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Single crystals of a new compound, Fe,.,V,,,,O,, , have been prepared by hydrothermal synthesis at 
650°C and 2 kbar. The compound has triclinic symmetry, Pi, Z = I, with unit cell dimensions a = 
10.209(3), b = 9.387(3), c = 6.X4(2) A, a = 100.52(5), p = 94.35(5), y = 98.85(4)“. Its structure was 
determined using direct methods and refined to an R-value of 0.053 (wR = 0.038) for 5654 observed 
reflections (F > 3u((F)) whose intensities were measured on a Philips PW 1100 diffractometer using 
AgKa radiation. The structure is based on a cubic close-packed framework of anions in which cations 
are ordered into tetrahedral (Vs+), square pyramidal (V4+), and octahedral (Fe3+, V4+s3+) sites. The 
structure comprises zig-zag chains of eight edge-shared octahedra (a-PbO,-like) which are cross linked 
via corner-sharing with tetrahedra and square pyramids, and via edge-sharing with square pyramids 
and octahedra. Bond length-bond strength considerations were used to establish the cation valence- 
state assignments at the different sites, giving a unit cell composition Fei$,V:fVj+Vf+035. 

1. Introduction 

The synthesis and structural characteri- 
zation of a new phase with composition 
FeV,O, . H,,.5 has recently been reported 
(I). Its structure is closely related to that 
of diaspore, from which it may be derived 
by the ordered displacement of every third 
octahedrally coordinated metai in the dou- 
ble-chains of edge-shared octahedra, into 
an adjacent tetrahedral site in the channels 
between the double-chains. This phase was 
formed in a hydrothermal experiment at 
650°C and 2 kbar, aimed at synthesizing the 
mixed oxide, Fe3+V4+V5+0, (2). However, 
the subsequent structure analysis showed 

* Permanent address: CSIRO Division of Mineral 
Chemistry, P.O. Box 124, Port Melbourne, Victoria, 
Australia. 

that some anion sites were partially occu- 
pied by hydroxyl ions and that its composi- 
tion was actually Fe3+V3,;Vi:V5+0,,, 
Wh, - The hydrothermal experiments 
carried out at 650°C yielded, in addition 
to crystals of the above phase, some 
crystals of a second phase with quite dif- 
ferent morphology. An electron probe 
analysis gave a composition quite close to 
FeV,O,. In the belief that this phase was 
the mixed oxide Fe3+V4+V5+OB, we car- 
ried out a crystal-structure determination, 
the results of which are reported here. 

2. Experimental 

2.1. Preparation and characterization 

A 1: 1 mixture of FeVO, and VO, was 
reacted for 5 days at 650°C and 2 kbar in 
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hydrochloric acid solution. The initial pH 
of the solution was close to 1 but at the 
completion of the reaction it had increased 
to 2. A heterogeneous product was ob- 
tained comprising mainly small black plate- 
lets of FeV,O,H,,, together with some 
black needles of iron-doped VO, , and a few 
columar crystals of the new phase. A pow- 
der pattern obtained from finely ground 
crystals showed some similarities to that 
for FeV,O, * H,., in the distribution of the 
strong reflections but showed many extra 
strong and medium intensity peaks. The 
powder pattern was indexed with the aid of 
precession photographs which showed that 
the symmetry was triclinic. A refinement of 
28 values for 28 powder lines led to the unit 
cell parameters, a = 10.209(3), b = 
9.387(3), c = 6.564(2) A, a = 100.52(5), /3 = 
94.35(4), y = 98.85(4)“. An electron micro- 
probe analysis on crystals of the com- 
pound, using iron and vanadium metals as 
standards, gave Fe, 24.71 and V, 39.44 
weight percent, corresponding to a V/Fe 
ratio of 1.75 (cf. 2.00 in the original reaction 
mixture). 

2.2. Single crystal studies 

The crystals grown by hydrothermal 
synthesis were columnar, with approxi- 
mately square cross-section, 0.1 to 0.2 
mm wide, and 0.5 to 1 mm long. For the 
intensity data collection, a fragment was 
cut from one of the crystals, measuring 
0.13 x 0.16 x 0.19 mm. Initially, preces- 
sion photographs were taken to confirm it 
was a single crystal. It was then re- 
mounted along its long dimension on a 
Philips PWl 100 4-circle diffractometer. 
Intensities were collected with graphite 
monochromated AgKa radiation. An o- 
scan, 3-30” in 8 was used with a variable 
scan width given by he = ( 1.40 + 0.15 
tan 0) and a speed of 0.02” set-l. Two 
background measurements, each for half 
the scan time, were made for each scan, 
one at the lower and one at the upper 
limit. There were 77 11 reflections mea- 

sured in the hemisphere out to 8 = 30’. 
These were reduced to 7269 independent 
reflections of which 5654 had F > 3rr(F) 
and were used in the refinement. An ab- 
sorption correction was not applied, p = 
43.9 cm-‘. 

Scattering factor curves for V, Fe, and 0 
neutral atoms are those of Doyle and 
Turner (3). Anomalous dispersion correc- 
tions were applied for all atoms (4). The X- 
ray system of programs was used for all 
aspects of the structure determination and 
refinement. 

3. Structure Determination and Refinement 

The structure was solved in space group 
Pi by direct methods, using the MULTAN 
program. The set of generators included 11 
known phases from the sigma 1 relation- 
ships, 3 origin determining reflections, and 
4 unknowns, leading to 16 possible solu- 
tions. Initially an E-map was calculated 
using phases for the unknowns correspond- 
ing to the highest combined FOM (figure of 
merit). The positions of 8 metal atoms were 
located and refined, and 18 oxygen atoms 
were located in a subsequent difference 
Fourier map. However, we were unable to 
refine the model below an R-value of 0.17 
and the temperature factors displayed a 
wide range of positive and negative values. 
At this stage it was decided to abandon the 
model and look at the E-map corresponding 
to the next highest FOM, 2.78 (cf. 2.90 for 
the first map). The value of psi zero was 
lowest for this set of signs and the corre- 
sponding calculated E-map led to the cor- 
rect model for the structure. The greater 
reliability of the psi-zero value relative to 
the combined FOM is well established for 
space groups having no or few translational 
symmetry elements. 

The positions of 9 metal atoms were 
located from the E-map. Refinement of 
their coordinates gave anR-value of 0.36. A 
difference-Fourier revealed the positions of 
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TABLE I 

Fe,,SV,,,,O,,: FRACTIONAL ATOMIC COORDINATESANDTEMPERATURE FACTOR COEFFICIENTS" 

M(1) 0.38198(5) 0.00505(S) 0.34189(g) 0.65(2) 0.66(2) 0.64(2) O.ll(2) 0.02(2) 0.11(2) 
M(2) 0.41738(5) 0.30556(6) 0.20229(9) 1.13(2) 0.62(2) 0.58(2) 0.06(2) 0.00(2) 0.16(2) 
M(3) 0.70031(6) 0.00284(6) 0.16619(9) 0.60(2) 0.65(2) 0.56(2) 0.11(2) 0.09(2) 0.06(2) 
M(4) 0.50781(6) 0.68489(6) 0.29032(9) 0.63(2) 0.61(2) 0.55(2) 0.20(2) 0.10(2) O.lO(2) 
M(5) 0.10557(6) 0.30164(6) 0.38373(9) 0.69(2) 0.59(2) 0.48(2) 0.13(2) 0.10(2) 0.05(2) 
M(6) 0.01298(7) 0.93745(7) 0.25177(14) 0.91(3) 1.06(3) 5.41(5) 0.25(2) -0.00(3) -0.82(3) 
M(7) 0.81805(5) 0.64649(6) 0.09079(g) 0.74(2) 0.82(2) 0.72(2) 0. I l(2) 0.05(2) 0.18(2) 
M(8) 0.78192(7) 0.37%3(6) 0.27240(9) 1.41(3) 0.44(2) 0.50(2) 0.14(2) 0.13(2) 0.06(2) 
M(9) 0.18551(6) 0.71694(6) 0.21951(9) 0.67(2) 0.63(2) 0.61(2) 0.15(2) 0.11(2) 0.14(2) 

O(1) 0.0000 0.0000 0.0000 1.64(18) 1.29(16) 1.08(16) 0.14(13) 0.16( 14) 0.57( 14) 
O(2) 0.4315(3) 0.5232(3) 0.3132(4) 1.2q12) 0.94(10) 1.34(12) 0.24(9) 0.29(9) O.lo(9) 
O(3) 0.0024(3) 0.7301(3) 0.1513(4) 0.68( 11) 0.75( 10) 1.07( 11) 0.09(S) 0.05(S) -0.12(8) 
O(4) 0.6064(3) 0.3418(3) 0.2416(5) 2.05(14) 1.5q12) 1.93(13) 0.92(14) 0.90(11) 0.64( 10) 
O(5) 0.9879(3) 0.3871(3) 0.3 109(4) 1.02(12) 1.04(11) 1.07(11) 0.37(9) 0.08(9) 0.13(9) 
O(6) 0.8084(3) 0.5950(3) 0.3788(4) 1.15(12) 0.74(10) 0.61(10) O.lO(8) 0.08(8) -0.08(S) 
O(7) 0.4046(3) 0.2252(3) 0.4674(4) 1.20(12) 0.73(10) 1.04(11) 0.36(9) 0.06(9) 0.24(8) 
O(8) 0.1927(3) 0.6512(3) 0.4332(4) 1.44(13) 1.19(11) 0.92(11) 0.20(10) 0.15(9) 0.27(9) 
O(9) 0.3860(3) 0.0807(3) 0.0776(4) 1.15(12) 0.88(10) 0.92(11) 0.07(9) 0.07(9) 0.20(9) 

O( IO) 0.3840(3) 0.7852(3) 0.2255(4) 0.82( 11) 0.65( 10) 0.97( 11) 0.07(8) 0.03(9) 0.03(8) 
O( 11) 0.1923(3) 0.5625(3) 0.9919(4) 1.02(1 I) 0.70(10) 0.78(10) 0.19(8) 0.13(8) 0.14(8) 
0( 12) 0.7808(3) 0.1679(3) 0.1476(4) 1.14(12) 0.7qlO) 1.5q12) 0.02(9) 0.3 l(9) 0.02(9) 
O( 13) 0.1974(2) 0.9274(3) 0.3016(4) 0.59(10) 0.74(10) 1.3qll) 0.02(8) -0.05(8) 0.02(8) 
0( 14) 0.0327(3) 0.13 18(3) 0.4300(4) l.lq12) 0.84(10) 0.87(11) 0.10(9) 0.16(9) 0.02(8) 
O(l5) 0.8128(3) 0.8%2(3) 0.2263(4) 0.91(12) 1.25(11) 1.25(12) 0.28(9) 0.00(9) 0.49(9) 
0( 16) 0.6127(3) 0.663 l(3) 0.0936(4) 1.03(12) 1.26(12) 0.64(10) 0.22(9) 0.16(9) 0.23(9) 
0( 17) 0.5875(3) 0.0171(3) 0.3575(4) 0.81(11) 1.14(11) 0.78(10) 0.10(9) 0.09(9) 0.28(9) 
0( 18) 0.2113(3) 0.2951(3) 0.1843(4) 0.94( 12) 1.3 l( I I) 0.64( 10) 0.43(9) 0.02(9) 0.18(8) 

u Thermal parameters x lo2 for all atoms. esd’s given in parentheses. 

18 oxygen atoms and their inclusion in the 
structure factor calculation led to an R- 
value of 0.15. Full matrix refinement of all 
positional and isotropic temperature factors 
reduced the R-value to 0.08. At this stage a 
difference-Fourier revealed peaks about 
0.25 8, on either side of the metal atom 
site M(6) along [OOl]. Attempts were 
made to replace M(6) by a “split-pair” of 
atoms but refinement of the coordinates 
always led to a merging of the two atoms, 
with consequent reappearance of the sub- 
sidiary side peaks in the difference Fourier. 
A more satisfactory approach was the con- 
version to anisotropic temperature factors 
for all atoms. With composite Fe/V scatter- 
ing curves for all metal atom sites, esti- 

mated from bond-length-bond-strength cal- 
culations (see below), refinement of all 
positional parameters and anisotropic tem- 
perature factors resulted in convergence at 
R = 0.053, WR = 0.038 for 5654 reflections 
with F > 3v(F). Before the final refine- 
ment, the intensity data were corrected 
for an isotropic extinction parameter, g = 
0.61 x lo+‘. This value was determined 
from a plot of IF&IF,1 versus Z, and not 
further refined. The final parameters are 
given in Table I. Calculated bond lengths 
and angles are given in Table II.* 

* The list of observed and calculated structure fac- 
tors may be obtained by request to the authors. 
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4. Description of the Structure 

From the structure analysis, the total 
number of metal atoms and oxygens in the 
unit cell are 18 and 35, respectively (see 
Table I). Together with the V/Fe ratio of 
1.75 determined from the microprobe anal- 
ysis, this leads to a unit cell composition of 
Fe,.,V,,.,O,, for the compound. Its struc- 
ture is based on a cubic close packing of 
anions. The axial vectors for the c.c.p. 
anion subcell are parallel to [lOO]*, [032], 
and [Oi4]. The sequence of polyhedral 
layers perpendicular to [lOO]* is illustrated 
in Fig. 1. Each layer comprises pairs of 

FIG. 1. (100) polyhedral layers in Fe0.5V11.r.011 cen- 
tred atx = 0 (a);x = 0.2 (b);x = 0.4 (c). The metals in 
the tetrahedra outlined in heavy lines and dashed lines 
lie - 1 A above and below the layers, respectively. The 
intersection of the unit cell outline with each layer is 
shown by dashed lines. Individual numbers refer to 
oxygens (see Table I). Numbers prefixed with an M 
refer to metals. 

FIG. 2. Polyhedral representation of the structure of 
Fe,,,V,,,,O,, as viewed perpendicular to the close- 
packed oxygen layers. 

edge-shared octahedra which are further 
connected by corner sharing either directly 
as for M(6), or via square pyramids, M(9), 
and tetrahedra, M(3), M(4), and M(5). The 
site M(9) derives from an octahedral inter- 
stice in the close-packed oxygen framework, 
by a displacement of the cation away from 
0(12) toward the vertice O(8). This results 
in a very long M(9)-O( 12) bond of 2.838(3) 
8, and the coordination to M(9) is best 
described as square pyramidal. The tetra- 
hedrally coordinated metals are located 
about 1 A above and below the layer con- 
taining the 5- and 6coordinated metals in 
Fig. 1. Interlayer articulation of the octahe- 
dral pairs M(7)-M(8) and M( 1)-M(2) occurs 
by edge-sharing to produce zig-zag strings 
of 8 edge-shared octahedra directed ap- 
proximately along [22 11. This is seen most 
clearly if the structure is viewed perpendic- 
ular to the close-packed layers, which are 
parallel to (212), as illustrated in Fig. 2. The 
unit cell outline show in Fig. 2 is simply 
related to the original cell by a ’ = -a + c, 
b’ = a + c, C’ = 26 - c and b’,c’ lie in the 
layers. The chains of 8 edge-shared octahe- 
dra are not interconnected either directly or 
indirectly within the close-packed layers. 
However, a comparison of Figs. 1 and 2 
shows that extensive interlayer coupling 
occurs, via comer-sharing with the tetrahe- 
dra about M(3), M(4), and M(5), by edge- 
and corner-sharing with the square-pyra- 
mid about M(9) and by edge-sharing with 
the octahedral dimer about M(6). 
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5. Valence State Calculation 

5.1. Cations 
In Table III are listed the valences calcu- 

lated for each cation using the empirical 
bond strength-bond length parameters for 
M-O bonds from Brown and Wu (5). It is 
clear that the tetrahedrally coordinated cat- 
ions M(3), M(4), and M(5) are V5+ and the 
Scoordinated cation M(9) is V4+. The cat- 
ions M(6) and M(8) have valences close to 
3.5 and 3.67, respectively, which were con- 
sidered to result from mixing of Fe3+ and 
V4+ in the ratios l/ 1 and l/2, respectively. 
The remaining three cations, M(l), M(2), 
and M(7), have valences close to 3 and are 
considered to be occupied by a mixture of 
Fe3+ and V3+. The relative amounts of the 
two cations were made the same in the 
three sites and were calculated to be con- 
sistent with the known total vanadium and 
iron contents. The resulting unit cell com- 
position is Fe;;V$V:$Vg+035. The for- 
mula so derived is not balanced, there being 
a deficiency of 0.3e per unit cell. Assuming 
the imbalance to be taken up in the V3+/V4+ 
ratio (in the octahedra1 sites), the corre- 
sponding balanced formula is Fe$>V:: 
vj+va+o 35. The imbalance may also be 
partly due to the presence of some Fe2+, 
e.g., in site M(7), see Table III. 

From Table I it is noted that the cation 
sites M(6) and M(8), which contain a mix- 
ture of Fe3+ and V4+, have associated large 
anisotropic temperature factors. M(6) with 
equal occupancy by Fe3+ and V4+, has an 
r.m.s. displacement parallel tot* of 0.23 A, 
whereas along a * and b * the values are less 
than half this figure, at 0.10 A. The c* di- 
rectionis approximately along theline 0( 14)- 
M(6)-O(1) and thus it is probable that 
a local ordering of V4+ and Fe3+ occurs in 
the site M(6) so that when V4+ occupies the 
site it is displaced -0.2 A from the mean 
position toward O(1) to achieve square- 
pyramidal coordinatiou with M(6)-O( 1) 2: 
1.65 A (as for site M(9) which contains only 
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V*+). On the other hand, when the site is 
occupied by Fe3+, it takes up a position 
approximately 0.2 A closer to 0(14), thus 
tending to equalize the distances M(6)-O( 1) 
and M(6)-O( 14) to give octahedral coordi- 
nation. A similar argument applies to site 
M(8), containing iFe3+ + sV4+. In this case 
the largest r.m.s. displacement, 0.12 A, is 
along a* (cf. 0.07 A along b* and c*), i.e., 
along the line O(5)-M(8)-O(4). When the 
site is occupied by V4+, the cation is dis- 
placed -0.1 8, toward O(4) to give M(8)- 
O(4) = 1.65 A with an accompanying move- 
ment of O(5) away from M(8). When Fe3+ 
occupies the site it will be displaced -0.1 A 
toward o(5), thus tending to equalize M(S)- 
O(4) and M(8)-O(5) to give octahedral co- 
ordination. Further support for this “local- 
ordering” model derives from its ability to 
explain the apparent severe undersatura- 
tion of oxygens 0( 1) and O(4) as will be 
discussed below. 

5.2. Anions 

The valences calculated for each of the 
anions O(l)-0( 18) are given in Table III. 
With the exception of 0( 1) and O(4), they 
differ by no more than 5% from the ex- 
pected value of 2.00. Both O(1) and O(4) 
are severely undersaturated with valences 
of 1.53 and 1.73, respectively. It is tempting 
to use these results as evidence for partial 
occupancy of the anion sites by hydroxyl 
ions, particularly as hydroxyls were iden- 
tified in the associated phase formed in 
the hydrothermal synthesis, FeV,O, * H,., . 
However, about 1.0 OH- (per 35 anions) is 
needed to explain the above results and this 
would require a concomitant reduction in 
the cation valences which would be incon- 
sistent with the results given in Table III. 
Alternatively, there would need to be va- 
cancies in some of the cation sites; again 
this was not evident from the structure 
refinement. An alternative explanation for 
the low results is that we have not correctly 
represented the valence contributions from 

the ordered V4+ and Fe3+ in sites M(6) and 
M(8) in the calculation of the valences of 
0( 1) and O(4) given in Table III. If, instead 
of using the mean M(6)-O( 1) and M(8)-O(4) 
distances, we consider the individual dis- 
tances for V4+ and Fe3+ we calculate va- 
lence sums for 0( 1) and O(4) very close to 
2. For example, allowing a displacement of 
0.23 A of V4+ toward O(1) and Fe3+ away 
from O(l), we have V4+-0( 1) = 1.625 and 
Fe3+-O(1) = 2.085 A and the valence of 
0( 1) is given as: 

O(1) = 2 x [0.5s(v4+ - O(1)) 

+ 0.5s(Fe3+ - O(l))] 

= 1.56 + 0.41 = 1.97. 

Similarly, if we consider a displacement of 
0.12 8, of V4+ and Fe3+ in site M(S), toward 
and away from O(4), respectively, then the 
valence at 

O(4) = s(M(2) - O(4)) 

+ [Qs(Fe3+ - O(4) + %s(V4+) - O(4))] 

= 0.69 + 0.25 + 1.03 = 1.97. 

The proposed ordering will affect also the 
calculation of the charge at the other anions 
bonded to M(6) and M(8) but in these cases 
the contributions are considerably weaker 
and the corresponding changes much 
smaller. Although the ordering of V4+ and 
Fe3+ in the M(6) and M(8) sites appears to 
give an adequate explanation for the appar- 
ent undersaturation at the anion sites O( 1) 
and O(4), we cannot exclude the possibility 
of some hydroxyl ions at these sites. In all 
probability, both explanations apply parti- 
ally. 

6. Discussion 

The compound with formula Fes.5V,,.,03, 
is unusual in that three separate valence 
states of vanadium coexist in the same 
phase. Of course, the valence states were 
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not determined directly and some doubt 
must exist concerning individual assign- 
ments of minor components. However, the 
assignments of V 5+ to the tetrahedral sites 
M(3), M(4), M(5) and V4+ to the square 
pyramidal site M(9) are unambiguous and 
the remaining assignments are consistent 
with both overall and individual site charge 
requirements as well as the chemical com- 
position, and relatively small departures 
from the assignments given in Table III 
result in obvious discrepancies. Although 
V3+ is oxidized by V5+ in solution, it ap- 
pears that in a stable crystalline phase such 
as the iron vanadium oxide studied here 
where these ions occupy separate, distinct 
crystallographic sites, their coexistence is 
made possible by site-energy stabilization. 
A similar situation occurs in FeV,O, 1 H,., 
(I), in which the distribution of valence 
states over the three independent sites is 
close to (V5+)teyV30;tgFeg:)oet(V40:Fe30:)OCt06 
H ,,5, i.e., V5+ and V3+ occur in the same 
compound, but in different sites with tet- 
rahedral and octahedral coordination, re- 
spectively. A partial disproportionation of 
V4+ into V3+ and V5+ has also been re- 
ported to occur in the triclinic T structure 
of Al-doped VOZ. In this case all three 
valence-states of vanadium occur in octa- 
hedral sites. It is interesting to compare 
the two iron vanadium oxides 
FeV,O, . Ho.5 and Fe,,, V11.4035. Al- 
though both compounds were prepared 
under identical conditions and have very 
similar formulae, close to FeV,O,, and 
similar distributions of Fe3+, V3+ and 
Fe3+, V4+ in octahedral and V5+ in tetra- 
hedral sites and the same 2: 1 ratio of 
octahedral (+ square pyramidal) to tetra- 
hedral sites, the two structures have little 
in common. Whereas the anion frame- 
work in Fe,,,V,,,,O,, forms a cubic close- 
packed array, that in FeV,O, . H,,, is 
strongly deformed from hexagonal close- 

packing. It may formally be derived from 
an ideal hexagonal close-packed array by 
a 20” rotation about c of two-octahedra- 
wide (010) slabs. Rotation of alternate 
blocks in opposite senses leads to an an- 
gle of 141” between the double chains of 
octahedra and creates tetrahedral sites in 
the channels between the chains (see Fig. 
3 in Ref. I). 

Both structures contain similar structure- 
building polyhedral clusters, i.e., edge- 
shared dimers, linked into chains by further 
edge sharing and cross-lined by corner 
sharing with tetrahedra, but the method of 
chain formation and cross-linking is differ- 
ent. For Fe,.,V,,.,O,,, this is illustrated in 
Figs. 1 and 2 and described above. In the 
case of FeV,O, . H,,, , the edge-sharing be- 
tween dimers leads to crank-shaft-like 
infinite chains rather than 8-membered LX- 
PbO,-like zig-zag chains, and both individ- 
uals of the dimers share corners with a 
common tetrahedron (see Fig. 2 in Ref. I>. 
The subtleties of multiple-valence stabiliza- 
tion and polyhedral articulation variations 
between 4-, 5, and 6-coordinated sites in 
these compounds suggests that a rich vari- 
ety of as yet undiscovered structures may 
be prepared by hydrothermal synthesis in 
the FeVO,-VO,-V,O, system. 
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