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Crystallochemistry of the novel oxobromides (RE)TagBr;303 with
RE = Sm to Lu (except Eu and Yb) is reported. All these com-
pounds, which exhibit 14 valence electrons per Tag cluster, are iso-
typic with ScNbgCl;303 with the space group 14122. The structure
of LuTagBr303 has been determined from single crystal X-ray dif-
fraction: @ = 9.383(1) A and ¢ = 54.60(1) A, R = 0.050 and R,, = 0.054
for 755 symmetry-independent reflections. For this compound, the
(TagLig) units (L = Br and O), in which the Tag cluster is very dis-
torted, are linked together by four bridging bromines to form
pseudo-helices of units. The lutetium is five-coordinated at a small
site formed by three oxygen and two bromine atoms belonging to
three adjacent units. The formula developed for this compound is
Lu(TagBrg'O3)Bry?Brys® 2. These structural results allow discus-
sion of the influence of interatomic distances on the potential prop-
erties of these novel ternary tantalum oxobromides in relation to
the oxidation state of the cluster.

INTRODUCTION

In the last few years, we have developed a new series of halides based
on Tag or Nbg clusters and rare earths which exhibit two structure types,
labelled KLuNbgCl;g, and CsLuNbgCl;g.1™ In all these compounds of the gen-
eral formula A (RE)MgX;s (A = monovalent cation, RE = rare earth; M = Nb
or Ta; X = Cl, Br ; x = 0, 1, 2), the Mg cluster can exhibit magnetic or non-
magnetic behaviour, depending on its oxidation state (16 or 15 valence elec-
trons per cluster : VEC). The rare earth, lying in a distorted halogen octa-
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hedron, is located far from the M6 cluster, which cannot favour magnetic in-
teractions.*

We have tried to reduce the distance between the rare earth and the M,
cluster by introducing a smaller ligand, such as oxygen, around the cluster.
Indeed, in these last years, ternary Nbg cluster oxides have been isolated,
for instance MgsNbgO;;,°> ANbgO,, (A = K, La)® or quaternary NazAl,Nb,,Og,,
Na(Si,Nb)Nb,;(,0,4” and recently Rb,Al,Nby50,,,° in which the cluster is
edge-capped by oxygen in a similar way as with halogens. The corresponding
oxides seem not to be developed in the tantalum cluster chemistry. However,
we have succeeded in obtaining the first Tag cluster oxobromides with a rare
earth, the formula of which is (RE)TagBr;505 (RE = rare earth). This series
is 1sotypic with the structure type ScNbgCl;5045 recently determined by us®;
it belongs to the tetragonal symmetry with the space group 14,22.

In this paper, we report our recent results on the crystallochemistry of
the new (RE)TagBr;30;3 oxobromides and we present the crystal structure of
LuTagBr;3;05 determined by single-crystal X-ray diffraction as described below.

EXPERIMENTAL

Synthesis and X-ray Characterization of (RE)TasBr;;0;

The (RE)TagBr1303 compounds (RE = Sm to Lu, except Eu and Yb) have been
prepared by solid state reaction from stoichiometric amounts of rare earth oxides
(Saint-Gobain 3N), TagOs5 (Ventron, purity 99.5%), TaBrs (Ventron, purity 99.9%)
and Ta powder (Ventron, purity m2N8). The mixture, handled in dry atmosphere, is
pressed in the form of a pellet and placed in an evacuated sealed silica tube. It is
heated at 700 °C with some pieces of tantalum foil.

Single crystals of these ternary tantalum oxobromides are very difficult to grow
and are usually of low quality. Thus, it has not been easy to select a single crystal
suitable for structural determination by X-ray diffraction. A similar observation was
already made during the synthesis of the Ay(RE)TagBris bromides, in contrast to the
corresponding niobium cluster compounds for which single crystals of good quality
were easily obtained.?

The unit-cell constants of all these tantalum oxobromides have been determined
by a least squares fit from the X-ray powder patterns, using Si as internal standard,
recorded with an INEL CPS 120 diffractometer, equipped with a position-sensitive
detector (Cu Kal radiation).

Data Collection for Structural Determination of LuTagBr,;;0;

A LuTagBr1303 crystal (0.07 x 0.07 x 0.05 mm®) obtained directly during the syn-
thesis was selected for structural determination. The unit-cell constants were deter-

mined by least squares refinement on setting angles of 24 reflections: @ = 9.383(1) A
and ¢ = 54.60(1) A.
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The intensities were recorded at room temperature with a NONIUS CAD-4 four
circle diffractometer using graphite-monochromated Mo Ko radiation. Conditions limit-
ing the possible reflections are: hkl, h + k + [ = 2n and 00, [ = 4n. All reflections within
a sphere defined by 6 < 30° were examined by the w-scan mode (1.0 + 0.35 tan ).
4075 intensities were measured (0 <k < 13,0 <k < 13, 0 <[ < 77). After averaging
(Rint = 0.043), 755 observations with I > 2.5 o(I) were used for the refinement. DI-
FABS absorption corrections were applied.10

TABLE I

Positional parameters and their estimated standard deviations for LuTagBr;304
Beq = 4/3 3% q; a; By

Atom Position x y z B/A?
Tal 16g 0.5907(3) 0.3794(3) 0.83964(4) 1.65(4)
Ta2 16g 0.5788(3) 0.3628(3) 0.78505(5) 1.73(5)
Ta3 16g 0.1872(3) 0.1149(3) 0.31358(5) 1.75(4)
Bril 16g 0.3828(7) 0.2010(6) 0.8481(1) 2.0(1)
Br2 16g 0.1763(7) 0.5210(7) 0.7793(1) 2.3(1)
Br3 16g 0.3625(6) 0.1899(6) 0.7817(1) 2.2(1)
Br4 16g 0.3046(7) 0.8242(7) 0.8129(1) 2.3(1)
Br5 8c 1/2 1/2 0.7467(2) 2.6(2)
Bré6 16g 0.0552(7) 0.2537(8) 0.8209(1) 2.8(1)
Br7 8f 1/4 0.762(1) 7/8 3.2(2)
Br8 8e —-0.8284(7) 0.828 0 2.3(1)
01 8c 1/2 1/2 0.8671(9) 1(1)
02 16g 0.230(3) 0.513(4) 0.8382(6) 0.8(7)
Lu 8c 1/2 1/2 0.90428(7) 2.09(8)

Intensity data treatment and refinement calculations were performed using the
MOLEN progra\ms11 on a Digital Micro Vax 3100. The structure was solved in the
14122 space group by isotypy with ScNbgCl1303. The full-matrix least- -squares re-
finement on F' with amsotroplc thermal parameters converged with R = 0.050 and
Ry = 0.054, where 1/w = 1/4[0' () + (0.05I)2 VI, with S = 0.950 and (4/6)max = 0.03.
The scattering factors were taken from Ref. 12. The final dlfference Fourier syn-
thesis gives Apmax = 3.0(7) e A™ and Apmin = —1.5(7) e A™3. The enantiomer has
been checked and does not procure a better result. The ﬁnal atomic parameters
are reported in Table I. The interatomic distances and angles are summarized
in Table II. Additional informations, anisotropic thermal parameters, observed

and calculated structure factors, can be obtained on request from the Editorial
Office.
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TABLE II

Interatomic distances/A and angles/® for LuTagBr;305

S. CORDIER ET AL.

Tag cluster

Tal-Tal 2.832(6)
Tal-Ta2 2.987(4)
Tal-Ta3 2.780(4)
Tal-Ta3 2.972(4)
Ta2-Ta2 2.968(6)
Ta2-Ta3 3.009(4)
Ta2-Ta3 2.950(4)
Tal-Ta2 4.155(4)
Ta3-Ta3 4.122(4)
(TagBrg'Ogl) unit
Tal-Brl 2.612(7)
Tal-Br4 2.596(8)
Ta2-Br2 2.562(7)
Ta2-Br3 2.605(7)
Ta2-Br4 2.569(8)
Ta2-Br5 2.568(9)
Ta3-Brl 2.640(8)
Ta3-Br2 2.600(7)
Ta3-Br3 2.570(7)
Ta-ligand in apical position
bridges: Tal-Br7
Ta2-Br8
terminal: Ta3-Br6

Lutetium environment

Lu-01 2.03(5)
Lu-02 2.20(3)
Lu-Br6 2.727(8)

Shortest other distances

Ta3-Lu 3.585(1)
Tal-Lu 3.803(2)
Tal-Lu 4.017(1)

2.780(6)
2.764(4)
2.743(7)

Tal-Tal-Ta3 63.9(1)
Tal-Tal-Ta3 57.2(1)
Ta2-Ta2-Ta3 61.13(9)
Ta2-Ta2-Ta3 59.13(9)
Ta2-Tal-Ta3 62.8(1)
Ta2-Tal-Ta3 59.3(1)
Tal-Ta2-Ta3 60.1(1)
Tal-Ta2-Ta3 55.2(1)
Tal-0O1 2.06(4)
Tal-02 1.97(3)
Ta3-02 1.96(4)
shortest other distances in the unit:
Br2-Br2 3.33(1)
01-02 2.99(4)
Br6-02 3.08(4)
Tal-Br7-Tal 122.9(4)
Ta2-Br8-Ta2 152.7(4)
02-Lu-02 158.(2)
01-Lu-02 100.8(9)
Br6-Lu-O1 119.7(2)
Br6-Lu-02 76.5(9)
Br6-Lu-02 92.(1)
Br6-Lu-Bré 120.5(3)
Tal-Tal 4.883
Ta2-Ta2 5.372
Lu-Lu 5.678
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RESULTS

Crystallochemistry of (RE)TazBr ;504

The series of compounds (RE)TagBr;305 (RE = Sm to Lu) is isotypic with
tetragonal ScNbgCl;303, space group 14,22. We have refined the unit-cell
constants of the compounds reported in Figure 1. Their unit-cell parameters
range from a = 9.472(4) A, ¢ = 55.33(3) A for SmTagBr;505 to a = 9.383(1) A,
¢ = 54.60(1) A for LuTagBr,305. The variation of the volume closely corre-
lates with the evolution of the ionic radius of the trivalent rare earth, as
commonly observed for other compounds of the (RE)M¢X;g type.!® Thus far
we have not succeeded in obtaining the corresponding compounds with euro-
pium and ytterbium. Indeed, in the niobium or tantalum cluster chemistry,
these two rare earths usually form special compounds due to their two pos-
sible oxidation states.

Crystal Structure of LuTagBr;304

The structure of LuTagBr,;30;, isotypic with ScNbgCl,305 (Figure 2), is
built of TagL;g (L = Br and O) units in which the Tag cluster is edge-capped
by nine bromine and three oxygen atoms which are ordered. Six additional

5000 T " T
Sm
| |

4950
Gd
Dy T u
| |
Wt  4%00f N
P =5
£ ne
3 Y
O 4850
>
Lu
|
4800 F
4750

v.80 0.85 0.90 0.95 1.00
RE** ionic radius /A
Figure 1. Evolution of the unit-cell volume versus the ionic radius of trivalent rare

earths for (RE)TagBri303. The ionic radius of the trivalent six-coordinated rare
earths given in Ref. 16 have been used.
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Figure 2. The LuTagBr1303 unit-cell along two perpendicular directions. For more
clarity only Tag clusters, bridging Br®*® and Lu (isolated atoms) are represented.

bromine atoms lie on apical positions, two of them being in terminal position
and the other four bridging the units. The formula of this compound, devel-
oped according to the H. Schifer notation! is: Lu(TagBry'05)Bry*Bry,*

In this unit of C2 symmetry (Figure 3), the Tag cluster is very distorted
(Ta-Ta distances = 2.780(4) A to 3.009(4) A) due to the presence of both oxy-
gen and bromine in its environment. The Tag cluster is usually smaller than
the Nbg one, as already discussed in our previous works,!® but in
LuTagBr;503 the matrix effect due to the bromine® tends to increase the
cluster size, which becomes close to Nbg in ScNbgCl,305 (Nb-Nb distances =
2.805(1) A to 3.007(1) A).

The Ta-Br' and Ta-O' distances are consistent with the corresponding dis-
tances observed in ScNbgCl,305 and close to the Ta-Br' and Ta-O distances in
CsErTagBr g or tantalum oxides, respectively. Like in ScNbgCl;305, the termi-
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Figure 3. The (TagBro'O3)Bra®Bra/e®® unit.

nal Ta-Br? and bridging Ta-Br*? distances are close to each other, in contrast
to the corresponding distances in binary cluster compounds (M-X® < M-X22)
which are usually very different; this feature is due to the influence of the
RE3* cations which are bound to the Br® atoms as described below.

The units are linked together by four bridging bromines (Br7 and Br8),
with two very different Ta-Br®2-Ta angles: 122.9(4)° and 152.7(4)°; these an-
gles are comparable to those in ScNbgCl;303. This linkage forms pseudo-heli-
cal units, their axes being perpendicular to each other (Figure 4a and b), which
is a very original feature in cluster chemistry.

The lutetium atoms are located in that part of the structure where the
Br72- bridging bromines are concentrated (Figure 4b) with Lu-Br7 = 3.757 A,
while the distance between Lu and the other bridging bromines is very
large: Lu-Br8 = 6.805 A. If one considers the first coordination sphere, each
lutetium lies at a five coordinated-site of C2 symmetry, formed by three O!
and two Br? atoms (Lu-O = 2.03(5) A and 2.20(3) A, and Lu-Br = 2.727(8) A)
(Figure 5), belonging to three adjacent units. This site is unique for a rare
earth, usually six-coordinated at a distorted octahedral site of halogens in
ARE)MgX,¢*13 halides, or at more complex sites in the rare earth oxides or
in ternary cluster oxides, for instance 12-coordinated in LaNbgO,,.6
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Figure 4. a) Representation of the boundings between the clusters via the Br® 2 bro-
mines, forming a helix of units. A to I label indicates the successive linkage (per-
spective view), b) The same helix along a perpendicular direction (perspective view).
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Figure 5. The lutetium environment.

Even if the size of the Tag cluster is close to that of Nbg, the RE sites
formed betweeen the units are larger than in ScNbgCl;503, due to the steric
effect of the large bromine atoms, which is not compensated in the stacking
by the replacement of Nb by Ta. This results in a RE-M distance larger in
LuTagBr;305 (Lu-Ta = 3.585(1) A than in ScNbgCl;50; (Sc-Nb = 3.391(1) A),
but this distance stays much shorter than the RE-M distance in
ARE)M¢Brg, for instance in CsErTagBr,g (Er-Ta = 5.231(1) A).15

DISCUSSION AND CONCLUSIONS

These (RE)MgX;305 are the first oxohalides obtained so far in cluster
chemistry based on MgL;g units, and the first cluster compounds with halo-
gen ligands exhibiting 14 electrons per Mg cluster which have been synthe-
sized at high temperature using the procedures of solid state chemistry. The
presence of oxygen allows to stabilize such an oxidation state for the Mg
cluster; indeed, VEC = 14 corresponds to a stable cluster oxidation state in
ternary cluster oxides.!”

In the RE-Nb-CI-O system, only one compound of this /4,22 structure
type has been obtained so far: ScNbgCl;305 while in the RE-Nb-Br-O system
no such compound has been isolated. In contrast, for tantalum chemistry,
as we have pointed out above, several isotypical 4,22 compounds exist in
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the RE-Ta-Br-O system with various rare earths. In the RE-Ta-Cl-O system,
the investigation of which we have just started, we have only obtained
ScTagCl 303, like in the corresponding niobium system. Indeed, for the oxo-
chlorides, the RE sites provided in the structure are very small due to the
presence of both chlorine and oxygen, and only a small trivalent cation such
as scandium can be accepted. For tantalum oxobromides, the RE sites are
large due to the steric effect of the bromine, and thus rather large rare
earths (RE = Sm to Lu) can be accomodated. In the case of niobium oxo-
bromides, the Nbg cluster would be too large and could not be established,
due to the VEC = 14 and to the matrix effect of bromine, as we have already
discussed.'®

These compounds are the first in the (NbgL;g) or (TagL;g) chemistry to
exhibit two terminal L® and four bridging L*? ligands in the same com-
pound. Indeed, niobium or tantalum halides with six L? or six L*? have
been previously well developed and binary cluster halides such as NbyCl,,
exhibit four L2® and two L2, but so far no compound with both L® and L&
has been isolated in this chemistry (Ref. 18 and references therein). The lat-
ter type of linkage, which usually leads to sheets of units when two L® and
four L22 are present, is well known in the molybdenum and rhenium cluster
chemistry as well as in quaternary zirconium cluster halides, for instance
in MogX;5,' RegSeClg2® and Na,ZrgCl,¢Be,?! respectively. In (RE)M¢X;50;,
the great dissymmetry of the unit leads to a particular linkage in the helix
via these four X*2 halogens, instead of sheets of units.

Of special interest is the fact that this (RE)TasBr;304 series can be ob-
tained for a number of rare earth ions, including the magnetic ones, in con-
trast to the RE-M-Cl-O system where only scandium compounds ScMzCl;304
exist. The RE-Ta distances are short, as discussed above, and we would ex-
pect some magnetic interactions between the rare earths and the Tag cluster
if we could turn it into a magnetic cluster. To obtain such a behaviour, a pos-
sibility is to insert hydrogen inside the cluster in a similar way as in
Nbgl;;.22 Some experiments are now in progress, and encouraging results
have been already obtained.

We have just started investigations of the RE-Ta-I-O system in order to
search for compounds with the 14,22 structure type. No new compounds of
this type have been synthesized. It is probably due to the size of the cluster
which is expected to be too large in the iodine cluster chemistry even with
a VEC = 14; moreover, it would request the presence of two terminal I? io-
dines, a situation which has never been obtained so far for tantalum or nio-
bium cluster iodides by solid state chemistry synthesis. Indeed, only one bi-
nary tantalum cluster iodide with 22 and I'2 ligands, Tagl;, (VEC = 16 and
four 1) synthesized at high temperature, is well established.?? In the RE-
Ta-Br-I-O system, we have recently evidenced some bromo-iodides isotypic
with LuTagBr;305. The study of this system is now in progress, but one can
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suppose that the iodine should occupy the bridged I*? position since iodine
in inner position would require a too large deformation. This disposition
would manage larger RE sites in the I4,22 structure type, allowing also the
insertion of a rather large rare earth, such as cerium.

Supplementary Materials. — Crystallographic data (excluding structure factors
which are available from the authors) for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-109/68-781. Copies of the data can be obtained on application
to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. (Fax: 44 (0) 1223-
336033; E-mail: teched@chemcrys.cam.ac.uk).
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SAZETAK

Novi ternarni oksobromidi s klusterom Tag i elementima rijetkih
zemalja. Sinteza (RE)TagBri1303 (RE = rijetke zemlje) i
kristalna struktura LuTagBri303

Stéphane Cordier, Christiane Perrin i Marcel Sergent

Opisana je kristalokemija novih oksobromida (RE)TagBri3Os s RE = Sm do Lu
(osim Eu i Yb). Svi ti spojevi sadrze 14 elektrona po klusteru Tas i istog su tipa kao
i spoj ScNbgCl1303, prostorne grupe [4122. Struktura LuTagBr1303 odredena je ren-
tgenskom difrakcijom na monokristalu: @ = 9.383(1) A i ¢ = 54.60(1) A, R =0.050 i
Ry = 0.054, za 755 simetrijski neovisnih refleksa. U ovom spoju jedinice TagLis
(L = Br i O) u kojima je kluster Tag jako deformiran, povezane su medusobno preko
Cetiri atoma broma (u mostu) tvore¢i jedinice pseudo-heliksa. Lutecij ima kooridna-
ciju pet; tri atoma kisika i dva atoma broma pripadaju trima susjednim klusterskim
jedinicama. Kemijska formula toga spoja jest Lu(TagBrg'Os")Bro®Bras® 2. Ovi struk-
turni rezultati dopustaju raspravu o utjecaju meduatomskih udaljenosti na mogucéa
svojstva novih ternarnih oksobromida tantala u ovisnosti o oksidacijskom stanju klu-
stera.
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