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Abstract

Single crystals of Zn, ..V, ;,Mo, ,0,, were grown in a ZnO/V,0; /MoO melt. The colorless needles Jvere determined to be
orthorhombic, space group P2,2,2, (No. 19), a=5.048 (4) A, b=10.400 (2) A ¢=17.560 (7) A V=921.9(6) A and Z=4. One type of
zinc cation in the structure exhibits trigonal prismatic coordination, and relatively large distortions of the Zn—O bond lengths in the
trigonal prisms reduce the symmetry from Prma (centrosymmetric) to P2,2,2, (acentric).
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1. Introduction

Multicomponent vanadates or molybdates which contain
isolated VO, or MoO, tetrahedra have attracted attention
for their promising catalytic properties (high selectivity
and conversion) in the dehydrogenation of alkanes [1-4].
In the Mg-V-Mo—O system, isolated (V/Mo)O, tetra-
hedra are formed not only in wolframite MgMoO, [5] and
spinel-related magnesium orthovanadate Mg, V, O, [6], but
also in Mg, ;VMoO, [7]. The interesting cation deficient
structure of Mg, ;VMoO,, and the fact that its catalytic
properties are comparable to Mg,V,0O;, encouraged the
exploration of new moly-vanadates. The structure of
Mg, sVMoO; has been determined by both powder and
single crystal X-ray diffraction [7,8], and is similar to that
found for NaCo, 5;(MoO,), [9] and Cu,Fe,V;0,, [10].
Several other copper and metal-substituted copper molyb-
dates [11-15] display similar structures, which may crys-
tallize in either centrosymmetric Pmma or noncen-
trosymmetric £2,2,2,. In the present work, a new nonce-
ntrosymmetric compound, Zn, .,V 5,Mo0, 0, is Tte-
ported. Through detailed structural comparison of
Zn, .,V s;Mo, O, with the similar structures mentioned
above, the origin of the noncentrosymmetry has been
traced to the trigonal prismatic site.

*Corresponding author.

0925-8388/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved

PII 80925-8388(96102812-5

2. Experimental
2.1. Single crystal growth

Crystals of Zn, ;,V, s,Mo, ,0,, were grown from the
composition 66.66 mol% ZnO, 16.67 mol% V,0, and
16.67 mol% MoO,. About 6 g of the mixed powder was
placed in a platinum boat and heated to 920 °C. After
holding at 920 °C for 0.5 h, the melt was first cooled to
800°C at 6°Ch™', and subsequently to 20°C at
120°Ch™". Colorless or light yellow needle single crystals
were readily grown. The crystals varied in length from 0.5
mm to 3 mm and were less than 0.2 mm wide. The face
perpendicular to the needle axis is the {100} plane,
indicating the fastest growing direction is {100}. The other
two faces are {010} and {001} respectively. This growth
behavior is similar to Mg, 5,V, 5sM049,04 [8]. The melt-
ing point of polycrystalline Zn,,sV, sMo, sO,,, as de-
termined by Differential Thermal Analysis (TA Instru-
ments Thermal Analyst 2000), was approximately 873 °C.

2.2, Structure determination

One colorless and transparent Zn, o,V s,Mo0, 40,
crystal with approximate dimensions of 0.48 mm—0.05
mm—0.03 mm was mounted on a glass fiber for single
crystal X-ray diffraction. All measurements were made on
an Enraf-Nonius CAD4 diffractometer with graphite
monochromated Mo-Ka radiation. The crystal system was
determined to be orthorhombic. Unit cell parameters and
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data collection details are listed in Table 1. The intensities
of three standard reflections were measured after every 90
min of X-ray exposure time and no loss of intensity was
observed. An analytical absorption correction [16] was
applied which resulted in transmission factors ranging
from 0.46 to 0.71. The data were corrected for Lorentz and
polarization effects, and a correction for secondary extinc-
tion was applied.

The systematic absences (200, 27%2n; 0k0, k#%2n; 00/,
[#2n) uniquely determined the space group to be P2,2,2,
(No. 19). The structure was solved by direct methods [17]
and expanded using Fourier techniques [18]. Zinc and
oxygen atoms were refined anisotropically and the dis-
ordered vanadium and molybdenum atoms were refined
isotropically. The populations of V, Mo and Zn(1) atoms
were fixed based on the analyzed composition
Zn, 5,V ssMo, ,.O,,. The final cycle of full-matrix least-
squares refinement converged with unweighted and
weighted agreement factors: R=4.1% and R,,=3.8%. The
coordinates were inverted and the structure re-refined
resulting in R values: R=42% and Rw=3.9%. The
reported coordinates are those resulting in the lower R

Table 1
Crystal data and details of Zn, ,,V, ;,Mo, ,,O,, structure determination®

20557V .5sM0y 4601,

Chemical formula

Formula weight 657.00

Crystal system Orthorhombic

Space group P2,2,2,(No. 19)

a 5.048(4) A

b 10.400(2) A

¢ 17.560(7) A

v 921.9(6) A’

z 4

D,, D, . 473gem™,473gem™
(Mo Ko 131.24 cm™

0.48X0.05X%0.03 mm’

Approximate crystal dimensions
Mo Ka, 0.71069 A

Radiation, wavelength

Monochromator Graphite
Temperature —120.0°C
Scan type, rate w—6, 3-15°min"" (in ®)
26,x 59.9°
No. of reflection measured total: 2006
unique: 1606 (R, ,=0.054)
No. of observations ({>3.000(I)) 1089
No. of variables 158
Residuals
R E" obs - ct\lc"ll2 ubs 0‘041
RW=[Sw( F,,, — F,,. )V /SwF, 1'*  0.038
Goodness of ﬁt 1.82
Shift/error 0.37

2.16, —1.49 e"/A®
—0.012(7)

Final difference Fourier peaks (max, min)
Flack parameter

* Further details of the crystal structure determination can be ordered from
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen,
under the depository number CSD-No. 405961.

® Measured on Zn, .V, ;;Mo, ;,0,, powder.

S w=1/0*(F,,).

values. Atomic positions, occupancies and thermal dis-
placement parameters are presented in Table 2. Selected
interatomic distances are given in Table 3. Vanadium and
molybdenum atoms were completely disordered, and the
zinc cation vacancies were localized on the Zn(l) site.
This model has been tested by Hamilton’s statistical
method [19] (see Table 4). Other models, such as with
cation vacancies not on the Zn(1) site (Models I and II) or
with significant ordering of V and Mo on the M1, M2 and
M3 sites (Models IIT and IV), can be rejected at the 0.005
level for the reduction in R. However, the existence of
partial ordering of V and Mo between the M1 and M3 sites
is possible (Models V and VI). Population refinement on
the Zn(1) site gave the formula Zn; ¢,V s, Mo, ,,O,, (R=
4.1%, Rw=3.8%, Occ.(Znl)=0.80 and B, (Znl)=
3.95(7)), which was consistent with the analyzed com-
position of Zn, ,,V, s.M0, ,0,,. All calculations were
performed using the TEXSAN crystallographic software
package from Molecular Structure Corporation [20]. -

The investigated crystal was dissolved in nitric acid and
the chemical composition determined by Inductively Cou-
pled Plasma Atomic Emission Spectrophotometry (ICP-
AES, Thermo Jarrell Ash, model Atomscan 25). The
density was measured on polycrystalline
Zn, 55V, oMo, 5,0, at room temperature with apparatus
described by Chermn et al. [21].

Table 2

Atomic coordinates, occupation factors and equivalent temperatare pa-
02

rameters B, (A") for the Zn, ,,V, ;,Mo, ,,O,, structure

Atom  x y z Oce. B,
Mo(1) 0.2195(3) 0.7433(2)  0.80632(7) 0485  0.43(2)°
Mo(2) 0.7235(6) 0.0197(1)  0.90191(10) 0.485 0.61(3)°
Mo(3)  —0.2796(7) 0.4638(2) 0.9101(1) 0.485  0.98(4)°
V(1) 0.2195(3) 0.7433(2)  0.80632(7) 0515  0.43(2)°
V(2) 0.7235(6) 0.0197(1)  0.90191¢10) 0.515  0.61(3)°
V(3) —0.2796(7) 0.4638(2) 0.9101(1) 0515 0.98(4)°
Zn(1) 0.3975(7) 0.7514(6)  0.9984(2) 0.77 3.70(7)
Zn(2) 0.2508(4) 0.2418(2)  0.94452(8) 1.0 1.19(3)
Zn(3) 0.2498(10)  0.0697(1)  0.7748(1) 1.0 0.92(4)
Zn(4)  —0.2463(10) 0.9104(1) 0.7184(1) 1.0 0.89(4)
o) 0.930(4) 0.117(1) 0.9568(8) 1.0 1.7(3)
o2 0.915(3) 0.981(1) 0.8224(7) 1.0 0.7(3)
o@3) 0.442(4) 0.107(1) 0.8735(8) 1.0 0.9(3)
Oo(4) 0.643(4) 0.881(1) 0.9532(8) - 1.0 1.4(3)
0(5) 0.419(3) 0.876(1) 0.7843(8) 1.0 0.8(3)
O(6) 0.140(2) 0.747(1) 0.9013(5) 1.0 1.1(2),
Oo(7) 0.41403) 0.609(1) 0.7892(8). 1.0 0.7(2)
O(8) —0.056(2) 0.741(1) . 0.7429(5) 1.0 0.9(2)
o) —0.347(3) 0.604(1) 0.9557(7) 1.0 0.9(3)
o(10)  —0.092(3) 0.496(1) 0.8301(7) 1.0 0.7(2)
O(11)  —0.078(3) 0.366(1) 0.9677(8) 1.0 1.13)
O(12)  —0.563(3) 0.375(1) 0.8813(7) 1.0 0.6(2)

"B,=% 72U, (@a*)+ U, (bb*) + Uy (cc**+2U ,aa*bb*  cosy +
2U aa*cc* cosB +2U,;bb*cc* cosa). .
® Isotropically refined atoms.
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Table 3

Selected interatomic distances (A) and bond angles (°) in the Zn, ;Y s4Mo, O, structure

M(1)-0(6) 1.716(9) Zn(2)-0(12)
-0(7) 1.73(1) -0(1)

-0(5) 1.75(1) -0(11)
-0(8) 1.781(9) -0(3)
M(2)-0(1) 1.74(2) -0(11)
-0(2) 1.74(1) -0(1)

-0(4) 1.75(1) Zn(3)-0(3)
-0(3) 1.76(2) -0(8)
M(3)-0(9) 1.70(1) -0(7)
-0(10) 1.73(1) -0(2)
-0(11) 1.76(1) -0(10)
-0(12) 1.78(1) -0(5)
Zn(1)-0(4) 2.00(2) Zn(4)-0(12)
-0(4) 2.06(2) -0(8)

-0(9) 2.11(1) -0(3)

-0(6) 2.14(1) -0(10)
-0(9) 2.14(2) -0(2)

2.01(1) O(1)~Zn(2)-0(1) 125.9(5)
2.09(2) O(1)-Zn(2)-0(3) 90.1(6)
2.09(1) 130.5(7)
2.11(1) O(1)-Zn(2)-0(11) 69.3(4)
2.14(2) 75.7(4)
2.44(1) 77.9(7)
2.02(2) 84.9(7)
2.06(1) O(1)-Zn(2)-0(12) 78.7(5)
2.08(2) 148.1(6)
2.10(1) 0(3)-Zn(2)-0(11) 83.6(6)
2.15(1) 150.1(6)
2.19(1) 0(3)-Zn(2)-0(12) 85.4(3)
2.03(1) O(11)-Zn(2)-0(11) 120.2(4)
2.05(1) O(11)-Zn(2)-0(12) 92.9(5)
2.08(2) 125.8(6)
2.10(2)

2.13(1)

3. Results and discussion
3.1. Structure description

In the Zn, ,,V, s,Mo, ,,O,, structure (Fig. 1), Zn(3)O,
and Zn(4)O, octahedra form the zigzag sheets by sharing
edges and corners, face-sharing Zn(1)O4 octahedra form
one-dimensional chains passing through the center of
hexagonal tunnels, and the very unusual Zn(2)O, trigonal
prisms form columns parallel to the a axis. Disordered
(V/IMo)O, tetrahedra are linked to ZnO, octahedra and/or
trigonal prisms by sharing corners to form the three
dimensional framework. The mutual linkage among differ-

Table 4

ent polyhedra are identical to that described in
Mg, 5. V1 0sMO0; 5,05 [8]. .

The Zn—O bond lengths of 2.00-2.23 A (Table 3) for
the three ZnO, octahedra are fairly normal compared to
other zinc oxides (e.g. «-ZnMoO, and «-Zn,V,O,
[22,23]). Similarly, (V/Mo)-O bond lengths for MO,
tetrahedra (1.70-1.78 A) compare well with (V/Mo)-O
bond lengths in Mg, sV, ;sM0g 0,0, (1.71-1.77 A) [8]
and in Mn, ,;V, .Mo, (05 (1.72-1.78 A) [24]. Bond
valence calculations [25] for the (V/Mo) positions (M1~
M3) result in M1=+5.41, M2=+5.35 and M3=+5.44, as
compared to Mo=+6.08 (average) in Cu,4sMo0,0,, [11]
and V=+4.95 (average) in Cu,Fe,V,0,, [10]. Thus, it is

Hamilton’s test for the disorder of vanadium and molybdenum and the localization of cation vacancies in Zn,,,V, Mo, O, for the given 158

parameters and 1089 reflections

Model M configuration and Zn®" cation vacancy® R Rw Shift/error GFI* Rw/0.038 (92)°

I M(0.485Mo+0.515V)® 0.0625 0.0673 53 32 1.77
Zn(2) (Oce.=0.77)

I M(0.485Mo+0.515V)" 0.0574 0.0689 3.3 3.3 1.81
Zn(3) and Zn(4) (Occ.=0.885)

m M1(0.4Mo++0.60V) 0.0435 0.0424 0.7 2.0 1.12
M2(0.57Mo +0.43V)
M3(0.485Mo+0.515V)
Zn(1) (Oce.=0.77)

v M1(0.64Mo +0.36V) 0.0436 0.0429 0.29 2.03 1.13
M2(0.485Mo+0.515V)
M3(0.33Mo +0.67V)
Zn(1) (Occ.=0.77)

v M1(0.57Mo+0.43V) 0.0410 0.0385 0.80 1.82 1.01
M2(0.485Mo+0.515V) (B, (M1)=0.69(2), B,,,(M2)=0.59(3), B,,,(M1)=0.70(3))
M3(0.40Mo +0.60V)
Zn(1) (Oce.=0.,77)

VI M1(0.53Mo+0.47V) 0.0407 0.0377 0.19 1.78 0.99
M2(0.485Mo +0.515) (B,,,(M1)=0.57(2), B,,,(M2)=0.60(3), B,,(M3)=0.83(3))

M3(0.44Mo +0.56V)
Za(1) (Oce.=0.77)

* GFI: Goodness of fit indicator.
*M=M]1, M2 and M3.
“Interpolation from the Table in [18] gives &, sg o3y, o005 =1.109.
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Fig. 1. Structure of Zn, ,,V, ,,Mol, ,,O,, (two unit cells) viewed along
the a axis. Metal-oxygen polyhedra are labeled. M1, M2 and M3 stand
for disordered vanadium and molybdenum (V/Mo).

unlikely that any obvious vanadium and molybdenum
ordering occurs among the three tetrahedral sites. How-
ever, some ordering is still possible between V and Mo on
the M1 and M3 sites (Table 4). The fairly large differences
in the thermal parameters among the V/Mo positions can
be reduced by making the M1 site slightly Mo rich, and the
M3 site slightly V rich (see Table 2 and Table 4).
Quantitative determination of such partial ordering of V
and Mo, if it exists, may require the use of neutron
diffraction.

The zinc cation deficiency occurs at the face-sharing
octahedral positions, which is equivalent to the magnesium
deficiency in Mg, .,V 0sM0,,4,0;. The occupancy of
Zn(l) is  slightly smaller than Mg®" in
Mg, 54V, 0sM0, 5,0, (Table 5), and both are appreciably
larger than the copper occupancy in Cu,Fe,V,0,,. The
unusual face-sharing Zn(1)O, octahedra give rise to Zn** -
Zn*" distances of 2.53 A, even shorter than the Zn—Zn
distances (2.67 }x) in zinc metal [26]. A relatively large
thermal displacement for Zn(1) was found with the thermal
ellipsoids elongated in the direction of the hexagonal
tunnel and inclined along the & direction (Fig. 2). The
shape of the thermal ellipsoid is attributed to the displace-

Table 5

RVAVAVAVYZ
YN YN
L

Fig. 2. Thermal ellipsoids (50%) for the Zn(1)O face-shared octahedra.

2

ments of the zinc cations resulting from coulombic repul-
sions between Zn(1)** ions. The high B, values 1.4-1.7
A" (see Table 2) for the oxygen positions are slightly
larger than those (i.e. 1.0-1.1 A") in Mg, s, V; 4sM0, 4,04
[81.

3.2. Trigonal prismatic ZnOj

Nothing is unusual in the framework of ZnO, octahedra
and (V/Mo)O, tetrahedra compared with their counterparts
in the centrosymmetric Mg, 5, V| ;sMo0, 5,05, therefore the
symmetry reduction (Pnma—P2,2,2,) is most likely due
to distortions in the very unusual trigonal prismatic
Zn(2)O, site. Zn(2)O, is a distorted trigonal prism (Fig.
3(a)), with one Zn(2)—0O(1) bond (2.44 A) which is longer
than any other Zn—O bond (2.0-2.2 A) in the structure
(Table 3). One short Zn(2)-0O(1) bond (2.09 A) and one
long Zn(2)—-0O(1) bond (2.44 Z&) are bridged to the long
and short Zn(2)-O(1) bonds, respectively, of adjacent
Zn(2)Og trigonal prisms (Fig. 3b). This alternating short—
long Zn(2)—O(1) connection reduces the g glide plane in
Prnma to a 2, screw axis parallel to the a axis. O(1) is
further bonded to the M2 position so that the symmetry
reduction is extended, making M2 and M3 inequivalent.
The origin of the Zn(2)O, distortion is unclear. Ion size
effects (r(Mg”")<r(Zn**)<r(Mn>") [27]) do not alone
explain the reduction in symmetry, whereas a rigid coordi-
nation model could explain the rare observation of trigonal
prismatic coordination, as was also recently reported in
Sr,ZnPtO, [28].

Space groups, cation occupancy of the face-shared octahedra (F.S.0), d electron count (d") for the cations adopting non-octahedral coordination (N.O.C.)

in some oxides with similar framework structures as Zn, ,,V; ,Mo, 4,04

Oxides S.G. F.S.0. Occ. N.O.C. a Ref.
NaCo, ,,(Mo0Q,), Pnma Co** %0, 0.75 Na"O, TP 0 [9]
Mg, 5.V, 0sM0g 5,04 Pnma MgO, 0.81 Mg>*0, TP 0 [8]
Mn, ,;V,.0:M0, 4605 Pnma MnO, 0.705 Mn**O, TP 5 241
(Cu,Mn), ((Mo0,0,, Prma (CuMn)O, 0.66 ' (Cu™ Mn**)O, TP - [15]
(Cu,C0), ,sMo,0,, Pnma (Cu,C0)0, 0.75 (Cu,Co)0, TP -~ [13]
Cu,Fe,V,0,, Prina CuOy 0.50 Cu**0, SP 9 {10]
(Cu.Fe), (z;Mo0,0,, P2,2.2, (CuFe)O, 0.63 (Cu,Fe)O,4 SPy - {141
Cu, sM0,0,, P2,2.2, CuO, 0.85 CuO, SPy - [11]
(Cu,Zn), ,sMo,0,, P2.2.2, (Cu,Zn)O, 0.75 Cu*0, SPy 10 [12)
Zn, ,,V, sM0, 1601, P2,2,2, ZnO, 0.77 Zn**0, DTP 10 this work

TP: trigonal prism, SP: square planar, SPy: square pyramid, DTP: distorted trigonal prism.
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Fig. 3. (a) Distorted Zn(2)O, trigonal prisms; (b) String of Zn(2)O,
viewed along the b axis showing the coordination of Zn(2), the
alternating short—long Zn(2)-0(1) bonds (O(1), (solid black) and the
2-fold screw axis.

The three other known acentric compounds with struc-
tures similar to Zn, ,,V, 5,Mo, ,,0,, all contain distorted
square pyramids, which can also be viewed as strongly
distorted trigonal prisms (see Table 5). In Cu;¢Mo,0,,
five Cu—O bonds in such CuO, ‘trigonal prisms’ fall
within 2.03-2.28 A but the sixth bond reaches 2.81 A.
Similar coordination environments are found in (Cu,
Zn); ,sMo0,0,, and (Cu, Fe), ;,Mo;0,,. By contrast, the
centrosymmetric compounds with this structure contain
regular trigonal prismatic coordination with either three
pairs of similar metal-oxygen bond Ilengths
(NaCo, ;,(MoO,)s, Mg, 54V1.08M0g 0205 and
Mn, 47V, 04MO0, 5sO;), or with one pair longer than the
other two ((Cu, Mn), ;cMo,0,, and (Cu, Co), ;sM0,;0,,).
There is also one example of square planar coordination
owing to the Jahn-Teller effect (Cu,Fe,V,0,,). Thus, the
decrease in symmetry from Pnma to P2,2,2, is largely
reflected in a distortion of the trigonal prismatic groups
rather than changes in the octahedral or tetrahedral groups.

4. Conclusions

The crystal structure of Zn,,,V, 5,Mo, ,c0,, was de-
termined to be similar to the moly-vanadate
Mg, 5.V, 0sMo0, 5,04, the vanadate Cu,Fe,V,0,, and sev-
eral molybdates such as NaCo,,,(MoO,); and
Cu, 3sMo0,0,,. The reduction in symmetry from Pnma to
P2,2,2, has been discussed in terms of the distortion of
the unusual trigonal prismatic Zn(2)O, groups. Although
Zn, 4,V suMo, ,cO,, is not polar, ruling out pyroelectric
or ferroelectric behavior, a second-order non-linear-optical
(NLO) response is still possible. Measurements are in
progress to determine the magnitude of the NLO signal.
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