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The chemistry of the layered metal organophosphonates1"10 

has witnessed dramatic development in recent years because of 
the potential applications of such materials as sorbents, catalysts, 
and ion exchangers.' 1_15 Since these materials exhibit well-defined 
void spaces and coordination sites, as well as readily modified 
organic substituents, both intercalative chemistry and modification 
of organic functionalities by either pre- or postsynthesis reactions 
may be exploited to prepare materials with tailored solid-state 
structures and properties. 16~18 The vanadyl organophosphonates, 
V O ( R P O 3 ) ^ H 2 O , 6 - 9 are of particular interest as a consequence 
of their shape-selective intercalative chemistry with alcohols. This 
combination of substrate-specific recognition with the incipient 
and/or actual coordinative unsaturation of the transition metal 
sites and with the thermal stability of the vanadium oxide 
framework provides intriguing possibilities for the design of highly 
selective oxidation catalysts.17 However, the chemistry of the 
V/O/RPO32- solid phases remains relatively unexplored, with 
the notable exception of Jacobson's work on the [VO(RPO3)-
(H2O)] class of materials and their alcohol intercalative 
derivatives.6-8 In an effort to extend the chemistry of the V/0 / 
RPO3

2- system, we have attempted to exploit solvothermal 
synthesis to assemble simple molecular units into larger assemblies, 
an approach which has proved successful in the preparation of 
the polyoxovanadium-organophosphonate clusters [V4O4-
IPhP(O)2OP(O)2Ph)4Cl]-, [V606(C4H9P03)8C1], [V7O12(Ph-
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Figure 1. View of the ac plane of [(C2Hs)2NH2] [(CH3)2-
NH2] [V4O4(OH)2(C6H5POj)4] (1), showing the layer of (C2Hj)2NH2

+ 

cations intercalated between inorganic V/P /O layers, which are in turn 
separated by bilayers of phenyl groups. The positions of the (CH3)2-
NH 2

+ are also highlighted and shown to penetrate the V/P/O layers. 

P03)6]
2-,19 [V12O20(H2O)12(PhPO3)8Cl]2-,2°and [V18O25(H2O)2-

(PhPOs)2OCl4]
4-.21 The hydrothermal technique not only affords 

a route to low-temperature metastable phases but also allows the 
introduction of organic templates to direct the synthesis of open 
framework solids and materials with defined hydrophilic and 
hydrophobic domains. In this paper, we report the synthesis and 
structure of a novel layered vanadium(IV) organophosphonate 
incorporating templating organic cations at two distinct sites to 
produce a triple-layer material with open framework V/P/O 
inorganic layers, [(C2Hs)2NH2] [(CH3J2NH2] [V4O4(OH)2(C6H5-
P03)4] (1). 

The hydrothermal reaction OfRbVO3, C6H5PO3H2, (C2H5)2-
NH2Cl, (CHj)2NH2Cl, and H2O at 160 0C for 4 days yields 
green plates of 1 in 20-25% yield.22 The infrared spectrum of 
1 exhibited three bands in the 1050-1200-cnr1 range associated 
with PO3 group vibrations and a strong sharp band at 1016 cm-' 
assigned to v( V IV=0). The compound is insoluble in all common 
solvents, although it may be digested over a 5-day period into a 
refluxing solution of (C2Hs)4NOH in dimethylformamide. This 
results in a mixture of as yet unidentified V/0/PhP03

2" species 
which may be related to the molecular clusters previously 
described.19-21 

As shown in Figure 1, the structure of [(C2Hs)2NH2] [(CH3)2-
NH2] [V404(OH)2(C6H5P03)4] (1) is dramatically different from 
that of [VO(C6H5PO3)(H2O)], which consists of alternating 
inorganic layers and organic bilayers. The introduction of the 
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Figure!. Viewofthefccplaneof 1 illustratinethe(V2O2Oi-OH))binuclear 
units and the rings constructed from corner-sharing of four vanadium 
square pyramids and four organophosphonate tetrahedra, 
intercalating organic cations has disrupted the registry of layers 
such that the structure of 1 exhibits a trilayer repeat represented 
by a layer of (C2Hs)2NH2

+ cations sandwiched between inorganic 
V/P/O layers which are in turn bounded by organic bilayers 
consisting of phenyl group from adjacent V/0/C 6H 5P0 3 slabs. 
The structure of [VO(C6H5PO3)(H2O)] is constructed from layers 
of corner-sharing (VO6) octahedra and (CPO3) tetrahedra, with 
phenyl groups extending from both sides of the metal oxide 
layers. In contrast, the structure of 1 consists of corner-sharing 
(VO5) square pyramids and (CPO3) tetrahedra, with phenylgroups 
directed exclusively to one face of the layer while the (V=O) 
groups are directed to the other. Since the (V=O) groups of the 
adjacent layer are directed toward the vanadyl face of the 
neighboring layer, a highly hydrophilic region is produced which 
accommodates the layer of (C2Hs)2NH2

+ cationic templates. 
Whereas the structure of [VO(C6H5PO3)(H2O)] is defined by 
an interlayer repeat of 14.14 A, the registry of layers in 1 is such 
as to produce two repeat distances: 8.89 A between V/P/O layers 
sandwiching the (C2Hs)2NH2

+ intercalators and 12.29 A between 
V/P/O layers sandwiching phenyl group bilayers. The parti
tioning of the structure into polar and nonpolar domains is evident, 
and 1 appears to be amphiphilic with hydrophobic-hydrophilic 
interactions determining the layer packing. 

The structural differences between [VO(C6H5PO3)(H2O)] and 
1 are further accentuated in the oxide layer, shown in Figure 2. 
The vanadium octahedra of [VO(C6H5PO3)(H2O)] share axial 
oxygens, forming infinite (—V=O—V=O—) chains with 
alternating short-long interactions. InI, however, discrete (V2O2-
(OH)J3+ binuclear units are bridged through phosphonate 
tetrahedra to form the layer motif. The vanadium centers of 
each binuclear unit are bridged by a phosphonate group which 
directs the third oxygen donor to an adjacent binuclear unit. The 
coordination at each vanadium site of the binuclear unit is 
completed by bonding to two oxygen donors from two phosphonate 
groups, each of which in turn bridges to an adjacent binuclear 
unit. Thus, while the largest cavity in the V/P/O layer of [VO-
(C6H5PO3)(H2O)] is constructed from the corner-sharing of four 
vanadium octahedra and two phosphonate tetrahedra, producing 
a 12-membered ring, the cavity size in 1 is expanded by corner-
sharing of four vanadium square pyramids and four phosphonate 
tetrahedra, resulting in a 16-membered ring with a V-V diagonal 
distance of ca. 10.5 A. The distortion of the V/P/O layer in 1 
from that in [VO(C6H5PO3)(H2O)] reflects the necessity of 
accommodating the (CH3J2NH2

+ cation, which projects through 
the V/P/O inorganic layer. The structure of 1 demonstrates the 
dramatic topological flexibility of vanadium polyhedra and 
phosphonate tetrahedra in incorporating a variety of substrates. 
The structure of 1 is thus able to accommodate intercalation of 
organic cations both between layers and within layers, by suitable 
modification of the [VO(C6H5PO3)(H2O)] parent structure. 

Valence sum calculations24 identify the vanadium sites as 
V(IV). This requires that the bridging oxygen be assigned as a 
hydroxo ligand, feature consistent with the (V-O(H)-V) bond 
distances of 1.96( 1) A (average), a value ca. 0.15 A longer than 
a (V-O-V) bond for a bridging oxo group. 

(24) Brown, I. D. In Structure and Bonding in Crystals; O'Keefe, M., 
Navrotsky. A., Eds.; Academic Press: New York, 1981; Vol. II, p 1. 
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Figure 3. The magnetic susceptibility of 1 plotted as a function of 
temperature over the 1.7-300 K temperature region. The curve drawn 
through the data is the Tit to the theoretical model as described in the 
text. The inset shows an expansion of the inverse magnetic susceptibility 
data at the lowest temperature where the data begins to deviate from 
Curie-Weiss law. 

The temperature dependent magnetic susceptibility of 1 is 
shown in Figure 3. The high-temperature magnetic susceptibility 
data (T > 20 K) exhibits Curie-Weiss paramagnetism, 

X = T-B 

4Ng2Hn
2S(S+ 1) 

+ T I P = * B - + TIP 
M(T-0) 

with C = 1.246 emu K/mol, 6 = -17 K, and TIP = 0.000 534 
emu/mol. The electron structure of (Et2NH2)(Me2NH2)-
[V4O4(OH)2(C6H5P03)4] corresponds to one unpaired electron 
per vanadium(I V) ion with spin S = ' /2. This results in an average 
Curie-Weiss g value of 1.82 for each of the V(IV) 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, but there is no characteristic magnetic anomaly 
to allow a precise determination of the strength of the magnetic 
coupling. 

The isolation and characterization of 1 demonstrate not only 
that organic templates intercalate into layered structures of the 
V/0/RP0 3

2" system but also that both the registry of the layers 
and the detailed structure of inorganic V/P/O layers may be 
dramatically influenced. The layered structure of 1 together 
with the presence of coordinatively unsaturated V(IV) sites which 
may become accessible upon removal of the intercalated Et2-
NH2

+ cations suggests that the ultimate goal of preparing 2-D 
solids capable of selectively sorbing substrate molecules and 
selectively catalyzing reactions at the transition metal site has 
been partially realized. While considerable structural modifica
tion may be attained by exploiting template organization of the 
solid, one problem remains the removal of template without 
concomitant structural collapse. Although we have yet to measure 
the sorptive properties of 1, absorption into layered solids with 
vacant coordination sites and exhibiting aromatic bilayers 
separating the inorganic domains has been observed in structurally 
related materials.5 Investigations are in progress comparing the 
sorptive properties of the template-containing solids of type 1 to 
those of the prototype solids, [VO(RPO3)(H2O)]. 
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