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Single crystals of NbO,I were obtained as dark red needles by chemical transport. According to the
structure determination (Pnma, a = 20.897(4), b = 3.7654(8), c =3.9715(8) A, Z =4, 619 reflections,
26 variables, R|(F) = 0.0645, wR(F2) = 0.1597) NbO,I represents a new structure type with 7-
coordinated Nb atoms. Pentagonal bipyramids NbOsl, are connected via the apical O atoms with
alternating short and long Nb-O distances (1.79 / 2.20 A) to chains and via the three equatorial
O atoms to double layers. Between the double layers there are only weak van-der-Waals interactions
of the I atoms. NbO51 is the first oxide halide of a transition metal with CN 7. Structurally NbO»I is
closely related to UO,Br, but with alternating short and long Nb—O distances as a difference.
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Introduction

Oxide halides of transition metals show a great vari-
ety of compositions because several oxidation numbers
are possible and the O/X ratio can be different [1]. Usu-
ally the metal atoms have octahedral coordination and
prefer a linear M—O-M arrangement. Therefore many
structures of compounds MO, X,,, (X = Cl, Br, I) can
be classified on the basis of M(0,X)¢ octahedra which
are connected to chains, double chains or layers. Syn-
thesis and crystal growth of oxide halides is usually
done by chemical transport. Although this technique
seems to be well established, the number of well char-
acterised crystal structures is limited for two reasons.
Firstly the coordination of the transition metal is fre-
quently distorted because of non-symmetric M—O dis-
tances and/or owing to the formation of metal-metal
bonds according to the presence of d electrons. Sec-
ondly problems arise from the low-dimensional char-
acter of the crystal structures. Because there are only
weak van-der-Waals interactions between the chains or
layers most of the chemically and mechanically very
sensitive crystals show strong disorder.

As it is well known from the function of halogens in
light bulbs [2] oxide halides of transition metals are im-
portant intermediates during the reaction of the binary

oxides with elemental halogens. Depending on the re-
action conditions (temperature, pressure, stoichiome-
try efc.) they can appear as volatile products. There-
fore the usual synthesis and single crystal growth take
place by chemical transport reactions. However, fre-
quently oxide halides result as by-products from syn-
theses with halogens or halides when oxygen or oxides
are not excluded from the reaction [3].

Several niobium oxide halides have been described.
According to the most common oxidation states the
simple compositions NbOX;, NbOX3 and NbO, X [4]
are known. For X = Cl more complex compounds
Nb307Cl [5], Nb302C15 [6] and Nb1007C116 [7] have
been reported. Owing to the oxidation state Nb(III) the
latter two contain Nb clusters. With the exception of
the low-valent Nb(III) compounds the structures show
octahedral Nb coordination.

Detailed structural investigations on the basis of
single crystal data are complicated by the low-
dimensional character of the crystal structures which
leads to disorder phenomena. The layer structure of
NbOCI, was investigated by a combination of X-ray
methods and atomic force microscopy (AFM) [8].

Recently we presented the crystal structures of
NbOI; and NbOBr3 [9] which represent two different
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variants of ordered metal oxide halides MO,X,, (X =
Cl, Br, I) with octahedral coordination and polar dou-
ble chains in a non-centrosymmetric structure. Now we
report on the structure of NbO,I, which was already
described by Schifer et al. [10]. On the basis of pow-
der X-ray investigations the compounds MO, X (M =
Nb, Ta; X = Cl, Br, I) were assigned to the UO,Br-
type [11], where the metal atoms have a sevenfold
coordination MOsX, as a pentagonal bipyramid with
5 nearly equal M—O distances. Our single crystal stud-
ies show that NbO;I represents a new structure type
which is closely related to the UO,Br-type, but with
alternating Nb—O distances.

Experimental Section

Synthesis and characterisation

Single crystals of NbO,I were first obtained as a by-
product. The initial goal was the synthesis of RbNbOIl, [4].
For this target RbI (0.712 mmol), Nb,Os5 (0.143 mmol), Nb
(0.427 mmol) and I (107 mmol) were sealed in an evacuated
quartz ampoule (length 10 cm, diameter 1.5 cm) and submit-
ted to the following temperature programme (holding time
in parentheses): r.t. 6 K/h 120 °C (6 h) 12 K/h 150 °C (24 h)
12 K/h 700 °C (12 h) 6 K/h 350 °C (16 h) 12 K/hr. t. Dark-red
needles were formed in the upper part of the ampoule. Unit
cell dimensions were determined by single crystal X-ray in-
vestigations (see below). The composition NbO,I was con-
firmed by the successful structure solution. Once the compo-
sition was known the preparation was conducted by chemical
transport according to Schéfer [12] using NbyOs, Nb and I
(slight excess of I according to molar ratios of 2:1:6.1) in
a temperature gradient 500 °C — 475 °C. The powder pattern
of the red needles, which were formed in the cooler part af-
ter 4 days, could be indexed with an orthorhombic cell. The
observed intensities were in a good agreement with the cal-
culated values and the data published by Schifer [12].

Structure solution and refinement

Single crystals synthesised by chemical transport from
Nb,Os, Nb and I, were not suitable because of strong disor-
der. The red needles obtained as a by-product from the syn-
thesis of RbNbOI; showed well defined reflection profiles
which allowed a structure determination. Investigations with
an Image Plate revealed at first a C-centred orthorhombic unit
cell with a = 20.897(4), b = 3.7654(8) and ¢ = 3.9715(8) A.
The additional reflection condition 40/ with [ = 2n led to the
space groups Cmcm and Cmc2|, respectively. According to
the value of the E-statistics the structure solution was started
in Cmcm by Direct Methods [13] (according to the standard
setting of Cmem: a = 3.97, b = 20.90, ¢ = 3.77 A). A rea-
sonable structure model for NbO,I was derived, but the dis-

Table 1. Crystal structure data for NbO; 1.

Formula NbO,I

M, 251.81

Temperature, K 293(2)

Crystal shape and colour red needle

Crystal size, mm> 0.04 x 0.04 x 0.8

Crystal system orthorhombic

Space group Pnma

a A 20.897(4)

b, A 3.7654(8)

¢ A 3.9715(8)

v, A3 312.49(2)

Z 4

Deaicd, gcm_3 5.35

U(MoKy), mm~! 13.5

F(000), e 440

Data collection Stoe, IPDS I, graphite
monochromator

Radiation; A, A MoKy; 0.71073

o Range, deg 0<w<180

® Increments, deg yv=0,A0=2

Measure time, s 540

hkl Range +31, £5, £6

((5in0)/A) max, A1 0.66

Structure solution and refinement SHELXL-97 [13]

Refl. measured 3079

Refl. unique/with I > 20 () 619/453

Absortion correction

numerical, equivalent
method [14]

Rim/Rsigma 0.156/0.104
Param. refined 26
R(F)/wR(F?)* 0.064/0.160
R(F), (all data) 0.090
Weighting scheme? 0.075/0.0
GoF (F?)? 1.061

Apfip (max / min/ 0), e A3

+3.29/-2.60/0.60

2 Definition of R values, Gof, weighting scheme according to

SHELXL-97 [13].

placement parameter of the Nb atom was significantly en-
larged (Uy1 /Uy = 5) in the direction [100], i. e. towards the
O atoms. A splitting of the Nb site resulted in a shift from the
central position (Nb—Nb: 0.45 A) and an alternation in the
Nb-O distances (1.77/2.21 A) to the axial O atoms (341 re-
flections, 13 variables, R|(F) = 0.069, wRy(F?) = 0.164). Ac-
cording to previous experiences with oxide halides of transi-
tion metals [8,9] we expected an ordered crystal structure
with unequal Nb-O distances. A careful reinvestigation of
the data set revealed weak additional intensities which re-
quired a primitive cell with the same dimensions. The mea-
surement of a full Ewald sphere up 26 = 66° resulted in a
data set of 3095 intensities [independent: 619 and 455 with
I1>20(1)]. For this new data set the reflection conditions led
to space groups Pnma and Pna2, respectively. The struc-
ture solution gave a model which turned out to be an ordered
variant of the model in Cmcm with unequal Nb—O distances.
The subsequent refinement (619 reflections, 26 variables) re-
sulted in satisfactory R values (Rj(F) = 0.0645, wRy(F 2y =
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Atom x y z Ueq Un Ua Uss Uz Table 2. Coordinates and dis-
Nb  043331(7) 1/4 0.9451(3) 0.0151(4) 0.0205(6) 0.0108(2) 0.0140(6) _ 0.0003(4) Placement parameters of NbO>I
I 0.17545(5) 1/4 0.5008(2) 0.0203(3)  0.0212(5) 0.0148(6) 0.0249(5) —0.0003(3) (A?) with esd’s in units of the

Ol 0.4267(5) 1/4 0.498(2) 0.0171(19) 0.0154) 0.019(6) 0.018(4) —0.016(3) last significant figure in paren-

02 0.4673(5) 1/4 0.0042) 0.0176(19) 0.019(5) 0.010(5) 0.024(5) —0.008(3) theses, Ujp = Uz =0.

Nb -O1 1.781(9) Ol -Nb 1.781(9) / 2.200(9) Table 3. Selected distances (A)
--01  2.20009) -02 2.848(14) —2.881(14) 4x  and angles (deg) in NbO;I with
-02 2.025(3) 2% -02 2.974(14) —2.976(14) 2x  esd’s in parentheses.

-02 2.088(10) -1 3.462(14) — 3.479(14) 4x
-1 2.960(1) 2x

I -Nb 2.960(1) 2x 02 -Nb 2.025(3) 2x

-02 2.983(14) -Nb 2.088(10)
-01 3.462(14) —3.479(14) 4x -02 2.327(14) 2%
-1 3.765(3) 2x -01 2.848(14) — 2.881(14) 4x
-1 3.971(3) 2x -01 2.974(14) - 2.976(14) 2x
-1 4.147(3) 4x between layers -1 2.983(7)

OI-Nb-02  98.1(3) [-Nb-I 79.01(5)

O1-Nb-02 100.0(4) I-Nb-O1 90.0(3)

O1-Nb-O1 172.0(6) I-Nb---O1 83.0(3)

02-Nb-02  68.9(3) I-Nb-O2  70.7(3)

Fig.1. Coordination polyhedron of Nb in NbO,I; displace-
ment ellipsoids at the 90 % probability level.

0.1597) and reasonable values for all displacement parame-
ters. Further data are listed in Tables 1-3.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http:/
www.fiz-informationsdienste.de/en/DB/icsd/depot_anfor

derung.html) on quoting the deposition number CSD-
418061.

Results and Discussion

The crystal structure of NbO,I represents a new
structure type with a very unusual coordination of
the transition metal niobium. As shown in Fig. 1

:

¢t ¢

Fig. 2. Connectivity of the polyhedra in NbO,1I.

the coordination of Nb can be described as a dis-
torted pentagonal biypyramide NbOsl,. The two io-
dine atoms are in equatorial positions with a distance
of 2.960(1) A, which is quite long but still compara-
ble to that of other iodides of niobium (2.92 A for
the bridging I atoms in NbOI3 [8], 2.88 A for the
I atoms between Nb,I, units in NbOI, [15]). The pen-
tagonal basal plane is completed by 2 + 1 O atoms
(02) with distances of 2.025(3) and 2.088(10) A.
Similar Nb—O distances are found in binary ox-
ides like NbO, (1.92-2.15 A [16]). The axial sites
are occupied by the O atom Ol with very differ-
ent Nb-O distances of 1.78 and 2.20 A. This is
similar to other oxide halides of Nb like NbOI3
(1.76/2.23 A [8]), NbOBr3(1.74/2.21 A [8]) and
NbOCl; (1.76/2.20 A [17]). Alternatively, the coordi-
nation of Nb can also be seen as a NbI,O4 octahedron
in which the edge formed by O2 atoms is capped by
another O2 atom. The pentagonal bipyramids or edge-
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capped octahedra are linked by a common edge [-O2
to a chain running in [010] direction, and the chains by
the apical O1 atoms to layers parallel to (100). Finally
two of the layers are connected to double layers via
the capping O2 atoms (Fig. 2). The double layers are
stacked in direction [001] (Fig. 3). Between the double
layers there are only weak van-der-Waals interactions
of the I atoms at the “outer” side. This explains dis-
order phenomena. The long a axis corresponds to two
double layers, while the b axis represents the sum of
the two Nb—O1 distances and the ¢ axis the Nb—-Nb
distance between the edge-sharing octahedra.

The surroundings of the anions reflect their func-
tion in the double-layer structure. O1 is bonded to two
Nb atoms with one short and one quite long distance.
Additionally there are 6 contacts to O2 atoms (2.85—
2.97 A) and 4 to iodine atoms (3.46-3.48 A). 02

Fig. 3. Arrangement of double layers in
NbO;I; view in direction [010] (top) and
in direction [001] (bottom).

forms 3 nearly equal Nb—O bonds. Furthermore there
are two very short O2—0O2 contacts (2.327 A) within
the pentagonal bipyramid and 6 longer distances to O1
(2.85-2.97 A). The O2-I distance of 2.98 A is remark-
ably short, mainly caused by the geometrical restric-
tions of a pentagonal bipyramid. To oxygen atoms the
iodine atoms have one short (O1: 2.98 A) and 4 longer
(02:3.46-3.48 A) contacts. The 4 I-I distances within
the double layer amount to 3.765 A (same chain) and
3.971 A (neighbouring chain) while the 4 longest I-I
distances (4.147 10%) occur between the iodine atoms of
different double layers.

The crystal structure of NbO,lI is closely related to
the UO,Br-type [11]. The only differences are the al-
ternating Nb—O1 distances, while the corresponding
U-0O distances in UO,Br are of equal length. This re-
lation can easily be described by a group-subgroup re-
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lation [18]. There is a “klassengleiche” transition of
index 2 (k2) from Cmcm to Pnma. The first structure
solution for NbO;I (see above) was the UO,Br-type,
but with a disorder of Nb.

There are also similarities to the layer structure of
the FeOCl-type [1] (Fig. 4). This structure also consists
of double layers of FeCl,O4 octahedra, but there are
no capping O atoms and the degree of condensation is
higher. Each O atom belongs to 4 FeCl,O4 octahedra.

While the coordination number 7 is quite unusual
for oxides, halides and oxide halides of transition met-
als, it is well known for the corresponding compounds
of the actinides. Pentagonal bipyramids are not only
found for UO,Br (see above) and PaO,Br [19] but also

Fig. 4. Double layers in FeOClI;
left: single layer of FeCl,04 octahedra;
right: condensed layers with each O atom
being a part of four octahedra.

for UzOg [20], UOBr3 [21], PaOBr; [22], UBr4 [23]
and PaCls [24]. On the other hand it is well known that
in the low-temperature modification of ZrO, [25,26]
the “large” cation Zr** shows CN 7. Therefore the
structure of NbO,I represents a missing link between
the oxide halides of the actinides, where the larger size
of the cations favours coordination number 7 and of
those of the transition metals, which usually have octa-
hedral surroundings, independent of the composition.
It should be mentioned that there is no other oxide
halide of a transition metal with CN 7. Despite this
uncommon coordination the structure of NbO,I veri-
fies again the strong preference for alternating Nb—-O
distances in oxide halides of Nb.

[1] A.E. Wells, Structural Inorganic Chemistry, 5th ed.,
Oxford University Press, Oxford, 1984.

[2] M. Binnewies, Chem. Unserer Zeit 1986, 20, 141 —
145.

[3] G. Brauer, Handbuch der Prdparativen Anorganischen
Chemie, Enke-Verlag, Stuttgart, Germany, 1981.

[4] S. Hartwig, Ph. D. Thesis, University of Bayreuth,
2003.

[5] H.-G. von Schnering, W. Mertin, Naturwissenschaften
1964, 51, 552 —-553.

[6] F. Gulo, C. Perrin, Mater. Res. Bull. 2000, 35, 253 —
262.

[7] S. Cordier, F. Gulo, T. Roisnel, B. LeGuennic, J.-F.
Halet, C. Perrin, Inorg. Chem. 2003, 42, 8320 —8327.

[8] H. Hillebrecht, P.J. Schmidt, H. W. Rotter, G. Thiele,
P. Zonnchen, H. Bengel, H.-J. Cantow, S. N. Magonov,
M.-H. Whangbo, J. Alloys Compds. 1997, 246, 70— 80.

[9] S. Hartwig, H. Hillebrecht, Z. Anorg. Allg. Chem., in

press.

H. Schifer, R. Gerken, L. Zylka Z. Anorg. Allg. Chem.

1986, 534, 209 -215.

J.-C. Levet, M. Potel, J.-Y. LeMarouille, Acta Crystal-

logr. 1977, B33, 2542 —2546.

H. Schifer, L. Zylka, Z. Anorg. Allg. Chem. 1965, 338,

309-311.

G. M. Sheldrick, SHELXL-97, Program for the Refine-

ment of Crystal Structures, University of Gottingen,

Géttingen (Germany) 1997.

(10]
[11]
[12]

[13]



1548

S. Hartwig — H. Hillebrecht - The Crystal Structure of NbO;I

[14]
[15]
[16]
[17]

(18]

X-SHAPE, Program for Absorption Correction, Stoe &
Cie GmbH, Darmstadt (Germany) 2003.

J. Rijnsdorp, F. Jellinek, J. Less-Common Met. 1978,
61,79-82.

A.A. Bolzan, C. Fong, B.J. Kennedy, C.J. Howard,
J. Solid State Chem. 1994, 113, 9 —14.

M. Strobele, H.-J. Meyer, Z. Anorg. Allg. Chem. 2002,
628, 488 —491.

a) H. Bérnighausen, MATCH Comm. Math. Chem.
1980, 9, 139-175; b) U. Miiller, Z. Anorg. Allg. Chem.
2004, 630, 1519-1537; c) International Tables for
Crystallography, Vol. Al, (Eds.: H. Wondratschek,
U. Miiller), Kluwer Academic Press, Dordrecht, 2004.

[19]
[20]
[21]
[22]
[23]
[24]

[25]
[26]

D. Brown, P.J. Jones, J. Chem. Soc. A 1966, 262 —264.
B. O. Loopstra, Acta Crystallogr. 1964, 17, 651 —654.
J. Prigent, Compt. Rend. Acad. Sci. Paris 1953, 236,
710-712.

D. Brown, T.J. Petcher, A.J. Smith, Acta Crystallogr.
1975, B31, 1382 —1385.

J. C. Taylor, P. W. Wilson, Acta Crystallogr. 1974, B30,
2664 —2667.

R.P.Dodge, G.S. Smith, Q. Johnson, R. E. Elson, Acta
Crystallogr. 1967, 22, 85—89.

S. Naray-Szabo, Z. Kristallogr. 1936, 94, 414 —416.
A. Gualtieri, P. Norby, J. Hanson, J. Hriljac, J. Appl.
Crystallogr. 1969, 29, 707 -713.



