
J .  CHEM. SOC. DALTON TRANS. 1984 50 1 

NbJ,,, DNbslll, and HNb,l,, : A Powder Neutron Diffraction and 
Inelastic Scattering Study t 
Andrew N. Fitch, S. Andrew Barrett, and Brian E. F. Fender 
Inorganic Chemistry 1 aboratory, University of Oxford, Oxford OX 1 3QR 
Arndt Simon 
Max- Planck- lnstitut fur Festkorperforschung, D- 7000 Stuttgart 80, Germany 

Powder neutron diffraction and inelastic scattering studies on DNb61, and HNb61, suggest that the 
interstitial hydrogen atom is displaced slightly from the centre of gravity of the surrounding Nb6 cage in 
the low-symmetry phase. The inelastic scattering spectrum shows a broad peak for the Nb-H 
interactions at about 135 meV. 

A feature of the inorganic chemistry of niobium, tantalum, 
molybdenum, and tungsten is the formation of octahedral 
metal atom clusters by the halides of low oxidation state.'-' 
These halides contain either [M6XI2]"+ units in which each 
edge of the octahedral metal cluster is bridged by halide 
atoms, or [!&&]"+ units in which the halide is co-ordinated 
to each face of the metal clusters. The number of 1 electrons 
available determines the type of cluster which is formed as 
there are eight metal-metal bonding orbitals in the [M6XlzY+ 
units but 12 in the [M6X8]"+ units.4 There are numerous 
examples of each type: binary compounds with [M6Xl2lnf 
units include Nb6F15,5 Nb6CllJ,6 Ta6Il4,' W6Cl1878 Ta6Ci15,~ 
as well as the hydrates of various niobium and tantalum 
halides; lo  [M6X8]"+ clusters are found in, for example, 

The compound Nb,I,, is unusual, not only because it is 
alone amongst the Group 5 halides to adopt the [M6X8]" 
cluster, but also because each cluster has only 19 d electrons 
available for metal-metal bonding. It is believed that this 
apparent electron deficiency is closely related to the ability 
of Nb,I, I to absorb hydrogen to form HNb6Ill,I8 the compound 
investigated in the present paper. The number of electrons in 
bonding cluster orbitals i s  increased by one due to the hydrogen 
at on^.^^.^^ I n  accordance with this idea, hydrogen absorption 
is also found with CsNb,I,, leading to C S H N ~ , I , , , ~ '  whereas 
Nb,CII, and Mo6CIIz, both compounds with completely 
filled metal-metal bonding d orbitals, do not take up hydrogen. 
Earlier results claiming the formation of H1.2Nb6C114 and 
Ho 66M06C!1?22 had to be revised.23 

Both Nb,l,, and HNb,l,, undergo a second-order transition 
from a low-temperature form in the non-centrosymmetric 
space group PZlcii to a high-temperature form in the higher 
symmetry cenrrosymnietric space group Pccii.2J For Nb61 I I ,  

the structural transition is accompanied by a magnetic transi- 
tion from a doublet to a quartet state, whereas for HNb611, a 
transition from a singlet to a triplet state is The 
change in symmetry occurs at 274 and 324 K respectively and 
has been fully characterized for the heavy atoms by single- 
crystal X-ray diffraction." 

Early powder neutron-diffraction studies of 'HNb611 gave 
a strong indication that the hydrogen was incorporated into 
the cluster as an interstitial atom.18 In the high-temperature 
phase it is thought that the hydrogen atom is at the special 
crystallographic position 4a (O,O,O) at the centre of gravity of 
the Nb, octahedron, whereas below the transition temperature 
a displacement from this position is possible. In [N( PPh,),]- 
[HCo(CO),,]. single-crystal neutron diffraction indicates the 
hydrogen aton1 to be at the geometric centre of the cluster z6 
within experimental error, but in [HNi,,(CO),,]'- and 

M06C112," W,jBT14,12 Csz[Mo6Cl8]C&," and Nb61,1.'~-'' 

t AVo~~-S.[. units eniploj*ed: atm = 101 325 Pa, eV x 1.60 x lo-'' J .  

[H2Nilz(C0)z1 1'- (ref. 27) displacement towards one of the 
interior triangular faces of the octahedral cavities is observed. 

In this study we use the relatively high coherent scattering 
cross-section of deuterium to probe more fully the position of 
the hydrogen atom within the [Nb61,]3+ cluster in the low- 
temperature form by means of powder neutron diffraction. In  
addition, the high incoherent cross-section of the proton is 
used to highlight the vibrational characteristics of the bound 
hydrogen in neutron inelastic scattering measurements. 

Experiment a1 
The Nb6Ill, HNb6111, and DNb6111 samples were prepared as 
described earlier I 8  by the reduction of Nb318 with niobium 
metal, followed by exposure to either gaseous H2 or D2 
(assumed to be 99% isotopically pure) at 1 atm and 450 "C 
during 3 h. Deuterium was prepared by electrolysis of a 
solution of K2C03 in DzO of 99.7% purity. 

Powder Neutron-difraction Measurements.-The D N  b61 I 

sample (1 2 g) was contained in a silica tube and was examined 
at room temperature (295 K) on the PANDA diffractometer 
at AERE Harwell using a nominal wavelength of 2.41 A. A 
germanium monochromator was used with a 90" take-off 
angle, Data were collected up to 28 = 100" over 3 d. The 
counters arranged in three horizontal planes were employed. 

Neutron Inelastic Scattering Measurements.-Neutron 
energy-loss measurements were made using the INIB beryllium 
filter spectrometer mounted on the hot source at the Institut 
Laue-Langevin, Grenoble. Measurements were made at room 
temperature over the energy range 50-300 meV for Nb6Tllr 
HNb6Tl1, and DNb61,, using the planes 200, 220: and 331 of 
copper to monochromate the incident beam. 

Results and Discussion 
DNb611 : Powder Neutron Diffraction.-The powder 

neutron-diffraction pattern was analysed by the Rietveld 
method z8 with the following scattering lengths (lo-'' cm): D, 
0.667; Nb, 0.705; I,  0.528; H, -0.374.29 Several small peaks 
from f3-NbD, (x = 0.7, as judged by the values of the lattice 
parameters 30) as a minor impurity phase could be seen in the 
pattern overlapping with the peaks of the major phase 
DNb61 The exclusion of these regions would have resulted 
in the loss of over 40 reflections from the DNb,[,,. We there- 
fore made use of the program described by Thomas and 
Bendall which may be used to refine a powder diffraction 
profile containing up to three phases. This program has 
already been successfully employed to examine Na2UC16 
containing contaminating NaCl '' and also U02DAsOr.4D20 
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Table 1. Final parameters for DNb6111 at room temperature in space group Ptlcn when all atoms were allowed to refine freely. Estimated 
standard deviations (e.s.d.s) are given in parentheses 

z Y Atom X Y Atom X z 

D 0.006(9) 
Nb( 1 1 0.092(8) 
Nb(1A) -0.117(9) 
Nb(2) 0.126(8) 
Nb(2A) - 0.147(8) 
Nb(3) - 0.078(7) 
Nb(3A) 0.070(8) 
I(1) 0.1594 
WA) -0.153(7) 

- 0.006(4) 

- O.OlO(3) 
- O.OSO(4) 

0.061(3) 
0.057(5) 

- 0.048(4) 
0.1 12(5) 

- 0.124(6) 

0.1 12(3) 
0.01 7(6) 

0.02 l(5) 
0.085(5) 

0.1 19(5) 

- 0.042(4) 

- 0.078(4) 

- 0.127(6) 
0.1 7 1 (6) 

- 0.189(5) 

0.038(10) 
- 0.023(9) 
- 0.127(8) 

0.059(9) 
0.288(9) 

- 0.320(9) 
-0.174(11) 

0.166(11) 
0.22 1 (1 0) 

0.103(5) 

0.1 W4) 

0.01 5(4) 
0.020(3) 
0.1 2 1 ( 5 )  

0.266(4) 

-0.103(5) 

- 0.223(5) 

- 0.133(5) 

- 0.238(5) 
0.217(5) 
0.022( 5 )  

-0.016(5) 
- 0.068(6) 

0.064(6) 
0.3 1 2(6) 

- 0.298(6) 
- 0.066(4) 

B(D)  = 2.6(1.5), B(Nb) = 0.4(4), B(I) = 0.6(4) A'; R, = 9.2, R, = 17.8, R,, = 12.9, RE = 10.6%(all R factors are defined in ref. 28); 
tz = 11.293(2), b = 15.440(2), c = 13.453(2) A. 

Table 2. Bond distances (A) in DNb6111 for refinement A where all atoms were allowed to move freely; and refinement B where the Nb and 
I atoms were fixed at the positions calculated from linear interpolation between the parameters determined by X-ray diffraction for the 
high- and low-temperature forms (see ref. 17). E.s.d.s are given in parentheses 

Nb( 1)-D 
Nb( 1 A)-D 
Nb(2)-D 
Nb(2A)-D 
N b( 3)-D 
Nb( 3 A)-D 
Average 

N b( 1 )-N b(2) 
Nb( 1 A)-N b(2A) 
Nb(l)-Nb(3) 
Nb( 1 A)-Nb( 3A) 
Nb(2)-Nb(3) 
Nb(2A)-N b( 3 A) 
Nb( 1 )-Nb(2A) 
Nb( 1 A)-Nb(2) 
Nb( l)-Nb(3A) 
Nb( 1 A)-Nb(3) 
Nb( 2)-N b( 3 A) 
N b(2 A)-N b( 3) 
Average 

N b( 1 )-I( 6) 
N b( 1 A)-l( 6) 
N b( 2)-I( 5 )  
N b(2A)-I( 5A) 
Nb(3)-1(5) 
N b( 3A)-l( 5A) 
Average 

A 
2.21 (10) 
2.02( 12) 
1.77( 12) 
2.40(12) 
1.93( 1 1) 
2.18( 10) 
2.09 

3.05(8) 
2.85(7) 
3.02( 10) 
3.02( 11) 
2.88(11) 
3.07(12) 
2.85( 13) 
2.98( 13) 
2.74( 8 ) 
2.80(9) 
2.92(9) 
2.76(9) 
2.91 

2.82( 10) 
2.84( 12) 
2.89( 13) 
2.92( 13) 
2.99( 1 1 ) 
2.86( 1 1) 
2.89 

B 
2.08(6) 
2.04(6) 
1.86(6) 
2.28(6) 
1.82(6) 
2.28(6) 
2.06 

2.90 
2.89 
2.96 
2.97 
2.92 
2.94 
2.77 
2.97 
2.87 
2.74 
2.76 
2.96 
2.89 

2.89 
2.90 
2.92 
2.96 
2.91 
2.91 
2.92 

Nb( 1 )-I( 1 ) 
Nb(l A)-I( 1 A) 
Nb( 1)-1(2) 
Nb(lAbI(2A) 
Nb(l)-U3) 
Nb( 1 A)- I(3A) 
Nb( 1 M 4 )  
Nb( 1A)-I(4A) 
N b(2)-I( 1) 
Nb(2A)-I( 1 A) 
N b(2)-I( 2A) 
N b(2A)-I( 2) 
Nb(2)-1(3A) 
N b(2A)-I (3) 
Nb(2)-1(4) 
N b(2A)-I(4A) 
Nb(3)-I(l) 
Nb(3A)-I( 1 A) 
Nb(3)-1(2A) 
N b( 3A)-I( 2) 

N b(3A)-I( 3A) 
Nb(3)-1(4A) 
Nb(3 A)-I (4) 
Average 

Nb(3)-I(3) 

A 
2.98(10) 
2.89( 10) 
2.71(9) 
2.84( 1 0) 
2.95( 12) 
2.80(12) 
2.70(12) 
3 .O 1 ( 12) 
2.79(10) 
3.24( 10) 
2.59(11) 
3.08( 12) 
3.10(10) 
2.53(8) 
2.93( 1 1) 
2.82( 12) 
2.91(8) 
2.9 1 ( 1 2) 
2.8 8( 1 0) 
2.8 1 (1 0) 
2.61(9) 
3.10(10) 
2.90( 13) 
2.77( 13) 
2.87 

B 
2.87 
2.86 
2.88 
2.88 
2.85 
2.85 
2.86 
2.88 
2.89 
2.92 
2.86 
2.82 
2.90 
2.90 
2.84 
2.85 
2.87 
2.87 
2.87 
2.88 
2.86 
2.86 
2.87 
2.86 
2.87 

a t  4 K in the presence of ice.33 Two small regions, where an 
electrical disturbance had obviously affected the counters, 
were excluded from the pattern. A total of 328 overlapping 
reflections contributed to the useful data, including 10 for 
P-NbDo., whose structure was modelled in space group 
Pmn using the parameters deduced by Somenkov et a/.34 
from powder neutron diffraction. 

At room temperature, DNb,l,, is in the low-temperature 
form in space group P21cii. A description of the structure 
requires 18 crystallographically distinct atoms, all in the 
general position 4a (.u,y,z). A refinement was performed 
varying 53 independent atomic positional parameters [the 
.Y parameter of 1(1) being kept fixed to define the origin], 
three isotropic thermal parameters for D,  Nb, and I respect- 

ively, in addition to the normal scale factor, an effective scale 
factor for NbDo.7, the zero-point, half-width parameters, 
lattice parameters, and an asymmetric parameter applied 
below 30" in 26. The refinement converged t o  give the para- 
meters shown in Table 1. Due to  the uncertainty in the exact 
neutron wavelength used, bond lengths were calculated 
(Table 2) using the lattice parameters estimated from the 
single-crystal X-ray study, i.e. a = 11.328(5), b = 15.495(8), 
and c = 13.465(7) A.l' The observed and calculated profiles 
are shown in Figure 1. The contaminating minor phase 
P-NbDo.7 appears to have been well accounted for in the 
refinement. Figure 2 shows the [DNb6I8I3+ cluster. 

The results suggest that the D atom in DNbCIII is displaced 
by 0.37(11) A away from the centre of gravity of the cage of 
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Figure 1. Observed (points), calculated (full curve), and difference powder neutron-diffraction profiles for DNb,JII at room temperature 
obtained on PANDA at a wavelength of 2.41 A 

Figure 2. The [DNb,Iwl3+ cluster showing the three shortest D-Nb 
bonds 

niobium atoms, predominantly towards Nb(2) and the edge of 
the Nb6 octahedron joining Nb(3) and Nb(2). 

Table 2 gives the bond lengths found in DNb6T11 calculated 

both from the neutron refinement and also using the X-ray 
determined atom positions. The latter were obtained (at room 
temperature) by linear interpolation between the positions of 
the atoms well above and well below the second-order 
transition, as described by Imoto and Simon.17 The discrepan- 
cies between the two sets of values are mainly within a value 
of 20 as estimated from the neutron refinement, but some are 
between 2 and 30. The worst discrepancies occur for the 
Nb-I distances for the iodine atoms on the faces of the 
octahedral niobium cage, and for two of these the values 
differ by an amount almost as large as the observed displace- 
ment of D from the centre of the cage, i.e. Nb(2A)-I(3) 
(-0.37 A) and Nb(2A)-I(lA) (0.32 A). The average dis- 
crepancy on the other hand is f0.12 A. The X-ray study 
shows that some of the iodine atoms undergo a marked 
thermal anisotropy. Our neutron-diffraction data, however, 
are such that only a very simple isotropic description is 
possible. The effect of this simplification will be to increase the 
differences between the neutron and X-ray bond lengths as the 
inadequacies of the description of the thermal motion are 
partially compensated for by atom shifts. Assuming the 
maximum difference observed in the heavy-atom bond 
distances, the deuterium could be very close to the centre of 
the niobium cage. 

An alternative approach to the refinement is to fix the Nb 
and I atoms at the positions obtained by interpolation from 
the X-ray study. As it is not possible accurately to estimate the 
thermal parameters by interpolation, these were refined 
(again isotropically) together with the D positional and thermal 
parameters. A deuterium displacement of 0.32(6) 8, is found 
again towards the Nb(2)-Nb(3) edge of the octahedron. The 
R,, was 14.4% and RI 12.1%. The R factors, higher than 
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Figure 3. Observed neutron inelastic scattering spectrum of HNb,- 
I , ,  on l N l B  using the 200 (a) ,  220 (b), and 31 I (c) planes of the 
copper monochromator 

those given in Table I ,  are consistent with the argument above 
that, when allowed to move, the Nb and I atoms are dis- 
placed to some extent to compensate for inadequacies in the 
simple isotropic vibrational model. 

Finally, refinements were attempted with the deuterium 
atom constrained to the centre of the niobium cage. These 
produced slightly worse fits to the data, e.g. R,, = 14.5'{, 
for the model with X-ray heavy-atom positions. In addition, 
the thermal parameters of deuterium increased to 4.1( 1.0) A'. 
The above refinements suggest that the model with the hydro- 
gen atom displaced somewhat from the centre of the niobium 
cage is the more accurate description of the structure. 

Neutron Inelastic Scattering Spectra.-The observed spectra 
for HNbsIlt are illustrated in Figure 3. A strong mode of 

about 135 meV is observed for HNb6II1 with an overtone just 
below 280 meV which is assigned to the Nb-H stretch. There 
is no comparable peak for Nb6111 in this energy region and 
only a very weak feature for DNb6111 which is assumed to 
arise from the small hydrogen content in the deuterium used 
for the sample preparation. A small peak at ca. 95 meV can 
be detected in the spectrum of DNb6111 and this band, which is 
2 1 / ~ ' 2  the energy of the strong mode in HNb6111, must be 
the analogous deuterium mode. For [HRu6(CO),,]- and 
[DRu,(CO),,]- the metal-interstitial hydrogen stretching 
absorptions are observed at somewhat lower energy, 825 and 
600 cm-' (102 and 74 meV) respectively, in the i.r. 

With an energy resolution AE/E of the order of 10% for 
the spe~ t romete r ,~~  it is clear that the peak at 135 meV in the 
spectrum of HNb6111 is broad and some structure is observable 
using the Cu 200 monochromator, although there may be a 
small contribution from the p-niobium hydride impurity 
which has two peaks centred at about 120 and 160 meV.37 

For zirconium hydride a peak is observed in the neutron 
inelastic scattering spectrum at about 139 meV which is 
considerably broadened from that expected of a single 
Einstein mode by means of hydrogen interactions up to 
second nearest hydrogen neighb~urs.~' Such hydrogen 
interactions would not be expected in HNb611L where the 
nearest-neighbour hydrogens occur at a large distance of 
8.69 A. The observed broadening, therefore, probably results 
from the different strengths of the various Nb-H interactions 
which are characterized by the displacement of the hydrogen 
atom from the centre of the niobium cage. 

Conclusions 
The neutron inelastic scattering studies are compatible with 
the conclusions from powder diffraction which suggest that 
the interstitial hydrogen atom in HNb6II1 is displaced a small 
amount from the centre of gravity of the niobium cage. The 
size of this displacement, which is predominantly towards the 
Nb(2)-Nb(3) edge of the octahedron, calls into question the 
assumption of a single hydrogen site at the centre of the cage 
in the high-temperature phase of this compound. Further 
studies with high-resolution neutron diffraction and inelastic 
scattering spectroscopy may clarify this point. 
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