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The new compounds Rb2VOP20, and CS~VOP~O~ were prepared by heating stoichiometric mixtures of 
Rb3V04 (or Cs,VOJ, VOz, V, and PzOs in sealed quartz tubes. For Rb2VOPZ0,, orthorhombic, 
P212,2,, a = 7.101(l), h = 9.174(2), c = 12.801(4) A, V = 834.0(4)” A3, Z = 4, and R = 5.56%, R, = 
5.88% for 928 independent reflections. For Cs2VOP20,, orthorhombic, Prima, a = 13.280(3), b = 
7.247(2), c = 9.518(2) 8, V = 916.0(4) A,, Z = 4, and R = 4.12%, R, = 4.53% for 1118 independent 
reflections. Both structures consist of corrugated layers of vanadyl pyrophosphate with the alkali 
metal cations between the layers. Each layer is built up from comer-sharing VOs square pyramids and 
P?O, groups. These two compounds adopt a markedly different structure from KZVOP207. o 1989 
Academic Press. Inc. 

Introduction Experimental 

In 1980, Gorbunova et al. (1) reported 
the single-crystal structure of K2VOP207 
which consists of planar layers of vanadyl 
pyrophosphate with the K+ cations be- 
tween the layers. Each potassium ion is co- 
ordinated by eight oxygen atoms and the 
K+. . . K+ distances are 4.00 and 4.34 A. 
It would be interesting to know whether 
there is drastic structural modification if the 
K+ cations are fully replaced by the larger 
cations Rb+ or Cs+. As part of a study of 
the crystal chemistry of early transition 
metal phosphates, the rubidium and cesium 
analogues of K2VOP207 were prepared. 
The synthesis and crystal structures of the 
compounds Rb2VOP207 and Cs2VOP207 
which contain corrugated layers of vanadyl 
pyrophosphate with the alkali metal cations 
between the layers are reported. 

Synthesis 

239 

Rb3V04 (99.9%), Cs3V04 (99.9%), VOZ 
(99.5%), V (99.5%), and P205 (99.9%) were 
purchased from Cerac. Mixtures of M3V04 
(M = Rb or Cs), VOZ, V, and P205 (mole 
ratio 4 : 1 : 1 : 6) were mixed, pelletized in a 
nitrogen-filled glove box, and then sealed in 
evacuated quartz ampoules. Green plate 
crystals of Rb2VOP207 for crystal structure 
analysis were obtained by heating a reac- 
tion mixture at 850°C overnight and then 
furnace-cooled to room temperature. Green 
plates of Cs2VOP207 were obtained by 
heating the reactants at 825°C for 2 hr, 
slowly cooled to 75O”C, maintained at 
750°C overnight, and then furnace-cooled 
to room temperature. Based on visual mi- 
croscopic examination impurity phases in 
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both products were observed. In order to 
obtain pure Rb2VOP207 and Cs2VOP207 for 
magnetic and spectroscopic studies poly- 
crystalline products were prepared by heat- 
ing stoichiometric mixtures of the starting 
materials at 650°C overnight. However, 
powder X-ray diffraction patterns showed 
that both products were contaminated with 
a small amount of unidentified impurities. 
The strongest reflection of the minor phase 
in either product was less than 5% of that of 
the major product. 

Single-Crystal X-ray Structure 
Determination 

Two green plate crystals having the di- 
mensions of 0.40 x 0.22 X 0.02 mm for Rbz 

VOP207 and 0.35 x 0.35 x 0.08 mm for 
Cs2VOP207 were selected for indexing and 
intensity data collection on a Nicolet R3/V 
diffractometer. The orientation matrices 
and unit cell parameters were determined at 
room temperature by least-squares fit of 22 
peak maxima with 10” < 20 < 26” for Rb2 
VOP207 and of 19 peak maxima with 14” < 
28 < 24” for Cs2VOP207. Corrections for 
absorption effects were based on 9 scans of 
a few suitable reflections with x values 
close to 90” (2). Based on the statistical 
analysis of the intensity data, the system- 
atic absences, and successful solution and 
refinement of the structures, the space 
groups were determined to be P2,2,2, (No. 
19) for the rubidium compound and Pnma 

TABLE I 
SIJMMARYOFCRYSTALDATA,INTENSITY MEASUREMENTS,ANDREFINEMENT 

PARAMETERS FOR Rb2VOP207 AND CsrVOPrO, 

Rb2VOP20, CsrVOP20, 

Space group 
Cell constants 

Z 
Density (talc, g/cm3) 
Abs. coeff. (MO&) 

A (MoKa) 
Scan mode 
Scan rate 
Scan width 
Maximum 28 
Standard reflns 
Unique reflns measured 

Reflns included 
Parameters refined 
Agreement factors 
GOF 
(A~P)max 1 @~hn,n 

1. Crystal data 

P2,2,2, (No. 19) 
a = 7.101(l) A 
6 = 9.174(2) 
c = 12.801(4) 

V = 834.0(4) ii3 
4 
3.280 
128.3 cm-’ 

Prima (No. 62) 
(I = 13.280(3) /i 
h = 7.247(2) 
c = 9.518(2) 

V = 916.0(4) A3 
4 
3.674 
91.9 cm-’ 

2. Intensity measurement 

0.71073 A 
I3120 
2.93-14.95”/min 
0.96 + Ka,, a2 
55” 
3 50 every 
1154 

0.71073 w 
8128 
2.93-14.95”/min 
1.10 + Ka,, (Y? separation 
60” 
3 every 50 reflns 
1436 

3. Structure solution and refinement 

928 (I > 3a(I)) 
119 

R = 5.56%, R, = 5.88% 
1.32 
1.33, -1.33 e/A3 

1118 (I > 30(I)) 
68 
R = 4.12%, R, = 4.53% 
2.28 
3.30, -2.60 elA3 
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(No. 62) for the cesium compound. Both TABLE III 
structures were solved by SHELXTL ATOMIC COORDINATES (x 104) AND EQUIVALENT 
PLUS programs and refined by full-matrix ISOTROPIC DISPLACEMENT PARAMETERS (A* X lo*) 
least-squares based on F values. The multi- FORCS~VOP@, 

plicities for Rb and Cs were allowed to re- 
fine, but did not deviate significantly from 

x Y Z Weq) 

full occupancy. Therefore, the alkali metal Cs(1) 4010.6(4) 2500 9175.5(6) 2.23(2) 
cations were considered fully occupied in csm %1.0(4) 2500 1281.2(6) 2.43(2) 
the final cycles of least-squares refinement. V(1) 2873( 1) 2500 4868( 1) 1.40(4) 

Crystal data, intensity measurements, and P(l) 1582(l) 473(2) 7341(l) 1.24(4) 

structure refinement parameters for both O(1) 3988(5) 2500 -4519(8) 3.9(3) 
O(2) 2209(4) -653(7) 8366(4) 2.9( 1) 

structures are listed in Table I. Atomic co- O(3) 530(4) - I32(7) 7133(5) 3.4(2) 
ordinates and equivalent isotropic thermal O(4) 2166(4) @W9 -4042(4) 2.6(l) 
parameters are listed in Tables II and III. O(5) 1613(6) 2500 - 1954(6) 3.W) 

Selected bond distances and angles are 
given in Tables IV and V. Tables of ob- 

Note. Equivalent isotropic U defined as one-third of 

served and calculated structure factor am- 
the trace of the orthogonalized iJ?j tensor. 

plitudes and anisotropic thermal parame- 
ters are available on request from the 
authors. 

Description of the Structures 
Rb2VOP207. As shown in Fig. 1, the 

most prominent structural feature of Rbz 
VOP207 is the corrugated layers of vanadyl 
pyrophosphate with the Rb+ ions between 

TABLE I1 
ATOMIC COORDINATES (x 104) AND EQUIVALENT 

ISOTROPIC DISPLACEMENT PARAMETERS (A* X IO*) 
FOR Rb2VOP20, 

x Y Z Weq) 

Rb(l) -2268(2) - 1753(2) -5947(l) 2.17(4) 
RW) -2697(2) -3918(2) -9056(l) 2.04(4) 
V(1) -2481(3) -2424(2) - 11943(2) 0.98(6) 
P(1) 95(4) -5252(4) -11510(3) 0.87(8) 
P(2) -848(5) -W(4) -8399(3) l.ll(9) c 
O(l) -1233(13) -4341(11) -12165(9) 1.8(3) t 

- 1827( 17) - 1935(12) - 10803(9) 2.5(3) 
b 

O(2) 
O(3) -513(15) -5569(13) -10415(8) 2.0(3) 
O(4) -540(13) - 1649( 10) - 12883(8) 1.7(3) 
O(5) 122( 14) - 1539( 10) -8174(9) 2.2(3) 
O(6) 2004(13) -4289( 10) - 11489(8) 1.3(2) 
O(7) -841( 14) 798(11) -7402(9) 2.3(3) 
O(8) -286( 16) 694( 15) -9345(9) 3.0(3) FIG. 1. A projection of the RbZVOP207 structure 

along the a-axis. The Rb, V, P, and 0 atoms are repre- 
Now. Equivalent isotropic U defined as one-third of sented by dotted, cross-hatched, small open, and me- 

the trace of the orthogonalized iJij tensor. dium open circules, respectively. 
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TABLE IV 
BOND LENGTHS(A) BOND ANGLES (“) FOR RbzVOPzO, 

Rb( I)-O(2C) 3.449(12) 
Rb(l)-O(3D) 2.849(11) 
Rb( 1)-O(5) 3.323(12) 
Rb( 1)-O(7) 3.158(11) 
Rb( l)-O(8C) 2.857(12) 
Rb(2)-O(2) 2.947(12) 
Rb(2)-O(3) 2.779(1 I) 
Rb(2)-O(5) 3.169(10) 
Rb(2)-O(7F) 3.140(11) 
V(1)-0(1) I .989( IO) 
V(l)-O(4) 1.963(10) 
V( l)-O(7G) 1.997(11) 
P( 1 )-O(3) 1.495(12) 
P( 1 )-O(6) 1.619(10) 
P(2)-O(6B) 1.629(10) 
P(2)-O(8) 1.472(13) 

O(l)-V(l)-O(2) 
O(2)-V( 1)-O(4) 
O(2)-V(l)-O(5B) 
0( I)-V( l)-O(7G) 
O(4)-V(l)-O(7G) 
O(l)-P(l)-O(3) 
O(3)-P(l)-O(6) 
O(3)-P(l)-O(4E) 
O(5)-P(2)-O(7) 
O(7)-P(2)-O(8) 
O(7)-P(2)-O(68) 
P(l)-O(6)-P(2H) 

Bond distances 

Rb(l)-O(3A) 
Rb(I)-O(4B) 
Rb( l)-O(6B) 
Rb( I)-O(8F) 
Rb(2)-O( IA ) 
Rb(2)-O(2B) 
Rb(2)-O(4B) 
Rb(2)-O(6B) 
Rb(2)-O(8B) 
V( 1 W(2) 
V(l)-O(5S) 
P(])-O(l) 
P(I)-O(4E) 
P(2)-o(5) 
WbW) 

Bond angles 

104.4(5) 
104.7(5) 
108.7(6) 
152.1(5) 
88.2(4) 

116.5(6) 
109.4(6) 
111.9(6) 
108.2(7) 
114.5(7) 
105.2(6) 
126.7(6) 

O(l)-V(l)-O(4) 
O(l)-V(l)-O(5B) 
O(4)-V(l)-O(5B) 
O(2)-V(l)-O(7G) 
0(5B)-V(l)-O(7G) 
0( 1)-P( 1)-O(6) 
O( l)-P( l)-O(4E) 
O(6)-P( l)-O(4E) 
O(5)-P(2)-O(8) 
O(5)-P(2)-O&B) 
O(8)-P(2)-O(6B) 

Symmetry codes 

2.997(12) 
3.129(10) 
3.458( 1 I) 
2.985(13) 
2.999(1 I) 
3.041(12) 
3.242(1 I) 
3.031(10) 
3.198(13) 
1.597(12) 
1.955(10) 
1.514(11) 
I .532( 10) 
1.510(10) 
I .524( 12) 

85.4(4) 
88.2(4) 

146.5(5) 
103.4(5) 
82.3(4) 

103.2(5) 
108.0(6) 
107.0(5) 
117.9(7) 
98.6(5) 

110.6(6) 

A: -&-x,-l - y, f + z; B: -f + x, -t - y, -2 - 2; c: -4 - x, -y, 4 + z; 
D: -x, t f y, -8 - z; E: -x, -: + y, -3 - z; F: -x, -4 + y, -4 - z; 
G: -: - x, -y, -t + z; H: $ + x, -4 - y. -2 - z 

the layers. Each layer is built up from cor- corners with three P207 groups with the 
ner-sharing V05 square pyramids and P207 fifth corner, O(2), being unshared. One of 
groups. Along the b-axis the V05 square the three P207 groups acts as a bidentate 
pyramids alternately point up and down rel- ligand. The V=O(2) bond length is 1.60(l) 
ative to a layer. Within a layer heptagonal A and is about 0.4 A shorter than the 4 
windows are formed by the edges of three equatorial V-O bonds, which is a feature 
square pyramids and four tetrahedra, but characteristic of a V02+ complex. The very 
these windows do not form heptagonal tun- short V=O(2) distance is primarily due to 
nels along the c-axis (see Figs. 2 and 3). the presence of a strong r contribution. 
Each V05 square pyramid shares its four The 4 equatorial oxygen atoms are dis- 



M2VOP20, (M = Rb, Cs) 

TABLE V 
BOND LENGTHS (A) AND BOND ANGLES (“) FOR CszVOPz07 
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Q(l)-O(IA) 3.516(8) 
Cs(l)-O(2G) 3.397(5) 
G(l)-O(3K) 3.043(5) 
G(l)-O(3M) 3.043(5) 
Cs( I)-O(4E) 3.242(5) 
Cs(2)-O(5) 3.198(6) 
Cs(2)-O(2F) 3.41 i(5) 
Cs(2)-O(3J) 3.024(5) 
Cs(2)-O(4B) 3.387(5) 
V(I)-O(IA) I .592(7) 
V( I)-O(21) I .962(5) 
V(l)-O(40) I .941(5) 
P(l)-O(3) I .477(j) 
P( 1 )-O(5A ) I .616(3) 

O( 1A )-V( I)-O(2F) 
0(2F)-V(I)-O(21) 
0(2F)-V( I)-O(4A ) 
O( IA )-I’( I )-O(40) 
0(21)-V(l)-O(40) 
O(2)-P( 1)-O(3) 
O(3)-P( l)-O(4A) 
O(3)-P( I)-O(5A ) 
P(U)-O(5)-P(IH) 

Bond distances 
Cs( 1)-O(2) 
Cs(l)-O(3B) 
Cs(l)-O(3C) 
Cs( 1)-0(4/V) 
Cs( I)-O(5A ) 
Cs(2)-O( ID) 
Cs(2)-O(21) 
Cs(2)-O(3L) 
Cs(2)-O(4C) 
V( I)-O(2F) 
V( I)-O(4A ) 
PC 1 wx2) 
P( 1 )-O(4A ) 

Bond angles 

108.6(3) 
86.0(3) 

146.7(2) 
104.7(2) 
146.7(2) 
116.4(3) 
112.8(3) 
IlO.5(4) 
130.8(4) 

O( IA )-V( I)-O(21) 
O( IA )-V( I)-O(4A) 
0(21)-V( I)-O(4A) 
0(2F)-V( I )-O(40 ) 
O(4A )-V( l)-O(40) 
O(2)-P( I )-O(4A ) 
O(2)-P( I )-O(5A ) 
0(4A)-P( I)-O(5A) 

Symmetry codes 

3.397(5) 
3.353(5) 
3.353(5) 
3.242(5) 
3.361(8) 
3.1 I l(7) 
3.41 l(5) 
3.024(5) 
3.387(5) 
I .962(5) 
1.941(5) 
I .520(5) 
I .534(4) 

108.6(3) 
104.7(2) 
83.7(2) 
83.7(2) 
87.8(3) 

108.4(3) 
102.0(3) 
lOS.7(3) 

A: x, y, I + z; B: $ - x, : + y. t + t; c: 4 - X, - y. t + Z; 
D: -4 + x, y. -4 - z; E: f - x, -y, % + z; F: 4 - x, + + y, -t + z; 
G: x, 4 _ y, z; H: x,$-y,--1 +z; I: t - x, -y. -4 + z; 
J: -x, -y, I - z; K: 4 f x, $ - y, f - z; L: -x, 4 + y, 1 - Z; 

M: 4 + x, y. $ - I; N: 8 - x, 4 + y. $ + z; 0: X, i - y, 1 + z 

FIG. 2. A stereoscopic view of the Rb2VOPZ0, structure along the c-axis. Two successive layers of 
vanadyl pyrophosphate are shown in this figure. 
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FIG. 3. A layer of vanadyl pyrophosphate in Rbz 
VOPz07. Positions of the various atoms are indicated. 

placed 0.041 to 0.043 A from the least- 
squares plane through them. The V4+ ion is 
displaced 0.52 A from the plane toward 
the apical oxygen atom O(2). The PO4 tetra- 
hedra forming the P207 groups exhibit a 
semi-eclipsed configuration. The P atom in 
either tetrahedron shifts away from the 
bridging oxygen atom, O(6), so that one 

longer and three shorter P-O bonds are 
formed. For the three shorter P-O dis- 
tances, two types of P-O bonds can be dis- 
tinguished: (i) the shorter bonds P(l)-O(3) 
and P(2)-O(8) which correspond to the ox- 
ygen atoms bonded only to P and Rb atoms; 
(ii) the longer bonds in which the oxygen 
atoms are linked to P, Rb, and V atoms. 
The coordination number of Rb can be de- 
termined by the maximum bond distance 
for Rb-0 using the procedure by Donnay 
and Allmann (3) with the revised radii of 
Shannon (4). The two Rb atoms are both 
bonded to 9 oxygen atoms at distances from 
2.85(l) to 3.46(l) A for Rb(l), and from 
2.78(l) to 3.24(l) A for Rb(2) (see Fig. 4a). 
The short Rb-0 bonds are considerably 
shorter than the calculated Rb-0 distance 
(3.01 A) based on Rb+ (1.63 A, CN = 9) and 
O’- (1.38 A, CN = 4) (4). The very short 
Rb-0 bonds involve the oxygen atoms O(3) 
and O(8) which are linked only to phos- 
phorus and rubidium atoms. The sums of 
bond strengths are 1 .OO and 1.12 for Rb( 1) 
and Rb(2), respectively (5). The closest 
Rb+. . . Rb+ distance is 4.381(3) A. 

Cs2VOP207. The structure of CSZVOP~O~ 
is a high-symmetry version of that of Rb2 
VOP207. The Cs+ ions, V02+ complex, 

(a) (b) 
FIG. 4. The coordination of oxygen atoms around Rb and Cs atoms in (a) RbzVOP20, and (b) 

cszvoP*o,. 
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and the bridging oxygen atom O(5) in the 
P207 group lie in mirror planes perpendicu- 
lar to the b-axis at y = 4 or $. Analogous 
corrugated layers of vanadyl pyrophos- 
phate are also found in the cesium com- 
pound (Fig. 5). The heptagonal windows do 
not form heptagonal tunnels along the u- 
axis. The connectivity among VOs square 
pyramids and P207 groups is identical to 
that in Rb2VOP207 (Fig. 6). The V-O dis- 
tances are essentially the same as those in 
the rubidium compound. The 4 equatorial 
oxygen atoms in a VOs square pyramid lie 
in a plane and the V4+ ion is displaced 0.56 
A toward the apical oxygen atom 0( 1). The 
PO4 tetrahedra in a P207 group are eclipsed. 
The P-O bond distances can also be classi- 
fied into three types: (i) the long bonds (P- 
O(5)) in which the bridging oxygen atom is 
shared by two PO4 tetrahedra; (ii) the inter- 
mediate bonds in which the oxygen atoms 
O(2) and O(4) are bonded to P, Cs, and V 
atoms; (iii) the short bonds which involve 

FIG. 6. A layer of vanadyl pyrophosphate in Cs? 
VOP20,. Positions of the various atoms are indicated. 

the oxygen atom (O(3)) linked only to Cs 
and P. Cs(l) is bonded to 10 oxygen atoms 
at distances from 3.043(5) to 3.516(8) A, 
and Cs(2) to 8 oxygen atoms at 3.024(5)- 
3.41 l(5) A, see Fig. 4b. The very short Cs- 
0 bonds also involve the oxygen atom O(3) 
coordinated only to P and Cs. Bond- 
strength sums are 1.01 and 0.94 for Cs(l) 
and Cs(2), respectively. The closest Cs+ 
. . . Cs+ distance is 4.519(l) A. 

FIG. 5. The unit cell of Cs2VOP207 as projected 
down the b-axis. The Cs, V, P, and 0 atoms are repre- 
sented by dotted, cross-hatched, small open, and me- 
dium open circles, respectively. 

Discussion 

K2VOP207 crystallizes in the tetragonal 
space group P4bm with a = 8.277(3), c = 
5.420(2) A. In K2VOP207 the connectivity 
among VOs square pyramids and P207 
groups is different from that in M2VOP207 
(M = Cs or Rb). In the potassium com- 
pound each VOs square pyramid points in 
one direction and shares its 4 equatorial ox- 
ygen atoms with four different P207 groups. 
Within a planar layer pentagonal windows 
are formed by the edges of two square pyra- 
mids and three tetrahedra. These windows 
form pentagonal tunnels parallel to the c- 
axis. The K+ ions reside in a mirror plane 
and the closest K+ . . . K+ distance is 4.0 
A, which appears too short for Rb+ and 
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The unit cell volume for Cs2VOP207 is 
greater than Rb2VOP207 by 82 A3, which 
corresponds to 10 A3 per alkali metal cat- 
ion. This volume difference can be com- 
pared with that between the cesium and ru- References 
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it were isostructural with Rb2VOP207. In- 5, 
terestingly, K2VOP207 adopts a markedly 
different structure with a smaller unit cell 6. 
volume 371 A3, Z = 2) and higher density. 
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