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Two new potassium vanadium phosphates have been prepared
and their structures have been determined from analysis of single
crystal X-ray data. The two compounds, K,;(VO)(V,0,)
(PO,);(HPO,) and K;{VO)(HV,0;)(PO;),(HPQ,), are isostruc-
tural, except for the incorporation of an extra hydrogen atom into
the nearly identical frameworks. The structures consist of a three-
dimensional network of [ VO], chains connected through phosphate
groups to a [V,0;] moiety. Magnetic susceptibility experiments
indicate that in the case of the di-hydrogen compound, there are
no significant magnetic interactions between the three independent
vanadium (IV) centers. Crystal data: for K;{VO)}(V,0;)(PO,),
(HPO,}, M, = 620.02, orthorhombic space group Pnma (No. 62),
a=7.0234) A, b= 13.3097) A, ¢ = 14.294(T) A, V = 1336(2)
A Z =4, R = 5.02%, and R, = 5.24% for 1238 observed
reflections [I > 3o ()]; for K;(VO)(HV,0,)(PO,),(HPO,), M, =
621.04, orthorhombic space group Pnma (No. 62), a = 6.975(3)
A b = 13559 A, ¢ = 14.130(N A, V = 1336(1) &3, Z = 4,
R = 6.02%, and R, = 6.34% for 1465 observed reflections [ >
3a(D)).

© 1994 Academic Press, Inc.

INTRODUCTION

The vanadium phosphate system has been extensively
examined since the observation was made that vanadyl
pyrophosphate, (VO),P,0,, is an active catalyst for the
selective oxidation of butane to maieic anhydride (1-3).
Besides studies directed at the elucidation of the catalytic
reaction mechanism (4), the synthesis and study of related
compounds has aided the understanding of the chemistry
of these complex phases (5-12). In particular, a large
number of alkali metal vanadium phosphates have been
synthesized by a variety of methods, including low and
high temperature hydrothermal synthesis (13— 18) and high
temperature solid state reactions (19). The variety of
phases isolated has resulted from the ability of the vana-
dium cation to exist in several different oxidation states

! Te whom correspondence should be addressed.

and coordination geometries, as well as the ability of the
phosphate anion to have several stable protonated forms.
This diversity of environments and coordination polyhe-
dral connectivity has resulted in new phases which exhibit
a wide variety of structures and magnetic properties. This
paper discusses the structures and properties of two new
potassium vanadium phosphates that have been synthe-
sized by low temperature hydrothermal methods, K,
{(VO)(V,0,)(PO,),(HPO,}) and K,(VO)(HV,0;XPO,),
(HPO,).

EXPERIMENTAL

Synthesis

KAVOY(HV,0.)(PO,),(HPO,). Single crystals of
K,(VO)(HV,0,)(PO,),(HPO,) were isolated as dark
green plates in approximately 20% yield from a reaction
mixture of imitial composition 1.00 g V,0; (98 +%, Ald-
rich), 0.0345 g V (99.9%, Aldrich), 2.0 ml H PO, (85%,
Fisher), and 10 ml distilled H,0O at a pH of 2.80 obtained
by dropwise addition of a concentrated solution of KOH.
The initial mixture was heated to 220°C for 4 days in a 23-
ml Parr bomb and then slowly cooled to room temperature
over 2 days. The majority of the reaction mixture was
identified as K,(VO),(HPO,),-1.125 H,O by unit cell
determination of a single crystal by X-ray diffraction anal-
ysis and by thermogravimetric analysis. The synthesis
and structure of this phase was recently reported by Lii
and Tsai (18). The compound K,(VO)(HV,O,}PO,},
(HPO,) was later made in quantitative yield by the
stoichiometric reaction of 0.80 g V,0; (98% +, Aldrich),
0.089 g V (99.9%, Aldrich), and 3.0 ml H,PO, (85% soiu-
tion, Fisher). The pH of the reaction mixture was raised
to 4.0 by dropwise addition of a concentrated solution of
KOH. The 23-ml Parr bomb was sealed and heated for 4
days at 220°C and then slowly cooled to 25°C over a 2-
day period, resulting in a dark green powder identified as
K, (VOJ(HV,0,}PO,),(HPO,) by powder X-ray diffrac-
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tion methods, The indexed X-ray powder difraction pat-
tern is listed in Table 1.

K{(VONWV,0,)(PO,),(HPO,). Single crystals of
K, (VO)(V,0,)(PO,),(HPO,) were isolated as amber
plates from a reaction mixture of initial composition 1.00
g V,0; (98 +%, Aldrich), 0.0345 g V {99.9%, Aldrich),
2.0 ml colloidal SiO, (Ludox HS-40), 2.0 ml H,PO,,
and 10 ml distilled H,O at pH 3.50. This pH was obtained
by the dropwise addition of a concentrated solution of
KOH to the reaction mixture. The initial mixture was
heated to 220°C for 4 days and then slowly cooled to room
temperature over a 2-day period. The only phase isolated
from the gel, as judged by energy dispersive X-ray analy-
sis (EDX) measurements and visual inspection, was the
title compound, K;(VO)(V,0,)(PO,),(HPO,), as well-
faceted single crystals in a wide range of sizes up to 0.4
mm X 0.2 mm X 0.1 mm. Attempts to make this com-
pound in quantitative yield in the absence of the silica gel
were unsuccessful,

TABLE 1
Indexed Powder Pattern of
K;(VO)(HV,0: (PO, ), (HPG, )

hkl dubs dcalc e

002 7.059 7.059 [
020 6.634 6.678 15
101 6.229 6,221 44
i11 5.645 5.639 10
102 4.969 4,945 39
022 4,853 4.850 &
121 4.557 4,551 8
013 4.454 4,438 6
131 3.625 3.620 31
201 3.382 3.367 6
132 3.3 3.309 12
104 3.162 3.145 30
024 3.135 3.120 65
220 3.091 3.075 18
0422127221 3.020 3.018 100
141 2.945 2.542 80
124/222 2.836 2.845 10
203 2.801 2,790 25
142/213 2,775 2.767 58
015 2.750 2.762 6
131 2.697 2.684 6
105 2.633 2.625 20
223134 2.581 2.574 2
115/223 2.565 2.565 15
151 2.489 2.488 3
204 2.457 2.454 9
125214 2.434 2,434 1
240 2.397 2.404 1
241233006 2.371 2.370 6
2472 2.265 2.275 9
311060 2.240 2.247 10

¢ Refined orthorhombic cell parameters: @ = 6.929(5)
A b= 1335605 A, c = 141175 A, V = 1306 A%,
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Structure Determination

Suitable single crystals of K;(VO)(V,0;}(PO,},(HPO,)
and K;(VO)(HV,0;}PO,),(HPO,) were selected for
structure determination and mounted on thin glass fibers
with epoxy glue. Room temperature (17°C) intensity data
were collected using a Nicolet R3m/V automated 4-circle
diffractometer (graphite-monochromated MoKea radia-
tion, A = 0.71073 A) for each phase, as outlined in Table 2.

For each phase, 25 reflections were located and cen-
tered by searching reciprocal space (15° < 26 < 30°) and
indexed to obtain a unit cell and orientation matrix. The
unit cell parameters were oplimized by least-squares re-
finement, resulting in orthorhombic cell constants of
a = 7.023(4) A, b = 13.309(7) A, ¢ = 14.294(7) A for
K;(VO)(V,0;)(PO,);(HPO,), and a = 6.9753) A, b =
13.55%(7) A, ¢ = 14.130(7) A for K, (VO)(HV,0,)
(PO,),(HPQ,) (digits in parentheses are esds). Intensity
data were collected in the @ — 26 scanning mode for
4 < 28 < 55° with two standard reflections [for K;(VO)
(V,0,)(PO,),(HPO,) : (2, —4, 8) and (2, 7, —2); for
K, (VO}HV,0,)(PO,),(HPO,): (2, 2, 8) and (—4, 3, 3)]
monitored every 100 observations for intensity variation;
no significant fluctuation in these standards was observed.
For both materials, the scan speed was varied from
1.5-14.65°/min, with a scan range of 0.65° below Ka, to
0.65° above Ke,.

During data reduction to F and o(F) values, the normal
corrections for Lorentz and polarization effects were
made. The systematic absences for both materials (0k/,
k + I, hkD, i) were compatible with space groups Pn2,a
(No. 33} and Pnma (No. 62). For K,(VO)(V,0,)
(PO,),(HPO,), 1789 reflections were measured, of which
1238 were used in the structure solution and refinement
{reflections with I < 3o (I} were considered unobserved).
The corresponding values for K,(VO)(HV,0,)}PO,),
(HPO,) were 1797 measured and 1465 observed [I > 3o (1)]
reflections. An absorption correction based on W¥-scans
(trans min = 0.06, max = 0.10) was applied to the
K4(VO)(HV,0,)(PO,),(HPO,) data.

For both phases, the centrosymmetric space group,
Pnma, was assumed for the remainder of the crystallo-
graphic analysis. One of the vanadium-atom sites in
K, (VO)(HV,0,)(PO,),(HHPO,) and one of the phos-
phorus-atom sites in both K;(VO)(HV,0;}PO,), (HPO,)
and K,;(VO)(V,0,)(PO,),(HPO,) were found to be disor-
dered over two sites and were modeled as such. In each
case, site occupancies were refined, resulting in the pa-
rameters reported in Tables 3 and 4. Attempts at refining
the structure and modeling the V/P-atom disorder in space
group Pn2,a (No. 33) were undertaken; however, no im-
provements in the structure resulted. Direct-methods so-
lutions for the heavy-atom (V, P, K) and some of the
oxygen-atom positions were obtained from the program
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TABLE 2
Crystallographic Parameters
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K;(VO)(V:0,)(PO,), (HFO,)

K3 (VO)HV,0,)(P0O,),(HPO,)

Empirical formula V,K;P,0,;H V,K;P,0,H;
Formula wt. 620.02 621.04
Habit Amber plate Dark green flat column

Crystal size (mm)

0.43 x 0.20 x 0.07

0.50 x 0.24 x 0.16

Crystal system Orthorhombic Orthorhombic
a(&) 7.023(4) 6.975(3)
b(A) 13.309(7) 13.55%(T)
c(;\) 14.294(7) 14.130(7)
V(A 1336(2) 1336(1)
zZ 4 4
Space group Pnmag (No. 62) Pnma (No. 62)
o) 17(2} 172}
A(MoKa) (A) 0.71073 0.71073
Poae(g/cm®) 3.082 3.086
p{MoKa) (cm™!} 33.72 33.72
Absorption correction DIFABS Y-scans
hkl-data limits 0=10,0=18,0= 19 0=10,0=18,0=19
Total data (26 < 55°) 1789 1797
Observed data® 1238 1465
Parameters 126 130
RF ) (%) 5.02 6.02
R (F.Y (%) 5,24 6.34
@[ > 3e(f) after merging.
bR = 3||F)  |F) SR
“R, = [Sw(|F,| — |FJTw|F, 1" with w; = 1.0.
TABLE 4
Atomic Positional Parameters for K;(VO)(HV,0:)(PO,),(HPOQ,)
Atom X ¥ z Uy
TABLE 3
Atomic Positional Parameters for K;(VO}(V,0;)(PO,),(HPQ,) K(1) 0.6324(4) 3/4 0.0014(2) 0.0352
K(2) 0.1103(3) 0.5072(2) 0.6619(1) 0.0325
Atom x ¥ z U, V(1) 0.1603(2) 0.87885(8) 0.91916(8) 0.0167
V(21)¢ —10.2419(6) 1/4 0.7596(2) 0.0132(9¢
K1) 0.6263(4) 3/4 0.0083(2) 0.0468 vt —{1.1645(9) i/4 (.7405(3} 0.014¢1)
K(2) 0.0976(3) 0.5092(2) 0.6656(1) 0.0461 P(1) 0.0451(2) 0.0996(1) 0.8815(1) 0.0146
v 0.1620(2) 0.87564(9) 0.92216(8) 0.0280 P21y 0.378(1) 3/4 0.7591(4) 0.019(2)*
V(2) —0.2488(2) 1/4 0.7594(1) 0.0230 P22y 0.2918(9 34 0.7373(4) 0.017(2)
P(1) 0.0347(3) 0.0993(1) 0.8810(1) 0.0242 o(1) 0.0335(7) 0.9905(3) 0.8534(3) 0.0202
P(21) 0.365(1) 3i4 0.7605(4) 0.018C2F O - 0.0522(6) 0.8869(3) 1.0114(3) 0.0184
P(22)" 0.289(1) 3/4 0.7392(4) 0.022¢2) o3 0.2872(7) 0,8448(4) 0.7947(3) (.0238
o) 0.0245(8) 0.9859(3) 0.8586(3) 0.0307 O(4) 0.3337%(7) 0.9377(4) 0.9677(4) 0.0251
O(2) —0.0451(7) 0.8816(3) 1.0121(3) 0.0283 [0]5)] 0.2310(9) 3/4 0.9688(5) (0.0160
03) 0.2806(8) 0.8502(4) 0.7966(3) 0.0367 O(6) —0.4571(%) 1/4 0.8033(5) 0.0j70
O 0.3316(7) 0.9371(4) 0.9705(3) 0.0341 [6¢)] —-0.1363(6) 0.1482(3) 0.8423(3) 0.0161
o) 0.234(1) 3/4 0.9560(4) 0.0277 O(8) 0.2265¢(7) 0.1448(4) (.8396(4) 0.0220
[8:(5)] —0.462(1) 1/4 0.8024(4) 0.0245 009) 0.428(1) 3/4 0.6548(5) 0.0260
o —=0.1461(7) 0.1442(4) 0.8395(3) 0.0290 (o4 [1)] 0.582(2) 3/4 0.815(1) 0.0968
O(8) 0.2157(7) 0.1444(4) 0.8380(3) 0.0282 H{1) 0.23(1) 3/4 1.0395(9) 0.0200¢
09 0.423(1) 3/4 0.6553(5) 0.0405
O(10) 0.575(2) 3/4 0.8143(9) 0.0956 8 UAAY) = (U U,

4 U, (A = (U, LU

b Fractional site occupancies: P(21) = 0.46(1), P(22) = 0.54.

¢
Uiso .

b Uisu-

¢ Uy, (not refined).

4 Fractional site occupancies: V(21) = 0.62(1}, V(22) = 0.38.
¢ Fractional site occupancies: P(21) = 0.50(1), P(22) = 0.50.
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SHELXS-86 (20) and the remaining nonhydrogen atoms
were located from Fourier difference maps following re-
finement of the known atom positions, The least-squares,
Fourier, and subsidiary calculations were performed us-
ing the Oxford CRYSTALS (21) system, running on a
DEC MicroVAX-3100 computer. Final full matrix re-
finements were against F and included anisotropic temper-
ature factors for the nonhydrogen atoms, and a Larson-
type secondary extinction correction {22). An empirical
absorption correction (program: DIFABS (23)) was ap-
plied to the K,V,HP,0,, data after isotropic refinement.
Neutral-atom scattering factors, taking into account
anomalous dispersion terms, were obtained from the “*In-
ternational Tables™ (24},

Final residuals, defined in Table 2, of R(F) = 5.02%
and R, (F) = 5.24% (w; = 1) were obtained for K;(VO)
{(V,0,1{PO,),(HPO,), and R(F) = 6.02% and R_(F) =
6.34% (w, = 1) for K;(VO)(HV,0,XPO,), (HPO,). Difter-
ence Fourier maps at the end of the refinement revealed
no regions of electron density which could be modeled
as an additional atomic site and analysis of the various
trends in F, versus F, revealed no unusual effects. Tables
of anisotropic thermal factors and observed and calcu-
lated structure factors are available from the authors as
supplementary material.

Final atomic coordinates and thermal parameters are
listed in Tables 3 and 4, and selected bond distances and
angles are given in Tables 3, 6, 7, and 8.

TABLE 5

Bond Distances (A) for K;(VO)(V;0:)(PO,),(HPO,)
K(1)-0(2) 2.897(5) x 2 K{1)-0(5) 2.855(7)
K(1-0O(6) 2.941(7) K{11-0(8) 2.834(5) x 2
K(1)-0(10) 2.80(1)
K(2)-04) 3.019(6) K{(2)-0(1) 2.806(5)
K(2)-0(3) 2.958(6) K(2)-0(3) 2.942(6)
K(2}-0(4) 2.991(5) K{(2)-0(4) 2.790(5)
K(2)-0(7) 2.722(5)
V(13-0(1) 1.978(5) V(D-0(2) 1.943(5)
V(1-0(3) 2.007(5} Y(1)-0(4) 1.602(5)
V(1)-0(5) 1.812(3)
V(2)-0{6) 1.619(7) V(2)-0(6) 2.199(7)
V(2)-O(T 19535y % 2 V{2D)-018) 1.994(5) x 2
P(1)-0O(1) 1.544(5) PUL-0O(2} 15515
P(H~-0O(7) 1.524(5) P(1)-0{8) [.535(5)
P21)-0(3) 1.549(6) x 2 PQRI)-09) 1.557(9)
P(21)-0O(10) 1.66(2)
P(22)-0(3) 1.567{(6) x 2 P(22)-0O(9) 1.524(9)
P(22)-0(10) 1.69(2)
P(21)-P(22) 0.616(6)"

4 Apparent contact due to disorder.
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K{1-0(2)
K(H-0(8)
K(1)-0(9)

K(2)-0(1)
K(2}-0(3)
K(2)-0¢4)
K(2)-0(7

V(1)-0(1)
V{1)-0(3)
V(1)-0(5)
V(21)-0(6)
vzn-0(7)

V(22}-0(6)
v(22)-0(7)

P(D)-0(1)
P(1)-0(7)

P(21)-0(3)
P21)-0(10)

P22-003)
P(22)-0(10)

O(5)-H(D)

2.837%(7)
2.838(6) % 2
2.65(1)

2.759(5)
3.0125)
2.763(5)

1.974¢4)
1.603(5)

2.176(7)
2.011(5) X 2

1.573(9)
1.973(6) > 2

1.528(5)
1.526(5)
1.514(9)
1.504(8)}

0.604(4)"

TABLE 6

Bond Distances (&) for K;(VO)(HV,0,)PO,),(HPO,)
2.881(5) x 2 K(1}-0(5)
3.01%T) K{1)-0(8)
3.020(8) K{(1)-0(10)
2.960(5) K(2)-0(1)
3.0795) K{2)-0(3)
2.927(5) K(2)-0(4)
2.751(5)
1.984(5) V(1)-0(2)
2.022(5) V(1)-0(4)
1.946(3)
1.623(7 V(21)-0(6)
1.953(5) x 2 V(21)-0(8)
2.226(9) Y223-0(6)
2.003(5) x 2 V(22)-0(8)
1.535(5) P(1)-0(2)
1.530(4) P(1}-O(8)
1.520(6) x 2 P(21)-O(9)
1.63(2)
1.52006) % 2 P20
1.64(2)
1.00(1) V(21)-V(22)
0.678(6)"

P(21)-P(22)

? Apparent coatact due to disorder.

TABLE 7
Bond Angles (°} for K;(VO)(V,0,)(PO,),(HPO,)

O(H-V(H-0(1)
O3)-V{1)-O{2)
O4)-V(1)-0(2}
Of5)-V(H-0)
O(5)-V(1)-O(3)

O(6)-V(2)-0(Y
O(N-V(2)-046)
O(8)-V{2)—0(6)
OB)-V{2)-0(7)
O8)-V(2)-0(8y’

O(2)-P(1)-0(1)
O(7)--P(1)-0(2}
O(8)-P(1)}-0(2)

O3)-P(2D)-0(3)’
O30-P(21)-0(3)

0(3)-P(22)-0(3)’
O(10)-P2H)-0(3)

PL-0()- V()
PED-O(3)-V(1)
V{DH-0G)-V LY
P(1)-O(7}-V(2)

84.7(2)
155,42
104.5(2)
160.6(2)

88.1(3)

178.6(2)
84.102)
98.6(2)

164.5(2)
89.6(3)

111.6(3)
L1063}
107.0(3)

118.9(5)
100.7(4)

116.7(5)
101.8(4)

127.3(3)
127.0(3)
134.6(4)
145.0(3)

O03)-V(1}-0(D)
O{4)-V(1)-0O(1)
0{4)-V(1)-0(3)
O(5)-V{H-0(2y
O0(5)-v({1)-0(4)

O(T)-V(2)-0(6)
O(N-V(2)-0(T)'
O8)-V(2)-0(6)
O®-V{2)-O(T)

O(N~P(I-0(1)
O{8)-P(1)-0(1)
O8)-p(1}-0(7)

0(9)-P(21)-0(3)
O{(1O)-P21)-0(%)

O(9)-P(22)-0(3)
0(10)-P(22)-0(9)

P(I}-0{2)-V(1)
P(22)-0(3)-V(1)
VD06V
P()-0O(8)-V(2)

85.2(2)
100.5(2)
99.4(2)
94.0(2)
98.6(3)

96.8(2)
92.3(3)
80.4(2)
87.0(2)

105.3(3)
109.7(3)
112.4(3)

114.9(3)
102.6(7)

115.8(3)
101.2(6)

128.5(3}
128.8(3)
134.003)
131.3(3)
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TABLE 8
Bond Angles () for K;(VO)(HV,0;)(PO,),(HPO,)

O)-V(1)-0(1) 86.1(2) O(3)-V(1H-0() 87.8(2)
O(3)-V(1)-ON 156.0(2) OA)-V{1)-011) 99.1(2)
O4)-V(1)-0(2) 104.9(2) O4)-V(1)-0(3) 98.9(2)
O(5)-V(1)-O(1) 165.2(2) O(5)-Vi1)-0(2) 90.1¢2)
0(5)-V(1)-0(3) 89.9(2) 0(5)-V(1)-0(4} 95.8(3)
016)-V(21)-0(6)’ 178.3(2) OM-Y21D-0(6) 97.0(2)
O)-V2D-0(6) 84.2(2) O(B)-V21)-0(6) 99.4(2)
O(R)-V(21)-O6) 79.4(2) O(N-V2D-OTY 90.0(3)
8-V 1)-O(7) 163.6(3) O8)-V21)-O(7) 87.5(2)
O(8)-V(21)-O(8Y 90.3(3)

O(6)-V(22)-0(6)’ 179.7(3) ON-V(22)-0(6) 78.7(3)
O(7)-V(22)-0(6) 101,1(3) O(8)-V(22)-0(6) . 82.8(3)
O(8)-V{(22)~0(6) 97.4(3) O(N-V(2)-0(Ty 87.1(3)
O(8)-V(22)-0(7) 161.4(4) O(R)-V(22)-0(7) 87.2(2)
O(8)-V(22)-O(8)’ 92.6(4)

0(2)-P(1)-0(1) 112.003) OM-P(1)~0(1) 106.1(3)
O(N-P(1)-0(2) 109.6(3) O8)-P(1)~0(1) 109.3(3)
O(8)-P(1)-0(2) 108.1(3) O(8)-P(1H)~0(7) 111.8(3)
O(3)-P21-03)' 115.5(5) 0O(9)-P(21)-0(3) 114.7(3)
O(10}-P21)-0(3) 101.7(4) 0(10)-P(21)-0(9) 106.1(7)
Q(3)=P(22)-0(3)’ 115.4(5) 0(9)~P(22)-0(3) 115.3(3)
O(10)-P(22)-0(3) 102.%(4) O(10)—P{22)-0(9) 102.3(7)
P)-0(D-V(1) 126.2(3) P(1-0)-V(1) 129.4(3)
P21-O(3)-V(1) 131.6(3) P22)-0(3)-¥(1) 131.8(3)
V{13-0(5)-V{1)' 122.7(3) VED-0(6)-Y(21)  133.6(4)
V(22)-0(6)-V(21) 132.4(3) V(22)-0(6)-V(22)  133.4(4)
P(1)-0(7)-Vi21) 146.4(3) P(1)-0(7)-V{22) 129.7(3)
P(1)-0(8)-V(21) 130.3(3) P(1)~O(8)-V(22) 146.4(4)
PQD-0(0)-P(21)  123.7(8) PRH-O(0)-P(21)  124.4(7)
PC2D-O(I0-P(22Y  124.4(8)

Physical Characterization

Thermal analysis was performed on a TA Instruments
Hi-Res TGA 2950 thermogravimetric analyzer, The sam-
ple was heated to 600°C in flowing oxygen at a rate of
5°C/min. Under these conditions, all of the vanadium
atoms in the product are oxidized to the pentavalent state.
The total weight change may then be formulated as a
combination of the weight gain due to oxygen uptake and
the weight loss due to the decomposition of the hydrogen
phosphate groups.

Magnetic susceptibility measurements were carried out
on an MPMS SQUID susceptometer. The experiments
were run usinga 1.0-T field in the temperature range 4-300
K. The data were found to obey a Curie~Weiss law and
were modeled using the equation x = C/(T ~ 4).

Powder X-ray diffraction analysis was carried out on
a Scintag XDS2000 system. The X-ray powder pattern
was indexed using the Scintag “‘Cell Constants Refine-
ment Program’® (25). Calculated intensities, shown in
Table 1, were determined by the program LAZY-
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PULVERIX (26). The starting lattice parameters and po-
sitions used in these calculations were the values obtained
from the single crystal study.

RESULTS

The structure of the two new potassium vanadium phos-
phates K;(VO){(V,0,)(PO,), (HPO,) and K,(VO)(HV,0;)
(PO,),(HPQ,) are shown in Figs. 1 and 2. They are com-
posed of two different types of vanadium coordination
polyhedra, both commonly seen in vanadium phosphates.
One of the two crystallographic vanadium sites, V(2), is
in a chain constructed of columns of vanadium/oxygen
octahedra running along the ag-axis of the structure dis-
torted to create a [V==0—V¥=0] chain. In the dihydrogen
compound, K,(VO)(HV,0,)(P0O,),(HPQ,), the vanadium
octahedra consist of four =1.95 A V-0 bonds, one long
2.18 A V-0 bond, and one short =1.6 A vanadyl V=0
bond. In this structure, the vanadium octahedra were
found to be partially disordered with respect to the direc-
tion of the [V=0-—V=0}] chain, giving the appearance of
a column of octahedra with the vanadium cation randomly
displaced from the center of the polyhedron. The chain
is shown in Fig. 3. In the monohydrogen compound,
K;(VO)(V,0,)(PO,),(HPO,), the chain of octahedra is
nearly identical with one short V-0 bond of =1.6 A, one
long bond of =2.20 ;X, and four at =1.95 A, but without
disorder. The second vanadium coordination environ-
ment occurs in a [V,0;] unit composed of two corner-
sharing vanadium/oxygen square pyramids, as shown in

FIG. 1. ORTEP view down the g-axis of K;(VO)(HV,0;)
{PO,),(HPO,) with 50% thermal ellipsoids shown. The V and P atoms
are shown as shaded ellipses, O and K atoms as open ellipses, and H
atoms as plain circles.
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FIG. 2. ORTEFP view down the g-axis of Ki(VO)(V,0;)
(PO,),(HPO,) with 50% thermal ellipsoids shown, The V and P atoms
are shown as shaded ellipses, O and K atoms as open ellipses.

Fig. 4. The difference between the two compounds is
within this [V,0,] unit; in K;(VO)}(HV,0,XP0,),(HPO,),
the oxygen atom connecting the two square pyramids is
protonated, while in K;(VO)(V,0,)(PO,),(HPQ,)} it is
not. The two different types of vanadium/oxygen coordi-
nation polyhedra are connected to each other by phos-
phate groups such that each phosphate group joins two
of the [V,0,] dimers to two adjacent vanadium atoms in
the nearest [V(], chain.

Thermogravimetric analysis of K;(VO}(HVY,0;)
(PO, ),(HPO,) showed a total weight gain of 0.94%, com-
pared to a calculated weight gain of (,.96% based on the
formula  K;(VOYHV,0,)(PO,),(HPO,). A one-step
weight loss occurred at 350°C and was attributed to the

FIG. 3.
(PO,),{HPO,). The vanadium, phosphorus, and oxygen atoms are shown
as 50% thermal ellipsoids,

ORTEP view of the [VO] chain in K;(VO)(HV,0;)
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0(3) 0(3)

o(s)

H(1)

FIG. 4. ORTEP view of the [ﬁVZOJ] unit in K3(VOYHVY,05)
(PO,),(HPO,). The vanadium and oxygen atoms are shown as 50%
thermal ellipses; the H-atom radius is arbitrary.

decomposition of the hydrogen phosphate group and the
loss of the hydrogen on the [HV,0,] unit. The weight gain
at higher temp (>500°C) was attribued to vanadium cation
oxidation. Thermogravimetric analysis of the monohydro-
gen compound was not possible because of the difficulty
of isolating a large enough sample of single crystals com-
pletely free from the silica gel.

Magnetic susceptibility measurements were per-
formed on single-crystal samples. The compound K,(VO)
(HV, 0, )(PQ,),(HPO,) was found to obey a Curie-Weiss-
type law and was modeled by the equation y = CHT —
#). A fit to the magnetic data gave values of C = 1.28
emu-K/mol and 8 = 2.9 K. The plot is shown in Fig. 5.
This Curie value corresponds to 3.2 BM or three unpaired
electrons per formula unit, in agreement with the stoichi-
ometry determined from the single crystal experiments.
For the compound K;(VO)(V,0,) (PO,), (HPO,), the very
small sample size and difficuity in obtaining a sample free
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FIG. 5. Plot of inverse magnetic susceptibility versus temperature
for K;(VO}HV,0;)0(PO,),(HPO,).
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of SiQ, (from the preparation) made interpretation of the
magnetic data impossible. However, since it has been
found to be isostructural with TiL(VO)(V,0:)
(PO,), (HPO,}, a compound of which the magnetic suscep-
tibility data confirm the mixed valent state of the vana-
dium, no further experiments were undertaken beyond
bond valence sum calculations to confirm the oxidation
states (13).

Bond valence sum (BVS) calculations were carried out
in an effort to assign oxidation states to the vanadium
cations and to locate the hydrogen in the hydrogen phos-
phate group (27), as shown in Table 9. The calculations
indicate that the hydrogen atom is most likely attached
to 0(10), a dangling oxygen atom attached to phosphorus
atom P(1). An equivalent position was determined for the
thallium analogue (13) by BVS methods. In agreement
with the single crystal structure determination, the BVS
calculations also suggested that the ‘“‘extra’’ hydrogen
atom in the dihydrogen compound is located on Q(5), the
central oxygen atom in the [V,0;) unit. The bond valence
sum calculations indicate that in the monohydrogen com-
pound, the vanadium atom in the [VO] chain is formally
tetravalent, while for the two crystallographically equiva-
lent vanadium atoms in the [V,0;] unit, the average is 4.5,
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or one formally tetravalent and one pentavalent. These
assignments agree with the observed stoichiometry and
magnetic susceptibility. For the dihydrogen compound,
each of the vanadium cations appears to be tetravalent,
in agreement with the stoichiometry.

DISCUSSION

Two new K/V/H/P/Q materials have been prepared
and characterized; K,(VO)(V,0,)(PO,),(HPO,) is iso-
structural with the recently reported TL(VO)(V,0;)
(PO,),(HPO,} (13}, and K,(VO)(HV,O;XPO,),(HPO,)
differs from it by the addition of a hydrogen atom to
the vanadium/oxygen atom framework. The additional
hydrogen in the dihydrogen phase was found during
the X-ray structural solution and was also identified in
bond valence calculations as being on the oxygen atom
shared by the vanadium cations in the [V,0;] unit. In
comparison to the several other potassium vanadium
phosphates that have been structurally characterized,
these two compounds are constructed of structural moie-
ties common to K/V/PO, systems. The known com-
pounds and a breakdown of their construction are given
in Table 10,

TABLE 9
Bond Valence Sum (BYS) Calculations

K,(VO) (V,0,) (PO,),(HPO,)

KA{VO)HV,0:)(PO,),(HPO,)

BVS

Bond distance Bond distance BVS
o 1.978 0.555 1.984 0.544
0(2) 1.943 0.619 1.974 (.561
03) 2.007 0.506 2.022 (.483
o) 1.602 1.803 1.603 1.798
016} 1.812 0.933 1.946 0.613
Total 4.42 4.00
V(2) [VO] chain {chain disordered, in the form V21 (V22))

0(6) 1.619 1.709 1.623 (2.226) 1.688 (0.255)
o6y 2.199 0.277 2.176 {1.573) 0.298 (1.974)
o 1.953 0.600 1.953 (2.003) 0.600 (0.513)
(8]4)] 1.953 0.600 1.953 (2.003) 0.600 (0.513)
0(8) 1.994 0.528 2.011 (1.97%) 0.500 (0.563)
0(8) 1.994 0.528 2.011 {1.973) 0.500 (0.563)
Total 4.24 4,19 (4.38)

Weighted Average 4.26

O(5)
K1) 2.885 0.121 2.837 0.125
Vil 1,812 0.933 1.946 0.613
v 1.812 0.9313 1.946 0.613
H(1) — 1.00 0.736
Total 1.99 2.09
0{10)

K1} 2.800 0.135 2.650 0.184
P21) 1.660 0.890 1.63 0.973
Total 1.02 1.16
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TABLE 10
Known Hydrothermally Synthesized Potassium Vanadium Phosphates

Temperature Vapadiym atom
Compound of synthesis connectivity Ref.
K,(VO),(PO,)(HPO, ) (H,PO,) 450°C Isolated (WOy) (18)
Octahedra
Kq.sVOPO, - 1.5H,0 25°C (powder) Isolated (VO,) (31)
230°C (crystals) Octahedra {16}
K(VO,)(HPO,) 66°C (powder) Infinite chains of (14, 15)
{(VOs) edge-sharing
square pyramids
K (VO (HPO,), 240°C Infinite {VO,) chains a7
KVOPO, 200°C (powder) Infinite (VQ,) chains (34)
700°C (crystals)
K;(VO)(V,05)0(PO3,(HPO,) » 23°C Infinite {¥O;) chain (This work)
and an isclated [V,04}
dimer
K;(VO)(HV,0,)(PO,), (HPO,) 230°C Infinite (YO} chain (This work)

and an isolated [V,0,]
dimer

In these two new compounds, the addition of a hydro-
gen atom to the [V,0,] unit, and subsequent formal reduc-
tion of a vapadium cation from + 5 to +4, was found to
have little effect on either the structure or the magnetic
properties; that is, no signs of coupling were observed. In
the two [V,(3,] dimers, the V-O-V bond angle decreases
from 134.6 to 127.7° upon protonation. The V-0-V bond
angle in the thallium analogue, TI(VO)(V,0.}(PO,),
(HPQ,), is 135.2°. Based on the available literature for
vanadyl systems, the unpaired electron lies in the vana-
dium atom 4., orbital (28), and thus the strongest expected
overlap would occur at an angle of =:135° (29). This is the
approximate angle observed for the mixed valent com-
pounds, but larger than that observed for the purely tetra-
valent compound. A series of well-characterized vana-
dium (IV) systems in which the structure is built up of
[V,04] units is given in Table 11, along with the relevant
magnetic and structural data. From a comparison of the
limited data in this table, it appears that the more open
the V-0-V angle, the stronger the antiferromagnetic
interaction. However, such comparisons are difficult
because of the limited number of well-characterized
compounds and the large difference (=15°) in the

TABLE 11
Comparisen of (V,0,] Units in Known Vanadium (IV)
Phasphate Systems

vV-0-Vv
Compaound angle Ty (K) Ref.
NaVOPO, 142.9(1) 50 {32)
B-LiVOPO, 140.7(2) 40 [RE)]
K,(VO)(HV,0,)(PO,),(HPO,) 127.7(3) — {This work)

V-0-V angle observed between these compounds and
K4(VO) (HV,0,)(PO,),(HPO,).

Through the use of varied synthetic procedures, two
compounds of nearly the same composition and structure
were isolated, differing only by one hydrogen atom, Simi-
lar results have also been observed in molecular polyoxo-
vanadium chemistry in which, frequently, compounds can
be isolated with similar structures but with different aver-
age oxidation states due to differing degrees of proton-
ation (30).
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