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The metal organophosphonate system exhibits a rich coordina- 
tion chemistry, including mononuclearIJ and binuclear coordina- 
tion compounds,3 polyoxoanion cluster framew0rks,~9 linear one- 
dimensional complexes? and layered solid phases.1s16 The 
layered solid materials consist of alternating organic and inorganic 
domains and exhibit useful sorptive and catalytic p r~pe r t i e s .~~-~ l  
The structurally well-defined internal void spaces and coordination 
sites characteristic of the oxovanadium organophosphonate solids 
allow these materials to intercalate alcohols by coordination of 
the substrate molecule to the vanadium sites of the V/P/O layer. 
Furthermore, the VO(RP03).H20 phases recognize primary 
alcohols in preference to secondary and tertiary alcohols. The 
combination of such substrate-specific recognition with the 
incipient and/or actual coordinative unsaturation of the metal 
sites, with the thermal stability and reactivity of metal-oxide 
functionalities, and with the interplay of hydrophobic and 
hydrophilic domains provides desirable properties for the design 
of highly selective oxidation  catalyst^.^^^^^ 

Despite such attractive features, the chemistry of the V/O/ 
RP032- solid phases remains relatively undeveloped and restricted 
to the VO(RP03).H20*R’OH materialsI4 and the structurally 
characterized [VO(PhPO3)(H20)] l 5  and [(V0)2(CH*(P03)2)- 
(H20)4] .I6 However, for the analogous inorganic oxovanadium 
phosphate phases, we recently demonstrated that incorporation 
of organic templates results in a dramatic expansion of the 
structural and compositional range of the materials and provides 
a general methodology for the preparation of open-framework 
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Figure 1. A comparison of the bc planes of [ V O ( C ~ H S P O ~ ) ( H ~ ~ ) ]  and 
1. (a) Top: The infinite (-V=O-V-) chains of the V/P/O layer of 
[ V O ( C S H ~ P O ~ ) ( H ~ O ) ]  are evident. (b) Bottom: The discrete (V303- 
(HzO)) zigzag units of 1 terminate with ( V 4 )  or ( V - O H z )  groups 
projecting into the cavity generated by edge-sharing of six vanadium 
octahedra and four phosphonate tetrahedra. 

Although oxovanadium organophosphonate mo- 
lecular clusters organized about organic templates have been 
~ r e p a r e d , ~  no examples of organically templated V/O/RP032- 
solid phases have been structurally characterized. We reported 
the hydrothermal synthesis and single-crystal X-ray structure of 
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(C~H~NHJ)~[V~O~(H~O)(P~PO~)~] (l), a layered solid which is 
constructed from organophosphonate-bridged trinuclear {V303- 
(H20))6+ units bridged by (C6H5P03)2-groupSand which adopts 
an open V/P/O layer structure to accommodate the organic 
cation. 

The hydrothermal reaction of a mixture of NH4V03, C6H5- 
PO3H2, NH4C1, C~HSNH~CI ,  and H2O in the mole ratio 0.3: 
6:3:6:200 at 160 OC and autogenous pressure for 48 h yielded 
light-green plates of 1 in 64% yield.28 The infrared spectrum of 
1 exhibits four bands in the 925-1 200-cm-* range associated with 
PO3 vibrations and a feature at 991 cm-l assigned to P(V~~==O).  
Thermal gravimetric analysis of 1 exhibits an initial weight loss 
between 130 and 160 OC corresponding to one H2O molecule per 
unit formula. A second weight change associated with loss of the 
organic templates and decomposition of the phosphonate occurs 
between 340 and 430 OC. 

The structure of (C2H5NH3)2[V303(H~O)(C6H~P03)4] (1)29 
consists of layers of corner-sharing (VO6) octahedra and {P03C) 
tetrahedra, with the phenyl groups extending from both sides of 
the V/P/O layer. The pattern of alternating organic and inorganic 
layers is reminiscent of the structure of [VO(C&PO~)(HZO)] -15 

However, the structural similarities do not extend to the detailed 
structure of the oxide layers, which distort in 1 to accommodate 
the presence of the organic cationic templates. Whereas the 
structure of [VO(C~HSPO~)(HZO)] exhibits an oxide layer having 
a vanadium-xo to phenylphosphonate composition of 1:l and 
exhibiting infinite (-V=O-V-) chains with alternating short 
and long V - 0  bonds, 1 features a (VO):RP032- composition of 
3:4 with discrete trinuclear {V303(H20)} units bridged through 
(c6H~P03)~-  groups (Figure 1). The {V303(H20)) trinuclear 
units exhibit zigzag {-V=O-V-} chains with short-long 
alternation of V-0 bonds, such that each (V303(H20)) chain 
terminates in an oxo atom at one end and an aquo ligand at the 
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other.29 The kinks in the {-V=O-V-) chains are a consequence 
of edge sharing between the three vanadium octahedra of the 
trinuclear unit and four bridging (RP03)& groups. Thus, the 
central vanadium octahedron of the unit coordinates to four 
bridging organophosphonates, while each terminal vanadium 
octahedron shares two of these bridging (RPO3)& tetrahedra 
with the central vanadium and forms two additional edge-sharing 
interactions with phosphate tetrahedra which bridge to an adjacent 
trinuclear unit. 

The trinuclear structural motifs shown in Figure 1 fuse in such 
a fashion as to generate cavities in the V/P/O layer, defined by 
rings constructed from the edge sharing of sixvanadiumoctahedra 
and four (RP03)2- tetrahedra. These cavities are polar with aquo 
groups and vanadyl oxygens projecting into the void space. The 
V/P/O layers are stacked to produce tunnels parallel to the cell 
a axis, which are occupied by the ( C ~ H S N H ~ ) +  cations. The 
walls of these tunnels are defined by the organophosphonate phenyl 
groups which project above and below the V/P/O planes. The 
organic cations are oriented in the cavities with the ammonium 
group, -NH3+, directed toward the hydrophilic holes in the V/P/O 
layer, while the -C2H5 group trails into the hydrophobic region 
generated by the phenyl substituents. The incorporation of the 
organic template into the V/O/C6HsPO+- system results in 
dramatic structural rearrangement within the V/P/O layer of 1 
as compared to [VO(C6HsP03)(H20)], in contrast to a relatively 
minor distortion of the gross alternating pattern of inorganic and 
organic layers. The structure may be described as amphiphilic 
and rationalized on the basis of partitioning into hydrophilic and 
hydrophobic domains. While the templating mechanism remains 
enigmatic, it is clear that charge-compensating and space-filling 
effects contribute to the process and that different template 
molecules will provide different distortions of the V/P/O layer, 
as in [ ( C Z H ~ ~ N I  [(VO)~(OH)(C~HSP~~),I.HZO.~~ 

The high-temperature magnetic susceptibility data ( T  > 20 
K) exhibit Curie-Weiss paramagnetism A mixtureof NH4VO3 (1.36 g, 11.6 mmol), C~HSPO~H~,NH~CCI, C2Hs- 

NH3C1, and H20 in the mole ratio 0.3:6:3:6:200 was placed in a 23-mL 
Teflon-lined autoclave which was heated at 160 OC and autogenous 
pressurefor48 h. Thereactionvesseland itscontents wereslowlymled 
to room temperature over a period of 72 h. Light green crystals of 1 
werefilteredfrom thecolorlessmother liquor and mechanically separated 
from a small amount of amorphous yellow impurity. Yield of crystalline 
1: 0.6 g, 64% based on vanadium. While a range of reactant 
stoichiometries were tried, the reported values represent the optimal 
ratio. Anal. Calcd for C Z ~ H ~ ~ N ~ O I ~ V ~ :  C, 41.4; H, 4.69; N, 3.45. 
Found: C. 41.2: H. 4.55: N. 3.52. IR (KBr oellet. cm-1): 3433 (mL 
3057 (m),'1608 (mi, 1433 (m), 1258 (wj, i n i  (SI, io51 (VS, br), (01'2 
(sh), 928 (m), 799 (w), 746 (m), 718 (w), 694 (m), 590 (m). 
Crystal data for (C~H~NHI)*[V,OI(H*O)(C~H~O~),]  (1): monoclinic 
spacegroup PZllc with a = 14.708(3) A, b = 12.406(2) A, c = 10.275- 
(2)A,B=93.66'. Y= 1871.0(6)A3,Z=2,Dmk= 1.657gcm-3;data 
collected at 213 K on a crystal of dimensions 0.25 X 0.29 X 0.1 1 mm3 
on a Rigaku AFC5S diffractometer using a 2&, scan mode with a 28 
range of 0-45O; structure solution and refinement based on 2327 
reflections with I, 5 3a(I,) (4286 reflections total; graphite crystal 
monochromated Mo KCY radiation, X = 0.710 73 A) converged at a 
conventional discrepancy factor of 0.072. Disorder of the vanadium 
atoms over two equally populated sites results from the {H*O-V= 
O-V=O-V==O) chain ordering in the two possibleorientations about 
the center of symmetry. Thus, the V2 site does not rest on the center 
ofsymmetryofO,l/*,O but isdisplaced to0.0013,0.5138,-0.0193. The 
presence of the center of symmetry produces a second half-occupancy 
V2A site at 4.0013, 0.4862, 0.0193. Consequently, the long-short 
alternation of I V - 0 )  bonds within the {V303(H20)) linkages requires 
the equal population of two V1 sites with displacements along the 
0 - V - 0  axis from the average position. This disorder model gave 
satisfactory refinement of thermal parameters and consistent values for 
the bond valences of all vanadium sites.30 The formulation of 1 as a 
V(IV) material is consistent with the magnetic and electronic properties 
and with the bond valences cited above. Attempts to refine the structure 
in the noncentrosymmetric spacegroup Pc gave unreasonableanisotropic 
temperature factors and a hopelessly correlated matrix. 
Brown, I. D. In Structure and Bonding in Crystals; O'Keefe, M., 
Navrotsky, A., Eds.; Academic Press: New York, 1981; Vol. 11, p 1. 

with C = 1.075 emu K/mol, 0 = -14 K, and TIP = 0.000 361 
emu/mol. The electron structureof 1 corresponds to one unpaired 
electron per vanadium(1V) ion30 with spin S l/z. This results 
in an average Curie-Weiss g value 1.95 for each of the V(1V) 
ions. The large negative Weiss constant indicates that there is 
a substantial amount of antiferromagnetic exchange in this 
complex. At lower temperatures, the magnetic susceptibility 
begins to deviate from Curie-Weiss law behavior, but there is no 
characteristic magnetic anomaly to allow a precise determination 
of the strength of the magnetic coupling. 
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