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VO(VO&VO(C,,HsN,),), has been synthesized by the hydrothermal reaction of V,O, with 2,2’- 
bipyridine. The compound is monoclinic, space group E?,/n (No. 14), a = 7.579 (2) A, b = 26.713 (8) 
A, c = 12.776 (3) A, /3 = 94.97 (2)“, Z = 2. Its structure consists of (VO,), chains of corner-sharing 
pentavalent vanadium tetrahedrajoined by V4+ square pyramids, with octahedral VO(C,,HsN,), groups 
arrayed on the periphery of the chains. The V4+ sites are isolated magnetically, with the compound 
exhibiting Curie-Weiss behavior in the temperature range lo-300 K. The calculated peff is 1.68 pal 
V4+, close to the spin-only value. 0 1991 Academic PM, IW. 

Introduction 

In the course of a program of exploratory 
hydrothermal synthesis of new vanadium 
phases containing organic molecules or 
anions as structural components (j-3), a 
new compound containing vanadium, oxy- 
gen, and 2,2’-bipyridine was isolated. Its 
structure combines elements of the solid 
state chain compounds AVO, with those of 
typical molecular V4 + species. 

Synthesis 
V,O, (0.150 g; 0.001 mole, Alfa) and 0.156 

g 2,2’-bipyridine (0.001 mole) were placed 

in a 23-ml Teflon-lined steel autoclave (Parr 
Instruments). The filling was adjusted to 
-60% with distilled water and the mixture 
was heated at 200°C and autogeneous pres- 
sure for 2 days. The product (black prisms, 
0.21 g, 66% yield based on vanadium) was 
separated by filtration, washed several 
times with distilled water, and dried in air. 
Chemical analysis: observed, C 33.93%, 
H 2.18%, N 7.94%, V 31.86%; Calculated 
for C4&WOYh~ y C 33.85%, H 2.27%, 
N 7.90%, V 32.31%. 

The inverse magnetic susceptibility as a 
function of temperature showed Curie- 
Weiss behavior in the temperature range 
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TABLE I 

ATOMIC COORDINATES (x 104) AND EQUIVALENT 
ISOTROPIC DISPLACEMENT COEFFICIENTS (A* x 103) 
FOR VO(V03)6(VO(C,oHsN,),)z 

x Y Z u 

V(1) 
V(2) 
V(3) 
V(4) 
V(S) 
O(lA) 
W-4) 
WB) 
WC) 
O(3A) 
O(3B) 
O(3C) 
O(4A) 
O(4B) 
O(4C) 
WA) 
N(l) 
N(2) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
(36) 
C(7) 
W 
C(9) 
WO) 
N(3) 
N(4) 
(311) 
C(12) 
C(13) 
C(14) 
CW) 
‘716) 
C(l7) 
C(18) 
C(19) 
cm 

2419(l) 
506( 1) 

-2717(l) 
2694( 1) 

144(l) 
1140(l) 
580(l) 

- 1752(l) 
1353(l) 

- 2285( 1) 
- 5053( 1) 
- 1824(l) 

2524( 1) 
1766(l) 
1597(l) 
630( 1) 

4412(l) 
4329( 1) 
4363(l) 
5664(l) 
7058(l) 
7114(l) 
5792( 1) 
5750(l) 
7062( 1) 
6893( 1) 
5442( 1) 
4171(l) 
1173(l) 
4097(l) 

-333(l) 
-1191(l) 

-533(l) 
1000(l) 
1832(l) 
3481(l) 
4331(l) 
5836(l) 
6431(l) 
5540(l) 

1049(l) 
1578(l) 
1016(l) 
1059(l) 
-32(l) 
649(l) 

2135(l) 
1427(l) 
1170(l) 
1247(l) 
993(l) 
445( 1) 

1182(l) 
1568(l) 
532(l) 

- 105(l) 
992( 1) 
581(l) 

1216(l) 
1150(l) 
839(I) 
592(l) 
686(l) 
457( 1) 
147(l) 

-48(l) 
71(l) 

385(l) 
1674(l) 
1739(l) 
1617(l) 
2012(l) 
2482( 1) 
2548( 1) 
2136(l) 
2176(l) 
2624( 1) 
2626( 1) 
2187(l) 
1749(l) 

3890( 1) 271) 
1557(l) W) 

171(l) 24(l) 
- 248( 1) 26(l) 

389(l) 25(l) 
4363(l) 42(l) 
2013(l) 44(l) 
1171(l) 34(l) 
2492( 1) 38(l) 

-929(l) 47(l) 
238(l) 49(l) 
295( 1) 43(l) 

- 1475(l) 51(l) 
444(l) 33(l) 

- 14(l) 41(l) 
1612(l) 431) 
5155(l) 31(l) 
3298(l) 28(l) 
6107(l) 44(l) 
6910(l) 48(l) 
6765( 1) 47(l) 
5810(l) 40(l) 
5020( 1) 30(l) 
3960( 1) 29(l) 
3644(l) 43(l) 
2629( 1) 51(l) 
1982(l) 46(l) 
2330(l) 38(l) 
4529( 1) 31(l) 
3560( 1) 28(l) 
5004( 1) 48(l) 
5427( 1) WI 
5338(l) 57(l) 
4847( 1) 51(l) 
4451(l) 31(l) 
3910(l) 32(l) 
3761(l) 45(l) 
3228( 1) 51(l) 
2846(l) 47(l) 
3025(l) 38(l) 

Note. Equivalent isotropic U defined as one third of 
the trace of the orthogonalized U, tensor. Oxygen 
atoms labeled A are coordinated to only one vanadium 
atom, while oxygen atoms labeled B and C are shared 
between two vanadium atoms. 

IO-300 K, with Cg = 7.48 x 10m4 cm3/g and 
8 = - 4 K. The calculated pu,, is 1.68 kuel 
V4+, close to the spin-only value. 

X-Ray Crystallography 

Crystal data for vo(vo&j(vo- 
(ClOH,N,),),: Monoclinic, P2,ln (No. 14) 
a = 7.579 (2) A, b = 26.713 (8) ii, c = 
12.776 (3) A, j3 = 94.97 (2)“, Z = 2, D(calc) 
= 1.829 g/cm3. A Nicolet R3mIV diffracto- 
meter with MO& radiation (A = 0.71073 A) 
and a graphite monochrometer were used to 
collect 5012 diffraction maxima (28 I SO”) 
by w scans from a black flat needle of dimen- 
sions 0.1 x 0.2 x 0.6 mm at 298 K. Of 
these, 4520 were unique, Rint = 0.017, and 
3633 observed (F 2 3a(F)). No absorption 
correction was applied to the data (p = 
1.587 mm-‘). The structure was solved 
by direct methods and refined by full- 
matrix least-squares methods, minimizing 
Cw(F, - Fc)2, where w = (u2(F) + 0.0004 
Fz))‘. During the refinement, disorder was 
detected in the vicinity of V(5) and modeled 
by giving weights of 0.5 to V(5) and O(5A). 
Nonhydrogen atoms were refined anisotrop- 
ically to R = 0.0393, R, = 0.0432, GOF = 
1.23. An extinction correction x = 0.00056 
(6) was included where F,,,., = F [I + 
0.002xF2/sin(28)]-1’4. Hydrogen atoms 
were located in a difference map and in- 
cluded in the refinement as riding on the 
carbon atoms to which they were attached. 
The highest peak on the final difference Fou- 
rier map was 0.36 e-/A3 and the largest hole 
was -0.47 e-/A3. All computations were 
performed using SHELXTL PLUS (Nico- 
let) on a MicroVAX II. 

Structure Description 

The atomic coordinates and important 
bond distances are listed in Table I and Ta- 
ble II. The structure consists of chains that 
extend along the crystallographic a direc- 
tion, centered at the origin and at x, Z/2, 
l/2, as shown in Fig. 1. A view of the bond- 
ing within chains is depicted in Fig. 2, with 
the hydrogen atoms of the bipyridyl ligand 
omitted. Each chain contains two smaller 
chains of corner-sharing V04 tetrahedra 
composed of V(2), V(3), and V(4). Each tet- 
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TABLE II 

SELECTED BOND DISTANCES (A) FOR VO(V01)6(VO(CloHsN2)2)2 

V(l)-O(lA) 
V(l)-O(2C) 
V(l)-N(l) 
VU)-N@) 
V(l)-N(3) 
V(l)-N(4) 
V(2)-O(2A) 
V(2)-O(2B) 
V(2)-O(4B) 
V(2)-O(2C) 

1.597 (1) 
1.923 (1) 
2.120 (1) 
2.102 (1) 
2.116 (1) 
2.298 (1) 
1.596 (1) 
1.785 (1) 
1.780 (1) 
1.702 (1) 

V(S)-O(SA) 
V(S)-O(3C) 
V(5)-O(4C) 
V(S)-O(3C)’ 
V(S)-O(4C) 

V(3)-O(3A) 
V(3)-O(3B) 
V(3)-O(2B) 
V(3)-O(3C) 

1.586 (1) 
1.958 (1) 
1.962 (1) 
1.947 (1) 
1.908 (1) 

1.594 (1) V(4)-O(4A) 1.595 (1) 
1.781 (1) V(4)-O(4B) 1.798 (1) 
1.790 (1) V(4)-O(3B) 1.775 (1) 
1.673 (1) V(4)-O(4C) 1.675 (1) 

Note. Oxygen atoms labeled A are coordinated to only one vanadium atom, while 
oxygen atoms labeled B and C are shared between two vanadium atoms. Atoms marked 
with a prime are related to the unprimed atoms by a center of symmetry. 

b 

FIG. 1. View of an a axis projection of the structure of VO(V0~)6(VO(C,oHBN2)2)2, looking down the 
chains. 
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FIG. 2. View of the structure within a chain. Only one orientation of the disordered V(5) and O(5A) 
is shown, and the hydrogen atoms of the bipyridyl group are omitted for clarity. 

FIG. 3. Comparison of the coordination environment of the tetravalent vanadium atom in 
VO(bpy)(HN(CH,CO~)~ . Hz0 (left) with that of V(1) in VO(VO,),(VO(bpy),), (right). 
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rahedron in these chains share two oxygen 
atoms with other tetrahedra in the chain. 
One other oxygen atom in each tetrahedron 
is unshared, and the fourth oxygen atom of 
the V(2) tetrahedra is shared with V(l), 
while the V(3) and V(4) tetrahedra share 
their fourth vertex with V(5), linking the two 
tetrahedral chains together. The coordina- 
tion geometry about V(5) is square pyrami- 
dal, and the terminal V=O group is disor- 
dered about the inversion center contained 
in the plane of the four basal oxygen atoms. 
Large octahedral VO(bpy), groups are 
attached to the outer parts of the chains 
through an oxygen bridge to the V(2) tetra- 
hedra. 

Chains of corner-sharing V5 + tetrahedra 
are found in the metavanadates MVO, 
(M = NH,, K, Rb, Cs) (4). The V-O dis- 
tances in these compounds range from 1.803 
to 1.806 A for the shared oxygen atoms and 
1.625-1.647 A for the terminal oxygen 
atoms. In VO(V0J6(VO(bpy)J2 the V-O 
distances along the tetrahedral chains are in 
the range 1.775-l .798 A. The distances from 
the vanadium atoms of the tetrahedral V5+ 
chain to the unshared oxygen atoms are 
1.595 (1) A, and the V-O distances that 
bridge to the tetravalent V(1) and V(5) are 
1.702 (1) and 1.674 (l), respectively. The 
geometry of the tetrahedral chain is different 
from that of the chains in the metavana- 
dates, since both square pyramidal and dis- 
torted octahedral V4’ atoms have to be ac- 
commodated in VOW03)6WO(bpy)2), . 
Bond valence calculations confirm the as- 
signment of the tetrahedrally coordinated 

V(2), V(3), and V(4) as pentavalent and V(1) 
and V(5) as tetravalent (5). The magnetic 
susceptibility data support this assignment, 
indicating three isolated V4+ species per for- 
mula unit with an average magnetic moment 
of 1.68 /.~s. 

The coordination environment around 
V( 1) is similar to that found in the molecular 
complex VO(bpy)(HN(CH2C0J2 * H,O (6), 
as is shown in Fig. 3. The equatorial V-N 
bond distances in the latter compound are 
2.102 (2) and 2.110 (2) A, while in VO(VO,),- 
(VO(bpy)& they range from 2.102 (1) to 
2.116 (I) A. The V-N bond that is trans 
to the vanadyl oxygen is longer than the 
equatorial V-N bond in both the molecular 
complex and the extended lattice com- 
pound; the distances are 2.328 (3) and 2.298 
(1) A, respectively. 
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