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STRUCTURES AND CHEMICAL BONDS IN VANADIUM BRONZES
Paul Hagenmuller

Laboratoire de Chimie du Solide du C.N.R.S.

Bordeaux-Talence, France

I. INTRODUCTION

Unlike tungsten bronzes and even molybdenum bronzes com=
prising a small number of relatively simple structures, vanadium
bronzes exhibit a very large variety of structural types
and even formulae [14]. The V,05-V05-K,0 diagram is
significant in this connection: we observe phases with the

formulae KXV205, K _V,0, and even K the last one
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Fig. 1. The V205—(V02}2—Kq0 system at 550°C.



The diversity of the structures of vanadium bronzes is due to
the variety of the co-ordination polyhedra of vanadium when its
oxidation state is between 5+ and L+: the triangular
bipyramid and the square-base pyramid - more or less distorted -
occur between the tetrahedron and octahedron which may be
regular or irregular. These polyhedra form a covalent lattice,

with a formula (V9O5) , for example, in the case of MXV

n 275
bronzes. The MPT ions insert themselves in the oxygen tunnels
of the lattice, releasing inside a chain of similar polyhedra pPX
electrons which occupy equivalent orbitals, predominantly d,
between which they move by a hopping mechanism. The nature of
the orbitals in which the d-type electrons are localized in-
fluences that of the polyhedra concerned. The crystal structure
of the covalent lattice is therefore linked to the conduction
mechanism. Research into these mechanisms is largely based on

a model proposed by Goodenough for MXVEO5 bronzes [ 2].

Two examples will enable us to show how, on the one hand,
an exact knowledge of the structure allows the conduction mode
(E—CuXV205) to be determined and how, on the other hand, deter—
mination of the mechanism on the basis of magnetic ane electrical
properties allows us to decide between two possible structures
(a'—NaxV2 5-yFy)'

Ila & = Cu V,0_ PHASES

p

First demonstrated by Casalot [3], these phases contain a
relatively high proportion of copper (0.85<x<1 at 620°C). They
are of monoclinic symmetry and belong to the group Cm. Fig. 2
shows the projection of the structure on the [010] plane [4].
The vanadium atoms occupy the centres of greatly distorted
octahedra which are present in groups of four with common edges.
These blocks arrange together to form double layers parallel
to the [001] plane. The copper atoms are positioned between
these layers in two different crystallographic sites, Cu1 and
Cuz.

The oxygen environment of Cu1 is of the octahedral type,
while that of Cu2 is a parallelogram. For both sites two Cu-0
distances are shorter than the others (Cu]-Oi = 2.03 & and

£

Cu;=0,= 1.99 X, while 2Cu,-O}= 2.28 % and 2cu,-0}= 2.50 R;
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Fig. 2. Projection of the structure of E—Cuxv205 on the [010]

plane.
Cuy-04 = 1.94 & and Cu,-0, = 2.02 &, while Cu,~0j= 2.50 & and
Cu,-0, = 2.42 8). These short bonds form linear or quasi-linear
2 79

0-Cu-0 chains which might be considered to represent the sp
hybridization of the monovalent copper. The presence of a
flattened octahedron round Cu] and that of a plane quadrilateral

round Cu. could, however, also indicate a Jahn-Teller effect

due to tie divalent copper. Only measurement of the physical
properties makes it possible to determine the exact oxidation
state of copper and also the location of the d electrons
on the four distinct vanadium atoms in the blocks that form
the lattice [3,5].

The problem of the oxidation state ol copper was
settled by a magnetic investigation. The X_'1 = f(T) curves
characterize a Curie-Weiss behaviour above a Néel point which
is of the order of 125 K for all values of x (Fig. 3). The
values experimentally found of the molar Curie constants are
compared in Table 1 with those of the theoretical values corres-—

ponding to the configurations:
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Fig. 3. Variation of the inverse of the magnetic susceptibility
of E"CUxV°OS phases with temperature.
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i.e. 0.375+-x and 1.125.x, on the assumption that the only con-
tribution is due to spin. The factor o« denotes the fraction
of the copper that is theoretically in the monovalent state.
Table 1 shows that in the neighbourhood of x = 1 the copper is

essentially monovalent. The constancy of the Néel temperature

IABLE 1
C Cmol Cmol
x (Z;l ) (theor. ) (theor.) o
i (1) (2)
0.85 0.342 0.318 0.954 0.96
0.90 0.366 0.338 1.014 0.96
0.95 0.355 0.356 1.068 1.00
1.00 (030 0.375 1.:125% 1.00

also tends to confirm the relatively small variation in the
by

number of V involved at T= 125 K in the anti-ferromagnetic inter-

actions for 0.85<x<1, as yielded by the assumption (1 ),

The electric conductivity variesrexponentialiy with temperature.

The activation energy is of the order of 0.12 eV for all
values of x. It increases by about 0.02 eV below the Néel point.

The Seebeck coefficient at 300°K changes very rapidly with x

(Fig. 4). It starts off low and negative (& = -10 u V/K for
o (pV/K)
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Fig. 4. Variation of the Seebeck coefficient with x for T = 300°K.

x = 0.85), then changes its sign and becomes 225 u V/K for

x = 1. The positive sign for x = 0.90 characterizes hole con-
duction, while for 0.85%x<0.90 the negative sign seems to imply
the presence of p and n carriers simultaneously. The constancy
of & with temperature over the measured range (150 K<T<800 K)
suggests that the number of carriers is independent of the

temperature (Fig. 5). The electrical measurements therefore
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Fig. 5. Variation of the Seebeck coefficient with the reciprocal
temperature.

indicate a hopping mechanism in which the carriers are essentially

p-type, at least in the neighbourhood of x = 1.



The conduction mechanism was investigated with the aid of

the schematic representation in Fig. 6. The V-0 distances for

Xx = 0.85 are given in Table 2.
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Fig. 6. Schematic representation of the idealized octahedron
chains parallel to the 0Y axis, The X-axis corresponds
essentially to OX; Z is the third axis of the Cartesian
reference trihedron. The 0(V-0) bonds are parallel to

the axes. The anionic p orbitals which are not active in
bonds are represented by dotted lines; Lhey are necessari-
ly involved in T(V-0) bonds with the t orbitals of the

vanadium. 2g

TABLE 2
s A4 = i E— J
Interatomic distances (&) in CUO.83\205
Wi i, g 200 Vg = Wy = 693
i oo Z e L
v, 0, = 1.62 Vo = 05 = 1.74
Vi = Gi = 195 Vo, = 0y = 1.60
J — = 7 o = (o]
vy Og,= 1.96 Vy, = 05 = 1.99
= = i ST R
vy 010 =0 2,28 v, 08 = 2.35
- = 2.2} - = 2.27
05 2.24 V“ O3 .(
- = [ - - C
0y = 1.89 Yy = Oy = TuiBd
- - 2 P 0 e ~8
v 0. = 1.67 v, Oy = 1.78
= = - = = 2
Vg = 0g = 1.87 Vy = 05 = 1.62
- = H2 o= =2
Vg =0,g,= 1.9 V), %95 .16
Cu1— Oé =. 2403 Cuz— Oé' = 1.94
Cu,- O = 2.50 Cu,- 04, = 2.50
= = O ¢ = = 2.02
Cu1 07 =5 w39 Cu2 O7 = 2.02
— = - = 2.42
Cu1 09 2.28 Cu2 O9 4

The displacement of the wvanadium atoms from the centre of
symmetry of their respective octahedra is due to the action
of two co-operating forces: cation-cation electrostatic
repulsion and cation-anion interactions, the scale of which
increases markedly with T7T-bonding contribution. The latter
stabilizes the anionic p orbitals concerned but destablilizes
the d orbitals. The d electrons will consequently occupy the
t2g orbitals which are not involved in the T7-bonding. Analysis
of' the V=0 distances enables us to determine the corresponding
bonding index. For vanadium bronzes Goodenough [2] recognizes

the following criteria:

v-0 <1.65 & : triple bond,
1.65 8 €< v-=0 <1.85 & : double bond,
V-0 >1.85 & : single bond.

Within the E—CuxV phases all V-0 distances correspond

2%
to single bonds with the exception of six which are shown
together with their multiplicity in Table 3, where the type of

d orbitals destabilized by the T7T-bonding is also indicated.



TABLE 3

Bond Multiplicity Orbitals destabilized Vanadium
involved

Vi O 3 dyz and dZx v,

vy = 0, 3 d,, and d v,

Vh - O9 3 dyz and dzx Vh

M= O7 3 dyz and dzx V3

Yoz 03 & Xy Va

V), - Og 2 dy vy,

The Table shows that the only orbitals which are non-bonding

and therefore liable to accomodate d electrons are the dxy orbitals

of V; and Vj. At most, therefore, two d electrons will be
located in the four possible vanadium sites. This situation
corresponds to the top value of x (x = 1) and to the formula:
Jppl e
cutv' v o

=

2
which was in fact observed experimentally.
Oon the other hand, since V]—O% = 1.96 & and v,-0
i - = 1.92 - =
while Vj 010’ 15 A and V3 06
the d orbital of V, is more stable than the d orbital of V,_,
Xy 1 Xy 3

o
¢ = 200 Ay

1.80 &, it is clear that

being therefore preferentially occupied by d electrons. The hole
conduction indicated by the transport properties will take place
essentially along the V3-01O,—V3 chains parallel to the Y-axis

via the d orbitals.
Xy

III. a'-Na_V,0_. _F_ PHASES
X 275-y"y

The a'-NaxVPO5 phases were observed by Pouchard et al.
[1,6]: at 600°C 0.70<x<1. The oxygen can be partially
replaced by fluorine in accordance with the coupled sub-

stitution:

2= } =
VEE AR SEET e SR
resulting in a two-dimensional al_NaxV2USﬂFy domain within
the V205 - NaV205 - NaVZOhF diagram. The width of this domain

has been determined by Galy and Carpy [7] (Fig. 7).

_
Na \/205_,,Fy

Fig. 7. The V905 - NaVPO5 - NanOhF system at 550°C.

The NaV,0. (x =1, y = 0) and NaV,0,F (x = 1, vy = 1) phases

have crystal parameters which aregvery close to each other
(Table 4), yet their structures differ: in the unit cell of
NaVZO5 the vanadium occupies two different sites V, and V2

(it may be thought that the former site, being larger,
preferentially contains 4+ vanadium and the latter 5+ vanadium) ;
the lattice of NaVzth differs from that of Na‘v’205 by the
existence of a mirror plane perpendicular to the [100] axis

and the entirely tetravalent vanadium occupies only one type

TABLE 4
Comparison of crystallographic data
NaVZO5 NaV20hF
Lattice constants a = 11.318 + 0.005 8| a = 11.318 + 0.005 &
b = 3.611 + 0.002 8| b = 3.609 + 0.002 &
c = 4.797 + 0,003 B| ¢ = 4.802 + 0.003 &
Existence conditions hkO: h + k = 2n hkO: h + k = 2n
Space group C;V, P21mn D;ﬂ, Pmmn
Density (exp.) 3.42 + 0.02 3.50 + 0.04
Density (calec.) 3,47 3.52
Z 2 2




of site [8,9]. In NaVQOB, in fact, the vanadium at V., and V

1 2

are surrounded by bipyramids with triangular bases, while

in NaVOOqF the co-ordination polyhedron is nearly a square-based
2

pyramid. The two structures are compared in Fig. 8.
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Fig. 8. Projection of the lattice of NaV205 and NaVzth on the
[010) plane (distances in i).

Between the phases NaV205 and NaVQO“F there is a continuous
solid solution NaYEOS_vFV. The closeness of the lattice
constants for the limiting phases and the impossibility of
preparing a single crystal for 0<y<l prevented us from
determining whether the structural evolution was continuous
or whether it occurred suddenly in the neighbourhood of
Yy =0 or y = 1. It was the study of the physical properties
that enabled us to solve this problem [10]. A schematic
representation derived from Pouchard [1] shows that in fact
two structures are possible. In Fig. 9 the (V205)n lattice
oif NaVEQ5 is drawn schematically as double chains of octahedra
with common edges parallel to the Oy axis and linked by the
available vertices. Each double chain results from the
association of two single chains of which one contains the 4+

vanadium (A) and the other the 5+ vanadium ions (B).

. & (a) (d)
A B D
statistical
T—? @ VJ']I @ V+I distribution

|
I

NaV,0g F ordered  NaV,0g,Fy disordered

AD AD DD DD
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AB AB / = K \AA A A
2 20 B
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Fig. 9. Development of (qur)“ chains along the OY axis in the
idealized lattice of the NquOJ_yFy phases.

The lattice of Navgth can be schematized in the same way but
in that case all the chains are of type A. The change from
the NaV2L)5 structure to the NaVEU“F structure can occur in two
ways: either the excess 4+ vanadium may stalistically occupy
the B chains (A + D structure) or the whole of the i+ vanadium
may be divided between the two chains (D + D structure). In
the former case the crystal structure of NaV205 persists but
evolves progressively towards Lhat of NavzojF; in the lattexr
case, the Navgth structure appears straight off.

Physical investigations show that it is the seccond
hypothesis which is correct. Fig. 10 demeonstrales that the Néel
point, which is 320 K for NaVsz, decreases rapidly to 150 K

when fluorine is introduced , then remains constant to y = 1.
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Fig. 10. Variation of the Néel point with y in NaV°U5—yFy'

Fig. 11 similarly indicates that the activation energy
above the Néel temperature, measured from logo = f(1/T)
curves, is 0.12 eV for Nav205, increases suddenly when the
fluorine appears, then remains constant up to the Navgth

composition.

AE(eV)
03L o ° e
e T S
P
!
i
(44
0 ﬁ 1 Y

Fig. 11. Variation of the activation energy of the NaV2OS_yF

phases with y. ¥

Investigation of the conduction mechanism in the'NaV205 and
NaVaqu phases, based onan analysis of the V-0 distances, fully

confirms that the structure of NaVv Fy is similar to that

2%y
of NaVzan. Fig. 12 is a schematic representation of the
structures of NaV?_O5 and NEVEOhF in which the vanadium co-
ordination polyhedra are idealized in the form of elongated
octahedra along the Oy axis (the sixth oxygen is located more
than 3 i from V], V2 and V). As Table 5 shows, all V=0
distances less than 3 & correspond to simple bonds except four
for NaV205 and one for NaVZOhF, all shown in Table 6, which
also lists the t2g orbitals involved in the Tm-bonding. We
assumed that the V-0 distance, which is 1.83 + 0.03 %,

| D52
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Fig. 12. Schematic representation of the chains of the idealized
octahedra parallel to the Oy axis in the 5tru§tures of
NaV,0. and NaV,0,F. The anionic p orbitals wh}ch are
not adtive in ~ 0 bonds are shown by dotted lines.

TABLE 5
Vanadium-oxygen distances (+ 0.05 &)
NaVZO5 NaVQUHF
= - = V-0, = 1.60
V1 - O1 = 1.69 V2 03 1.69 1
= - IS = - G
Vl - 02 = 1,80 V2 - Oa = 202 v 0,5 1 Z)
7o & C = = 1.52 V - 0, = 1.83
Vi 03 = DB V2 05 5 ‘ o W ;
vy 0),= 2.01 Vg, = 05,= 1.94 Vo= 0,,= 1.9
- = ' = P
V,,=a0y,= 311 Vp.= 0g,= 3.31 Vie 0= 3

corresponded to a single bond. Table 6 shows that in NaV205
only the d orbital of V1 is non-bonding and therefore able
to contain a d electron - a result which is compatible with

sl 5 ; - .
the limiting formula NaV *y? 0. for the solid solution NaxV205.
In the lattice of Navzan the dxy orbital is available for the

d electron of the 4+ vanadium.



TABLE ©

Multiple vanadium-oxygen bonds

Bond Multiplicity Orbital
destabilized

Vanadium
involved

V2 - 05,1 3 dyz and dzx V2

V., -~ 0 2 - r

NaV,O. 1 T, dyz or dox 1

< vV et 2 7

2 03 - dxy Or | o \2

v, - 0, 2 d v

2 zZX 1

NquUhF v - 01 ] 3 dvy and dzx Vv
it ) ya 2,

In the lattice of the NaxV,;,O5 phases conducti

to a hopping mechanism employing holes in the A ch

between V

vanadiums. This result is confirmed by

of the thermo-electric power, being positive and p

independent of temperature (Fig. 13

a
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Fig. 13. Thermo-electric power of Na

NaVaOy ofy
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ains, i.e.
measurement

ractically

Vol oF0. e

q If the v extra electrons in the NaVQOS_Y

the B-chains, they would be anti-bonding. On the other hand,

Fy phases occupied

the statistical distribution of the(l + y)d-electrons in the D
chains only entails the appearance of holes in the non-bonding
dxy levels of NaVZOhF' Moreover, in the former case the
conduction, at least for low values of y, would be n-type, while
in the latter case the carriers are obviously p-type. Seebeck
effect measurements confirm that the mechanism involved is

hole conduction. The structure ol NaVEUB—yFy is thus indeed that
of NaVEO“F.

Iv. CONCLUSION

The example of the vanadium bronzes illustrates the close
relationships that exist even in relatively complicated solids
between the crystal structure and the magnetic and electrical
properties.

This kind of studies was recently extended to the actual
oxides of vanadium. Thus Casalot, in analysing the location
of d electrons in the cells of VjOT and Vl‘O9 prepared by hydro-
thermal synthesis, has confirmed the V307 formula, but suggested
for Vhoq a formula close to VHQB(OH) [11] in correspondence
with thé structure found by X=ray diffraction by Wilhelmi and
Waltersson [12]. The study of the magnelic properties of vBUT
by Bayard, Grenier, Pouchard and Hagenmuller [13], reveals a
spontaneous magnetization of about 1 Fg at 0°K, confirming

the electronic distribution suggested by Casalot.
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