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Blue crystals of the compound Na2VO(S04), suitable for X-ray structure determination have been obtained by dissolving V2OS 
in  molten Na2S207 at a temperature of 400 OC and bubbling a 10% so2-90% N2 gas mixture through the solution. In a few 
hours, blue needle-shaped crystals precipitated. The uni ue crystal structure belongs to the orthorhombic system in space group 
P2,2,2, (No. 19), with a = 6.303 ( I )  A, b = 6.803 (1 )  1 , c = 16.682 (2) A, and Z = 4. The structure consists of sodium ions 
and a three-dimensional network of vanadyl ions (V02+), interlinked by two kinds of bridging sulfate ions. Sulfate coordinates 
to the vanadium unidentately, forming a distorted V06 octahedron with one V-O bond length of 1.595 (2) A, four in-plane bonds 
between 2.01 and 2.07 A, and one bond opposite to the short one, with a length of 2.150 (2) A. The 0-V-O angles are distorted 
from 90' by less than 12O. The sulfate groups are slightly deformed and tilted, in such a way that the V-0-S bond angles are 
around 130 f 3'. Short sodium-oxygen contacts (2.35-2.41 A) are encountered. Sulfate groups 1 and 2, respectively, contain 
one (O(7)) and two (O(8) and O(9)) oxygen atoms, which are uniquely bound by short bonds to S(1) and S(2), respectively. 
Infrared and Raman spectra of the compound have been recorded and interpreted. 

Introduction 

This paper is one of a series2-8 describing our efforts to  explore 
the chemistry of the sulfuric acid catalyst. The liquid-gas system 
M2S207/V20S-S02/02/S03/N2 (M = 80% K and 20% Na) is 
considered9 to  be a realistic model of the industrial catalyst, 
catalyzing the reaction 

S02(g) + Y202(g) S03(g) (1) 

in the temperature range 400-600 O C .  Below about 420 OC, the 
activity of the catalyst decreases sharply, and we have recently 
showns that  this deactivation for SO2-rich gas compositions is 
caused by the precipitation of V(IV) and V(II1) compounds. 

Previously,6~' we have isolated the V(II1) and V(IV) compounds 
KV(S04)2 and K4(V0)3(S04)5 from molten KHS04/V205 and 
K2S207/V205 mixtures, respectively, in an S02-rich atmosphere. 
These K compounds have been recognized8 as deactivation 
products in  the above mentioned catalyst model system. 

The  present paper concerns compound formation in the  
Na2S20i /V205-S02/02/N2 liquid-gas subsystem. It  is shown 
that  the V(1V) compound Na2VO(S04)2 is formed in sodium 
pyrosulfate below a temperature of ca. 470 OC, and its crystal 
structure and vibrational spectra are presented. The V(II1) 
compound NaV(S04)2  was also isolated. This compound will be 
characterized elsewhere.I0 The Na compounds were also rec- 
ognized8 a s  products of deactivation in the above mentioned 
catalyst model system. There seems to be no previous report on 
the formation of sodium compounds containing vanadium in the 
+IV or +I11 oxidation state from the working catalyst or from 
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Table 1. Crystallographic Data for Sodium Vanadyl Sulfate 
formula: Na2VO(S0& 
a = 6.303 (1 )  A 
b = 6.803 (1 )  A 
c = 16.682 (2) A 
a = p = = 900 
V = 715.32 A3 
Z = 4 formula units/cell 
pcrp = 2.80 g 
pcald = 2.83 g cm-3 

fw = 305.04 
space group: P2,2,2, (No. 19) 
T = 300 K 
X(Mo Ka) = 0.71069 A 

= 20.46 cm-' 
abs cor: none 
R(F,)  = 0.0260 
R,(F:) = 0.0275 

catalyst model melts. However, the existence of the compound 
Na2VO(S04)2 has been reported previously," isolated from the 
Na20 /V204 /S03  system. The similar K compound K2VO(S04)2 
has also been isolated from the analogous K 2 0 / V 2 0 4 / S 0 3  sys- 
tem.12 
Experimental Section 

The equipment used has earlier been described in detail.'** It included 
a mixing unit for SO2, 02, SO,, and N, gases to obtain any desired 
S02/02/S03/N2 ratio for the gas led to the reactor cell. This was placed 
in a tiltable double-quartz-walled transparent tube furnace, in which the 
temperature of the melt could be regulated to A0.5 O C  within the range 
of 20-500 OC to simulate the conditions of a working catalyst. The 
reactor cell, made of borosilicate glass, contained a porous sintered-glass 
filter disk as support for the melt. The gas was introduced below the disk 
and bubbled through the melt. This cell construction enabled us to 
separate precipitates on the filter disk and isolate the melt filtrate in the 
bottom ampule for separate analysis. 

Materials. The Na2S207 used was synthesized by thermal decompo- 
sition of Na2S208 (Fluka, pro analysi) and stored in sealed ampules until 
used. The nonhygroscopic V2OS (Cerac, Pure (99.9%)) was used without 
further purification. All handling of chemicals including the filling of 
the reactor cell was performed in a glovebox with a nitrogen atmosphere 
that was continuously dried to around 5 ppm of H 2 0  by means of cir- 
culation through a column with molecular sieves. Commercial gases in  
steel bottles were used: SO, (>99.9%), 0, (99.8% O2 + 0.2% N2 and 
Ar), and N2 (<40 ppm of 0, + H 2 0 ) .  

Synthesis of Crystalline Na,VO(SO,),. In the glovebox, Na,S20, and 
V2OS were added to the reactor cell at mole ratios Na/V = 3,4,4.7, and 
IO. Usually the volume of the components did not exceed 1.5 mL (when 
fused) to avoid excessive foaming, which might stop the gas flow by 
solidification of the melt in the cold part of the tube leading out of the 
reactor. The closed cell was transferred to the reactor furnace and 
quickly connected to the gas supply and vent tubes. During heating of 
the mixture in the temperature range 400-470 OC, the S02/02/N2 or 
S 0 2 / N 2  gas mixture of the desired composition was gently bubbled 
through the melt, at a total flow in  the range 10-40 mL/min. Inde- 
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Figure 1. Stereo plot of the unit cell of Na2VO(S04),, seen along the u axis. 

Table 11. Coordinates of the Atoms in the Na2VO(S04), Structure 
in Space Group P21212,a3b 

atom x l a  Y l b  Z I C  

Na(l)  0.6756 (4) 0.1511 (3) 0.5906 ( I )  
Na(2) -0.6288 (2) 0.1057 (2) 0.2388 ( I )  
V 0.5326 (8) 0.1497 (7) 0.9107 (3) 
S(1) 0.0345 ( I )  0.0859 (1) 0.9321 ( I )  
S(2) 0.8573 ( I )  0.1030 ( I )  0.2497 ( I )  
O(1) 0.2181 (3) 0.2014 (4) 0.9047 (2) 
O(2) 0.5227 (4) 0.4033 (3) 0.9790 ( I )  
O(3) 0.5169 (4) 0.3591 (3) 0.8144 ( I )  
O(4) 0.8482 (3) 0.1880 (3) 0.8966 ( I )  
O(5) 0.5125 (4) -0.0523 (3) 0.8225 ( I )  
O(6) 0.5371 (5) -0.0083 (4) 0.9813 ( I )  
o (7 )  0.0483 (4) -0.1164 (4) 0.9074 (2) 
O(8) 0.2735 (4) -0.2281 (4) 0.2328 (2) 
O(9) -0.2740 (4) -0.0631 (4) 0.2245 ( 1 )  

"The temperature factor parameters can be obtained from the au- 
thors upon request. bAll atoms are at general positions. 

pendent of whether the gas consisted* of a 10% SO,, 11% 02, and 79% 
N2 or a 10% SO2 and 90% N2 gas mixture, green and blue precipitates 
were observed after equilibration at any temperature in the range 
4CO-470 OC over night. Large crops of crystals were obtained especially 
at low temperatures. After filtration and cooling, the reactor cell was 
opened and flushed gently with water overnight to dissolve the residual 
crystallized Na2S207 solvent on the disk. In this way, slightly soluble 
bright blue crystals and sometimes* also green crystals remained. 

Similar blue and green compounds were also obtained by cooling to 
325 OC NaHS04/V205 molten mixtures with the mole ratio Na/V = 16 
equilibrated in Pyrex ampules sealed under a SO2 pressure of 0.95 atm 
at room temperature. The green compound was the vanadium(II1) 
compound NaV(S04)2, which will be described e1sewhere.l0 

The needle-shaped blue crystals were examined in a polarization 
microscope, and proper samples were selected for further investigations. 
The crystal used for the X-ray investigation was obtained from the 
V205/Na2S20, system with the mole ratio Na/V = IO and treated with 
a 10% SO2 and 90% N2 gas mixture at 400 OC overnight. 

Infrared Spectra. The IR spectra were recorded on a Perkin-Elmer 
577 spectrometer in the double-beam mode with a KBr disk as the ref- 
erence. 

Raman spectra were excited with the 514.5- or 488.0-nm line of a 4-W 
Spectra Physics argon ion laser. The scattered light was collected at an 
angle of 90' (vertical scattering plane) and analyzed with a Spex 1403 
0.85-m double monochromator equipped with a -20 O C  cooled RCA 
photomultiplier and EG&G/ORTEC photon counting and chopper 
lock-in amplifier electronics. 

X-ray Single-Crystal Investigations. The crystal symmetry was de- 
termined from Weissenberg photographs. Crystal data and other ex- 
perimental details of the structure solution method are given in Table I. 
Intensity data were collected at 300 K on an Enraf-Nonius CAD-4F 
diffractometer. The cell dimensions were determined by least-squares 
refinement based on the setting of 25 high-order reflections. Because of 
irregular shape of crystals and low absorption coefficients, no correction 
for absorption was attempted. Reflections with I < 2 4 0  were omitted 
from the refinement. The weight function gave a uniform distribution 

Table 111. Bond Lengths (A) and Angles (deg) in Na,VO(SO,), 
V-0(6) 1.595 (2) 0(6)-V-0(1) 99.88 (13) 
V-O(1) 2.016 (2) 0(6)-V-0(2) 98.99 (10) 
V-0(5) 2.017 (2) 0(6)-V-0(4) 98.96 (12) 
V-O(4) 2.020 (2) 0(6)-V-0(5) 94.60 (1 1) 
V-0(2) 2.068 (2) 0(6)-V-0(3) 178.17 (28) 
V-0(3) 2.150 (2) 0(3)-V-0(1) 78.59 (9) 

O( 3)-V-O( 2) 81.81 (9) 
0(3)-V-0(4) 82.68 (9) 
0(3)-V-O( 5) 84.45 (9) 
O( I)-V-O(2) 81.50 (10) 
O( l)-V-0(5) 91.18 (IO) 
0(2)-V-0(4) 89.24 (10) 
0(4)-V-0(5) 93.70 (10) 
0(2)-V-0(5) 165.47 ( 1 1 )  
O( 1)-V-0(4) 160.09 (IO) 
v-O( I)-S( 1) 131.68 (16) 
v-O( 2)-S( 1 ) 126.10 (13) 
V-0(3)-S(2) 133.00 (15) 
V-O(4)-S( 1) 132.12 (14) 
V-O( 5)-S( 2) 135.25 (15) 

S(1)-0(1) 1.471 (2) O(l)-S(l)-O(2) 108.82 (14) 
S(1)-0(2) 1.488 (2) O(l)-S(l)-O(7) 111.99 (16) 
S(1)-0(4) 1.488 (2) O(l)-S(l)-O(4) 104.34 (14) 
S(1)-0(7) 1.439 (3) 0(2)-S(1)-0(7) 109.64 (14) 

0(2)-S(I)-0(4) 109.56 (13) 
0(7)-S(1)-0(4) 112.33 (14) 

S(2)-0(3) 1.491 (2) 0(9)-S(2)-0(5) 111.29 (13) 
S(2)-0(5) 1.506 (2) 0(9)-S(2)-0(3) 108.03 (13) 
S(2)-0(8) 1.444 (2) 0(9)-S(2)-0(8) 110.48 (15) 
S(2)-0(9) 1.462 (3) 0(5)-S(2)-0(3) 104.51 (12) 

0(5)-S(2)-0(8) 109.32 (14) 
0(3)-S(2)-0(8) 113.10 (14) 

Na(l)-O(2) 2.398 (3) 0(9)-Na(l)-0(7) 87.90 (1 1) 
Na(l)-O(9) 2.394 (3) 0(2)-Na(l)-0(9) 114.25 (1  1) 
Na(l)-O(7) 2.352 (3) 0(2)-Na(l)-0(7) 149.92 (12) 
Na(2)-O(8) 2.355 (2) 0(3)-Na(2)-0(9) 76.45 (9) 
Na(2)-O(3) 2.414 (3) 0(3)-Na(2)-0(8) 80.70 (9) 
Na(2)-O(9) 2.414 (3) 0(8)-Na(2)-0(9) 147.59 (11) 

of wlAF],. The results from the fitting calculations, Le. atomic coordi- 
nates, bond lengths, and bond angles, are listed in Tables I1 and 111. 
Observed and calculated structure factors and atomic thermal parameters 
are included as supplementary material. 
Results and Discussion 

Description of the Structure. Figure 1 shows a stereo pair of 
the structure. The  asymmetric unit contains one independent 
vanadyl, V 0 2 + ,  complex ion, two sulfate ions, and the corre- 
sponding two sodium ions. The  sulfate coordination around va- 
nadium forms a complicated three-dimensional network. The  
vanadium sits near the center of an octahedron consisting of the 
vanadyl oxygen and five oxygens from five different sulfate groups, 
which themselves are further coordinated to other vanadium atoms. 

In Figure 2, a projection of the distorted V-O6 octahedron is 
shown. The  vanadyl O(6)  is a t  a short distance (1.595 A),  the  
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Figure 3. Plot of the S-0 distances for a particular bond versus the 
average of the three angles involving this bond and the other three S-O 
bonds of the sulfate tetrahedra. The dashed line is taken from ref 7.  

Figure 2. Labeling of atoms and thermal vibration ellipsoids for the 
distorted V-O6 octahedron and for the two sulfate ions. Distances and 
angles are given in Table 111. 

other axial oxygen opposite to it, i.e. 0 ( 3 ) ,  is a t  a long distance 
(2.1 50 A), and the other four equatorial oxygens are  a t  inter- 
mediate distances (2.02-2.07 A). Two kinds of nearly 90' 0-V-O 
angles are  found (Table 111), those involving the vanadyl O(6) 
and the four equatorial oxygens being around 95-100', whereas 
those involving the other axial oxygen, 0 ( 3 ) ,  and the four 
equatorial oxygens are consequently below 85'. The 0 (6 ) -V4(3 )  
angle involving the axial oxygens is 178', indicating a small 
deviation from a collinear arrangement. The angles involved in 
the equatorial plane formed by oxygens 1, 2, 4, and 5 deviate 
somewhat (less than 9') from 90'. 

The values for interatomic angles and distances are  typical of 
what is found for other vanadyl compounds.I3 The structure can 
be described as a distorted VOs octahedron in which the vanadium 
atom is located slightly (around 0.3 A) above the plane defined 
by the four equatorial oxygen ligands. 

The V-0-S bonds deviate significantly from being collinear, 
forming angles around 130 i 3' (Figure 2 and Table 111). One 
sulfate group, S( I ) ,  has one oxygen (O(7)) that is not coordinated 
to V, while the other sulfate group, S(2), has two noncoordinated 
oxygens (O(8) and O(9)). The other oxygens for both kinds of 
sulfate are shared with vanadium in the formation of V-O-S 
coordination bridges. The lengths of the bonds between sulfur 
and the noncoordinated oxygens are relatively shorter (1.44-1.46 
A) than the sulfur-oxygen bonds (1.47-1.51 A) found in the 
coordination bridges. Around the sulfur atoms, nearly tetrahedral 
angles are found, deformed in such a way that the 0 - S - O  angles 
involving oxygen atoms bridging to vanadium on the whole are 
smaller (around 104.34-109.64') than the ideal angle of 109.47'; 
see Figure 2 and Table 111. This is probably due to repulsion from 
the short-bonded oxygens. The 04-0 angles not involving 
oxygen atoms bridging to vanadium are  in the range 
108.03-1 13.10' and generally enlarged to values above 109.47'. 
The S-0 distances (Table 111) depend on the angles in such a 
way that the larger the average of the three possible 044 angles 
involving a particular bond, the smaller is the S-0 distance. This 
is shown in Figure 3, in which an approximately linear relationship 

I I 1 I I 
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Figure 4. Infrared spectrum of Na2VO(S04)2 powder in a pressed KBr 
disk at room temperature. Resolution = ca. 5 cm-I. 

(linear regression) is found similar to what was observed for the 
five different sulfate ions in the K4(VO)3(S04)5 structure7 (shown 
as the dashed line): There is no significant difference in slope 
between the two lines. This indicates similar hybridizations of 
the sulfur atoms of the sulfate groups, at  least in these cases. The 
bond lengths and bond angles of the sulfate tetrahedra (Table 111) 
are  generally close to the usual values of 1.474 AI4 and 109.47' 
for the sulfate group. Short scdium-oxygen contacts (2.35-2.41 
A) occur, as  can be seen in Table 111. 

Comparison of Na2VO(S04)2 to Otber Structures. Only a few 
sulfates of vanadium( IV) are known, and the only single-crystal 
structure determinations of which we are  aware concern CY- 

V0S04 ,15 ,16  p-V0S04,17 VOS04.3H20,18 VOS04.5H20,19 and 
K4(V0)3(S04)57  (ref 7 gives further details). The short V=O 
bond of the vanadyl entity in the VOSO., compounds is in the 
range 1.56-1.63 A, and the equatorial V-0 bond lengths are 
in the range 1.99-2.08 A, while the long axial V - 0  bond opposite 
the short vanadyl bond is in the range 2.22-2.47 A. The angles 
between the short V - 0  bond and the equatorial V - 0  bonds are 
in the range 94-103'. For the three slightly different V 0 6  oc- 
tahedra of the K4(VO)3(S04)5 structure' these four values were 

(14) Renner, B.; Lehmann, G. Z .  Kristallogr., Kristallgeom., Kristallphys., 
Kristallchem. 1986, 175, 43. 

(15) Ladwig, G. Z .  Anorg. Allg. Chem. 1969, 364, 225. 
(16) Longo, J. M.; Arnott, R. J. Acta Crystallogr. 1969, A25, 118; J .  Solid 

State Chem. 1970, I .  394. 
( 1 7 )  Kierkegaard, P.; Longo, J. M .  Acta Chem. Scand. 1965, 19, 1906. 
(18) Thbbald, F.; Galy, J .  Acta Crystallogr. 1973, 829, 2132. 
(19) Ballhausen, C. J.; Djurinskij. B. F.: Watson, K. J. J .  Am. Chem. SOC. 

1968, 90, 3305. (13)  Selbin, J .  Coord. Chem. Reo. 1966. I ,  293; Chem. Reo. 1965, 65, 153. 
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Table IV.  Infrared and Raman Bandsec (cm-I) of Na2VO(S04)2d and K2VO(S04)ze and Their Assignments 
IR Raman 

(polycrystalline, needle crystals; 
h = 488.0 nm) (in KBr) Na2VO(S04),d 

I250 1253 
1245 m 1245 1243 

1225 1236 

(polycrystalline, needle crystals; 
h = 488.0 nm) 

1245 m 

~ I250 1253 
1245 1243 
1225 1236 

u(V-0) J 

1022 s 
1013 m 

972 s 
964 vs 

( 536 w 
484 w 

390 w 

322 w 
287 m 
273 m 
256 s 

236 w 
175 m 
139 w 
121 w 
80 w ’ I  59 m 

u(lattice) 

u(V-0 str) 

1215 
1125 
1090 
1035 

1003 
980 

955 

688 
655 
625 
610 

585 

512 
450 
428 

3 90 
375 
320 
285 
265 
256 

240 

1225 
1137 
1095 
I040 

1010 
990 

957 

696 
662 
634 
619 
610 
590 

440 

1220 
1155 

1045 

1005 
980 

685 
665 
645 
620 
600 

475 
415 

OPowder samples at room temperature. 61ntensity codes: w = weak; m = medium; s = strong; v = very. Raman intensities dependent on 
crystallite orientation. cPolystyrene sheet or argon laser plasma lines were used for frequency calibration (h2 cm-I). dReference 1 1 ;  liquid paraffin 
mull. e Reference 12; liquid paraffin mull. 

in the ranges 1.58-1.59 A, 2.02-2.06 A, 2.22-2.23 A, and 
95-101°, respectively, which compares well to the V O S 0 4  
structures. For the present com und, Na2VO(S04)2, the values 
are  1.60 A, 2.02-2.07 A, 2.15 ff and 95-100°, respectively, in 
good accordance with the other compounds. However, the length 
of the V - O  bond opposite the short V-0 bond is only 2.15 A in 
Na2VO(S04), ,  which is shorter than in any of the other similar 
compounds mentioned above. Thus, the first coordination spheres 
seem to be arranged in similar ways in all compounds containing 
vanadyl and sulfate groups. 

Infrared and Raman Spectra. IR spectra (Figure 4) of the blue 
Na2VO(S04),  a t  room temperature were obtained on finely 
ground powders in pressed KBr disks. Raman spectra were ob- 
tained a t  room temperature on stationary polycrystalline samples 
by using either the 488.0-nm (Figure 5) or the 515.4-nm laser 
line. Raman spectra excited with the 514.5-nm line exhibited 
similar features, as  shown in Figure 5.  

As can be seen from Figures 4 and 5 ,  the IR and Raman spectra 
contain many bands and most of them are common to both kinds 
of spectra. The bands observed are listed and tentative assignments 
given in Table IV. 

The free-group vibrations of the V=02+ and S042- groups 
usually give stretching bands near 975 cm-’ for u(V==O),Zo near 
1000 cm-I for U ~ ( S O ~ ~ - ) ,  and near 1100 cm-’ for u ~ ( S O ~ ~ - )  and 
bending bands near 450 cm-I ( V ~ ( S O , ~ - ) )  and 600 cm-’ (v4- 
(S042-)).21 Of these, V ~ ( S O ~ ~ - )  and U ~ ( S O ~ ~ - )  are  not IR-per- 

(20) Selbin, J.; Holmes, L. H.; Mdjlynn, S .  P. J .  Inorg. Nucl. Chem. 1963, 
25. 1359. 

(21) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coor- 
dinarion Compounds; Wiley: New York, 1978. 

I 1 I I 

1000 500 
WAVE NUMBER (cm”) 

Figure 5. Raman spectrum of Na2VO(S04), powder at room tempera- 
ture. &, = 448.0 nm, power = 110 mW, and resolution = ca. 2 cm-’. 

mitted. However, in an ionic crystal lattice, the interaction be- 
tween the ions can reduce the symmetry of the groups and can 
e.g. lift the degeneracies of the sulfate group vibrations. This may 
lead to a splitting of the u2, u3,  and u4 bands of the SO(- group 
into several components,21 and it can cause uI to gain in intensity 
in the IR spectrum. The presence in the I R  and Raman spectra 
of Na2VO(S04)2  of a number of bands in the regions of 
1000-1300, of 600-700, and near 500 cm-I points to a lowering 
of the Td symmetry of the free SO4” group in the Na2VO(S04)2 
crystal. This is in good accordance with the bond lengths and 
interionic distances found in the crystal. Furthermore, the presence 
of four asymmetric units in the unit cell also points to a com- 
plicated pattern of the vibrational spectra. The frequencies of 
the V-0 bond vibrations are  probably found in the region 
950-1000 cm-l, Le. in the lower end of the frequency range for 
the Sod2- vibrations. The absence of the characteristic bands’ 



3298 tnorg. Chem. 1990, 

of the S2072- ion constituting the solvent melt should be noted. 
The IR spectrum of the compound Na2VO(S04)2,  isolated 

previously," shows a close analogy to the spectrum given here 
(Figure 4). This is also obvious from the frequencies listed in Table 
IV, which support the impression that we are  dealing with the 
same compound. Apart from this, only a few sulfato compounds 
of V(IV) have been examined by IR spectroscopy, and so far, no 
Raman spectra have been published except7 for that of the com- 
pound K4(V0)3(S04)5.  For a- and p -VOS04  the IR spectra 
show'2~15~22-23 that the o(V=O) bands are found in the region 
940-990 cm-I while V ~ ( S O ~ ~ - )  and split Q(SO~~-) bands are present 
in the region 1000-1200 cm-l. Several bands of the bending 
modes, Y ~ ( S O ~ ~ - )  and v ~ ( S O ~ ~ - ) ,  respectively, are  found in the 
regions of ca. 400-500 and ca. 600-700 cm-I. An identical 
compound, which probably can be represented by the formula 
K2( V0)2(S04)3 ,  seems to have been obtained in three different 
investigations according to the stoichiometry and the 1R spectra 
of the  compound^.'^^^^^^^ In  these investigations v(V=O) bands 
are found around 985 cm-I, while the u ,  and u3 stretching modes 
of the groups are  found in the region 1000-1270 cm-l and 
the u2 and u4 bending modes in the regions ca. 400-460 and 
600-660 cm-I, respectively. The complicated IR and Raman 
spectra7 of the compound K4(V0)3(S04)5 show that the stretching 
modes u(V=O),  V ~ ( S O ~ ~ - ) ,  and v ~ ( S O ~ ~ - )  most probably are found 
in the region 970-1 270 cm-' and the bending modes L ' ~ ( S O ~ ~ - )  
and Y ~ ( S O ~ ~ - )  a t  600-700 and 440-520 cm-I, respectively. For 
K2VO(S04)2,  the potassium analogue of the sodium compound 
studied here, the IR spectrum shows12 rather similar features, as 
can be seen in Table IV. The u(V=O) bands seem to be found 

(22) Tudo, J. Rev. Chim. Miner. 1965, 2,  53. 
(23) Ezhkova, 2. 1.; Zaitsev, B. E.; Konysheva, L. I.; Matveevicheva, V. A,; 

Nekhorosheva, N. I.; Polotnyuk, 0 . - V .  Y . ;  Chaikovskii, S. P. Kinet. 
Katal. 1972, 13, 1288; Kinet. Catal. (Engl. Transl.) 1972, 13, 1149. 

(24) Bazarova, 2. G.; Boreskov, G. K.; Ivanov, A. A,; Karakchiev, L. G.; 
Kacohkina, L. D. Kinet. Kutul. 1971, 12, 948; Kinet. Catal. (Engl. 
Transl.) 1971, 12, 845. 
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at lower frequencies in Na2VO(S04)2 than in K2VO(S04)2. The 
same is found by comparison to K4(V0)3(S04)5.7 This seems 
reasonable since the V = O  bond length is longer in Na2VO(S04)2 
than in K4(V0)3(S04)5.  This weakening of the V=O bond in 
Na2VO(S04)2 might be due to a stronger donation of electrons 
to the metal d orbitals by the sulfate ligand opposite the V=O 
bond. This is reflected by the unusual short opposite V-0 bond 
length of 2.15 A in Na2VO(S04)2 compared to 2.22-2.23 8, found 
in K4(VO)3(S04)5. A general common feature for all V(IV) 
oxo-sulfato compounds discussed here seems to be-judged from 
the vibrational spectra-the presence of bi- or tridentate chelate 
or bridging sulfate ligands coordinated to a V=OZf entity. The 
X-ray structure examinations made so far confirm this. 
Conclusion 

The compound Na2VO(S04)2 has been isolated from the liq- 
uid-gas system V2O5/K2S2O7-SO2/O2/NZ and its molecular 
structure determined. The deactivation of sulfuric acid catalysts 
at  lower temperatures has been attributed2s to the precipitation 
of V(IV) compounds. Indeed, our recent work* has shown that 
when V(II1) and V(1V) compounds of the alkali metals Na,  K, 
and Cs are formed in the M2SZO7/V2O5-SO2/O2/N2 liquid-gas 
system (M = Na,  K, Cs), a similar dramatic decrease in the 
catalytic activity of the system is observed. Thus, the precipitation 
of the V(1V) compound Na2VO(S04)2 may contribute to the 
observed deactivation at  low temperatures of the commercial 
catalyst containing sodium as a copromotor to potassium. 
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A novel mixed-valence vanadium pyrophosphate, RbV3P4017tx ( x  = 0.14), was discovered, and its structure was determined from 
single-crystal X-ray diffraction data. This nonstoichiometric phase crystallizes in the tetragonal space group P42/mnm with a 
= 13.651 (2) A, c = 7.289 (2) A, V = 1358.3 ( 4 )  A), Z = 4 ,  R = 0.0366, and R ,  = 0.0360 for 835 unique reflections with I > 
2.5o(I). The structure may be regarded as built from Reo3-type infinite chains along the c axis (in which each V 0 6  octahedron 
shares two opposite vertices) and finite chains parallel to the ( 1  10) directions, which are linked by P207 groups to form a 
three-dimensional structure. Each finite chain consists of four V 0 6  subunits. The oxygen atom shared between the central and 
side octahedra in the four-membered chain is about two-thirds occupied. Variable-temperature powder magnetic susceptibility 
data suggest the presence of two V4+ and one V5+ per formula unit and support the formula determined from single-crystal X-ray 
diffraction data. 

Introduction 
The vanadium phosphorus oxide system has shown a rich 

structural chemistry owing to the accessibility of more than one 
oxidation state and the ability of vanadium polyhedra and 
phosphate tetrahedra to form a variety of frameworks. As a part 
of the search for novel mixed frameworks built up from corner- 
sharing octahedra and tetrahedra, we recently began an inves- 
tigation of the vanadium phosphate system containing vanadium 
in oxidation states less than +5. By adding alkali-metal cations 
to this system, a variety of structural types with cage, tunnel, or 
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layer structures have been generated. In the system M-V- 
(1V)-P-0, LiVOPO,,' M2VOP207  ( M  = K, Rb, C S ) , ~ . ~  and 
M2V3P4Ol7 ( M  = Cs, Rb, K)e6 are  known to exist. The phos- 

( I )  Lavrov, A. V.; Nikolaev, V. P.; Sadikov, G. G.; Porai-Koshits, M. A. 
Sou. Phys.-Dokl. (Engl. Transl.) 1982, 27. 680. 
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