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The hydrothermal synthesis, which requires the presence of
zinc nitrate and tetraethylammonium hydroxide, and the single-
crystal structure of Ba,YVO(PO,),- H;0 arc described. The
Ba,VO(PPO,); - H,O structure is built up from discrete, infinite
YO(PO,); - H,O chains, built up from VG, and PO, moieties, sepa-
rated by 11-coordinate Ba** cations. Magnetic susceptibility data
for Ba,YO(PQ,), - H,0 are consistent with ¥’ and show magnetic
ordering below ~10 K and paramagnetic behavior from ~15-300
K. Crystal data: Ba,VO(PQ,),- H,0, M, = 549.56, monoclinic,
space group C2/m (No. 12), a = 12.420(3) A, b= 521902 A,
c= 69412 A, = 104522, V=43555 A%, Z=2, R =
2.14%, R, = 2.45% (879 reflections with I > 3o(l)). © 1994 Ace-
demic Press, Inc.

INTRODUCTION

A remarkable variety of phases have been synthesized
and structurally characterized in the M/vanadium/phos-
phate (M = uni- or divalent cation) phase space over
the past few years (1, 2, 3). Known barium/vanadium/
phosphates include the layered vanadium(V)-containing
Ba(VO,)PO, (4), the channel-containing vanadium(IV)
material BaV,P,0,, (5), and the V! -containing phases
BaV,P,0, (6), Ba,V H(PO,),P,0;), (7), and BaV,
(HPO,), - H,0 (8). These three vanadium(l11} materials all
contain diffcrent, vertex-sharing, three-dimensional VO/
(H)PO, frameworks. The V'V-containing Buy(VO),
(PO (HPO),, - 3H,O (9) contains a complex arrange-
ment of two dilferent types of one-dimensional chains

- of vertex-sharing VO4 and (H)PO, groups, separated by
barium cations.

In this paper we report the hydrothermal preparation,
X-ray single crystal structure, and some propertics of
Ba,VO(PO,), - H,0, a new barium/vanadium(Iv)/
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phosphate phase, which contains one-dimensional VO
(PO,), - H,0 chains, and 11-coerdinate barium cations. 1t
appears that the presence of Zn(NQ,), and tetraethylam-
monium hydroxide in the reaction mixture are required
for Ba,VO(PO,), - H,0 to form, but no zinc is incorporated
into the single-crystal product,

EXPERIMENTAL

Blue-green, block-like single crystals of Ba,VO
(PO,), - H,O were prepared from a reaction mixture com-
prising of 0,50 g V,0, (98+%, Aldrich), 0.045 g V (99.5%,
Aldrich), 2.18 g BaCO, (99.9%, Aldrich), .5 ml H,PO,
(85%, Fisher), 1.60 g Zn(NO,), (99.9%, Aldrich), and 6
mi distilled water. The pH of the initial mixture was ad-
justed to 4.0 by drop-wise addition of ~3 ml tetraethylam-
monium hydroxide (TEAOH) solution, and the reactants
were sealed in a 23-ml capacity Teflon-lined Parr hydro-
thermal bomb. The bomb, which was approximately 505
full, was heated to 200°C for 4 days and then slowly cooled
to room temperature over a 2-day period. The bomb con-
tents were recovered by vacuum filtration and drying in
air. The yield of the title compound and other phases,
including unidentified clear crystals and white powder,
was approximately 50%, of which ~25% was Ba,
YO(PO,), - H,0.

Hydrothermal reactions which omitted the zinc nitrate,
but with the same ratio of Ba:V :P precursors as the
above synthesis, led to different, green needle-like crys-
tals which were not the Ba,VO(PQ,), - H,0 phase. Prelimi-
nary elemental analysis indicated a Ba:V:P ratio of
~1:2:2 in this single-crystal product. Reactions which
started from a 2:1:2 stoichiometric mixture of Ba, V,
and P precursors (ora 2:1 Ba: V ratio and excess phos-

~ phate), but without the addition of Zn(NO,),, led to further

different products, including yellow crystals of the known
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Ba(VO,)PO, (4) and other unidentified phases. Reac-
tions at pH 2 or below {no TEAOH added) also led to
Ba(V(Q,)PO, as the major product. Reactions at pH 4, in
which the TEAOH was replaced by NH,OH or NaOH,
led to yellow crystals of Ba(VO,)PO, and other phases.

At this stage, the role of the zinc nitrate and the TEAOH
in the reaction are not obvious, although it appears that
both must be present to obtain a partial yield of crystals
of Ba,VO(PO,), - H,0. Zn** may control phosphate con-
centration in solution, while the TEAOH that is used
to adjust the pH does not form any stable intermediate
compounds (TEA/V/PO, phases) that would compete
with the Ba,VO(PO,), - H,0O phase isolated here. Itis obvi-
ous that the Ba/V/P/O hydrothermal-reaction phase
space is highly sensitive to precise reaction conditions:
We have observed similar “‘structure directing’’ effects
in hydrothermal M/V/PO, (M = Sr, Cs, Rb) preparations
caused by the addition of zinc nitrate, and the effect is
being investigated further,

Magnetic susceptibility data, collected using isolated
single crystals of Ba,VO(PQ,), - H,O, were obtained be-
tween 4.2 and 300 K (applied field 6 kG) using a Quantum
Design mode! MPMS SQUID magnetometer. Ferromag-
netic impurity contributions to the magnetic susceptibility
were measured and corrected for by using magnetization
isotherms obtained at 77 and 298 K.

The crystal structure of Ba,VO(PO,), - H,O was deter-
mined from single-crystal X-ray diffraction data: A blue
block (dimensions ~0.3 x 0.2 X 0.1 mm) was mounted
on a thin glass fiber with cyanoacrylate adhesive, and
room-temperature [25(2)°C) intensity data were collected
on an Enraf-Nonius CAD4 automated 4-circle diffracto-
meter (graphite-monochromated MoKa radiation, A =
0.71073 A), as outlined in Table 1. Intensity maxima were
scanned (n = 2082; 28 < 60°; =h, *k, +[), and the sys-
tematic absence condition in the reduced data (h&l, k +
[ # 2n) indicated space groups C2, Cm, or C2/m. An
absorption correction (min. = 2.03, max. = 3.08), based
on y-scans, was applied at the data reduction stage.

The crystal-structure model of Ba,VO(PO,), - H,O was
successfully developed in space group C2/m (No, 12),
which was then assumed for the remainder of the crystal-
lographic analysis. Initial heavy-atom positions (Ba, V,
P) were located using the direct-methods program
SHELXS-86 (10} using an approximate atomic composi-
tion to facilitate E-map calculation. The four oxygen-atom
positions were located from Fourier difference maps dur-
ing the refinement. The vanadium atom is disordered over
two symmetry-related, adjacent positions (vide infra).
The final cycles of full-matrix least-squares refinement
were against F and included anisotropic temperature fac-
tors and a Larson-type secondary extinction correction
(11} (refined value 6.9 (3}). Complex, neutral-atom scatter-
ing factors were obtained from the ‘‘International Tables™
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TABLE 1
Crystallographic Parameters for Ba,VO(PO,), - H,0

Empirical formula Ba,V,P,0,H,

Formula weight 549 .56

Habit Blue-green block
Crystal system Monoclinic

a (A 12.420(3)

b (A) 5.2192)

¢ (A) 6.942(2)

B () 104,52(2)

V(A 435.55

Space group C2/m (No. 12)
Z 2

hki limits ~20—19,0—>8,0— 11
T (°C) 25(1)

D (gfcm?) 4.19

w(MoKe) (em™1) 103.7

Min., max. Ap (electron/A%) —1.5,1.1

Total data 2082

Observed data® 879

R(F)t (%) 2.14

R(FY (%) 2.45

oI > Jg(I) after merging |, (R, = 3.36%).
*R = L|F| - [FJVL|F,. .
R, = [LAF — [FDUZWIFL, with w, = 1/

{(12). At the end of the refinement, analysis of the various
trends in F, versus £, revealed no unusual effects. The
least-squares, Fourier and subsidiary calculations were
performed using the Oxford CRYSTALS system (13},
running on a DEC Micro VAX 3100 computer. Final resid-
uals of R = 2.14% and R, = 2.45% (w; = l/¢?) were ob-
tained.

RESULTS

Crystal structure.  Final atomic positional and equiva-
lent isotropic thermal parameters for Ba,VO(PO,), - H,O
are listed in Table 2, with selected bond distance/angle

TABLE 2
Atomic Positional/Thermal Parameters for Ba,VO(PQ,), - H,O

Atom x ¥ z U”

Ba(l) 0.17299(3) 0 0.21952(5) 0.0131
vt 0.0078(1) H 0.4540(2) 0.0090
P(1) 0.1350(1) 0 0.7133(2) 0.0102
o 0.1220(2) 0.2388(5) 0.5757(4) 0.0146
02} 0.2517(3) 0 0.8506(5) 0.0151
0(3) 0.0496(3) 0 0.8350(5) 0.0192
o) 0.0239¢3) H 0.2354(6) 0.0203

Upg(A?) = (U U U)'™,
*Disordered about the (0, 4, 4) special position (50% site occupancy).
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TABLE 3

Bond Distances (A)/Angles(°) for Ba,VO(PO,),- H,0
Ba(l)-0(1) x 2 2.975(3) Ba(1)-0O(1)" x 2 2.924(3)
Ba(1)-0(2) 2.961(4) Ba(1)-0@2)y x 2 2.855(2)
Ba(1)-0O(3} 2.724(4) Ba(1)-0(3) 2.694(4)
Ba(1)-0(4) x 2 ENAVIV)]
V(1)-0(1) % 2 1.995(3)  V(1)-0(1y x 2 2.082(3)
V{1)-0(4) 1.580(4) V{1)-04)’ 2.287(4}
P(1)-0O(1) x 2 1.554(3) P(13-0O(2) 1.522(4)
P(1)-0(3) 1.514(4)
O(L-V(1)-0Q1) 160.030(9) O()-V{1)-0(1Y 92 .6(1)
OM-v{1)-01) 81.8(2) O()-V(H-O(1)' 86.2(2)
O(1)}-V(1)-0(4) 99.2(2) O(1)-V(1)-0(4) 100.7(1)
O()-V(1)-0(4) 82.7(1) O(1)-V(1)-0(4) 77.3(1)
O@)-V(D)-0@)"  177.41)
O()-P(1)-0(1)' 106.7(2) O()-P(1)-0(2) 108.7(1)
O(1)-P(1)-0(3) 111.3(1) O{D-P(H-(D) 109.9(2)
V(1-0(1)-P(1) 139.6(2) V(H)-0(D-P(1) 123.002)

data given in Table 3. Ba,VO(PQ,), - H,O is built up from
barium cations and chains of vertex-sharing VO, and PO,
units, and the complete crystal structure is illustrated with
ORTEP (14) in Fig. 1.

The component species in Ba,VO(PO,), - H,0 (1 Ba, |
V, 1P, 4 0)show their typical crystallochemical behavior.
The barium cation (site symmetry ) is coordinated by
11 oxygen atoms within 3.25 A, with an average d(Ba—-Q)
of 2.938(1) A, in irregular ‘4 + 4 + 3"’ geometry (Fig.
2). A Brese—-0O’Keefe bond valence sum (BVYS) calculation
(15) for the barium cation gives a value of 2.08, compared
to the expected 2.00. One of the O(2) atoms and both the
O(3) atoms also lie on the mirror plane (Table 3).

The crystallographically distinct vanadium atom (site
symmetry m) is octahedrally coordinated and shows the
short, vanadyl, ‘“double” V(1) = O(4) bond [d = 1.580(4)
A] characteristic of VIV or VY (16), trans to a long

(1
. e
/g\& €e

0(3) 0(2)

FIG.1. Unit-cell packing of Ba;,VO(PO,); - H;0, viewed down [010],
showing the infinite VO(PO,), - H;O chains, separated by Ba®* cations.
Fifty percent thermal ellipses, with selected atoms labeled.
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o(1)

FIG. 2, Eleven-coordinate Ba(I) coordination polyhedron in Ba,VO
(PO,); - H;0, with nonbonding O -+ O contacts <3.8 A indicated by
thin lines. Oxygen atoms are represented by spheres of arbitrary radius.

V{1)-0(4) bond, this latter oxygen atom being part of a
water molecule, V(1)’s four remaining oxygen-atom verti-
ces, all of which are (O(1)’s, each make a bridging link to
(different) adjacent phosphorus atoms. The Brese-
O’Keefe BVS value for the V atom is 4,02, using parame-
ters appropriate for VY (15), indicative of pure va-
nadium(1V) character for this atom. The vanadium atom
is disordered and occupies a site randomly displaced from
the (0, $, %) special position, with an apparent V --- V
separation of ~0.7 A. Therefore, the O(4) site (Table
2) represents the average position of the oxygen atoms
involved in the short V = O bond, and the long V-OH,
bond. No protons could be located from the X-ray data,
which are dominated by the scattering of the heavy atoms,
nor could they be geometrically placed unambiguously,
by consideration of possible H-bonding links (several O(4)
-+ O contacts in the range 2.74-3.17 A are present).

The phosphorus atom in Ba,VO(PQ,), - H,O shows its
standard tetrahedral coordination, with two bridging
P(1)-0O(1) bonds to nearby vanadium atoms, and two ter-
minal P-0O bonds, which otherwise only bond to barium
cations. The short (d < 1.53 A) P(1)-O(2) and P(1)-0(3)
bond lengths (Table 3) indicate that these latter oxygen
atoms are not protonated. A typical ,,(P-O) of 1.586(2)
A and a BVS of 4.81 result for this P atom.

The polyhedral connectivity in Ba,VO(PO,),- H,O
leads to infinite chains of stoichiometry [VO(PO,),
- H,0J*", separated by the Ba®* cations. Each VO5- H,0
center is bridged to its neighbors by pairs of PO, groups;
thus the vanadium-vanadium linkage is via
V-0-P-0'-V’' bonds. These chains (Fig. 3) propagate
in the b direction and are completely separated from each
other (Fig. 1}, except via O—Ba—0O connections. The over-
all symmetry of each chain is 2/m.
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FIG. 3.

Detail of the VO(PO,),-H,O chain structure in Ba,VO
(PO,): - H,0, showing “‘4-rings”’ of VO, and PO, polyhedra and disor-
dered vanadium atoms (50% thermal ellipsoids).

Magnetic measurements. Susceptibility data for Ba,
VO(PO,), H,0 (Fig. 4) showed the onset of magnetic
ordering at ~10 K and perfect Curie—Weiss-type para-
magnetic behavior over the range ~15-300 K. The para-
magnetic data were modeled by using a Curie—Weiss-
type law: x = x, + C/T — @), where y is the measured
magnetic susceptibility, C is the Curie constant, T the
temperature (K), and # the Weiss constant. The model
yielded best-fit values of x, = —5.269 X 10 emu/g, C =
8.387 x 107* emu-K/g, and § = —8.5 K, corresponding
to a pr of 1.92 Bohr magnetons, slightly higher than the
ideal value for vanadium(IV} of 1.73 BM. The sample used
for the magnetic measurements was physically separated
from the mixed-phase reaction product. The small dis-
crepancy between the expected and observed moment is
most likely due to the presence of a trace amount of a
paramagnetic (V¥*) impurity.

B.0 " .
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m
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0 100 200 300
T (K

FIG. 4. Magnetic susceptibility data for Ba,VQ{PQ,},- H;0, plotted
as y versus temperature.
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CONCLUSION

Ba,VO(PQ,),- H,O further expands the variety of
phases in the Ba/V/PQ, phase space (vide supra) which
contain octahedral vanadium centers linked via phosphate
tetrahedra, with charge balance provided by barium cat-
ions. As noted above, some of these phases are three-
dimensional and others are layered. Ba,VO(PQ,), - H,0,
like the related Bag(VO)(PO),(HPO,},, -3H,0, has an
interesting one-dimensional structure, in which interchain
connectivity is maintained only via the barium cations.
Pure VIV character is well defined for the vanadium cen-
ters in Ba,VO(PO,), - H,O (bond-valence-sum calcula-
tions, susceptibility data), and magnetic ordering is
observed at low temperatures, presumably via
V-0O-P-0'-V’ superexchange. The shortest V-V sepa-
ration is 5.219(2) A, defined by the & unit-cell parameter.
Other barivm/vanadium/phosphate phases are now being
investigated and will be described later.
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