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New Metal-Intercalated Layered Vanadyl Phosphates, MVOPO4yH,0O (M = Ag, Cu, Zn)
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Three new, mixed-valent layered vanadyl phosphates,sMPPOy-2H,O (AgVPO), Cu 1eVOPOy:2.5H,0
(CuVvPO), and Zp1IVOPOs2.5H,0 (ZnVPO), have been synthesized hydrothermally and their structures
determined by single-crystal X-ray diffraction: AgVPO is triclinic, space grBlipa = 6.287(1),b = 6.283(1),
andc = 13.240(1) A,o. = 80.98(1),8 = 86.58(1) andy = 90.00(1}, Z = 4; CuVPO is triclinic, space groupl,
a=6.260(2)b = 6.249(3), andt = 7.257(1) A,a. = 83.62(3),8 = 73.99(2), and = 90.13(4}, Z = 2; ZnVPO

is triclinic, space groufl, a = 6.252(1),b = 6.248(2), anc: = 7.339(3) A,a = 83.24(4), = 73.93(2), and

y = 90.00(2}, Z = 2. The structures are related to that of VOFZM,0O. Metal powders have been found to
be effective both as reductants and as countercations.

Introduction
Layered vanadyl phosphate, VOR2H,O, is a bilayer

structure where the adjacent layers are held together by Weakt

bonding interaction. Each layer is composed of corner-sharing
VOg octahedra and Ptetrahedra. It crystallizes in the
tetragonal space gropd/nmmwith a = 6.202 andc = 7.410

A and Z= 2. An interesting feature of this bilayer structure is
that ions/molecules can be incorporated into the interlamellar
space through aciebase, ion-exchange, and redox reactng.
Some of these intercalated materials are well-known catalysts,
and a few show unusual magnetic interactiéhd® In recent

years, hydrothermal reactions have been found to be an effective

route to prepare new intercalated materials as well as to grow
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suitable single crystals for detailed structural characterizatith.
However, the “black-box” nature of this method makes it
challenging for chemists to develop varied synthetic pathways
o control and rationalize the chemistry involved and, hence,
the nature of the products.

We have been investigating the formation of layered vanadyl
phosphates under hydrothermal condition in the presence of
several reducing agents, such as alkali borohydrides, metal
powder, and tin chloridé” Use of metal powders (Ag, Cu, and
Zn) has been found to be an effective way to reduce and directly
precipitate single phasic MOPQO,-yH,0 crystals from aqueous
vanadate solutions under hydrothermal conditions. Three new
phases having the formulas AgVOPO,-2H,O (AgVPO),

Cup 18VOPQOy-2.5H,0 (CuVPO), and Zg;VOPOy-2.5H:,0 (Zn-
VPO) have been synthesized hydrothermally for the first time.
In this paper, we discuss our results on the synthesis and
structural characterization of these hitherto unreported com-
pounds.

Experimental Section

Synthesis. In all our preparations, reagent grade chemicals were
used: \MOs (CDH-India, 98.5%), Ag powder (Narrondass Manordass
Refinery, Bombay, 98%), Cu granules (Perkin-Elmer), Zn dust (EDH
India, 98%), and BPO, (Qualigens-India, 8893%). We reacted
several mixtures containing varying molar proportions of=MAg,

Cu, or Zn with V (M/V = 0.25, 0.5, 0.75, and 1) by hydrothermal
treatment with phosphoric acid. For the synthesis of AgVPO, we
reacted 0.2587 g of ¥s with 0.1533 g of Ag powder, 2 mL of §PQy,

and 30 mL of distilled water in the molar ratio,@s:Ag:HzPOs;:HO
=1:1:25:1176. CuVPO was prepared from a mixture of 0.5 g 4dsy
0.1747 g of Cu powder, 2 mL of 420, and 30 mL of water in the
molar ratio Vb0s:Cu:HsPOi:H,O = 1:1:13:607. ZnVPO was prepared
from a mixture of 0.3 g of YOs, 0.1078 g of Zn dust, 2 mL of #PO,,

and 30 mL of water in the molar ratio @s:Zn:HsPO;:H,O = 1:1:
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Table 1. Chemical Analysis of AgVPO, CuVPO, and ZnVPO

average oxidation state of V

yield based chemical X-ray total vV total wt loss
compound color onV (%) analysis structure found calcd found calcd
Ago.4VOPQO,2H,0 (AgVPO) black 75 4.47 457 20.7 20.8 13.6 14.7
Cup.16(H20)0.5VOPOy-2H,0 (CuVPO) green 50 4.63 4.68 23.8 23.4 21.6 20.6
Zno11(H20).VOPQy-2H,0 (ZnVPO)  green 65 4.73 4.78 25.5 23.8 19.7 21.0

21.6:1012. In all the cases, the mixture was transferred to a 45-mL 1@0l€ 2. Refined Lattice Parameters and Indexed X-ray Powder

Teflon-lined Parr acid digestion reactor, and the reaction vessel was Diffraction Daia for Ag]_430(2VOF:O4-2H20 @ :_6‘296(1) Ab -

. 6.294(1) A,c = 13.265(2) Ao = 80.95(1), B = 86.67(1}, y =
heated at 180C for 10 h under autogenous pressure before cooling to 90.14(1}, V = 518.2(1) &)
room temperature at 1%C/h. The dark-colored products were washed : ’ -

with water and then acetone and dried in air. Visual microscopic | h k | Qobs eatc

examination of the crystals prepared from various batches revealed the 57 0 0 2 6.542 6.539
presence of uniform, dark green platy crystals (appeared green on 6 1 0 0 6.294 6.284
grinding) which were quite fragile. The phases were characterized by 1 1 0 1 5.813 5.799
powder and single-crystal X-ray diffraction, chemical analysis, thermal 1 1 0 -1 5.541 5.538
analysis, scanning electron microscopy (SEM), FTIR, and Raman 4 0 1 2 4911 4.908
spectroscopy. The amount of vanadium in the reduced state and the 13 1 0 -2 4.405 4.403
total vanadium content of the samples were determined by a poten- 1 1 0 4.394
tiometric titration!® On the basis of chemical analyses and X-ray 6 0 1 -2 4.194 4.187
powder diffraction patterns, we inferred that essentially single phases S -1 1 -1 4.120 4.120
with reasonable yields were obtained only when the initial molar ratio g (1) i ;2:, g ggg g gg?
of metal to vanadium oxide was around 1.0. The samples appeared to 3 1 0 3 3.690 3.685
be stable even after exposure to air for months. In Table 1, we show 3 1 1 —2 3.421 3.413
the color, the yield on the basis of vanadium, the average oxidation 7 0 1 -3 3.330 3.331
state of vanadium, the total vanadium content, and the total weight 100 0 0 4 3.270 3.269
loss for AgVPO, CuVPO, and ZnVPO. 13 0 2 0 3.105 3.108
X-ray Powder Data. X-ray powder diffraction patterns (using a 0 1 4 3.102
Philips PW1520) showed mainly DQeflections with a layered 2 0 1 3.097
periodicity of ~6.4 A, indicating the formation of a phase similar to 18 0 2 2 2.995 2.996
VOPQ,-2H,0. Room-temperature X-ray powder diffraction data for -1 1 -3 3.007
MVPO, M = Ag, Cu, and Zn, were also obtained using an APD3720 14 1 0 4 2.972 2.973
powder diffractometer with &-compensating slit, graphite monochro- %(2) g 8 _22 227835 227%%)
mator, and Cu radiation in the rangé 2 2—90° for M = Ag and 5 1 1 ' 2.765
2—60° for M = Cu and Zn. Silicon powder(= 5.4305 A) was used 1 2 0 2:773
as an internal standard. Lattice p'aramete_rs were obtained by least- 9 0 1 —4 2722 2722
squares treatment of the data, which consisted phHKd K. peaks 1 2 2 2721
(i.e., Ky2 peaks were omitted). The single-crystal X-ray parameters -1 1 4 2.728
were used to initiate the refinements. Condensed tables of indexed 7 0 2 -2 2.650 2.650
X-ray powder diffraction data to d spacing of 2.0 A are given in 3 0 1 5 2.558 2.559
Tables 2-4 for the Ag, Cu, and Zn compounds, respectively. Refined -1 1 —4 2.549
lattice parameters are included in the tables. Full tables of X-ray powder 4 1 1 5 2.415 2.415
diffraction data are available as Supporting Information, Tables S1 1 2 -2 2412
S3. A very small amount of impurity was observed in each pattern. 3 —2 1 3 2.380 2.386
These lines were removed from the lattice parameter refinements. For 4 —2 1 —3 2.348 2.346
AgVPO, only one very weak impurity line was seendat 3.20 A, g (l) i 7;1 22235121 222%;
which matches the strongest line of YOCuVPO showed one very 3 > 2 1 2'219 2'217
weak unidentified line at 4.64 A. ZnVPO displayed five weak 5 2 0 ' 2292
unidentified lines, the strongest dt= 6.73 A having an intensity of 2 2 1 2293
~5%, which could not be accounted for by a doubling or tripling of 39 1 2 -3 2.180 2.181
the cell constants. 0 0 6 2.180
Crystal Structures. Single-crystal X-ray diffraction data for 0 2 5 2.177
AgVPO, CuVPO, and ZnVPO were collected using the experimental 2 2 2 2.186
conditions given in Table 5. Automatic search, indexing, and centering -1 1 -5 2.187
routines were used to obtain the unit cells and orientation matrixes. 2 3 0 0 2.096 2.095
Cell parameters for each compound were determined from 25 reflections 2 2 3 2.095
with 13° < 20 < 30°, 11° < 260 < 36°, and 1% < 20 < 41° for M = : g ;3 g-ggg
Ag, Cu, and Zn, respectively. Although theandb-axes for all three 0 5 _a > '094
triclinic unit cells are almost equal, and theangle for the Ag and Zn 2 0 3 2 2071 é.071
compounds is 90 a unit cell of higher symmetry could not be found. 2 0 5 2071
For CuVPO, weak diffraction peaks indicated a tripling of the 7.2-A 0 3 0 2.072
c-axis. However, the quality of these crystals was not sufficient to 7 1 0 -6 2.022 2.023

determine the structure of the supercell, and only the subcell structure
is reported here. No evidence of a supercell was found for isostructural
ZnVPO, but a supercell may, indeed, exist. For each crystal, intensities

of two standard reflections were periodically monitored and indicated
(18) A known amount£50 mg) of the sample was dissolved in a known ~ N° crystal decay. Data were corrected for Lorentz and polarization

excess of 0.01 M ceric ammonium sulfate and back-titrated against €ffects, and an analytical absorption correction was appfiedull-
0.01 M ferrous ammonium sulfate. matrix least-squares structural refinements were performed using a series

plus 26 lines tal = 1.170 A
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Table 3. Refined Lattice Parameters and Indexed X-ray Powder Table 4. Refined Lattice Parameters and Indexed X-ray Powder

Diffraction Data for Cy161VOPQy+2.5H,0 (a = 6.272(3) A,b = Diffraction Data for Z@ 111VOPQy2.5H,0 (a = 6.243(5) A,b =
6.258(4) A,c = 7.242(3) A,o. = 83.14(6}, B = 74.36(4}, y = 6.249(4) A,c = 7.350(4) A,o. = 83.34(6), p = 74.49(8Y, y =
89.84(7), V = 271.6(3) B) 90.51(9}, V = 274.2(4) R)
| h k I dobs dcalc | h k | dobs dcalc
100 0 0 1 6.916 6.920 100 0 0 1 7.052 7.029
1 0 1 0 6.212 6.210 1 1 0 0 6.044 6.011
1 1 0 0 6.059 6.037 0 1 0 6.201
2 1 0 1 5.317 5.320 1 1 0 1 5.388 5.336
4 0 1 1 4.946 4934 1 0 1 1 4,977 4,963
4 -1 1 0 4.390 4.397 2 -1 1 0 4.402 4.409
0 1 -1 4.362 0 1 -1 4.390
1 1 1 0 4.260 4.264 1 1 1 0 4.210 4.229
1 1 1 1 4,179 4,182 1 1 1 4,162
5 1 0 -1 4.025 4.039 1 1 0 -1 4.049 4.058
2 -1 1 -1 3.905 3.911 34 0 0 2 3.512 3.514
50 0 0 2 3.463 3.460 1 0 2 3.470
5 1 0 2 3.422 3.430 -1 1 1 3.561
1 1 1 -1 3.264 3.251 1 0 1 2 3.231 3.233
3 0 1 2 3.187 3.195 1 1 -1 3.251
15 0 2 0 3.108 3.105 4 0 2 0 3.099 3.101
1 1 2 3.145 2 0 1 3.081
12 2 0 1 3.091 3.091 1 1 2 3.162
9 2 0 0 3.020 3.018 3 2 0 0 3.008 3.005
8 0 2 1 2.970 2.973 3 0 2 1 2.978 2.975
2 0 1 -2 2.872 2.876 1 0 1 —2 2.906 2.908
-1 1 -2 2.878 -1 1 -2 2.910
4 1 0 -2 2.705 2.702 2 0 2 -1 2.718 2.716
0 2 -1 2.711 1 2 0 2.710
1 2 0 2.727 1 0 -2 2.729
-2 1 -1 2.741 -2 1 -1 2.747
3 2 1 0 2.674 2.682 1 2 1 2.749
2 0 2 2.660 -2 1 0 2.750
1 -1 2 -1 2.598 2.606 1 2 0 2 2.685 2.668
-1 1 2.584 2 1 0 2.661
-1 2 1 2.580 1 -1 2 1 2.581 2.591
2 2 0 -1 2.524 2.527 -1 1 2 2.611
2 1 2 2.507 -1 2 -1 2.618
1 0 2 2 2.457 2.467 1 2 0 -1 2.521 2.527
1 2 2 2.432 2 1 2 2.502
3 -2 1 1 2.398 2.401 1 0 2 2 2.483 2.481
3 1 0 3 2.377 2.381 1 1 2 2 2.421 2.433
1 1 -2 2.384 1 1 0 3 2.418 2.415
—2 1 —2 2.387 -2 1 1 2.408
2 1 2 -1 2.359 2.358 -2 1 -2 2.402
7 1 1 3 2.314 2.314 1 1 -2 2.399
0 0 3 2.307 5 1 1 3 2.338 2.339
4 0 1 3 2.263 2.255 0 0 3 2.343
2 1 -1 2.285 1 2 -1 2.354
2 2 2 1 2.214 2.217 2 2 1 -1 2.282 2.278
-2 2 0 2.199 0 1 3 2.287
2 0 2 -2 2.176 2.181 1 -1 2 -2 2.211 2.208
—2 2 -1 2.165 —2 2 0 2.204
-1 2 —2 2.191 1 0 2 -2 2.195 2.195
-1 2 2 2.159 2 2 1 2.198
2 2 2 0 2.132 2.132 1 -1 1 -3 2.168 2.171
2 0 3 2.133 -2 2 -1 2.173
-1 1 -3 2.142 -1 2 2 2.176
4 2 2 2 2.093 2.091 2 0 3 2.151
4 3 0 1 2.090 2.090 1 0 1 -3 2.105 2.108
0 1 -3 2.080 2 2 0 2.114
2 1 3 2.077 2 1 3 2.087
0 3 0 2.070 1 0 3 1 2.059 2.053
2 2 0 -2 2.016 2.019 0 3 0 2.067
3 0 0 2.012 -2 2 1 2.040
1 2 3 2.004 3 0 1 2.081
-2 2 1 2.031 2 2 2 2.081
. _ 1 1 2 3 2.020 2.016
plus 12 lines tad = 1.558 A 3 0 P 5029
2 3 0 0 2.000 2.004
of programs developed by J. C. Calabr&sand thermal ellipsoid plots 1 0 -3 2.007
were drawn using ORTEP-IPE 0 2 3 1.991

Starting atomic positions for the V and P atoms were obta_ined by plus 18 lines tal = 1.552 A
the heavy-atom method, and O atoms were located from difference
Fourier analyses. It was not possible to determine the H atom positions
(19) De Meulenaer, J.; Tompa, Acta Crystallogr 1965 19, 1014. for the M = Cu and Zn phases, and only three out of eight hydrogen
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Table 5. Crystallographic Data for AgizoaVOPOsr2H;0,

Table 7. Fractional Coordinatesx(10 000) and Isotropic Thermal
CUU,;LG(;[)VOPO4'2.5H20, and Z@,11(1NOPQ'2.5HzO

Parametersx1000) for Ci.161VOPQs+2.5H,0

chemical Ago_430(1)VOPQ' CLb_le(l)VOPQ' Zno_n(l)\/OPQ;- atom X y Z USO
formula 2H0 2.5H0 2.5H0 Cu(ly  1292(8) 7262(8)  —126(8) 14(1)
formula weight ~ 244.32 217.75 214.14 Cu(2y 3056(11) 11143(11)  —80(11) 14(3)
space group P1 P1 P1 V(1) 2769(1) 7660(1) 4134(1) 12.7(3)
a(A) 6.287(1) 6.260(2) 6.252(1) P(1) 2509(2) 12515(2) 4983(2) 15.2(5)
b (A) 6.283(1) 6.249(3) 6.248(2) o(1) 2899(5) 10755(4) 3640(5) 23(1)
c(A) 13.240(1) 7.257(1) 7.339(3) 0(2) 4040(5) 12311(4) 6291(4) 19(1)
a (deg) 80.98(1) 83.62(3) 83.24(4) 0(3) 2931(5) 14657(4) 3690(5) 20(1)
S (deg) 86.58(1) 73.99(2) 73.93(2) O(4) 163(5) 12335(4) 6298(4) 19(1)
y (deg) 90.00(1) 90.13(4) 90.00(2) 0(5) 2019(5) 7398(5) 6430(5) 24(1)
V (A3 515.59 271.02 273.40 0(6) 6167(6) 11917(5)  —815(5) 34(1)
temp €C) 20 20 20 o(7) 2147(7) 4272(7) —46(6) 55(1)
z 4 2 2 0(8) 0(0) 10000(0) 0(0) 62(3)
3
f{cz‘f\)(g cn) g%g 69 %?ig 69 %672:([) 69 aRefined site multiplier= 0.094(2).> Refined site multiplier=
linear abs 37.14 26.98 25.12 0.069(2).
coeff (cnT) Table 8. Fractional Coordinatesx(10 000) and Isotropi
a . pic Thermal
R (E:FZ) ('ﬁz)) 2.69,3.00 7.86,5.38 513,442 parametersx1000) for Zfh11aVOPOr2.5H0
. zORng)Z[]ZW(ch)l — |Fe)¥yw|Fo|3¥2, with w proportional to 1453(1) Zar:?f)]a 677);(20) 871/4(19) 10;(20) 3L;SE)6)
V(1) 2767(3) 7676(3) 4150(3) 14(1)
Table 6. Fractional Coordinates<(10 000) and Isotropic Thermal P(1) 2512(5) 12515(5) 5003(4) 18(1)
POrSMEER 000) T AS oo PO Oz)  a0adl)  1224410) 0309010 1903
atom X y z Uso o(3) 2996(11) 14683(10) 3714(10) 22(3)
Ag(lP  5756.8(7) 9743.0(6) 2518.3(4)  41.8(2) 0(4) 122(10) 12365(10) 6298(10) 22(3)
V(1) 7613.2(8) 12634.6(7) 4532.7(4) 6.3(2) 0(5) 2013(14) 7416(12) 6406(11) 23(3)
V(2) 2428.3(8) 12418.5(7) 469.0(4) 6.3(2) 0(6) 3817(14) 8069(12) 852(10) 42(4)
P(1) 7483.8(11) 7487.3(11) 5018.3(6) 6.3(3) o(7) 7793(14) 5553(14) 77(11) 52(4)
P(2) 7499.3(11) 12478.1(11) 19.8(6) 6.3(3) 0o(8) 0(0) 0(0) 0(0) 52(6)
o(1) 7501(4) 12231(4) 5742(2) 15(1) A ) . S
02) 7773(3) 5793(3) 4304(2) 12(1) Refined site multiplie= 0.109(5).
0O(3) 7467(3) 9659(3) 4303(2) 11(1) 100
O(4) 9287(3) 7388(3) 5757(2) 11(1)
O(5) 5427(3) 7108(3) 5705(2) 13(1)
O(6) 5454(3) 12236(3) 725(2) 11(1) 95
o(7) 9328(3) 12421(3) 738(2) 12(1) 8
O(8) 2544(4) 12920(4) —737(2) 16(1) T
0(9) 7528(3) 14593(3) —746(2) 12(1) §
0(10) 7684(3) 10705(3) —647(2) 12(1) 2 o
0(11) 2185(4) 11416(4) 2267(2) 17(1) g
0(12) 7636(4) 13235(4) 2740(2) 19(1)
0(13) 4458(4) 6163(4) 2490(2) 22(1) 80
0(14) 9489(5) 8076(5) 2484(2) 32(1)
H(1) 9071(82) 7566(80) 2017(40) 50(0) 75 . \ . . . L .
H(2) 6803(82) 14121(79) 2581(39)  50(0) e
H(3 1735(88 11720(89 2685(41 50(0 emperatare
®) (8) ( )_ . (' ) ) _( ) Figure 1. TGA curves of (a) Ag4aVOPO,-2H,0, (b) Cuw.ie
0 gS'gEg)rmal parameters for H atoms fixétRefined site multiplier= VOPQy-2.5H,0, and (c) Zg1VOPO,2.5H:0.

on a backscattering geometry (Renishaw) using a light source of

atoms were located in the M Ag compound. All atom occupancies 12 787.72 cm.

were checked, and only the Ag, Cu, and Zn sites were found to be
partially occupied. Atomic positional and isotropic thermal parameters Ragylts and Discussion
for the M= Ag, Cu, and Zn structures are given in Tables36 Tables

in the Supporting Information include complete crystallographic data

(Table S4), anisotropic thermal parameters (Tables$h), interatomic in all cases, loss of water takes place in two or three steps (in
distances (Tables S&10), and bond angles (Tables SH13). this region, DTA showed a broad endothermic peak). All the
The_rmal Analysis. Thermogravimetric (TG) analyses were carrle_d materials decomposed above The difference in thermal
out using DuPont TG system 2100 on well-ground samples in flowing behavior is mainly due to varying interactions between the

nitrogen atmosphere (30 mL/min) with a heating rate 6C3min. intercalated cations and the coordinated water molecules. The
FTIR and Raman Spectra. FTIR spectra were recorded on KBr

pellets (Perkin-Elmer 16PC FTIR), while Raman spectra were recorded observed total weight losses er the samples between room
temperature and 500C agree with those calculated from the

formulas (refer to Table 1).

FTIR and Raman spectroscopy is frequently used to establish
local structural similarities among vanadyl phosphates. Laser
Raman spectra of AgVPO, CuVPO, and ZnVPO are shown in
Figure 2. FTIR spectra of all the three samples are similar and
showed a strong resemblance to the FTIR spectra of other metal-

The thermograms of these compounds (Figure 1) indicate that,

(20) All X-ray crystallographic calculations were performed on a Digital
Equipment Corp. VAX 6630 computer using a system of programs
developed by J. C. Calabrese.

(21) Burnett, M. N.; Johnson, C. KORTEP-IIl: Oak Ridge Thermal
Ellipsoid Plot Program for Crystal Structure lllustrationQak Ridge
National Laboratory Report ORNL-6895; Oak Ridge National Labora-
tory: Oak Ridge, TN, 1996.
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Figure 2. Raman spectra of (a) AgVOPO,-2H,O, (b) Cuw.is
VOPQO,-2.5H:,0, and (c) Zg1:VOPOy-2.5H,0.

intercalated vanadyl phosphafe®*? The absorptions around
3500-3400, 1640 cm! correspond to stretching and bending
modes of water. The strong bands around 1090 and 1055 cm
are assigned tez of PO, groups?® The bands occurring around
990 cnr?® are due to ¥=O stretch. The broad, weak band
around 680 cm' is due to the V-O—P lattice®” The prominent
absorptions of Raman specttaould be assignédlto P-O
stretch in the 12061000 cnt! range, \*=0 stretch at 1000
990 cml, and P-O stretch at 985975 cml, as well as
coupling with V—O and P-O bending modes and skeletal
vibrations in the range 666150 cnt!l. SEM micrographs of
AgVPO, CuVPO, and ZnVPO indicate the formation of well-
defined crystals with platy habit (Figure 3).

Descriptions of the Structures. The structures of WOPQy-
yH,O (M = Ag, Cu, Zn) have a different layer stacking
sequence from that found in the parent VOQFZBLO. In
VOPQ,-2H,0, the VPO layers stackirectly on top of each
other so that each %O group is oriented toward the water
molecule, which is weakly coordinated trans to the® group

Ayyappan et al.

Figure 3. Scanning electron micrographs of (top)Ag/OPQOy-2H,0,
(middle) Cw.16VOPQOy-2.5H,0, and (bottom) Z#,VOPO,-2.5H,0.

layers are offset from one another so that all atoms of the same
kind (e.g., all V or all P) form strings parallel with the triclinic
c-axis (Figure 4). However, the VPO layers in the ¥Ag
compound are offset so that alternating V and P atoms lie in

of an adjacent layer. In the Cu and Zn compounds, adjacentstrings parallel with the triclinic-axis (Figure 5). This results

(22) Chauvel, A.; de Roy, M. E.; Besse, J. P.; Benarbia, A.; Legrouri, A.;
Barroug, A Mater. Chem. Physl995 40, 207.
(23) Wrobleski, J. TInorg. Chem.1988 27, 946.

(24) Raman spectra of AgVPO showed features around 1130(vw), 1020(w)

990(w), 930(s, broad), 540(m), 450(w), 370(w), 280(w), and 160(w)
cm~1; CuVPO showed peaks around 1156(vw), 995(vs), 970(vs),
930(m, broad), 565(w), 540(s), 410(w), 280(s), and 165(w)ym
ZnVO showed peaks around 1170(vw), 1020(w), 990(m), 940(vs),
565(m), 535(w), 450(w), 370(w), 280(w), and 165(w) Ttin

(25) Sundaresan, GChem. Mater1995 7, 995.

in the doubling of thec-axis in AgVPO relative to those in
CuVPO (subcell) and ZnVPO.

In AgVPO, incorporation of silver cations into the inter-
layer space not only leads to partial reduction &f\fo V4*
"but also alters the way the water molecules are packed between
the layers. Interlayer separation is considerably smaller, as
expected due to electrostatic interaction between silver and the
negatively charged vanadyl phosphate layer. Although the
atomic coordinates of AgVPO are very close to those af \Na
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Figure 6. ORTEP plot (50% probability thermal ellipsoids) of Ag-
VOPQ,-2H,0, showing two VPO layers and the interlayer AgQ).+
units. Vanadium is octahedrally coordinated, and phosphorus is
tetrahedrally coordinated (Ag, V, and P atoms are shaded).

Figure 4. ORTEP plot (50% probability thermal ellipsoids) of
MxWOPQO,-2.5H,0 (M = Cu or Zn), showing the triclinic unit cell,
stacking of VPO layers, and the interlayer, partially occupied M sites.
Vanadium is octahedrally coordinated, and phosphorus is tetrahedrally
coordinated (M, V, and P atoms are shaded).

V(2)-P(2)-0 i
~O
M(1),M(2)-OH

Ag-OH,

V(1)-P(1)-0

Ag-OH3 O O
Figure 7. ORTEP plot (50% probability thermal ellipsoids) of
MxWOPQO,-2.5H,0 (M = Cu or Zn), showing two VPO layers and the
V(2)-P(2)-0 interlayer M(H0)/2" units. The CuVPO subcell structure has copper
in partially occupied sites 1 and 2, while ZnVPO has zinc only in
partially occupied site 2. Vanadium is octahedrally coordinated, and
phosphorus is tetrahedrally coordinated (M, V, and P atoms are shaded).

Figure 5. ORTEP plot (50% probability thermal ellipsoids) of Ag-
VOPQ,-2H,0 showing the triclinic unit cell, stacking of VPO layers, The structures of ZnVPO and subcell structure of CuvVPO

and the interlayer, partially occupied Ag sites. Vanadium is octahedrally are comparable to that ofg§VOPO,-1.5H,0,° except that the
coordinated, and phosphorus is tetrahedrally coordinated (Ag, V, and transition metal atoms are coordinated in a different manner,
P atoms are shaded). and they also take up more water molecules within the layer
(Figure 7). In K sVOPQO,-1.5H,0, K is bonded to six oxygen
atoms (four framework oxygens and two water molecules), with
all six K—O bonds of comparable length. In ZnVPO, Zn takes
up a distorted 4+ 2 octahedral coordination, with four short
bonds 2.0 A) to water molecules arranged in equatorial
positions around Zn and two long bonds?6 A) to framework
oxygen atoms situated in apical positions around Zn. Of the
four water molecules coordinated to Zn, two are bonded to

each adjacent layer. The V atoms in AgQVPO have a distorted vgnadium and N_VO are isolgted. In the CuvPO sn_cheII s_tructure,
coordination geometry, with a shor\O bond length £1.58 d!valent Cu parnally occup|es.two crystallographlpally d|fferent
A), a long V-0 bond (2.33 A), and four equatorial bonds sites, gach site having e_ssentlall_y the same bqndlng environment
(~1.96 A). The oxygen atoms trans to the short® bonds as Znin ZnVPO. The tripled-axis supercell, discussed above,
belong to water molecules. Bond order s@frfsr vanadium may be due to an ordering of the Cu atoms. It should be noted

VOPQ,-2H,0,° TG data suggest that both lattice and coordi-
nated water molecules are more strongly bonded in the former
case. In AgVPO, the Ag ion occurs in a distorted octahedral
coordination (Figure 6); four oxygens, belonging to water
molecules, form the shorter bonds to Ag (24057 A), while

the other two oxygens, belonging to the VPO layer framework,
form longer bonds (2.65 A). Of the four water molecules
associated with Ag, two are bonded to vanadium: one V from

are in accordance with an average oxidation state-6#.6. In here that, in a recent report, Zhang et‘have obtained two
all probability, the \#* and \A* are disordered within the  entirely new compounds, G{VOPQ4]-2H;0, and Cys(OH)os
layers. [VOPQO,]-2H,0 using hydrothermal reactions. The former has

a layered structure consisting of layers of VOP@th Cu?**
(26) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244. ions between the layers, while the latter has similar VQPO
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layers that are linked together by the unusu&OH-bridged condensation sequence is operative even in the presence of guest
Cu dimers of the composition G®OH)2(H20)s. ions Ag, Cu, or Zn employed in this stud$. The oxygen redox

We also carried out bond valence analyéésobtain a better couple in aqueous solutior?(O,/H,0) = 1.229 V, probably
understanding of the structure with respect to the cationic oxidizes part of V(IV) into V(V), thereby limiting the amount
coordination, the location of water molecules, and the presenceof metal cations which is ultimately intercalated between the
of hydroxo groups. The results of these analyses agree quitelayers. Unlike Cu and Agef(Cu?t/Cu = +0.34 V); °(Ag™/
well with the overall compositions and average oxidation states Ag = +0.80 V)), Zn €%(Zn?"/Zn = —0.76 V)) is known to
of vanadium estimated from the single-crystal X-ray data (see generate nascent hydrogen which, in turn, can reduce vanadate
Table 1). The agreement clearly indicates that there are noions. The small differences between the average oxidation state
HPO, entities, as commonly found in other related structéifés.  of vanadium between chemical analysis and the structure may

Formation of Layered Vanadyl Phosphates. Hydrothermal be due to the presence of unreacted metallic impurities. It
synthesis of metal-intercalated vanadyl phosphates involvesshould be noted here that, on the basis of valence matching
several variables. Redox chemistry and the pH of the starting principle, Roca et & concluded that higher Lewis acid strength
solution appear to play major roles in the formation of the cations such as Mg and Zr* could not be incorporated
product. So far, most research groups have employed V metal,between the layers. Contrary to their calculations, we have
VO,, or V03 to prepare reduced vanadyl phosphates, and the obtained Zn- and Mg-intercalated vanadyl phosphates by starting
metal ions are invariably taken as oxides or hydroxides. In our with metal powders rather than metal salts. It appears that, in
studies, we employed metals (MyFe, Co, Ni, Cu, Zn, Cd,  addition to pH, the nature of the starting materials (like reducing
Ag) having lower reduction potential than that corresponding agents) is important in determining the final products. pH
to the 2(VO2*/VO?*) = 0.9994 V pair found in aqueous dictates the thermodynamic stability of the phases, while the
vanadate solution. Our intention was to use the metals both asnature of the starting materials is probably important in
reducing agents and as countercations to form the intercalatedcontrolling the kinetics of the initial reactions. The use of metal
compounds. While essentially single-phasic crystals could be powders and alkali borohydrid¥ss responsible for the better
obtained with Cu, Zn, and Ag, only polycrystalline or multi-  reactivity in the initial stages.
phasic powders were synthesized with Mg, Ni, Fe, Co, and’Cd.
Also, there was no success in obtaining single crystals with the  Acknowledgment. A.R. thanks the Board of Research and
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that, at very low pH values, the dominant species present in (Department of Physics, National University of Singapore) for
the aqueous solution undergoes successive hydrolysis anchelp with FTIR and Raman measurements, respectively. A.R.
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sor of all lamellar solids showing the typical framework derived of Singapore, for TG measurements.

from that of parent VOP@2H,0. We believe this hydrolysis
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