JOURNAL OF SOLID STATE CHEMISTRY 90, 291-295 (1991)

Synthesis and Crystal Structure of Zn,VO(PO,),, a Vanadyl(IV)
Orthophosphate Containing a Dimer of Edge-Sharing ZnOg
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Reactions in the ZnO-VQ,-P,05 system afford the new phase Zn,VO(PO,),, the structure of which
was determined by the single-crystal X-ray diffraction method (I4cm, a = 8.9227(13), ¢ = 9.039(3) A,
Z =4, R = 0.026 for 228 unique reflections). The structure consists of infinite chains of corner-sharing
VO, octahedra along the c-axis and finite chains of edge-sharing ZnOs and PO, polyhedra parallel to the
(110) directions. The VO, octahedra are distorted such that alternately long and short V-0 bonds
along the axis of the infinite chain are formed. The Zn?* ions exhibit a square pyramidal coordina-

tion. © 1991 Academic Press, Inc.

Introduction

We recently reported the crystal struc-
tures of a number of alkali metal vanadium
phosphates containing vanadium in the oxi-
dation states less than +5 (1-7). These va-
nadium phosphates often adopt tunnel or
layer structures with the alkali metal cat-
ions located in the tunneis or between the
layers. The nature of alkali metal cations
plays an important role in the crystal struc-
tures of these phosphates. For example,
A,V;3P,0p; (A = Cs, Rb) are isomorphous
(1), but the corresponding potassium com-
pound is polymorphic (6, 8). AVP,0; (4 =
Cs—~Li) crystallize in three different struc-
ture types (3-5). Although these com-
pounds can be structurally characterized by
X-ray diffraction, our predictive ability of
the structures as a function of the nature of
counter cations is almost nonexistent.
However, this lack of predictive ability is
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often a source of great challenge in syn-
thetic solid state chemistry. Therefore, it
would be interesting to synthesize and
characierize vanadium phosphates with di-
valent counter cations. Our efforts to syn-
thesize vanadium phosphates containing al-
kaline earth metals have been unsuccessful.
The divalent cation Zn?* was considered
since there is no ligand field stabilization
effect in Zn?* and zinc shows similarities
with the main-group element magnesium.
The complexes of Zn commonly have coor-
dination numbers of 4, 5, or 6. Tetrahedral
and trigonal bipyramidal coordination of
zinc are especially common. Interestingly,
the zinc ions in the title compound exhibit
a square pyramidal coordination. The
present work deals with the synthesis and
crystal structure of Zn,VO(POy),, a van-
adyl(IV) orthophosphate containing a di-
mer of edge-sharing ZnOs square pyr-
amids.
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TABLE I

CRYSTAL DATA, INTENSITY MEASUREMENT, AND
REFINEMENT PARAMETERS FOR Zn,VO(PO,),

Crystal data
Crystal system
Space group
Cell constants

Tetragonal

I4cem (No. 108)

a = 8.9227(13), ¢ = 9.0393) A
V = 719.62(22) A}

z 4

Density (caled) 3.578 g/em?
Intensity Measurement

A (MoKa) 0.70930 A

Scan mode 0/2¢

Scan rate 5.5°/min

Scan width 0.65° + 0.35° tan 6

Maximum 26 55°

Unigue reflections measured 244
Structure solution and refinement

Reflections included 228

Parameters refined 40

R = 0.026, R,, = 0.025
1.65 e/A%; —0.82 ¢/A’

Agreement factors?
(Ap)max; (AP)min

a R = J||Fo| — |FiZ|Fol; Ry = [Ew((Fo — |FX Zw|Fol?]', where
w = 1/aXF).

Experimental

Synthesis

Blue chunky crystals of Zn,VO(POy),
were first discovered in a reaction product
by heating a mixture of ZnO, V,0;, and
P,Os (mole ratio 3:2:3) in a sealed silica
tube at 950°C for 1 day. The exact stoichi-
ometry was not known until its single-crys-
tal X-ray structure was solved. Subse-
quently, the title compound was obtained
as a single-phase material by heating a mix-
ture of ZnO, VO,, and P,Osina2:1:1 mo-
lar ratio in a sealed silica tube at 850°C for 2
days with an intermediate grinding. The
powder X-ray pattern of the blue polycrys-
talline product compared well with that cal-
culated from the single-crystal data.

Single-Crystal X-Ray Diffraction Study

A blue crystal having the dimensions of
0.10 x 0.10 x 0.07 mm was selected for
intensity data collection on an Enraf-
Nonius CAD4 diffractometer at room tem-
perature. The orientation matrix and unit
cell parameters were determined by least-

squares fit of 24 peak maxima with 17 < 26
< 29°. The intensity data were corrected for
Lorentz and polarization effects, but no ab-
sorption correction has been applied. Di-
rect methods (NRCVAX) were used to lo-
cate the metal atoms, with the remaining
nonmetal atoms being found from a succes-
sive difference Fourier map (9). Neutral-
atom scattering factors and corrections for
anomalous dispersion were taken from
common sources (10). The final cycle of
full-matrix least-squares refinement gave R
and R,, values of 0.026 and 0.025, respec-
tively. A final difference synthesis showed
a residual peak of 1.65 e/A% at 0, 0, 0.207,
which is at a distance of 0.80 A from the
vanadium site. Some crystallographic and
refinement data for the title compound are
summarized in Table I.

Results and Discussion

Final atomic coordinates and thermal pa-
rameters are given in Table II. Interatomic
distances and bond angles appear in Table

TABLE II
POSITIONAL AND THERMAL PARAMETERS FOR
anVO(PO4)2
Atom X y z Biso”
Zn 0.61810(9) 0.11810 0.26348 0.71(4)
\% 0 0 0.1011(5) 0.77(8)
P 0.30665(21) 0.19335 0.1204(4) 0.50(8)
ol 0.8271(6) 0.1355(5) 0.1548(6) 0.71(20)
[0/¢] 0.6518(8) 0.1518 0.4690(10) 2.0(3)
0(3) 0 0 0.4275(17) 1.7(4)
04 0.3960(6) 0.1040 0.2369(10) 1.0(3)
Anisotropic thermal parameters (A? x 100)
Un U Us; Un Uz

Zn 0.854) 0385 1.01(6) -0.25(5) —0.03(4) -0.03
v 0.45(9) 0.45 2.04(17) 0 0
P 0.598) 0.59 0.73(14) 0.04(9) -0.048) -—0.04
O(l) 0.39(23) 0.42(24) 1.93)  -0.0521)  0.30(25) -0.08(25)
0@ 3.1@4) 3.1 1.56) -0.5(4) -0.73) -0.7
O3y 2.15) 2.1 2.4(8) 0 )
O@4) 1.1824) 1.18 146) -0.1(3)  -0.0525 -0.05

4 Biso is the mean of the principal axes of the thermal ellipsoid.
# Anisotropic temperature factors are of the form: Temp =

exp{—2m Hh2U ) a*? + .

..+ 2RkUpa*b* + .. O
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TABLE II1
INTERATOMIC DISTANCES (A) AND BOND ANGLES (°) FOR Zn,VO(PO,),

Zn square pyramid

Zn o(1) O(a 0Q2) 04) O(4)b
(0]¢)) 2.113(5) 2.41709) 3.245(7) 3.927(7) 3.014(4)
O(l)a 69.76(18) 2.113(5) 3.245(7) 3.014(4) 3.927(7)
0(2) 107.6(3) 107.6(3) 1.906(10) 3.129(11) 3.129(11)
04 145.4(3) 94.2(2) 106.5(3) 2.000(5) 2.625(15)
O4)b 94.2(2) 145.4(3) 106.5(3) 82.0(2) 2.000(5)
VO octahedron
\' o) O(l)c O(1)d O(l)e 03) (6]} §
o) 2.019(5) 2.772(7) 3.921(10) 2.772(7) 3.149(13)  2.840(12)
O(1)c 86.7(2) 2.019(5) 2.772(7) 3.921(10) 3.149(13)  2.840(12)
od  152.2(3) 86.7(2) 2.019(5) 2.772(7) 3.149(13)  2.840(12)
O(l)e 86.7(2) 152.2(3) 86.7(2) 2.019(5) 3.149(13)  2.840(12)
0(3) 76.1(2) 76.1(2) 76.1(2) 76.1(2) 2.950(16) 4.520(13)
O3)f 103.9(2) 103.9(2) 103.9(2) 103.9(2) 180 1.570(16)
PO, tetrahedron
P O(l)g O(hh 04)
O(l)g 1.569(4) 2.417(9) 2.541(10) 2.516(8)
O(Dh 100.8(3) 1.569(4) 2.541(10) 2.516(8)
02)i 113.7(4) 113.7(3) 1.466(8) 2.496(11)
04) 107.9(4) 107.9(2) 112.1(5) 1.543(11)

Note. Symmetry codesare a: 0.5+ y, =05+ x,z;b: L —x, —y, zsc: L —y, -1 + x, 2}
&2-x,-yv,uel+y,l—-x,2;£2-xy,-05+z8:y, 1 -x,z; 1. =05+ x,05 -y,
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z;i:05—y, 05+ x, -0.5 + z.

III. The motif of the mutual adjunction (/7)
is given in Table IV. The refined ellipsoids
all appear to have reasonable shapes except
for V and O(1). Their very large U;; values
could be attributed to the positional disor-
der along the c-axis. A similar phenomenon
occurs in a-VPOs (12). It is noted that both

TABLE IV

MOTIVES OF MUTUAL ADJUNCTION AND
CooRDINATION NUMBER (C.N.) IN Zn,VO(PO,),

structures contain infinite chains of dis-
torted VOg, octahedra involving alternately
long and short V-0 bonds parallel to the
axis of the chain. The coordination octahe-
dron formed by the O atoms around the V
atom in Zn,VOPO,), has C,, symmetry,
with the rotation axis passing through the V
atom and the vanadyl oxygen O(3) (see
Fig. 1). The V atom is displaced 0.485 A out
of the basal plane along the fourfold axis
toward O(3). The V-0O(3) distances are
1.570(16) and 2.950(16) A while the equato-
rial V-0 bond lengths are 2.019(5) A. The

4 0(1) 20(2) 0@3) 2 O4) C.N. :
sum of bond valences for V-0 bonds using
v 4/1 212 6 the empirical formula derived by Brown
2Zn 21 11 272 5 and Altermatt (/3) is +3.94, which is in
2P 2/1 1/1 1/1 4 . . .
N 3 5 5 3 agreement with the formal oxidation state

+4 based on the stoichiometry. The very
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Fi1G. 1. A section of the infinite chain of distorted
VO octahedra in Zn,VO(POy),.

short V-O bond is characteristic of the
vanadyl ion VO?*, which has a strong bond
with both ¢ and = character.

The framework of Zn,VO(PQ,), consists
of infinite chains of corner-sharing VOg oc-
tahedra along the c-axis and finite chains of
edge-sharing ZnOs and PO, polyhedra par-
allel to the (110) directions. The finite chain
in Zn,VO(POy,),, shown in Fig. 2, is similar
to the grouping found in a-CaZn,(PO,), (14)
except that the apices of two square pyra-
mids in the latter point in opposite direc-
tions. As shown in Fig. 3 each finite chain

F1G. 2. The finite chain in Zn,VO(PO,),.

F16. 3. A polyhedron representation of the Zn,
VO(PO,), structure along [001].

of edge-sharing Zn and P polyhedra shares
its eight corners (four O(2) and four O(4))
with eight others to form square tunnels
where the vanadyl groups, VO?*, are lo-
cated. Four of the eight finite chains are in a
parallel direction and the other four are in
an orthogonal direction. The remaining four
corners (four O(1)) of the finite chain are
shared with four separate infinite chains of
VO octahedra and each of the equatorial
oxygen atoms of a VQOg octahedron is
shared with a different finite chain. The
Zn-0 bond distances in the title compound
range from 1.906(10) to 2.113(5) A. The
shortest Zn-O distance involves the apical
oxygen, O(2), which is strongly bonded
only to one Zn and one P atom. The Zn ion
is displaced 0.60 A from the plane of four
basal oxide ligands. A bond-strength analy-
sis of the Zn—O bonds in the title compound
gives a value of +2.14, which is close to the
formal oxidation state +2 for Zn. As indi-
cated by the O - - - O distances (2.417(9)-
3.245(7) A), the ZnOs square pyramid is
strongly distorted because of edge sharing.
The common edge of two Zn polyhedra is
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shortened (2.624(15) A) and the edges par-
allel to the chain direction are elongated
(3.014(4) 1&). The common edges of Zn
polyhedra and P tetrahedra are markedly
shortened (2.417(9) A). The Zn - - - Zn and
Zn - - - P distances across the shared edges
are 2.980(2) and 2.708(4) A, respectively.
The PO, tetrahedron is also distorted be-
cause of edge-sharing. The four P-O bonds
can be divided into two groups: three
longer distances at 1.543(11)-1.569(5) A,
and a very short one at 1.466(8) A. The
shortest P-O bond involves the apical oxy-
gen O(2). It is also observed that the coordi-
nation around O(1) is nearly planar, i.e., the
oxygen atom lies in the plane formed by
1P,1V,and 1 Zn atom. Atom O(4) is 0.40
A off the plane formed by 1 P and 2 V at-
oms. Both O(2) and O(3) are two-coordi-
nated.

As a conclusion, the synthesis of
Zn,VO(POy), shows the ability of zinc to
participate in the octahedral-tetrahedral
network. It is likely that many additional
mixed frameworks containing divalent
metals will be synthesized in the future.
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