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The new A 24/V*/P/O phase [ Ni(H;0)]| VO(PO,)]; was prepared by hydrothermal synthesis and char-
aclerized by X-ray crystallography and thermogravimetric analysis. Crysta] data: tetragonal space
group Mimmm, a = 6.251(DA, ¢ = 13.338(3)A, ¥V = 521.2(9)A%, Z = 2, D, = 2.845 glem?; structure
solution and reftnement based on 176 reflections with Iy = 3o (/fy) (MoKa radiation, A = 0.71073/3\)
converged at R = 0.0564. The structure consists of {VO{PO,)} [ayers, constructed from VO, square
pyramids and PO, tetrahedra, linked by NiQ, oclahedra. The structure is distinct from that of
NigsIVO{PO,)] - 1.5H,0, which exhibils a (hree-dimensional network structure with tunnels accommo-

dating the aquo ligands. © 1993 Academic Press, Inc.

Introduction

The vanadium phosphate system offers
a rich and complex structural chemistry of
significance to the sorptive and catalylic
properties of these solid phases (/-11). The
occurrence of different vanadium coordina-
tion geometries and the accessibility of more
than one vanadium oxidation state are in
parl responsible for the varied structural
chemistry of these V/P/O phases (12). Vana-
dium sites may adopt tetrahedral, square
pyramidal, trigonal bipyramidal, or octahe-
dral geometries (/3). Aggregalioninto larger
polyhedral units is accomplished by conden-
sation of polyhedra through shared corners,
edges, or faces. The threc-dimensional
structural network of the V/P/O phases is
generated by condensing vanadium polyhe-
dra with phosphate tetrahedra. Further
structural diversity may be accomplished by
introducing a varicty of templates which, if
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incorporated into the solid, require complex
patterns of polyhedral connectivities to ac-
commodate the guest molecule. In hydro-
thermal syntheses, the need to incorporate
significant amounts of water of crystalliza-
tion into the host lattice likewise dictates
connectivity patterns which produce lamel-
lar, tunnel, or cage structures (14).

While the vanadium phosphate phases of
vanadium in the +35 oxidation state have
been extensively developed, the phases
with vanadium in the +4 oxidation state
have only recently received systematic at-
tention, most notably in the development of
the alkali metal phases A/P/O/V (A = K,
Cs, Rb) (15, 16) and phases with main group
metals (A = TI} (12).

As part of our studies of the hydrothermal
preparation of reduced V/P/O phases (17),
we have sought to design phases which in-
corporate potcntially catalytically active
transition mctal centers into these solids.
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Fi1G. 1. Thermogravimetric analysis of [Ni(H.0),][VO(PO,),] in the temperature range 50 to 500°C.

Such ‘“‘designer’’ solids may combine site
selectivity, as observed for several vana-
dium phosphate phases, with reactive sites.
The present work describes the hydrother-
mal synthesis and structural characteriza-
tion of a member of the A/V/O/P class of
solids, where A is a transition metal cation,
[Ni(H,0),J[VO(PO,),.

Experimental

Synthesis

KVO; (99.9%) and vanadium metal (325
mesh, 99.59%) were obtained from Cerac
Inc. and used as received, A mixture of
KV0,, V, CH;POH,;, H,PO, (85%), di-
methylamine, NiCl, (Cerac}, and H,O in the
moleratio2.35:1:3.3:8.0:10.9:10.1:1902
was heated for 4 days at 200°C in a 23-ml acid
digestion bomb, After the reaction mixture
was cooled slowly t0 room temperature,
green crystals of [Ni(H,0),] [VO(PO,)], of
tetragonal morphology were collected in
75% yield. The product was washed several
times with water, rinsed with acetone and

air dried at ambient temperature. IR(KBr
pellet, ecm™"): 3295(s), 1120(m), 1026(s),
995(m)}, 849(w), 679(m), 550(m). The com-
pound was also prepared in quantitative
yield by the reaction of V,0s, V, CH,PO;H,,
H,PO,, (CH;},NH, KCI, NiCi,, and H,0 in
the mole ratio 1.32:1:3.36:8.1:4.4:2.4:
11.0:1927 at 200°C for 4 days.

Thermal Analysis

Thermogravimetric analysis (TGA) was
performed on a crushed sample of manually
selected crystals of [Ni(H,O),J[VO(PO)],,
using a Perkin-Elmer TGA 7 thermogravi-
metric analyzer. The TGA experiment was
performed in an N, atmosphere using a heat-
ing rate of 5°C/min. The results of the TGA
are shown in Fig. 1.

Single Crystal X-Ray Diffraction of
[(NI(HO)ILVO(PO));
A green plate of dimensions .31 X

0.12 X 0.35 mm was selected for indexing
and data collection on a Rigaku AFCS5S dif-



514

HAUSHALTER ET AL.

FiG. 2. A view of the geometry of the {N10y(H,0)} unit and of the neighboring {VO(PO),} sites,
illustrating the {V=0-Ni-0=V} interconnecting motifs.

fractometer. Table 1 presents the crystal
data and a summary of the details of data
collections, structure solution and refine-
ment. Atomic positional parameters and iso-
tropic temperature factors are presented in
Table II. Selected bond lengths and angles
are tabulated in Table III.

Results and Discussion

The hydrothermal reaction for 4 days at
200°C  of KVO,, vanadium meta],
CH,PO,H,, H,PO,, (CH,),NH, NiCl,, and
H,O in the mole ratio 8.57:1:3.34:9.07:
4.12:10.18:1914.39 yields bright green
plates of [Ni(H,0),1[VO(PO,)), in 75% yield.
While the organic components of the syn-

thesis do not appear in the product, they
are absolutely necessary for the isolation of
crystalline products. Such templating influ-
ences of organic components have been ob-
served in other hydrothermal preparations.
The origin of this effect is not clear to us at
this time (/8). The infrared spectrum of this
material exhibits a feature at 996 cm™! char-
acteristic of ¥(V=0) and bands at 1120 and
1026 cm™' associated with the phosphate
group.

The thermogravimetric analysis shown in
Fig. 1 exhibits water loss in the 325-390°C
range, corresponding to the 15.8% loss ex-
pected for the removal of the hydration wa-
ter associated with the Ni** cation.

As shown in Fig. 2, the structure of [Ni
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TABLE 1

CRYSTAL DATA AND SUMMARY OF EXPERIMENTAL
CONDITIONS FOR THE X-RAY DIFFRACTION STUDY OF
[NHH;0)IVO(PO,),
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Empirical formula
Color, habit

Crystal size (mm)
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Formula weight

Density (calc.)

Absorption
coefficient

F(000)

Diffractometer used

Radiation

Temperature (K)

Monochromator

28 range

Scan type

Scan speed

Scan range (w})

Background
measurement

Standard refections
Index ranges
Reflections callected
Independent
reflections
Observed reflections
Absorption
correction

Crystal Data
Ni,OP,V,
Green plate
0.31 x 0.12 x 0.35
Tetragonal
H4fmamun

a = 6.2511MA
e = 13.338(3)A
S2LUBAS

1

893.1

2.845 Mp/m?
3,93 mm™'

432

Data collection

Siemens RIm/V

MoKa (A = 0.71073 A)

294

Highly oriented graphite crystal
2.0° to 45.0°

@

Variable; 2.00° to 29.30%min in w

0.06°

Stationary crystal and stationary
counter at beginning and end of
scan, each for 0.5% of total scan
time

3 measured every 100 reflections

0=2h=80=<it=<80=</<I8

404

260 (R, = 4.21%)

176 (F > 6.00(F))
Y scans an § reflections

Solution and refinement

System used

Solution

Refinement method

Quantity minimized

Absolute structure

Extinction
correction

Hydrogen atoms

Weighting scheme

Number of
parameters
refined

Final R indices
(obs, data)

R indices (all data)

Goadness of fit

Largest and mean
Alo

Data-to-parameter
ratio

Largest difference
peak

Largest difference
hole

Siemens SHELXTL PLUS {PC
Version)

Direct methods

Full-matrix icast-squares

Zw(F,— F)?

N/A

NiA

Riding model, fixed isotropic U
wl = g ¥{(F) + 0.00021F?

21

R = 5.64%, wR = 6.05%

R =796%, wR = 9.32%

7.68

0.000, 0.000

8.4:1

0.26 ¢ A

-0.37c A™?

TABLE 1

SELECTED BownD LENGTHS (f\) AND ANGLES () FOR

[Ni(H;0),][VO(PO,)];.
Ni-0(1) 2.101 (12) Ni-0O(3) 2,011 (15)
Ni-O(1A} 2101 {12) Ni-O@3A) 2.011(15)
Ni-0Q@3B) 2.011(15) Ni-Q@3C) 2.011(15)
Y{D-0O(1) 1.595{1%) Y(1H-0(2) 1.981 {6)
Y{1)-0(ZA} 1.981 (6) V(1)-0(2C) 1.981 (6)
Y{)-O2E} 1.98] (6} P-0(2) 1.526 (6)
P-0O{2B) 1.526 (6) P-O(2D) 1.526 {6)
P-002F) 1.526 (6)
O(1)-Ni—-{3) 90.0(1) O(1)-Ni-O(1A) 180.0(1)
0O(3B)-Ni-0(3C) ERO.OCLY O(1)-V(13-0(2) 106.2(2)
O(1)-V(1)-0(2A) i06.2(2) O2)-V{1}-0(2A) 147.7(3)
O{H)-¥(1)-02C) 106.2(2) O2)-V(1}-0(2C}) B5.6(1)
OZA)-V{D-0Q2C)  85.6{1) O(1)-V()-ORE)  106.2(2)
O(2)-V(1)-0(2E) 85.6{1) O(2A-V(1)-O(ZE) 85.6(1)
0ZC)-V(1-OZE) 147.7(3) O(2)-P-0(2B) 106.5(4)
O(2)-P-002Dy 111.02) O(2B)-P--02D) 111.0(2)
0(2)-P-0(2F) 111.0(2) O(2B)-P-0(2F) 111.0(2)
0zD)-P-00F) 106.5(4) Ni-O(1}-V(l} 180.0(1)
V(1)-0Q2)-P 127.1(3)
(H,0),J[VO(PO,)], consists of vanadyl

phosphate layers with [Ni(H,0),]>" units
connecting the layers. The layers are con-
structed from a network of corner-sharing
vanadium(IV) square pyramids and phos-
phate tetrahedra, as shown in Fig. 3. The
vanadyl phosphate planes exhibit the
{(VO),(12,-PO,),} unit, which is a character-
istic structural motif of the lamellar {VO
(PO} class of materials (Fig. 4} (/9).
When viewed down the c-axis, the VO,
square pyramids direct the vertex occupied

TABLE Il

AToMIC PoSITIONAL PARAMETERS AND [SOTROPIC
TEMPERATURE FACTORS FOR [Ni(H,O)[VO(PO,}],

x y z U(eq)”
Ni 0 0 0 9(1)
V(1) 0 0 2771(2) N
P 5000 0 2500 41
O(1) 0 0 1575(9) 11(3)
0(2) 3044(10) 0 3185(4) 12(2)
Q) —=2275(17)  =2275(1D) 0 66(4)

? Equivalent isotropi¢ {/ defined as one third of the
trace of the orthogonalized U} tensor.
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Fi16. 3. A polyhedral view of the extended structure of [Ni(H,0),)J[VO(PO,)],.

by the apical oxo-group alternately up and
down relative to the layer, Neighboring lay-
ers are aligned so as to order the oxo-groups
of corresponding vanadyl sites directly to-
ward each other. The Ni’* cations occupy
sites at the midpoints of these O1-01' vec-
tors, with Ni-0O1 distances of 2.101(12)15.
The coordination at each Ni** site is com-
pleted by four water molecules with Ni—03
distances of 2.011(15)A. The overal struc-
ture of [Ni(H,0),lI[VO(PO,)]; may thus be
described as layes of corner-sharing vana-
dium square pyramids and phosphate tetra-
hedra interconnected through NiQ, octahe-
dra (see Fig. 5). The distance between the
{VO(PO,)} planes, defined by the best planes

through the O2 atoms, is 4.84A, which may
be compared to a distance of 3.91A in vana-
dyl erthophosphate [VO(PO,)] (20). Sig-
nificantly, the orthovanadate structure con-
sists of {VOg octahedra and {PO,}
tetrahedra arranged in layers held together
by long ¥-O bonds. Thus, in orthophos-
phate the layers stack so as to orient the
V=0 vertices of one layer directly in line
with the vacant sites of the {VOg units
of the next layer, producing {V=0 - . -
V=0 - - -+ V=0} chains of distorted {VO,}
octahedra. The registry of {VO(PO,)} layers
of [Ni(H,0),lfVO(PO,)}, is distinct from that
of [VO(PO,)] and related by parallel shear-
ing of length equal to one vanadium polyhe-
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F1G. 4. The {{VO),(,-PO,),} structural motif.

dron so as to point the {V=0} vertices of
adjacent layers at one another. The struc-
ture of [Ni(H,O),][VO(PO,}], is thus related
to that of [VO(PO,)] by expansion of the
interlamellar spacing, translation of the lay-
ers relative to each other so as to provide
a coordination site for the Ni** cation, and
reduction of the vanadium sites to V(IV).
The structural transformation requires only
shearing of planes without disruption of any
V~0-P bonds and suggests that [Ni(H,0),]
[VO(PO,]; may be described as a re-
duced VOQ(PO,) phase with intercalated
{Ni(H,0).}*" units.

The structure of [Ni(H,0),][VO(PO), is
quite distinct from that of Ni, [VO(PO),] -
[.5H,0, a previously reported example of a
nickel(II) vanadyl(IV) phosphate phase
(21). In contrast to the structure of the title
compound, Niy [VO(PQ,)] - 1.5H,0 exhib-
its a three-dimensional architecture with
channels to accommodate the aquo ligands
of the {NiOg} octahedron. Furthermore, the
latter features the much more commn octa-

hedral V(IV) coordination sites with a
{Vy(p-0)(p4-PO,),} structural motif,

The results described in this work are
consistent with the facile formation of nu-
merous crystalline phases of both vanadi-
um(IV) and vanadium(V) in the V/P/O sys-
tem. The structural diversity of this system
may be considerably expanded by the in-
troduction of a variety of cations, including
divatent metals of the transition series. The
structure of [Ni(H,0),]J[VO(PO,)! offers
features of both layered structures and
three dimensional network structures, as
a consequence of the presence of {NiOg}
octahedra interleaving the {VO(PO,)} lay-
ers, and suggests that V/P/O phases exhib-
iting complex three-dimensional connectiv-
ities may be accessible by exploiting the
incorporating of a variety of inorganic tem-
plating cations.

Acknowledgment

The work at Syracuse University was supported in
part by NSF Grant CHE 9119910.



518

HAUSHALTER ET AL.

FIG. 5. A view of the structure of [Ni(H,0),][VO(PO,)},, showing the {¥ O(PO),} layers interconnected

by {Ni(H;0)}** groups.
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