ELSEVIER

Journal of Alloys and Compounds 243 (1996) 51-58

Jeurast of

AND COMPOUMDS

Phase relations in the MgMoO,-Mg,V,O, system and crystal

structure of Mg, .V, ,,Mo,,,0,

1

Xiandong Wang. Charlotte L. Stern. Kenneth R. Poeppelmeier™

Department of Chemistry. Northwesterns Umversite, Evanston, . 60208-31 3, USA

Reccived 15 April 1996: in tinal form 13 May 199

Abstract

The phasc relationships in the pseudobinary MeMoO -Mg. V.0, system have been determined by differential thermal

analysis and X-ray diffraction analy

were succe (ull\ grown from the Mg-V-Mo-
group Prma wilh a = 5.038(1) A, b = 10.307(3) A.

e flux. Mg, |,

crmediate compound Mg, VMoO | was found to exhibit a considerable solid
103) at 1URC in air. Single crystals with compasition of Mg, .V, Mo, .0,
Vi Moy, O, crystallizes in the orthorhombic system. space
= 17402(4) A. 7 — 6. The vanadium and molybdenum cations remain in

their highest oxidation states and charge neutrality associated with the variation of the V/Mo atomic ratio is balanced by an
increase or decrease in the number of magaesium cations in the crystal,

Keywords: Mg, ,V, oMo,

LM, 0, and MeMaO, Mg V.0, system: Phase Jiagram: Crystal siructure

1. Introduction

Multicomponent  vanadates or molybdates which
contain isolated VO, or MoO, tetrahedra have at-
tracted attention for their promising catalylic prop-
erties (high selectivity and conversion) for the dehy-
drogenation of alkanes j1-3]. One typical sysiem is
MgO-MoO;~V,0;, in which Mg,V,0,. Mg, ;VMoO,
and MgMoO, have shown good calalvuc propemes
[3.4]. A study of the subsolidus-phase equilibria in the
MgO-MoO,-V,0; system [3] revealed the coexist-
ence of Mg,V,0, and MgMaO, with Mg. . VMoO,.
The structure of Mg, .VMaO, was modeled after
NaCo, 5, (MoQ,), [6] and solved by Rietveld refine-
ment from X-ray powder diffraction data with an
orthorhombic  unit  cel: @ =50515(1)A. b=
10.3455(2) A. ¢ = 17.4683(4) A, Z=6 in spacc group
Prima. In the present work. the phase diagram of the
pseudobinary MgMoO,-Mg.V,0, system was investi-
gated by X-ray diffraction (XRD) ana differential
thermat analysis (DTA). The goal was to establish the
relevant solid—liquid compatibilities in the MgMoO -
Mg,V,0, system, to grow high quality single crystals

“Corresponding author.
'Dedicated to Professor Dr. Dr. h. c. Hans Georg von Schoering on
the occasion of his 65th birthday.

in order 1o study thoroughly how partial occupancy of
the i sites ins the di and
molybdenum cations in their highest oxidation siate
and preserves electrical neutrality.

2. Experimental

Pure MgMoO, and Mg, V,0, were prepared by
solid state reaction from MgO (98%), V.0, (996%)
and MoO, (94.5%) (Aldrich Chemical Company.
Inc.). DTA was conducted on a Thermal Analysis 2000
(Du Pont} instrument with alumina crucibles and
Al,O, powder as reference in a static air atmosphere.
The measured temperatures were calibrated by melt-
ing gold (accuracy *0.8°C). For each composition,
about 40mg of thoroughly mixed powders of
MgMoO, and Mg,V,0, were heated to 1200-1400°C
at a heating rate of 5 or 10°Cmin”". To avoid the
cupercooling effect, the onset temperatures of endo-
thermic peaks in DTA curves were chosen to de-
termine the subsolidus and subliquid:
although the corresponding exothermic peaks were
also detected when the samples were cooled from the
highest temperatures. For compasitions very close to
the eutectic and peritectic points, owing to the averlap
of the endothermic peaks in these cases, the separate
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exothermic peaks were useful to estimate the liquidus
temperatures. The samples used to determine the
solubilities of solid solutions Mg, ..V, ,;.Mo,_, O,
were fired at 1100 °C for 55 h and quenched in air. For
phase identification and lattice parameter calculations,
X-ray powder diffraction data were collected on a
Rigaku diffractometer (CuKa radiation. 40kV,
20mA. Ni filter. step scan 0.02°/10s} in the 26 range
of 16-96°.

Based on the phase diagram of MgMoO,-Mg.V,O,
(see Fig. 1), @ composition with 50 mol% Mg,V,0,
was selected to grow Mg, sVMoQy single crystals. A
ball-milled mixture {(approximalely 4 g} of MgMoO,
and Mg,V,0, was packed into a platinum boat and
covered with an alumina lid and heated a1 120°Ch™'
10 1200°C in air. After holding at 1200°C for 12 min.
the furnace was cooled 1o 1145°C a1 6°Ch ' and
subsequently to room lemperature by turning power
off to the furnace. Colorless or light yellow needle
‘Mg, ;VMoQO," crysials, ranging in size from about
0.2-0.5 mm wide and 2-5mm long (see Fig. 2). were
found distributed on the top of the melt. Under the
optical microscope. many crystals appeared badly
cracked, but scveral crystals were suitable for single-
crystal diffraction. The total weight loss during the
crystal growth was less than 0.2%. demonstrating that
the vanadium and molybdenum species were not
reduced during crystal growth.

A colorless and transparent ‘Mg, .VMoO,' twin-
free crystal with approximate dimensions of 0.03X
0.08X0.4 mm* was selected for single-crysial diffrac-
tion and mounted on a glass fiber. All measurements
were made on an Enraf—Noenius CAD4 diffra-tometer
with graphite monochromated Mo Ka radiation. The
data were collected at a temperature of —120=1°C
using the w-# scan technique to a maximum 26 value
of 49.9°. w-scans of several intense refiections, made
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Fig. L. Pseudobinary phase diagram of MgMaQ ~Mg,V,0, system
in an air atmosplre: @ from DTA (present work). + XRD study
{present work): O Poeppelmefer and coworkess [5].

Fig. 2. Opti
crystals: scale in millimeters.

photograph of the as-grown Mg, .. V, . Mo, .0,

prior 1o dala collection, had an average width at
half-height of 0.30° with a take-off angle of 2.8°. Scans
of (1.00+ 0.35 tan@)° were made ot a variable speed of
3.0-154° min ™' (in @). Moving-crystal, meving coun-
ter background measurements were made by scanning
an additional 25% above and helow the scan range. Of
the 1888 reflections collecled. 1135 were unique
(R, =0023). The intensitics of three representative
reflections were measured after every 9 min of X-ray
exposure time. No decay correction was applied. The
linear absorption coefficient x4 for Mo Ka radiation is
384cm”'. An analytical absorption correction was
applied which resulted in transmission factors ranging
from 0.77 10 0.92. The data were corrected for Lorentz
and polarization effects. A correction for secondary
extinction was applied.

The structure of ‘Mg, ;VMoO," was solved by the
direct method (7] and expanded using Fourier tech-
niques [8]. The Mg and O atoms were refined with
anisotropic thermal parameters while the disordered
Mo and V atoms were refined with isotropic thermal
parameters, The final full-matrix least squares refine-
ment cycle based on 828 observed reflections (/>
3.000(I)) and 87 paramciers converged (largest pa-
rameter shift was .00) with unweighted and weighted
agreement factors of R=3(F,, — F, /2 F,, =
n027 aad R, =(Yx{F, — F, Y/ EZwF, }]'"=
0.031 (with w= 1/02(1{",. }). The maximum and mini-
mum peaks on the final difference Fourier map corres-
ponded to 1.69e” A™*and ~1.01e” A" respectively.
All calculations were performed using the TEXSAN
crystallographic software package from Molccular
Structure Corporation {9]. Crvstal data and ex-
perimental details of the structure determination are
compiled in Table 1.

The crystal faces were determined by axial photo-
graphs. The face perpendicular to the needle axis is
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Table 1

Crystal data and details of Mg, .V, .Mo,,,0, structure determi-
nation

Chemical formula Mg, .V, Mo, -0,
Formular weight 33301

Crystal system orthorhombic
Space group Prmu (No. 62)
atA) S058(1)

5(A) 10.307(3)

< (A) 17402(4)
V(A" 907.2(3)

z 6

D. D, (gem ) 366, 3.68

# (Mo Ko) (em' ') 3842

Approximate crystal dimensions (mm'} 0035 0.08% 040

Radiation. wavelength (A) Mo Ko 0.71069
Monochromator graphite
Temperature (°C) 1200

Scan type w-b

Scan width (deg) (100~ 0.351ang}
26,,,. (deg) 9.9

Crysial to detector distance {(mm) 21

Deleclor aperturc (mm) 2.0-2.5 horizontal

2.0 vertical

No. uf reflections measurea total: 1888
unique: 1135 (R, = 0.023)

No. of observatioas (> 3.000(1)) H28
No. of parameters 87
Residuals
R=EF. - FallXF,. 0.027
R =[Ew(F, = F o RISw F, 7 0031
Goodness of fit factor 20
¢ See text.

the {100) planc; thercfore, the fastest growing direc-
von was [100]. The other two faces are {010} and
{001). The chemical composition of the investigated
crystal was determined, after dissolving in nitric acid.
by inductively coupled plasma atomic emission spec-
trophotometry (ICP-AES, Thermo Jarrell Ash, medel
Atomscan 25). The density was measured on single
phase Mg, ,,V, 4s5;M0,,,, O, at room temperature
with apparatus deseribed by Chern et al. [10].

3. Results and discussion
3.1. The MgMoO,~Mg,V,0, phase diagram

The determined phase diagram of the pscudobinary
MgMoO,-Mg,V,0, system is represented in Fig. 1.
One eutectic point was found at about 60 mol%
Mg,V,0, and 1150+2°C. The intermediate com-
pound Mg, ;VMoO, (Mg, V, ., .Mo,_,, 0, solid solu-
tion) melts incongruently at 1170=2°C, which has
been confirmed by DTA measurement on both the
33.33 mol% Mg,V,0, composition (corresponding to
Mg, sVMoO,) and the pre-reacted Mg, -VMoO,. The
subliquidus line within the crystalline zome of
Mg, ;VMoO; is rather flat and the temperature win-

acw is quite narrow (AT = 20°C). These results clear-
ly indicate that: (1) the single crystals of Mg, ;VMoO,
cannol be grown by simple melting; (2) single crystals
¢an be oblained within the compesition range cf about
37-60mol% Mg,V,0, with slow cooling across the
narrow temperature range 1170 to 1150 °C. The melt-
ing point of Mg.V,0, was determined to be 1207°C,
very close to the 1212°C reported in the literature
[11]. However. the observed melting point of
MgMoO, was near 1340 °C which is 50 °C lower than
that reported [12]. Finally, it should be noted that
Mg, :VMoQ, does not exhibit a phase transition up to
1100°C when heated in air, thus Mg,V,0, (mag-
nesium orthovanadate) and Mg, ;VMoO, are both
stable in one modification and mel incongruently.

3.2. Cryswl structure refinement of
Mg: oYy Moy 420

Prior to the determination of the exact composition
of the studied crystal, the structure was modeled on
the formula Mg, ,VMoQO,. The vanadium and
molybdenum atoms on the two tetrahedral sites (M1
and M2) are disordered (Fig. 3). i.e. they possess an
equal occupancy on each site with a configuration of
M1(0.25V +1.25Mo) + M2(0.5V +0.5Mo). Other possi-
bilities. such as (i) M1(0.5V)+M2(0.25V +0.75Mo),
(i¥) M1(0.5Mo) + M2(0.25Mo +0.75V), (iii)
MI{0.375V +0.125Mo) + M2(0.375V +0.625Mo)  and
(iv)  MI1(D.375Mo+0.125V) + M2(0.375Mo +0.625V)
always gave higher R and R, valuges as well as negative
B for ML or M2 site. The configuration of

iso

Fig. 3. The structure of Mg, ,..V,...Mo,_,,0, (-0.05<x<00S)
viewed approximately along the a axis showing two unit ceils. Three
types of MgO, polyhedron (Mgl, Mg2, Mg3) and two types of
{(VIMo)O, tetrahedron (M1=V1+Mol, M2=V2+Mo2) are
marked.
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MI((L30V+0.20 Mo)+M2(0.45V+0.55Ma0) can be
rqu,h.d [l?] dl dpproxlmdlv.ly the .01 level. The

cies are predomi y on the octa-
hudrdl Mg2 sites when the minimization of R and R,
goodness of fit indicator (GFI) and B, values (R =
32%. R, =39%. GFI=249. B, (Mg2)= 1.50(6) and
B.,(Mg3) = 0. 64(4)) are considcred. Refinements with
the magnesium vacancics on the trigonal prismatic
Mg3 sites were not satisfactory (R =4.0%. R, =5.2%,
GFI=331, B_(Mg2)=29 and BN(MgS)= —-1.01).
The latter model can be rejected [13] at the 0.005 level
for the reduction in R (5.2/3.9 = 1.333), given 46
parameters and the total number of 828 observations.
For similar reasons, magnesium vacancies could not be
put on the Mgl sites.

It was noted that by restraining 8,,(V) = 8,,,(Mo)
for bath M1 and M2 sites, the refined structure had a
formula Mg, ..V, ;;Mo, Oy (R=27%, R, =31%,
GFI=1.96). This indicaicd that the atomic ratio of
V/Mo could be greater than 1:1. This assessment was
subsequently confirmed by ICP analysis of the crystal
used in the diffraction study., Chemical analysis re-
vealed the atomic ratio was V:Mo = 1.00:0.86. Assum-
ing V + Mo =2, that is the M1 and M2 positions arc
fully occupied (this was confirmed by occupancy
refinement), then the real composition of the crystal is
Mg, 5V, sM0, ;0. The structure was refined with
this formula and with equal probability for vanadium
or molybdenum atoms on both the M1 and M2 sites
(e,  MI(027V1+023Mol) and  M2(0.54V2+
0.46Mo02)}), and magnnsmm vacancles restricied to the
Mpg2 sites ( ies gave
1.009, 0.420 and 0.499 for Mgl, Mg2 and Mg3 respec-
tively, which reconfirms that the Mg vacancies are
localized on the Mg?2 site). The complete crystal data
and details of Mg, ., Mo, ,V, ,,O, siructure determi-
nation arc summarized in Table 1. The measured

demsity (368 gem ") on Mg, .,V 49Moy 4y, O, pow-
der is in good agreement with the calculated density
(3.66gem ") for Mg, .,V xMo,,,0, single crystal,
considering the effects of small changes in composition
and temperature. The atomic coordinates, anisotropic
temperature factors and selected interatomic distances
are given in Table 2, Table 3 and Table 4 respectively.

3.3, Description of the Mg, 3V, yuMo, .0y structure

There are three crystallographically non-equivalent
magnesium cations and two V/Mo paositions (Table 2)
in the asymmetric unit of the orthorhombic unit cell.
The structure is formed from (V/Mo)O, tetrahedra,
MgO, octahedra, and MgQ,, trigonal prisms (Fig. 3).
The 1etrahedra link zigzag sheets and columns formed
by the octahedra and trigonal prisms respectively. The
sheet is composed of zigzag chains formed by edge-
sharing MglO, octahedra and each chain is joined to
its neighbars on cither side at intervals of & (Fig. 4).
The isolated {V/Mo)O, tetrahedra, M10O, and M20,,
are connected to the sheet of MgiO, octahedra by
sharing corners. M1O, seats in the triangular holes
and M20O, lies on the top of the chain. M1O, tetra-
hedra are linked to the face-sharing Mg20, octahedra
from the top and bottom of the formed column (Fig.
5(a)) and M1, Mg2. and the shared oxygen are within
same plane, parallel to the ¢ axis (Fig. 3). M20,
tetrahedra are linked to the Mg20, octahedra from
sides (Fig. 5(b)). The edge-sharing Mg3O, trigonal
prisms link to the isolated M20O, tetrahedra by sharing
corners (Fig. 5(c)). Mg30,, trigonal prisms link to
MglO, octahedra by sharing corners also. The overall
structure can be viewed as isolated (V/Mo)O, tetra-
hedra joined 10 the inner wall of the bexagonal tunnels
formed by the MglO, octahedra and Mg30, trigonal

‘Table 2

Atomic factors and equi B, for the Mg, 4V, xMo0, ,;O, structure

Atom ‘Wyckoff position x ¥ H Occupation B, /B."
Mo(l) 4 0.2184(1) 0.750 44333 623 04002)"
Mo(2) ad —0.2790(1) 0.47097(5) 0.34366(3) 0.46 0.48(2)"
w1 1 02184(1) 0.750 0.44364(4) 027 0.40(2)°
V(2) 8d —0.2790(1) 0.47097(5) 0.34366(3) 054 0.48(2)"
Me(1) 8d ~0.2488(3) 0.5761(1) 0.52709(8) 1 0.85(3)
Mg(2) ac —0.0943(T) 0.750 0.2493(2) 0.405 2.27(6)
Mg(3) d¢ ~0.7471(4) 0.250 0.3020(1) 0.50 0.96(4)
o) &d ~0.0791(6) 0.3722(3) 0.2867(2) 1 1.05(6)
02y 8d —0.3457(6) 0.6128(3) 0.2959(2) 1 1.13(6)
0(3) 8d ~0.0870(6) 0.5051(3) 0.4244(2) 1 0.83(6)
G4) 8d —0.5639(¢) 0.3854(3) 0.3718(2) 1 0.89(6)
o(5) 4 —0.0606(15) 0.750 0.5050(2) 0.50 0.81(9)
0O(6) 8d 0.4129(¢) D.8B48(3) 0.4643(2) 1 0.74(6)
o 4c 0.1494(9) 0.750 0.3473(3) 0.50 1.10(9)

‘B, =iw 1U, (@a* ) + Uny(bb*) + U, (ee™ ¥ + 2U, aa*bb*cosy + 2W,,aa*cc*cosB + 2U,,bb* ec*eosar].

lsmmplcally refined atoms.
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Table 3
i pi p for the Mg, ..V, Mo, ,;O, strucrure

Atom v, U, U, v, Uy, Us,

Mg(1) 0.0063(7) 0.0110(8) 0.0149(8) 0.0001(6) -0.0011(6} —0.0028(6)

Mg(2) 0.053(2) 0.015(1) 00181} 040 0.007(2) 0.000

Mg(3) 0.008{1) 0.014(1) 001301} 0.000 ~0.0011{9) D.O00

o1} 0.010(2) 0.013(2) 0617(1) 0.00201) ~-0.002(1) -0.003(2)

o(2) 0015(2) 0.016(2) 0.013(2) AN(2) 0.001(1) -0.001(1)

O(3) 0.009(2) 0.011(1) 0.012(1) G021y 0.001(1) 0.000(1)

0(4) 0011(2) 0.013(2) 0.01112) 0.000(1) ~0.001(1) 0.000{1)

0(5) 0.006(2) 0.006(2) 0.020(2) 04000 -0.001(2} 0.000

of6) 0.008(2) 0.008(1) 0.012(1) 0.002(1) —0.001(1} -D.002(1)

a(7) 0D014(3) 0011(2) 0.017(2) 0.000 -0.002(2) 0.000

Table 4

Selected interalomic distances (A) and bond angles (deg) for Mg, .V, Mo, ,,O,

V(Mo)(1) -0(5) 1770(5) O(5)-V(1)-0(6) 108.9(1) (2X)
—0(6) L741(3) (2% ) O(5)-V(1)-O(T) 145.4(2)
~0(7) 1.713(4) 0(6)-V(1)-0(7) 1085(2) (2x)

V(Mo)(2} -o(h 1.744(3) 0(6)-V(1)-0(6) 106.1(2)
-0(2) 1.716(3) O(1}-¥(2}-0{2) 1099(2)
-0(3) 1.745(3) O(1})-V(2)-0(3) 104.6(1)
-0(4) 1.758(3) 0(1)-¥2)-04) 109.8(1)

Mg(1) -0(3) 2095(4) 0(2)-V(2)-0(3) 109.0(2)
—O(3 2.072(4) 0O(2)-V(2)- O(4) 113.7(2)
-0(4) 2.038(3) 0O(2)-V(2)-0(4) 109.4(1)
-0(5) 2.066(3}

-0(6) 2071(4)
~0(6) 2.142(4)

Mg(2) -0(2) 2.066(4) (2x )
-012) 2049(4) (2
-o(7) 2.119(6)
-0(7) 2.106(6)

Mg(3) -0(1) 2.178(4) (2%}
-0(t) 2.117(4) (2= )
~0(4) 2.059(4) (2)

Mg(l) -Mg(l) 3131(3). 3.111(3)

Mg(2) -Mg(2) 2.5292(5)

Mz(3) -Mg(3) 3.128(3)

prisms, with infinite columns of face-sharing Mg2C,
octahedra passing through the center of the tunnels.
Orthorhombic Mg, .V, osMo, , O, is very similar to
NaCo, ,,(Ma0,), [6] and Cu,Fe,V,0,, {14]. It is very
interesting, in fact quite amazing, that the hexagonal

Fig. 4. The linkage between the M10, and M2(2, tetrahedra and
M310, octahedra.

motif can be preserved in compounds with such
different chemical constituents. Their structural simi-
larities and differences can be more readily under-
stood by comparing the distinctive polyhedral units
(Table 5) in these structures. The tetrahedral and
trigonal prismatic (or related square planar sites in
Cu,Fe,V,0,,) positions are fully occupied. The cation
deficiency occurs at the face-shared octahedral posi-
tions in Mg, 5,V; 0sM0, 5,05 and Cu,Fe,V,0,,. How-
ever, in NaCo, 5, (Mo0,), it is likely to be distributed
at both the face-shared and edge-comer-shared octa-
hedral positions. The cation vacancies create under-
coordinated basic oxygen atoms, which can be re-
garded as similar to those in the cation deficient spinel
Mg;V,0, [15].

Chains of f haring Mg2O, hedra (see Fig. 5)
are unusual and, to our knowledge, the chains are
probably the first known example of magnesium
octahedra arranged in this fashion. The distance be-
tween two adjacent Mg2 cations of 2.529 A is con-
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Fig. 5. The linkage of face-sharing Mg20), actabedra with MIQ), and
M20, tetrahedra by sharing corners are shown in (a) and (b)
respestively. Ihe linkage of cdge-sharing Mg30, trigonal prisms
with M20, tetrahedra by sharing corners is depicted in (c).

siderably shorter than Mgl-Mg] (3.111-3.131 A) and
Mg3-Mg3 (3.128 A) distances, In contrast, the metal-
metal boads in magnestum metal are 3.197 A and
3.209A [16). The a axis is twice the length of the
Mg2 Mg2 bond. In NaCo,, (Mo0,),, the Co™*-
Co'" cation-cation distance is 2.623 A [6]: In
Cu,Fe,V,0,,, the Cu®’-Cu®" distance is 2.455A,
which is even shorter than the Cu-Cu bond in the
metal (2556 A [16]). It is noted that Mg2 on the 4¢
sites in Mg, (,V, «Mo,,.0, is present to about 4/5,
higher than cobalt in NaCo, ,,(M00,), (3/4) [6} and
copper in Cu,Fe,V,0,, (3/5) [14]. The Mg2 cations
exhibit large anisotropic displacement along the a axis
and probably have some mobility along the g direction
owing to the strong coulombic repulsion and cation
vacancies. The, on average, short Mg2-Mg2 contact is
the most likely explanation for the localization of the
cation-deficiency on the Mg2 sites, rather than on the
trigonal prismatic sites as suggested previously [5).
There are also four different Mp2-O distances (Table
4), rather than three as reported in Ref. [5].

Table 6

Comparison of the V/IMo-O hond lengths (A) fur the isolated
(VIM)O, tetrahiedra in the Mg, ..V,  M0,,,,0,, NaCo, (MoO,},
and Cu,Fe,V,0,, structures

NaCo, (MoO,). Mg oV, MO0, CuiFe,%,0,,

MolO,  Ma20, MIO, MZ0, VIO,  VvI0,
L8I7(16)  LBINY)  177145)  1LI8(3) 1763 17%
1.761(13) L773( 1) 1.740(3) 1.746(3) 1730 1.745
L760(10)  LISHHI)  LTN3) LPAS3) 1730 1704
1760(10)  1726(10)  L714)  L7i6(3)  Les8 1671

Two M1-O (V/Mo-0) bonds have the same length
(1.74 A), which are on average shorter than the
corresponding  Mo-O  bonds (.78 A) in
NaCo,,,(MoO ); and longer than the V-O bonds
(1.73 A) in Cu,Fe,V,0,, (Table 6). The degree of
bond length variation for M10, tetrahedra is approxi-
mately the same in the three cases. However, for
M20, tetrahedra, the two M2-O bond lengths that
are very clase to each other (1 745 A, 1.746 A) fall
between the values observed for the MoQ, and VO,
examples. Interestingly, the total variation of the M2-
O bond lengths (0.04 A)is considerably smaller than
that of Mo2-O (0.1 A) and V2-O (0.1 A) (Tah]e 6).
Thus, there is no reason 10 expect that the Mo®" and
V5* cations will order in the isolated and well sepa-
rated (V/Mo)O, tetrahedra.

The syntheses of M, VMoO, (M=2Zn and Mn)
have been successful. Mn, VMoO, is isostructural
with Mg, ;VMoO,, but the symmetry of Zn, ;VMoO,
{space group P2,2,2,) is reduced. Their crystal struc-
tures will be reported elsewhere [17].

3.4. The solid solution Mg. .. V,,, Mo, _, O,
(- 0.05=x <0.05)

It is clear from the structural features of
Mg, 5,V 1sM0y 0Oy that the change in charge owing
to the increase of V/Mo atomic ratio is compensated
by ai. increase in the magnesium content, that is
reducing the concentration of magnesiuii vacancies on
the Mg? sites. If. for example, all the general and
special positions are fully occupied (see Table 2), the
ideal formula Mg, (V) 333M0 7O (or
Mg, VyMo,O,,) results. This means that, to a certain
extent, a solid sofution between Mg, ;VMoO, and

Table §

Comparison of cation-oxygen polyhedra for similar struciures of Mg, V) M0y Oy, NaCo, ,(M0Q, ), and Cu,Fe,V,0,,

Octahedra | Qctahedra 2 Trigonal prism o square planar Tetrahrdra 1 Tetrahedra 2
Mgl’ 'O, Mg2°"0, M0, " MI* " 04 M2,
Col?*OQ, Ca2* Na'Q,* Mol® Q, Mo2"' 0,
Fe''O, Ccul* o, on®o,* vi*‘o, va*ro,

e

Trigohal prism; squnre planar.
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Mg,;V,0, or MgMoQ, could form by varying the ratio
of V/Mo (x can be positive or negative respectively).
The existence of the Mg, ., V,,, Mo, _, Oy solid
solution and the solubility limits have been determined
by phase idemiification and lattice parameter calcula-
tions for a number of samples. One sample with the
overall composition Mg, 20V, (5sMoy, 4, Oy (very close
to the as-grawn crystal Mg, .,V (\Mo,,,;O,). yiclded a
single phase without any MgV, O, present as a second
phase, as judged by powder XRD. This result clearly
indicates that a solid solution does exist. and is alsa
consistent with the analyzed composition of the as-
grown crystal. The remaining samples possess two
phases, either Mg, ,VMoO, and Mg,V,0, or
Mg, ;VMoO, and MgMoO,. The calculated lattice
parameters are presented in Fig. 6 for —0.2=x=03.
A comparison of the singlec phase samples
Mg. ., V,,.Mo,_, 0, (x=00 and 0.029) indicates
that the latter has an a axis about 0.005 A longer, and
b and ¢ axcs respectively about 0.01 A and 0.02 A
shorter, than Mg, ;VMoO,. These trends, the expan-
sion of the a axis and the contraction in the # and ¢
axes, can be readily understood in terms of increased
cation-cation repulsions and differing ion  sizes
(V™) <r(Mo®") respectively. In contrast. when x <
0. the b and ¢ lattice parameters increase and o
remains nearly constant owing to increasing concen-
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Fig. 6. Lattice paramcters of the Mg, ...V, ... Mo, _,,0, solid solu-
tion as a function of norminal composition at 1100 °C a1= presented
in (A): & and ¢ vs. x valucs, (B): a and V vs. x values. The calculated
density vs. x is also shown.

tration of the larger cation Mo®". By extrapolation,
the molybd. Tich and di ich limits of the
Mg, 5. V)., Mo, _, O, solid solution were estimated
to be — 0.05 < x =0.05. This result is in good agree-
ment with the vanadium-rich composition of the as-
grown crystals. Referring to Fig, 6, the b and c axes for
Mg oV, M0, ;0 are about 10.33 A and 1744 A
respectively, which are larger than the single-crystal
values {(see Table 1) owing to the collection of data at
different temperatures,

4. Conclusions

The phase diagram of the pseudobinary MgMoO,—
Mg, V,0, system has been established by DTA and
XRD analyses. A solid colution
Mg... V....Mo, .0, (- 0.05=x=<005) was found
wherein the variation of atomic ratio V/Mo is exactly
comp d by the ium cation concentration.
The crystal structure of Mg,,, V., Mo, , O, (x=
0.04) was solved by shgle-crys\al XRD and compared
with the mixed valent Co””’>" and cobalt deficient
NaCa. ,,(MoO,), and the Cu®* copper deficient
Cu,Fe, V,0,,.
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