(NbgLg)"~ molecular orbital diagram. They have strong
Nb-Nb bonding character and a Nb-L' antibonding one
[12]. Magnetic properties depend on the number of electrons
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Fig. 1. (a) (MgLi,)L? unit; (b) schematic representation of the possible
interconnections between units illustrating the Schéfer notation.

in the a;, HOMO level. This level is filled and empty for 16
and 14 electrons per Nbg cluster, respectively, hence the unit
is diamagnetic. For 15 electrons per Nbg cluster, one
unpaired electron remains in this level, and the unit becomes
magnetic (e.g. REMgX,g ternary halides), but the steric
hindrance of halogen ligands prevents cooperative magnet-
ism by limiting the inter-cluster interactions even in mixed
halide/oxide compounds. However antiferromagnetic inter-
actions at low temperatures have been observed for
LuNbgCl;g that exhibits the closest Nbg—Nbg distance in
the RENbgCl,g chloride series owing to the small size of
lutetium [13].

In contrast to the molecular behavior of the Mg cluster
halides, the strong interactions between the MsO',0% units
in Mg cluster oxides, lead frequently to band structures [14].
Indeed, the ultimate condensation of these units observed for
NbO [15] (Nbﬁ/zoilgi/;i’i according to the Schéfer notation)
induces transport properties and a superconducting transi-
tion at low temperature.

The next step of our work is to replace, in the series of Mg
cluster compounds, CI, Br and I halogens by fluorine in order
to increase the interactions between Nbg clusters by redu-
cing the steric hindrance of their 18 bonded ligands. Thus,
fluorine could allow stabilization of new cluster compounds
with new physical properties. Among cluster compounds,
NbgF,5 was for a long time the only example involving
fluorine ligands reported in the literature [16]. In this paper,

we shall present the crystal structure of two new chloro-
fluorides: KNbgCl;oFs and CsNbgClgF;. These structural
results complete those that we have recently obtained for
[NaszF6—(Nb6C18F7)] [17] and Nb6C115_xe [18] They
allow discussion of the structural influence of fluorine on the
stabilization of compounds containing the MgL,s-frame-
work type in the Nb-CI-F system, and the progressive
evolution from the TasCl,5 (Fig. 2a) structure-type [6] to

Fig. 2. (a) Projection along [00 1] of the TagClys structure; (b)
interconnection of the units in the NbgF,5 structure. For clarity, the inner
ligands are not represented.
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the NbgF;5 (Fig. 2b) one, which differ in the kind of cluster
interconnections.

2. Experimental
2.1. Synthesis

The two quaternary chlorofluorides KNbgCloFs and
CsNbeClgF; were prepared by solid state reaction from
stoichiometric mixtures of KCl or CsCl (Merck, Pro Ana-
lysi), NbFs (Aldrich, 98%), NbCls (Ventron, 99.9985%), and
Nb powder (Ventron, m2N8). The starting powders were
handled under an inert atmosphere. After grinding, the
sample was formed as a pellet, and introduced into a
niobium container (Plansee) which was then welded under
argon and encapsulated in an evacuated silica tube. The final
product was obtained as a black microcrystalline powder
after 3 days of reaction, at a temperature ranging from 700 to
800°C depending on the starting system. Energy Dispersive
Spectrometry analysis performed on several selected crys-
tals showed that they all contained the expected elements
with a stoichiometry in agreement with the initial one.
Additional lines in the X-ray powder diffraction pattern
of CsNbgCIgF5 could be attributed to another orthorhombic
Nbg cluster phase crystallizing in the Cs—Nb—CI-F system
[19]. For KNbgCloFs, the X-ray powder diffraction pattern
did not exhibit additional lines.

A similar procedure had been used to synthesize the other
Mg cluster chlorofluorides discussed in this paper [17,18].

2.2. Structure determination

The single crystals used have been synthesized according
to the aforementioned procedure. The data collections have
been carried out on a Nonius KappaCCD X-ray area-detec-
tor diffractometer with Mo Ka radiation (A = 0.71073 A).
Details of the intensity measurements are reported in Table 1.
Both compounds crystallize in the cubic system, with an I
and P network for KNbsCl,oFs and CsNbsClgF;, respec-
tively. Once the data processing had been performed through
the KappaCCD analysis software [20], the cell parameters
have been refined to the following values: a = 19.589(1) and
a = 8.2743(3) A for KNbgCl,oFs and CsNbgClgF, respec-
tively. An effective absorption correction has been carried
out through Scalepack [21]. Among the possible space
groups deduced from the extinction conditions, the refine-
ment procedure has allowed to retain unambiguously the
Ia-3d and Pm-3m groups for KNbgCl;oFs and CsNbgClgF;,
respectively. Both structures have been solved by direct
methods (program SIR97 [22]). The least-squares refine-
ment and Fourier syntheses have been performed with the
beta version of JANA2000 [23] for KNbgCl;oF5 and with the
program CRYSTALS [24] for CsNbsClgF;.

After several cycles without introducing fluorine, it turned
out that the sites of all the chlorine atoms were not fully

occupied within the e.s.d.’s. Fluorine was then introduced
with the same positional and thermal parameters as chlorine,
but the sum of their occupancies was restricted to the value
corresponding to a fully occupied position. Afterwards, the
first two restraints were progressively relaxed during the
convergence, leading to final positions in agreement with
reliable Nb—(Cl, F) inter-atomic distances. Moreover, in
CsNbgClgF5, the apical ligand is located on a 3d Wyckoff’s
position fully occupied by fluorine (F2 atom). Once the
skeletons of both structures were refined, the K and Cs
cations were located by Fourier difference syntheses. These
atoms are disordered and several shared positions have been
necessary to obtain a good agreement between observed and
calculated structure factors. This disorder, which is probably
static insofar as low temperature structural studies do not
reveal a significant temperature dependence of the thermal
parameters, can be explained by the random distribution of
Cl and F on the ligand positions.

For the KNb¢Cl,(Fs structure, a Gram—Charlier expan-
sion [25] of the anisotropic displacement parameters of the
Nb atom has been used up to the third-order in order to
reduce the residual peak (0.72 e/a%73) that remains in the
Fourier difference synthesis map at 0.58 A from this atom.
In addition, the F2, F3, and K2 atoms for this structure and
all the Cs sites for the CsNbgClgF; structure have been
refined with isotropic thermal parameters.

The final residual factors are R = 3.38% (for 417,
I > 30(I) observations versus 70 least-squares parameters)
and R = 2.06% (for 324, I > 3o(I) observations versus 40
least-squares parameters) for KNbgCl;oF5 and CsNbgClgF,
respectively. Details on the structure refinement parameters
are reported in Table 1. The final atomic parameters and
selected geometrical parameters are reported in Tables 2, 3
and 4, respectively. Additional materials, anisotropic ther-
mal parameters, observed and calculated structure factors
can be obtained upon request from the authors.

3. Results
3.1. Structural description of KNbsCl;oF s

The crystal structure of this compound is based on
(Nb6Li12)L272a (L = Cl, F) units linked to six adjacent ones
by L*™® connections (Fig. 3a). The fluorine and chlorine
ligands are randomly distributed on the 12 inner and 6 apical
positions. If we consider the units as independent spheres,
the unit-cell (Fig. 3b) can be described by a fcc stacking of
units, tetrahedral and octahedral vacancies being filled by
another unit leading to Z = 16. An alternative description
would be to consider a ccc unit-cell with a half cell-para-
meter. Each unit is locally surrounded by eight others
forming a cube, but because of the only six possible Nb—
L*-Nb inter-unit connections, each unit is bonded to only
six others. The potassium cations statistically occupy several
positions close to the center of each face of the latter cube,
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Table 1

Crystal data and details about the intensity measurements and the structure refinement parameters
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Chemical formula
Formula mass (Da)
Space-group symmetry
Space-group symbol
Unit-cell length (A)

Cell volume (A3)

VA

Density (Mg m™>)

Nature of the radiation
Radiation wavelength (A)

Number of reflections used to determine the unit-cell

0

Absorption coefficient (em™")
Temperature (K)

Crystal dimensions (mm)

Diffractometer

Monochromator

Method used to measure intensities
Absorption correction

Number of measured reflections

Number of measured reflections I > 3a(/)
Number of independent reflections

Rin (%)

emax

~ x>

Refinement on F

R (%)

R,, (%)

S

Independent reflections I > 3a(J)
Number of parameters
Weighting scheme
(Aﬂ)max

Apmax (eé—fé)

Apmin (€A7?)
Extinction correction
Extinction coefficient

K 22)Nb6Clo o4)Fs 14y
1052.23

Cubic

la-3d

19.589(1)

7517(1)

16

3.72

X-ray; K, Molybdenum
0.71073

3011

1.00-40.25°

51.08

293

0.14 x 0.09 x 0.07

Nonius KappaCCD
Graphite

- and o-scans
Effective (Scalepack [21])
7293

1176

1981

2.78

40.20°

0— 14

0— 18

2 — 24

3.4
5.2

1.08

417

70

w = 1/(6*(F) + 0.0016F%)
0.01

0.43

—0.53

Becker—Coppens [28] type 1 Gaussian isotropic

0.17(5)

Cs131)Nb6Cls 032)F6.9702)
1134.19

Cubic

Pm-3m

8.2743(3)

566.49(6)

1

332

X-ray; K, Molybdenum
0.71073

2823

1.00-50.58°

57.39

293

0.09 x 0.07 x 0.05

Nonius KappaCCD
Graphite

- and o-scans
Effective (Scalepack [21])
1982

925

662

1.60

50.31°

0—10

0— 12

1 —17

2.1

1.6

1.02

324

40
Chebychev polynomial
0.09

0.94

—1.09
Larson [29]
18(2)

Table 2

Fractional atomic coordinates and equivalent isotropic displacement parameters (A?) for KNbeClyoFs (Ueq =1/ 3Zi[zj(U‘7a;‘a}‘a,-aj)])b

Atom Wyckoff Site symmetry Refined xla yib e Ueq
position multiplicity multiplicity®

Nb 96 h 1 1 0.5589(1) 0.03427(9) 0.0769(1) 0.0698(4)

Cl1 96 h 1 0.45(3) 0.4805(9) 0.110(1) 0.133(1) 0.083(5)

F1 96 h 1 0.55(3) 0.482(2) 0.098(2) 0.111(2) 0.086(8)

cr 9 h 1 0.83(2) 0.6648(3) ~0.0269(3) 0.0495(2) 0.094(2)

F2 96 h 1 0.17(2) 0.636(3) —0.031(2) 0.054(2) 0.054(9)

ClI3 48 g 0.5 0.38(2) 5/8 0.0718(3) 0.1782(3) 0.130(3)

F3 48 g 0.5 0.12(2) 5/8 0.099(3) 0.151(3) 0.11(1)

K1 24 d 0.25 0.113(8) 172 1/4 1/8 0.165(9)

K2 96 h 1 0.08(2) 0.745(4) 0.055(4) 0.960(4) 0.20(4)

# Refined multiplicity = occupancy X site symmetry multiplicity. _
® Calculated formula: K1_2(2)(Nb6C11'2‘7(2)F1‘3_3(2)C12‘5_0(1)FZ‘I.O(1))C1335(‘2)/2F‘1‘3?2)/2; K1,2(2)(Nb6C1§_7(3)F2_3(3))Clj}"(‘z)/zF?_’s?l)/Q.
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Table 3
Fractional atomic coordinates and equivalent isotropic displacement parameters (A?) for CsNbyClsF; (Ueqg =1/ 3Zi[zj(U’7al-*a;a,-aj)])b
Atom Wyckoff Site symmetry Refined xla vib Zlc Ueq
position multiplicity multiplicity®
Nb 6e 0.125 0.1250 0 0 0.24448(3) 0.0190
Cl1 1211 0.25 0.1669(5) 0 0.29341(7) 0.29341(7) 0.0319
Fl1 12 i 0.25 0.0827(5) 0 0.2531(4) 0.2531(4) 0.0295
F2 3d 0.0625 0.0625 0 0 172 0.0520
Csl 6f 0.125 0.00156(9) 0.156(4) 172 172 0.042(4)
Cs2 24 m 0.5 0.00080(9) 0.468(2) 0.468(2) 0.312(4) 0.001(5)
Cs3 12 j 0.25 0.0034(5) 0.371(7) 0.371(7) 172 0.23(3)
Cs4 241 0.5 0.0010(2) 0.087(11) 172 0.44(1) 0.07(3)
Cs5 241 0.5 0.0082(3) 0.251(2) 172 0.412(2) 0.079(4)
Cs6 48 n 1 0.0117(5) 0315(2) 0.435(2) 0.395(3) 0.116(6)

 Refined multiplicity = occupancy x site symmetry multiplicity.

® Calculated formula: Cs, 3(1)(NbeCly 32 F 75) ) Fe 3

which correspond to the distorted tetrahedral sites of the ccc
unit-cell. The coordination sphere of K atoms is constituted
by 16 L (CL, F) ligands (§ L1,4 L2,4 L3 for K1,and 7 L1, 4
L2, 5 L3 for K2). The K—(Cl, F) distances are within the
range 2.77(2)—4.389(5) A. As stressed before, the potassium
site is statistically occupied, hence these distances corre-
spond to an average between those observed locally for an
empty and a full site. The final refinement leads to the
follpwing .developida formjlla: Kl_2(2)(Nb6CI1127(2).1:113‘3(2)
C12‘5‘0(1)F2‘1‘0(1>)C14A5(2)/2F*1‘._52(‘2)/2. For. sake of clarity, we
shall round the occupancies to obtain KNbgCl;(Fs. The
value of the VEC, equal to 16 within the standard deviations,
is the optimum one, since all the bonding levels of the
molecular orbital diagram are occupied.

3.2. Structural description of CsNbsCIgF

The crystal structure of this compound is based on
(NbL},)F 5 units (Fig. 4a) linked to six adjacent others

Table 4

Selected geometrical parameters A

Compound KNbgClFs CsNbgClgF5;

Intra-unit distances

Nb-Nb 2.830(3) 2.8607(2)
2.863(3)

M-L1!

Nb-Cl1'; Nb—CI1'-Nb 2.40(2); 71.3(6) 2.4613(7); 71.06(2)
2.45(2)

Nb-F1’; Nb-F1'-Nb 2.07(4); 87(2) 2.095(4); 86.1(2)
2.04(4)

M-L2!

Nb-CI2; Nb—-CI2'-Nb 2.455(6); 71.3(2)
2.460(5)

Nb-F2'; Nb-F2'-Nb 2.03(5); 86(2)
2.15(5)

MiLa—a
Nb—CI**; Nb-CI**-Nb
Nb-F**; Nb-F"-Nb

2.481(5); 138.3(3)

2.32(5); 174(3) 2.1143(3); 180

by F*? connections. Fluorine fully occupies apical posi-
tions, while the twelve inner positions are randomly occu-
pied by chlorine and fluorine ligands. If we consider the
units as independent spheres, the unit-cell (Fig. 4b) can be
described by a simple cubic stacking of units. The cesium
cations are statistically distributed on six positions around
the center of the unit-cell. The coordination number of Cs
varies between 7 and 10 depending on the position occupied.
The Cs—(Cl, F) distances are within the range 2.23(6)—
4.48(4) A. Since cesium sites are statistically occupied,
these distances correspond to an average between
those observed locally for empty and full sites. The final
refinement leads to the following developed formula:
Csl.3(1)(Nb6C1§;_03(2)F;97(2))Fg;za, corresponding to a value
of 16 within standard deviations for the VEC. For sake of
clarity, in the following, we shall round the occupations to
obtain CsNbe(CIgF)Fg 3.

4. Discussion

4.1. Stabilization of MgL;s compounds in the Nb—CI-F
system: matrix effect of fluorine

The MgX 5 binary halides with the (MGXilz) g/’; devel-
oped formula exhibit two different structure-types: TagCl;5
in which the units are linked together by bent Ta—CI**~Ta
bridges leading to an infinite network, and NbgF;s with
linear Nb—F*"*-Nb bridges in which two independent inter-
penetrating networks are derived from each other by a
[1/2 1/2 1/2] translation of the cubic unit-cell. The first
structure-type is obtained with M = Ta and X = Cl, Br, I,
and the second only with M = Nb and X = F. It is note-
worthy that in spite of great similarities between niobium
and tantalum, the “NbgCl;5” and “TagF;5”’ compounds have
never been obtained. In the following, we shall discuss the
formation of compounds with Nbg(Cl, F) 5 framework-types.

We have previously established [18] that the stabilization
of compounds with the TagClys structure-type is directly
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(b)

Fig. 3. (a) (NbGCliSFZ‘)Clg/’j‘ ?7; unit in KNbgCl oFs; (b) projection of
the structure along the [0 0 1] direction. For clarity, the inner ligands are
not represented. Only one of the two represented CI* or F* positions is
locally occupied. Displacement ellipsoids are shown at the 50%
probability level.

related to the M—M bond lengths in the cluster, which must
be sufficiently short to stabilize the MgCl}, core. We can
recall that in Mg cluster chemistry, the M—M intra-cluster
distances depend on the VEC. For instance, in chlorides
containing Nbg clusters with a VEC equal to 16, the Nb—-Nb
distances are typically in the 2.91-2.93 A range, whereas
they increase to 2.95-2.96 A for the corresponding chlorides
with a VEC equal to 15 [8]. This evolution is due to a

ci

F1

F2

jB

D @Eﬁﬁ@
A DA

P

BN

i

(b) F2

Fig. 4. (a) (Nb6C1§FL)Fg/’2“ unit in CsNbgClgF7; (b) projection of the
structure along the [0 O 1] direction (the cesium atoms are not represented).
Only one of the two represented CI' or F' positions is locally occupied.
Displacement ellipsoids are shown at the 50% probability level.

weakening of the Nb—-Nb bond strengths related to the
removal of one electron from the a,, HOMO level exhibiting
Nb-Nb bonding character. Moreover, from theoretical cal-
culations performed on MgLg units, we have shown [12]
that the Ta-Ta interactions are stronger than those for Nb—
Nb, this fact being corroborated by shorter Ta—Ta bonds: for
instance, they shift from 2.913 A for CsLuNbeCl;5 to
2.874 A for CsErTacClis. Thus, in the hypothetical



S. Cordier et al./Journal of Fluorine Chemistry 107 (2001) 205-214 211

“NbgCly5” compound with the same VEC as in Ta¢Cl;5, we
should observe too large Nb—Nb distances for a Nbg cluster
compound owing to the nature of the transition element. It
could explain the nonexistence of such a Nbg chloride
isostructural to TagCl;s. Indeed, it is not surprising that
the addition of one electron into the Nb—Nb bonding states
— which strengthens the Nb-Nb bond — obtained by the
insertion of the small Li" or Na® cations leads to the
stabilization of LiNbgClys [26] and NaNbgCl;s [27] with
a TagCl;s framework-type.

Another relevant way to obtain a Nbg cluster compound
isostructural to TagCl;5 would be to replace chlorine by a
smaller ligand in order to reduce the intra-cluster Nb—Nb
bond lengths by a matrix effect [8]. Such a shortening can be
obtained by the use of oxygen as ligand, but it implies the
depopulation of the bonding molecular orbitals and then a
great destabilization of the unit. The use of fluorine then
becomes obvious in order to reduce the Nb—Nb bond lengths
without changing the number of valence electrons in the Nb—
Nb bonding states. This aim was successfully achieved
through the synthesis of NbgCl;s_,F,, isotypical with
TagCl; s, the structures of which have been determined for
x =2.2 and 4.4 [18]. These two compositions effectively
exhibit cluster sizes similar to those found in LiNbgCl; 5 and
NaNbgCl;s (see Table 5). Since we have not obtained
NbgClys_F, for x < 2.2, we can assume that this value is
the minimum one to synthesize a niobium chlorofluoride
with a TagCl;5 structure-type.

4.2. Disposition of F ligand in the ML s unit and its
influence on the inter-unit connections upon increasing the
F/ClI ratio

The structures of Nbg chlorofluorides display two kinds of
NbgL;s sub-networks based on Nbg(Cl', F!);, cores inter-
connected via F*~* and/or CI** bridges. We shall compare in
the following, the crystal structures of NbsCly5_,F, (Ia-3d)
[18], KNbgCl,oFs5 (Ia-3d) and CsNbsClgF; (Pm-3m) (present
work), and [Na,NbF¢—(NbgClgF;)] (Pm-3m) [17], in order to
analyze the disposition of fluorine around the Nbg cluster
upon increasing the F/Cl ratio. In particular, we shall show
that the progressive decrease of the steric hindrance of the
NbgL1g units obtained by fluorine substitution influences,
also, the kind of cluster interconnections, and leads to a
competition between bent bridges encountered in TagCl;s
(Ia-3d) [6], and linear ones encountered in NbgF;s (Im-3m)
[16]. We shall also explain how the increase of the F/Cl ratio
in the apical positions strongly distorts the TacCl,s frame-
work to finally give new structure-types derived from the
NbéFl 5 one.

4.2.1. NbsCl;s_.F, (space group la-3d)

In the crystal structures of NbgClys_,F, (VEC = 15)
determined for x =2.2 and 4.4 [18], F is randomly
distributed on the inner positions for both x-values, but
is also randomly distributed on apical positions for
x =4.4. The two corresponding developed formulae are:

Table 5
Structural data on chloride, fluoride and chlorofluoride compounds containing Mg clusters
Compound Space group and VEC Developed formula M-M (A) Average
unit-cell constants (A) M-M (A)
NaNbeCl;5 [27] la-3d 16 Na(Nb6C1i12)C]g/’§ 2.9260(7) 2.931
a =20417(2) 2.9361(6)
Z=16
TagCl;5 [6] la-3d 15 (TaGCIilz)Cl'g]z*‘ 2.921 2.924
a = 2028 2.928
Z=16
NbeCl 5. 5F> 5 [18] la-3d 15 (NbﬁClg.sFiz.z)Clgjz"‘ 2.937(2) 2.930
a = 20.099(1) 2.924(2)
Z=16
NbgClo 6F4.4 [18] la-3d 15 (Nb6Cly 4 F 6)CI 5, Fi ) 2.930(4) 2918
a = 19.589(1) 2.907(3)
Z=16
KNb¢CloFs (present work) la-3d 16 Kl_2(Nb6Cli7.7Fiu)Clig?zF‘l‘fsc}z 2.830(3) 2.846
a = 19.589(1) 2.863(3)
Z=16
CsNbgCIgF; (present work) Pm-3m 16 Csl_3(Nb(,Clng;m)Fg?z“ 2.8608(2)
a = 8.2742(3)
zZ=2
Na,Nb,ClgF,3 [17] Pm-3m 15o0r 16 [NaszFﬁ—(Nbf,Clime‘.l)Fg;z“] 2.831(2)
a = 8.2005(9)
Z=1
NbgF,5 [16] Im-3m 15 (Nb61~“i,2)1?272'“l 2.80
a = 8.190

zZ=2
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(NbeCly sF5 ,)Clg 5 and (NbeCly 4F5 6)CI5,F} ). From
these results, we can speculate that F preferentially occupies,
at low content, inner positions, while at higher content of
fluorine, it starts to occupy also apical positions. Unfortu-
nately, for both NbsCl,5_,F, structures, no actual local Nb—
Cl or Nb-F distances are available for discussion insofar as F
and ClI have not been structurally discriminated.

4.2.2. KNbsCl;oF's (space group la-3d)

KNbeClyoFs5, with the developed formula K z0)-
(Nb6CL] 73 Fy 3(3))Cli st 2l 5ty 20 15 characterized by a
random distribution of fluorine on inner and apical positions.
As the VEC per cluster (16) in this chlorofluoride is the same
as in the aforementioned isostructural NaNbg¢Cl;s com-
pound, the difference between their corresponding intra-unit
distances lies only with the structural influence of fluorine,
assuming that the counter-cation perturbation is negligible.
The comparison between these distances allows quantifica-
tion of the effect of fluorine substitution on the bond lengths
and on the unit interconnections. For KNbgCl,Fs, the Nb—
Cl' distances are close to those encountered in NaNbeCl, s
(2.451(9) A), while the Nb—CI* distance is shorter than in
the latter compound (2.609(1) /0%). This feature is a good
demonstration of the existence of L'-L?* steric interactions
around the Nbg cluster. Indeed, the presence of inner fluorine
reduces the steric hindrance around the cluster for chlorine
in apical positions, leading to shorter Nb—CI** bond length.
We can also point out that while the Nb—CI**-Nb angle is
equal to 138.3(3)° in KNbgCligFs, as in NaNbgCl;s
(139.07°), the Nb-F**-Nb angle is very close to 180°, like
in NbgF;s or [Na,NbF¢—(NbgClgF;)]. This experimental
result must be attributed to a specificity of fluorine in
Nbg cluster chemistry: a fluorine ligand in apical-apical
position (F*™*) leads to a linear Nb—F*"-Nb bridge, what-
ever the localization of the other adjacent interconnected
units. Nevertheless, a similar discussion cannot be per-
formed on the Nb-F intra-unit distances, since the kind
of unit interconnections and the VEC value per cluster are
different in KNbgCl,oF5 and in NbgF, 5, which prevents their
comparison.

4.2.3. CsNbsCIgF; (space group Pm-3m)

In this compound, fluorine is randomly distributed on
inner positions and fully occupies the apical ones with Nb—
F*-Nb angles being strictly equal to 180°. The developed
formula (Cs; 3 1)(Nb6ClgO3(2)Fi3'97(2))Fg;za) reveals a similar
F'/CI' ratio as in KNbgCl,oFs. We have previously found
[13] that the Nb-L? bond lengths influence indirectly the
Nb-Nb ones by L¥/L' repulsions: for a Nb6Li12 core, the
apical ligand interacts with the inner ligands influencing the
Nb-Nb bond length. In CsNbgClgF; and KNbgCl,oFs, the
Nb-Nb and Nb-L! inter-atomic distances are similar despite
a different fluorine occupancy on apical positions. This
means that the approximate value of 2 for the CI'/F' ratio
observed in chlorofluorides is optimum to drastically
decrease the L*/L' steric repulsions whatever the CI/F ratio

Fig. 5. Representation of the [Na,NbF¢—(NbgClgF;)] unit-cell [17]. For
sake of clarity, the inner ligands are not represented. Displacement
ellipsoids are shown at the 50% probability level.

on apical positions. The bond length Nb—F* in CsNbgClgF; is
shorter than in KNbgCl,oFs. This point, which cannot be
attributed to F/L! interactions, may be explained by the
disposition of bridges around the cluster. Indeed, in
CsNbCIgF, the interconnections of the units along the
four-fold axis of the cluster prevent the stretching of the
Nb-F* bond against the interconnections imposed by the CI?
ligands along the {1 1 1} directions in KNbgClIFs.

4.2.4. [Na,NbFs(NbsClgF;)] (space group Pm-3m)

This double salt [NaszF(,—(Nb6CIi7.9FL‘1)Fg/’za] (Fig. 5),
which has a cluster network with NbF¢"™ entities and
sodium cations, exhibits approximately the same CI/F ligand
arrangement as in CsNbgClgF;. As a consequence, the unit
stackings are the same in both compounds and their unit-cell
parameters are very close.

It must be stressed that the F' /CI' ratio is the same in all
the chlorofluorides that we present here (within the standard
deviation), except obviously in NbgCl,gF, 5, since its
fluorine content is low. This specific ratio must correspond
to the optimized distribution of fluorine and chlorine around
the cluster to stabilize the MgL ;g unit.

4.3. Influence of the fluorine on the unit stacking and on
the cationic sites

Under the assumption of a ccc network of identical
spheres, the structure of chlorofluorides with a TagCl;s
framework type can be described by a rhombohedral sub-
unit-cell with @~ 8.5A and o = 109°28' (Fig. 6). The
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Nbg

Fig. 6. Schematic representation of a rhombohedral unit-cell in
NbeCl;s_,F, considering the NbgL}, cores as independent spheres and a
ccc stacking.

a—a

replacement of bent Nb-CI*"-Nb bridges by linear
Nb-F*-Nb ones implies locally structural constraints.
When the fluorine ratio increases, the rhombohedral sub-
unit-cell becomes more constrained leading to a spatial
reorganization of the Nb—F*-Nb bonds with a structural
transition towards a primitive cubic framework with the
same a parameter. From the structural results reported here,
the rhombohedral sub-unit-cell subsists up to about two
Nb-F*“-Nb bridges per unit, while the cubic one exists
only when all the apical-apical positions are occupied by
fluorine. Between these two limits, new structure-types are
obtained like for instance the orthorhombic Cs,NbgClg gF5 »
recently isolated [19].

In NbgCl;5_,F, and KNbgCl;oFs, the interstice located at
the center of the rhombohedral sub-unit-cell described
above is occupied by a L* ™ ligand, whereas the center of
the primitive cubic unit-cell is filled by large entities, like
cesium cations in CsNbgClgF; or NbFs" ™ anionic octahedra
in [Na,NbF¢—(NbgClgF;)]. Notice that NbgF;5 can be
described by two (NbgClgF;) networks derived from each
other by a [1/2 1/2 1/2] translation, in which the chlorine
atoms would be substituted by fluorines. Consequently, we
get a body centered structure which can be viewed as the
superimposition of two sub-networks isostructural to
NbgCIgF.

5. Concluding remarks

From the aforementioned structural results concerning
Nbg chlorofluorides, we can conclude that the fluorine ligand
has an important steric influence on the Nbg(Cl, F);g units
even for low values of the F/Cl ratio. In addition, it turns out
that for all the Nbg chlorofluorides, the Nb—F**-Nb bridges
between the units are linear. Thus, this linear inter-unit

connection via fluorine seems to be a characteristic of this
element in Nbg cluster chemistry.

The high oxidation state found for niobium in the
(NbFg)" ™ entity in [Na,NbF¢—(NbgClgF;)], hence for a high
F/Clratio, could be attributed to the high electronegativity of
fluorine. Indeed, in the latter compound, (NbFg)"~ anions
(with Nb™ or Nb™) coexist with NbgL;s units (with
Nb+2‘33). Since these (NbFg)"~ entities and NbgL,g units
are the basic building blocks of the usual fluoroniobates and
Nbg halides, respectively, one can expect a new field of
research at the boundary between these two chemistries. In
such chlorofluorides, there could be a competition between
the physical properties of the two different sub-networks.
Another possibility should be, for instance, to associate in
the same compound an Nbg cluster fluoride network with
another d element sub-network usually encountered in
AM,F, fluorides (M = d element) in order to favor their
interaction.
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