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The unit-cell parameters of phases in the systems MgV,04,—CaV,04 and
ZnV,04—CaV,0¢ have been determined at room temperature by powder X-ray
diffraction. Two brannerite-related phases (both monoclinic, C2/m) were
observed, i.e. o (a low-temperature form with 5+ 1 coordination of V and a
monoclinic angle of ca. 112°) and B (a high-temperature form with five-
coordinated V and monoclinic angle ~105°). Mg, _,Ca ,V,04: 0 <x<0.35-0.40
a; 0.35-0.40<x<1 B; and Zn,_,Ca,V,04: 0<x<0.40 o; 0.40<x<0.50 o+ f;
0.50<x<1 B. Predicted bond valences and bond lengths were calculated from
the connectivity matrices of MV,0, (M=Mg, Zn, Ca). A comparison with
observed bond lengths (single-crystal literature data) indicates that vanadium is
effectively five-coordinated in both o and B. If isostructural compounds are
required to possess the same net of primary bonds, then these vanadates are not
isostructural with brannerite. Instead, o and f represent a distinct structure type.

The brannerite type of structure was discovered in 1966
by Ruh and Wadsley,! and the crystal structure of
synthetic UTi,O¢ has been refined.? In this structure
uranium(4 +) occupies a rather regular oxygen octahed-
ron with distances (d) U-O of 2.25 A (2x) and 2.30 A
(4 x), while titanium(4 +) occupies another, less regular,
octahedron of oxygens with d(Ti-0)=1.85-2.10A.
Several vanadates of divalent metals have crystal struc-
tures that are similar to the brannerite type. In these the
divalent metal ion M?* occupies the same type of site as
U** in brannerite, while V3* occupies a position corres-
ponding to the Ti** site. The oxygen coordination of
the V atom is, however, severely distorted, and is usually
described as a 5+ 1 or five-coordination.

Many of these MV,0, compounds exhibit a reversible
phase transition as a function of temperature.>* In the
low-temperature form, hereafter designated o, vanadium
exhibits the aforementioned distorted octahedral 5+1
coordination. In the high-temperature form B, vanadium
is in a well defined trigonal bipyramid of five oxygen
atoms. Both forms (o and B) are monoclinic (C2/m), and
the transition a—p is accompanied by an increase in the
lattice parameters a, b and ¢, while the monoclinic angle
typically decreases from 111-112° in the a-form to
104-105° in the B-form. The overall result is an increase
in the cell volume, as expected. Single-crystal data, taken
from the literature, for MgV,0s,°> ZnV,0,° and CaV,0¢3
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are presented in Table 1. These three substances have
been chosen since they exhibit very different temperature-
dependent behaviour.* At room temperature a-MgV,0¢
is stable, and it transforms to the B-form at 535°C,
which then melts at 765 °C. On the other hand, a-ZnV,05
is stable all the way from room temperature to the
melting point at 645 °C, while B-CaV,Oq is stable from
room temperature to the melting point at 761 °C. Upon
cooling of MgV,0¢, the B—a transition exhibits some
hysteresis, i.e. the transition takes place at a temperature
which is around 130 °C below the temperature recorded
when heating.* Drawings of the brannerite type of struc-
ture and the vanadates o and B are to be found in several
papers.!~®

The structures of MV,04 (M =Mg, Zn, Ca) raise some
interesting crystal chemical issues, e.g. long-standing
problems of how to define central concepts such as

Table 1. Room-temperature single-crystal data and residuals
for MV,0¢ (M =Mg, Zn, Ca) phases, monoclinic space group
C2/m, Z=2.

Compound a-MgV,0¢ a-ZnV,0¢ B-CaV,0s
Ref. 5 6 3

alA 9.28 9.27 10.06
b/A 3.50 3.52 3.67
c/A 6.73 6.59 7.04
Br 111.8 111.4 104.8

R 0.032 0.037 0.081




coordination number and structure type. Here we address
some questions concerning the coordination of vanadium
in MV,04 (M =Mg, Zn, Ca). Firstly, the transition o=
as a function of composition is examined in the systems
MgV,0-CaV,04 and ZnV,0,—CaV,04. Secondly, we
evaluate the coordination number of V°* by calculation
of the expected bond valences’ using connectivity matri-
ces with five- or six-coordinated vanadium. The expected
bond lengths are then calculated® and compared to
observed values.>>5

Experimental

Sample preparation. Samples in the two series
MgV,04~CaV,04 and ZnV,04—CaV,0¢ were prepared
from MgO (BDH, laboratory reagent), ZnCO; (Baker,
analyzed), CaCO; (Merck, pA) and V,0; (Riedel-de-
Haén, pA). Preparations of (Mg,Ca)V,04 were heated
at 600 °C for 4 days with one intermittent grinding; they
were then allowed to cool to 120 °C during a period of
S5h and were held overnight at this temperature. They
were finally allowed to cool down to room temperature
in 3 h. The (Zn,Ca)V,04 samples were heated at 550 °C
for 7 days with three intermittent grindings; they were
subsequently cooled to 100°C in 1h and were held
overnight at this temperature, followed by slow cooling
to room temperature in 6 h.

Powder X-ray diffraction. The samples were mixed with
silicon powder (a=5.43088 A) and were mounted on
Scotch tape without previous grinding in order not to
affect the crystallinity of the material, since these vanad-
ates apparently cleave very easily and they are also
known to undergo pressure-induced phase transitions.3
X-Ray powder diffraction films were recorded at room
temperature with a Guinier—Héagg camera using CuKo,
radiation (A=1.54056 A). Approximate unit-cell para-
meters were obtained from the reflections 020, 200, 003,
201 and 20—1, and they were then refined by the least-
squares method.

Bond valence calculations. There are three crystallo-
graphically distinct oxygen atoms in MV,0q, designated
0,, O, and O;. The following nearest neighbours (in
brackets) are observed; Mg [0, (2 %), O, (4x)]; V [0,
0,, 05 (3 x) and possibly O,']; O, [M, V (possibly 2 x)];
0, [M (2x), V]; O5 [V (3 x)]. We now assign a bond
valence to each type of bond in the structure. As can be
seen in the connectivity matrix in Table 2, there are five
types of bond. For each atom, the sum of bond valences
is put equal to the valence of that atom. This gives the
five valence equations in Table 3, one for each atom,
although only four of these equations are independent,
since the atomic valence sum of the metals equals that
of the oxygens. The necessary sixth equation is derived
from the circuit indicated in the connectivity matrix
(Table 2). The sixth equation in Table 3 corresponds to
minimizing the difference between bond valences’ around

{Mg,Ca)V,0g AND (Zn,Ca)V,0¢

Table 2. Connectivity matrix for MV,0¢.?

M V
04 a —y
| [
0, B — &
03 €

@ Greek letters designate bond valence values for specific
metal-oxygen bonds.

Table 3. Valence equations for MV,0g.

Five-coordinated Six-coordinated

vanadium vanadium

0, at+y=2 a+2y=2

0, 2B+38=2 2B+4+0=2

O3 3e=2 3e=2

M 200+4B=2 20+4p=2

\" Y+3+3e=5 2y+6+3e=5

Circuit a—B+6—y=0 a—B+6—y=0

Results
a=3/7~0.43 o=1/6~0.17
B=2/7~0.29 B=5/12~0.42
vy=11/7~1.57 v=11/12~0.92
6=10/7~1.43 6=7/6~1.16
£=2/3~0.67 £=2/3~0.67

the four-membered circuit —O;—M-0O,—V-. Inclusion of
weights in the circuit equation® does not lead to a general
improvement of the results and has not been used in the
present case. The expected bond valences can now be
calculated assuming a five- or six-coordinated V atom
(Table 3). Expected bond lengths are then calculated
using the expression d=d,—0.37 Alnv, where d is the
bond length and v is the bond valence.® The empirical
constant d, is set equal to 1.693 A [Mg-OJ; 1.704 A
[Zn-0]; 1.967 A [Ca—O] and 1.803 A [V5*-0].

Results and discussion

Solid solutions. The unit-cell parameters of phases in the
systems MgV,04—CaV,0¢ and ZnV,04-CaV,04 are
given in Table 4. The variation of the cell volume as a
function of mol% Ca is shown in Fig. 1 for (Mg,Ca)V,0¢
and in Fig.2 for (Zn,Ca)V,0¢. In samples of
(Mg,Ca)V,0¢ prepared by cooling to room temperature,
the a-form with 5+ 1 coordination of V is observed up
to 35 mol% Ca, while at 40% the material has trans-
formed to the B-form with coordination number 5. Both
before and after this a—p transition, Vegard’s law is
apparently obeyed, cf. Table 4 and Fig. 1. These findings
differ from an  earlier  investigation’®  of
B-Mg, _.Ca,V,04, which reported the compositional
limits 0.30<x<1 and a clearly non-linear relationship
between unit-cell parameters and calcium content. The
critical calcium content in (Mg,Ca)V,0¢ and the linear
compositional dependence of the lattice parameters
observed here is, on the other hand, very similar to the
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Table 4. Unit-cell parameters determined by powder X-ray
diffraction.

X a/A b/A c/A B

Mg‘l —xcaxV206

o 0.00  9.280(2) 3.488(1) 6.729(1) 111.77(2)
o 0.10  9.297(3) 3.503(1) 6.763(1) 111.91(2)
o 020  9.292(5) 3.519(2) 6.797(3) 111.94(4)
o 0.30  9.327(2) 3.534(1) 6.844(1) 112.23(2)
o 0.35  9.330(3) 3.540(1) 6.853(2) 112.25(3)
B 0.40  9.713(1) 3.601(1) 6.932(1) 104.94(2)
B 050 9.770(3) 3.613(1) 6.943(2) 104.95(3)
B 0.60  9.825(3) 3.625(1) 6.959(1) 104.99(2)
B 070  9.883(1) 3.638(1) 6.977(1) 104.94(1)
B 0.80  9.957(1) 3.650(1) 6.995(1) 104.91(1)
B 0.90 10.010(3) 3.662(1) 7.012(1) 104.87(2)
B 1.00 10.061(4) 3.672(1) 7.031(1) 104.83(2)
Zn1 _xcaxVZOs
o 0.00  9.248(1) 3.530(1) 6.574(1) 111.38(1)
o 0.10  9.266(4) 3.525(2) 6.632(4) 111.54(4)
o 0.20  9.269(3) 3.545(2) 6.709(2) 111.51(4)
o 0.30  9.316(4) 3.553(1) 6.814(2) 112.18(4)
o 0.40  9.324(7) 3.555(2) 6.850(5) 112.27(6)
o 050  9.332(6) 3.562(5) 6.826(4) 112.10(4)
B 0.40  9.716(5) 3.608(1) 6.940(4) 104.93(6)
B 050  9.727(4) 3.612(1) 6.932(2) 105.02(3)
B 0.60  9.792(2) 3.622(1) 6.948(1) 105.03(1)
B 070  9.862(2) 3.634(1) 6.971(1) 105.0%(1)
B 0.80  9.924(1) 3.644(1) 6.986(1) 104.94(1)
B 0.90 9.995(2) 3.661(1) 7.012(1) 104.87(1)
B 1.00 10.059(2) 3.673(1) 7.034(1) 104.84(1)
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Fig. 1. Unit-cell volume as a function of composition in the
system MgV,0-CaV,0g.

results!! in a study of B-Mn,_,Ca,V,0¢, which was
found for the compositions 0.37<x<1 and that was
obeying Vegard’s law. In (Zn,Ca)V,04, a two-phase gap
is found in the interval 40-50 mol% Ca. This finding is
to be expected, since pure ZnV,0g4 remains in the a-form
until melting, as opposed to pure MgV,04, which
undergoes a o—f transition before melting. A Vegard-
law-type behaviour of the cell parameters in (Zn,Ca)V,0q¢
is again observed for both phases, cf. Table 4 and Fig. 2.
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Fig. 2. Unit-cell volume as a function of composition in the
system ZnV,0¢-CaV,0¢.

The linear relationship between unit-cell parameters
and composition observed in the two series, for both o
and B phases, indicates an almost ideal solid solution
behaviour, without ordering tendencies for the divalent
metal ions. The great similarity, both in positive slope
and position, of the curve sections in Figs. 1 and 2
suggests that the distances Mg—O and Zn—O are nearly
identical, while Ca—O distances are longer (cf. the d,
values given above).

Vanadium coordination. Calculation of expected bond
lengths is tried here as a novel approach to the problem
of defining the coordination number (CN) of an atom
in an irregular crystal environment. In Table 5 the
expected bond lengths for MgV,04 have been calculated
for the two limiting cases, i.e. vanadium in five- or six-
coordination. A comparison with the observed® bond
lengths reveals that for five-coordination the fit is good,
which is not the case for six-coordination. For CN(V)=
5 the observed distortion of the MgO¢ octahedron, with
two short bonds and four long ones, is faithfully repro-
duced. For CN(V)=6 the opposite distortion, with two
long bonds and four short ones, is predicted. For five-

Table 5. Metal-oxygen distances (d) in a-MgV,0g, observed®
or calculated using expected bond valences for five- or six-
coordinated vanadium.

Observed Calculated
CN(V)=5 CN(V)=6
d(Mg-0,) 2 x 2.02 2.01 2.36
d(Mg-0,) 4 x 2.20 2.16 2.02
d(v-0,) 1.67 1.64 1.84
d(V-0,) 1.67 1.67 1.75
d(V-03) 2 x 1.85 1.95 1.95
d(V-03) 2.1 1.95 1.95
d(v-09) 2.67 - 1.84
{d(V-03)>3 1.94 1.95 1.95




Table 6. Metal-oxygen distances (d) in a-ZnV,0¢ and
B-CaV,0g, observed®® or calculated using expected bond
valences for five-coordinated vanadium.

oc—ZanOs B-CaV208

Observed Calculated Observed Calculated

dM-0,)2x 1.98 2.02 2.34 2.28
dM-0,) 4x 2.25 2.17 2.35 2.43
d(V-0,) 1.68 1.64 1.61 1.64
d(V-0,) 1.66 1.67 1.68 1.67
d(V-03) 2x 1.86 1.95 1.97 1.95
d(V-03) 2,08 1.95 1.90 1.95
d(V-07) 2,57 - 3.67 -

{dV-03)»3 1.93 1.95 1.95 1.95

coordination the observed V-O distances, with two short
bonds of 1.67A to O, and O,, respectively, and the
longer average distance of 1.94 A of the three V-0,
bonds, are reproduced. The observed splitting of the
V-0, distances into 1.85 A (2x) and 2.11 A cannot be
reproduced by the method” used here, since only one
type of V-0; bond can be included. With six-coordinated
vanadium the predicted V-O, and V-0, distances are
slightly longer than the observed ones, while the predicted
average V-O; distance does not change. This implies
that the ladder formed by alternating V and O, atoms
along b in the structure is insensitive to the nature of its
crystal environment, as far as bond lengths are con-
cerned. Finally the predicted distance to the sixth oxygen
0O,’ is much too short. (Even the average V-O, distance
observed is as long as 2.17 A.)

By comparison of observed and predicted bond dis-
tances in a-MgV,0q it can be concluded that vanadium
is effectively five-coordinated, since no bonding effects
which can be attributed to the influence of the sixth
oxygen can be recognized in the experimental structure.
If O,’ did influence the bonding in the structure, one
would, for example, expect the two Mg—O distances to
become more equal.

In Table 6 the observed bond lengths and those calcu-
lated using five-coordinated vanadium in o-ZnV,04 and
B-CaV,04 are compared. The fit is good for the zinc
compound and somewhat less good for the calcium
compound. The latter structure is not so well refined, cf.
Table 1. In B-CaV,0Oq4 there is nevertheless little doubt
that vanadium is five-coordinated according to the list
of observed distances in Table 6.

The bond valences in UTi,O4 can be determined by
inspection. Both metal ions are tetravalent and six-
coordinated, which gives a valence of 4/6 for all bonds.
Since all oxygen atoms are three-coordinated, this value

{Mg,Ca)V,0¢ AND (Zn,Ca)V,0¢

without further adjustment provides satisfactory bond
valence sums for the oxygens, i.e. 3 x 4/6 =2. The uniform
valence of the bonds suggests that the coordination
polyhedra in UTi,O4 should be more regular than the
ones in MV,04 compounds, and this is also observed.?
The predicted bond lengths are: d(U-0)=228 A
(observed 2.25, 2.30 A) and d(Ti-0)=1.97 A (observed
1.85-2.10 A).

It has recently been argued!? that for two compounds
to be isostructural or for a crystal structure to be
derivative of an aristotype structure, the same net of
primary bonds must be present in both. In addition,
isostructural compounds should also have the same
stoichiometry and space group, and a derivative structure
should exhibit the same stoichiometry as the aristotype
and a symmetry with a subgroup relationship to the
space group of the aristotype. In both the a- and B-forms
of MV,0q, vanadium appears to be five-coordinated, M
is six-coordinated, one oxygen is two-coordinated, while
the other two are three-coordinated. In a proper branner-
ite both cations are six-coordinated, while all oxygens
are in three-coordination. Thus, if the bond pattern is
considered to be essential, we arrive at the conclusion
that the vanadates discussed here are not brannerites.
Instead they represent a unique structure type.
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