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Four new organic-inorganic hybrid materials containing oxovanadate clusters have been
synthesized from acidified, aqueous vanadate solutions in the presence of organic templates
morpholine or hexamethylenetetraamine and their crystal structures are reported. Crystal
data: [Morp]6[VVO4⊂VIV

3VV
11O32(OH)6]‚2H2O (1) (Morph ) morpholinium), monoclinic, space

group C2/c, a ) 19.2521(9), b ) 14.1317(6), and c ) 21.3212 (9) Å, â ) 92.117(10)°, V )
5796.8(4)(Å)3, and Z ) 4; [Morp]VO3 (2), monoclinic, space group P21/c, a ) 6.4775(7), b )
20.099(2), and c ) 5.7999(6) Å, â ) 105.682(2)°, V ) 726.99(13) Å3, and Z ) 2; [HMTA-
CH3]4[H2V10O28]‚5H2O (3) (HMTA ) hexamethylenetetramine), monoclinic, space group C2/
m, a ) 20.8504(6), b ) 8.6955(3), and c ) 13.4096(4) Å, â ) 124.369(1)°, V ) 2006.78(11) Å3,
and Z ) 2; and [HMTA-H][HMTA-CH2OH]2[H5V10O28]‚6H2O (4), orthorhombic, space group
Pna21, a ) 23.4579(2), b ) 19.1436(3), and c ) 11.0369(2) Å, V ) 4956.33(13) Å3, and Z )
4. The formation of novel inorganic-organic hybrid compounds in the presence of organic
bases under significantly different reaction conditions such as pH, nature of templates, and
starting materials are discussed.

In recent years,1-6 mixed-valent polyoxovanadate
clusters have evoked considerable interest as these
molecular fragments encapsulate charged or neutral
species that function as structure directors in the self-
organization process of the formation of the metal oxide
cage; they can also be good model systems in the design
of complex materials intermediate between molecular
compounds and infinite solids. Although the laws gov-
erning this process are still not clear, Muller’s work3

has underscored the significant role played by templates
in the formation of unusual structures of polyoxovana-
dates; several groups have assembled a large number
of clusters with varying VIV/VV through the linking of
VOx

n+ polyhedra (tetrahedra, square-pyramids, and
octahedra), using a variety of organic bases. In most
cases, the structure-directing organic molecules are
either found inside the cavity of the shell-like cluster
or occurred on the outer surface as countercations.
N-containing ligands, such as ethylenediamine (en),

tetramethylammonium (TMA), 1,4-diazabicyclooctane
(DABCO), 2,2′-bipyridine, etc., have been commonly
employed as templates;7-10 the geometry of the guest
has been identified as the major influence in the
formation of these polyoxovanadates although in many
instances the organic molecules merely appear as coun-
tercations.

It is well-known that under aqueous conditions, a
number of vanadate species can exist in equilibrium
depending on pH while the optimum synthesis condi-
tions leading to desirable products remain debatable;8
the two large VV isopolyanions, [V10O28]6- and [V12O32]4-

are the most stable clusters isolated in the presence of
different countercations and reveal the combined effect
of structure-directing organic molecules and self-
assembly process.11 The role of these countercations can
become quite significant, especially if these organic
species can act as buffers, have the ability to reduce the
vanadate, and can provide suitable centers that can also
participate in nonbonding interactions. Our systematic
investigation in the assembly of mixed-valent as well
as fully oxidized vanadium and molybdenum based
polyoxoanions has resulted in the isolation and char-

* Authors to whom correspondence should be addressed. E-mail:
aramanan@chemistry.iitd.ernet.in and chmjjv@leonis.nus.edu.sg.

† Indian Institute of Technology.
‡ National University of Singapore.
(1) Pope, M. T. Heteropoly and Isopoly oxometalates; Springer:

Berlin, 1983.
(2) Pope, M. T.; Muller, A. Angew. Chem., Int. Ed. Engl. 1991, 30,

34 and references therein.
(3) Muller, A.; Reuter, H.; Dillinger, S. Angew. Chem., Int. Ed. Engl.

1995, 34, 2328 and references therein.
(4) Chen, Q.; Zubieta, J. Coord. Chem. Rev. 1992, 114, 107.
(5) Muller, A.; Rohlfing, R.; Krickmeyer, E. Angew. Chem., Int. Ed.

Engl. 1993, 36, 909.
(6) Muller, A.; Peters, F.; Pope, M. T.; Gatteschi, D. Chem. Rev.

1998, 98, 239.

(7) Zhang, Y.; Haushalter, R. C.; Clearfield, A. Inorg. Chem. 1996,
35, 4950.

(8) Chirayil, T. G.; Boylan, T. A.; Mamak, M.; Zavalij, P. Y.;
Whittingham, M. S. J. Chem. Soc., Chem. Commun. 1997, 33.

(9) Zhang, Y.; Haushalter, R. C.; Clearfield, A. J. Chem. Soc., Chem.
Commun. 1996, 1055.

(10) Zhang, Y.; Zapf, P. J.; Meyer, L. M.; Haushalter, R. C.; Zubieta,
J. Inorg. Chem. 1997, 36, 2159.

(11) Klemperer, W. G.; Marquart, T. A.; Yaghi, Y. M. Angew. Chem.,
Int. Ed. Engl. 1992, 31, 49.

2339Chem. Mater. 1999, 11, 2339-2349

10.1021/cm980646e CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/01/1999



acterization of organic-inorganic hybrid solids synthe-
sized in the presence of morpholine, hexamethylene-
tetramine (HMTA), 1,3,5-triazine, [(CH3)4N]+, and
triethanolamine.12-14 In this study, we employed mor-
pholine which contains two basic sites, N and O, and
cage-like HMTA as structure directors. While the influ-
ence of morpholine in the formation of 1 and 2 mainly
depends on pH of the reaction, use of hexamethylene-
tetramine results in the formation of 3 and 4 under
acidic conditions. Herein, we report the synthesis and
structural characterization of four novel organic-
inorganic hybrid materials based on isopolyvanadates:
[Morp]6[VVO4⊂VIV

3VV
11O32(OH)6]‚2H2O (1) containing

mixed-valent bicapped Keggin anion, [Morp]VO3 (2)
containing 1D infinite VO3

- chains, and [HMTA-CH3]4-
[H2V10O28]‚5H2O (3) and [HMTA-H][HMTA-CH2O H]2
[H5V10O28]‚6H2O (4), exhibiting discrete decavanadate
clusters, [V10O28].6-

Experimental Section

General Methods. The chemicals used were of reagent-
grade quality and were used without further purification. FTIR
spectra were recorded on KBr pellets using Nicolet 5DX
spectrophotometer. TG analyses were carried out using Perkin-
Elmer TGA7 system on well-ground samples in nitrogen
atmosphere with a heating rate of 10 °C/min. The single-
crystal X-ray analyses were obtained on a Simens SMART
CCD diffractometer with Mo KR radiation (0.71073 Å).

Synthesis of [Morp]6[VO4⊂V14O32(OH)6]‚2H2O (1). In a
typical preparation, V2O5 (0.5 g; 2.75 mmol) was dissolved in
morpholine (0.8 mL; 9.2 mmol) in 60 mL of water. The pH of
the light brown color solution was adjusted to 4.5 by the
addition of HCl. After 2 weeks, dark brown crystals appeared
which were filtered off from the solution and washed with

water followed by acetone, and dried in air. Yield: 1.1 g, 40%
based on vanadium. Thermogram: first loss of water around
200 °C (in this region DTA shows a sharp endothermic peak)
and a broad weight loss around 400-550 °C (a broad endo-
thermic peak) corresponding to the decomposition of morpho-
line molecules. Chemical analysis (cerimetric titration) indi-
cated vanadium to be in a mixed-valent state. Average
oxidation state: 4.85. Total vanadium: exp, 37.8; calcd 38.2.
Total V4+: exp 7.8; calcd 7.6. Fo(exp) ) 2.4 g/cm3. Elemental
analysis: obsd, C, 4.5; H, 1.0; N, 1.1; calcd, C, 4.5; H, 1.0; N,
1.3. ESR at room temperature showed a broad signal with g
∼ 2.01 corresponding to the presence of V(IV) species. Scanning
electron micrographs showed the formation of cubic blocklike
crystals.

Synthesis of [Morp]VO3 (2). An identical procedure em-
ployed for the synthesis of 1 was adopted, except the pH of
the reaction medium was adjusted to ∼8.0. The colorless
crystals obtained were filtered off and washed with water
followed by acetone and dried in air. Yield: 1.4 g, 43% based
on vanadium. Chemical analysis (cerimetric titration) indi-
cated the total vanadium: exp 27.0; calcd 27.3. Fo(exp) ) 1.9
g/cm3. Elemental analysis: obsd, C, 4.6; H, 1.0; N, 1.3; calcd,
C, 4.8; H, 1.0; N, 1.4. Cerimetric titration and ESR show no
evidence of the presence of (VIV) in 2 unlike the case of low
pH preparation. Scanning electron micrographs show the
formation of rodlike crystals, a habit different from 1.

Synthesis of [HMTA-CH3]4[H2V10O28]‚5H2O (3). The
compound 3 was synthesized from a mixture of NaVO3 (0.2 g,
1.64 mmol) and HMTA(0.23 g, 1.64 mmol) dissolved in 60 mL
of distilled water. pH of the clear solution was adjusted to 5.3
by HCl (0.4 mL, 6.3 mmol), and the resulting orange color
solution was reduced with NaBH4 (0.031 g, 8.0 mmol) and the
dark green color solution was kept at room temperature (25
°C) for crystallization. After 30 days orange red color crystals
were filtered off from the solution and washed with water
followed by acetone and dried in air. Yield: 0.8 g, 48% based
on vanadium. Chemical analysis (cerimetric titration) indi-
cated vanadium to be in fully oxidized state. Total vanadium:
exp 37.7; calcd 37.5. Fo(expt) ) 2.24 g/cm3. Elemental analy-
sis: obsd, C, 4.1; H, 2.5; N, 2.0; calcd, C, 4.3; H, 1.0; N, 2.8.

Synthesis of [HMTA-H][HMTA-CH2OH]2[H5V10O28]‚
6H2O (4). An aqueous solution of VOSO4‚6H2O (0.2 g, 0.74
mmol) in 30 mL of water was added to HMTA(0.1035 g, 0.74
mmol). The resulting turbid, light blue color solution was

(12) Duraisamy, T.; Ramanan, A.; Vittal, J. J. Acta Crystallogr.,
Sec. B, submitted for publication.
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ted for publication.

(14) Duraisamy, T.; Ramanan, A, Vittal, J. J. J. Mater. Chem. 1999,
9, 763.

Table 1. Crystal Data and Structure Refinement for the Compounds 1-4a

crystal data 1 2 3 4

chemical formula C24H64N6O50V15 C8H20N2O8V2 C14H40N8O33V10 C20H56N12O36V10
formula weight 2000.91 374.14 1357.94 1550.17
crystal system monoclinic monoclinic monoclinic orthorhombic
space group C2/c P21/c C2/m Pna21
a (Å) 19.2521(9) 6.4775(7) 20.8504(6) 23.4579(2)
b (Å) 14.1317(6) 20.099(2) 8.6955(3) 19.1436(3)
c (Å) 21.3212(9) 5.7999(6) 13.4096(4) 11.0369(3)
R (deg) 90.00 90.00 90.00 90.00
â (deg) 92.117(10) 105.682(2) 124.369(1) 90.00
γ (deg) 90.00 90.00 90.00 90.00
V (Å3) 5796.8(4) 726.99(13) 2006.78(11) 4956.33
T (K) 296(2) 293(2) 293(2) 293(2)
Z 4 2 2 4
Fcalc (g/cm3) 2.293 1.709 2.247 2.077
Fexpt (g/cm3) 2.4 1.9 2.24 2.0
wavelength (Å) 0.71073 0.71073 0.71073 0.71073
R1 [I > 2s(I)] 0.0510 0.0250 0.0358 0.0573
wR2 0.1543 0.0693 0.0896 0.1052
2θ range (deg) 3.82-58.44 4.06-58.04 3.68-58.68 3.48-58.90
no. of reflections collected 18 318 4565 6505 30 654
F(000) 3980 384 1348 3112
total parameters 439 100 175 761
GOF 1.066 1.058 1.051 1.022
extn coefficient 0.00024(5) 0.005(2) 0.00019 0.0003
absorption coefficient (mm-1) 2.419 1.322 2.334 1.910

a R1 ) (||Fo| - |Fc||)/(|Fo|); wR2 ) [w(Fo2 - Fc2)/(wFo4)]1/2; GOF ) [w(Fo2 - Fc2)2/(n - p)]1/2 where “n” is the number of reflections and
“p” is the number of parameters refined.
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adjusted to pH 3.5 by the addition of 0.8 mL of dilute HCl.
The clear blue color solution was kept for crystallization at
room temperature in air; during the crystallization period the
color of the solution changed from blue to green. After 2 weeks
brown, platy crystals were filtered off from green color solution.
Yield: 0.2 g, 18% based on vanadium. Chemical analysis
(cerimetric titration) indicated vanadium to be in a mixed-
valent state. Average oxidation state: 4.8. Total vanadium:
exp 32.6; calcd 33.0. Fo(expt) ) 2.0 g/cm3. Elemental analysis:
obsd, C, 4.1; H, 1.0; N, 2.9; calcd, C, 4.3; H, 1.0; N, 3.0.

X-ray Crystallographic Studies. Single-crystal diffraction
studies were carried out on a Siemens SMART CCD diffrac-
tometer with a Mo KR sealed tube at 23 °C for all 1-4. The
software SADABS was used for absorption correction, and
SHELXTL, for space group and structure determination and
refinements.15 All the non-hydrogen atoms were refined aniso-
tropically. Riding models were used to place the H atoms
attached to carbon and nitrogen atoms. All the hydrogen atoms
of the water molecules were located in the difference Fourier
map for all 1-4. A common O-H distance and common
isotropic thermal parameters of the oxygen atoms of the water
molecules were refined for 1-4. The hydrogen atoms attached
to the [V10O28] clusters in 3 and 4 could not be located. The
least-squares refinement cycles on F2 were performed until the
model converged. The crystallographic data and refinement
details are shown in Table 1. Additional details are available
as Supporting Information.

Results and Discussion

The title compounds 1-4 were synthesized from the
reaction of NaVO3/V2O5/VOSO4 and morpholine/HMTA
in water under controlled pH and appropriate reaction

conditions. The materials were characterized by FTIR,
TGA/DTA, EPR, chemical analysis, powder X-ray dif-
fraction, and single-crystal X-ray diffraction. While dark
brown color crystals of 1 were isolated in 40% yield from
an aqueous solution containing V2O5 and morpholine
at pH 4.5, 2 was obtained in 43% yield as colorless
crystals under the same reaction conditions, but at pH
∼8.0. The FTIR spectra (Figure 1) of the compounds 1
and 2 showed characteristic vibrational features similar
to polyoxovanadates and metavanadates respectively
reported in the literature.16 For 1, symmetric and
asymmetric stretching of the different kinds of V-O
bonds are observed in the following regions: The
terminal V-O bonds are in the range 990-975 cm-1;
the strong bands at 850-740 and 690 cm-1 are assigned
to the antisymmetric stretching vibrations of V-O-V
features. The bands at 3460, 3300, 2930, 2700, 2510,
1610, 1590, 1450, 1300, 1092, and 1040 cm-1 indicate
the presence of morpholinium cations and water mol-
ecules. The FTIR spectra of the compound 2 showed
characteristic vibrational features at 960 (m), 925 (sh),
900, 880, 800, 650 (sh), 590 (m), 500 (m) and 450 cm-1

corresponding to V-O symmetric stretching and V-O-V
antisymmetric vibrational features of the metavana-
dates. The bands at 3420, 3280, 3000, 2850, 2730, 2520
1615, 1560, 1455, 1400, 1310, 1100, and 1040 cm-1 are
associated with morpholinium cations.

Compounds 3 and 4 were isolated from a reaction
mixture of acidified, aqueous vanadate solution contain-
ing HMTA as template. While the orange red crystals
of 3 were isolated in 48% yield from an aqueous solution

(15) Sheldrick, G. M. SADABS a software for empirical absorption
correction; University of Gottingen: Gottingen, Germany, 1996. SHELX-
TL Reference Manual, version 5.03; Siemens Energy and Automation,
Inc., Analytical Instrumentation: Madison, WI, 1996.

(16) Wery, A. S. J.; Gutierrez-Zorilla, J. M.; Luque, A.; Ugalde, M.;
Roman, P. Chem. Mater. 1996, 8, 408 and references therein.

Figure 1. FTIR spectra of compounds 1 and 2. Figure 2. FTIR spectra of compounds 3 and 4.
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containing NaVO3, HMTA, and NaBH4, 4 was obtained
in 18% yield as brown platy crystals from an aqueous
reaction mixture containing VOSO4‚6H2O and HMTA.
The FTIR spectra of the compounds 3 and 4 (Figure 2)
showed characteristic features of decavanadate cores
reported in the literature.17,18 The strong bands at 990
(m), 953 (sh) cm-1 are associated with the terminal V-O
bonds; the features at 848, 830, 747 (s), 600 (m), 548,
and 505 cm-1 are assigned to the antisymmetric stretch-
ing vibrations of V-O-V. The various symmetric and
antisymmetric stretching vibrational modes of the tem-
plating cations occur at 3420, 3190, 1700, 1420, 1400,
and 1150 cm-1 and at 3400, 3200, 2950, 1610, 1490,
1450, and 1200 cm-1 for 3 and 4, respectively.

Description of the Structures. The crystallo-
graphic data and the experimental details of 1-4 are
given in Table 1. The atomic positional parameters of 1
and 2 are given in Tables 2 and 3, respectively. The
crystal structure of the compound 1 consists of discrete
“bicapped Keggin” anions, [VVO4⊂VIV

3VV
11O32(OH)6],6-

and morpholinium cations, [C4H10NO]+, linked together
by means of an extensive network of hydrogen bonds
(Figure 3). The three electron reduced oligomeric anion
possesses a crystallographic 2-fold symmetry and the
atoms V(1), V(2), V(7), O(2), and O(7) are present on

the 2-fold axis. The metal oxo-anion cluster (Figure 4)
contains 12 VO6 octahedra, 2 VO5 square pyramids, and
1 VO4 tetrahedra where the two square pyramids and
the tetrahedra occur along the 2-fold axis of the molec-
ular symmetry like in the “bicapped Keggin” anions
reported in the literature.19-21 The central VO4 tetra-
hedron shares its oxygen atoms with four V3O13 units,
each of which is made of three edge-sharing VO6
octahedra. These four V3O13 units are linked to each
other by corner sharing. The two VO5 square pyramids
capped along the molecular axis share through edges

(17) Corigliano, F.; Di Pasquale, S. Inorg. Chim. Acta 1975, 12, 99.
(18) Chedin, M.-P.; Le Rolland, J.-P.; Dumas, G. G. J. Mol. Cryst.

Liq. Cryst. 1981, 78, 67.

(19) Kato, R.; Kobayashi, A.; Sasaki, Y. J. Am. Chem. Soc. 1980,
102, 6571.

(20) Hou, D.; Karl, S. H.; Hill, C. L. J. Chem. Soc., Chem. Commun.
1993, 426.

(21) Chen, Q.; Hill, C. L. Inorg. Chem. 1996, 35, 2403.

Table 2. Atomic Coordinates (×104) and Equivalent Isotropic Displacement parameters (Å2 × 103) of 1

atoms x y z Ueq atoms x y z Ueq

V(1) 5000 2583(1) 2500 35(1) O(17) 5982(2) 3411(2) 1312(1) 21(1)
V(2) 5000 -120(1) 2500 18(1) O(18) 4815(2) 1766(2) 1003(1) 20(1)
V(3) 6288(1) 917(1) 2847(1) 17(1) O(19) 3510(1) 3664(2) 1347(1) 20(1)
V(4) 5450(1) 901(1) 1370(1) 17(1) O(20) 4702(2) 3659(2) 776(1) 21(1)
V(5) 6545(1) 2563(1) 1681(1) 18(1) O(21) 5485(1) 4977(2) 3260(1) 19(1)
V(6) 4141(1) 2616(1) 1042(1) 18(1) O(22) 5745(1) 4746(2) 2134(1) 19(1)
V(7) 5000 5304(1) 2500 19(1) O(1S) 2041(2) -132(3) 4603(2) 34(1)
V(8) 6289(1) 4271(1) 2854(1) 17(1) C(1) 2111(3) -603(4) 5200(2) 37(1)
V(9) 5261(1) 4282(1) 1318(1) 19(1) C(2) 2199(3) 104(4) 5729(2) 33(1)
O(1) 5577(1) 1963(2) 2229(1) 17(1) N(1) 2810(2) 722(3) 5620(2) 29(1)
O(2) 5000 -1258(3) 2500 29(1) C(3) 2748(3) 1179(3) 4989(2) 33(1)
O(3) 6798(2) 62(2) 3070(2) 25(1) C(4) 2640(2) 429(3) 4490(2) 30(1)
O(4) 5463(2) 68(2) 848(1) 26(1) O(2S) 3575(2) 7101(2) 3765(2) 33(1)
O(5) 7280(2) 2737(2) 1353(2) 27(1) C(5) 3121(3) 7867(4) 3902(2) 32(1)
O(6) 3715(2) 2467(2) 388(2) 27(1) C(6) 3226(3) 8673(3) 3448(2) 32(1)
O(7) 5000 6446(3) 2500 29(1) N(2) 3099(2) 8351(3) 2785(2) 30(1)
O(8) 6877(2) 5080(2) 2931(2) 26(1) C(7) 3520(3) 7479(4) 2650(2) 33(1)
O(9) 5543(2) 5115(2) 879(1) 25(1) C(8) 3402(3) 6744(3) 3153(2) 33(1)
O(10) 4669(1) 3205(2) 1975(1) 17(1) O(3S) 6115(2) 7812(2) 3952(2) 32(1)
O(11) 5833(1) 198(2) 2098(1) 19(1) C(9) 6091(3) 6804(4) 3971(2) 34(1)
O(12) 5423(1) 442(2) 3188(1) 19(1) C(10) 5749(3) 6451(4) 4557(2) 35(1)
O(13) 6912(1) 1520(2) 2274(1) 21(1) N(3) 5037(2) 6854(3) 4585(2) 30(1)
O(14) 3636(1) 1773(2) 1581(1) 21(1) C(11) 5426(3) 8170(4) 3929(2) 35(1)
O(15) 6203(2) 1529(2) 1186(1) 21(1) C(12) 5046(3) 7909(4) 4517(2) 35(1)
O(16) 6660(1) 3392(2) 2409(1) 20(1) O(4S) 3976(2) 9734(3) 5335(2) 47(1)

Table 3. Atomic Coordinates (×104) and Equivalent
Isotropic Displacement parameters (Å2 × 103) of 2

atoms x y z Ueq

V(1) 3281(1) 2916(1) 3385(1) 19(1)
O(1) 5916(2) 2942(1) 4275(2) 30(1)
O(2) 2311(2) 2664(1) 275(2) 28(1)
O(3) 2340(2) 3655(1) 3634(2) 40(1)
N(1) 8754(2) 3512(1) 8203(3) 27(1)
O(4) 6741(2) 4749(1) 8500(3) 48(1)
C(1) 5858(3) 4149(1) 9103(4) 40(1)
C(2) 7560(3) 3639(1) 10033(3) 34(1)
C(3) 9586(3) 4145(1) 7478(4) 38(1)
C(4) 7749(4) 4628(1) 6639(4) 51(1)

Figure 3. Unit cell packing diagram of the compound 1. The
“bicapped” inorganic anion stacks one over the other is viewed
down b axis.
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to the neighboring V3O13. The results of the X-ray
structure analysis reveal that among each of these units,
the V(2) of the VO5 square pyramid show a shorter V-V
metal distances in the range 2.950-2.965 Å with the

four vanadium (V(3), V(3A), V(4), and V(4A)) of the VO6;
there is no short V‚‚‚V interaction either between the
four VO6 octahedra occurring on the xz plane or the four
VO6 octahedra among the two units. Selected bonding
parameters of the anion are listed in Table 4. The VdO,
V‚‚‚O(µ1), V‚‚‚O(µ2), and V‚‚‚O(µ3) bond distances are in
the range of 1.60-1.62, 1.73-1.94, 1.83-2.05, and 2.35-
2.39 Å, respectively, indicating the expected trend of
increasing V-O bond length for one- < two- < three- <
four-coordinated oxygen as reported earlier.22-24 The
central VO4 tetrahedral environment involves O-V-O
angles ranging from 108.5 to 110.8° and V-O bond
distances ∼1.54 Å. Surprisingly, the V(1)-O distances
were shorter than expected,18,20-22 except for a report
by Hou et al.24 Also, in the structure of 1, the isotropic
thermal parameter of V(1) is about twice that of the

(22) Muller, A.; Penk, M.; Krickmeyer, E.; Bogge, H.; Walberg, J.
Angew. Chem., Int. Ed. Engl. 1988, 27, 1719.

(23) Suber, L.; Bonamico, M.; Fares, V. Inorg. Chem. 1997, 36, 2030
(24) Muller, A.; Sessoli, R.; Krickmeyer, E.; Bogge, H.; Meyer, J.;

Gatteshchi, D.; Pardi, L.; Westphal, J.; Hovemeier, K.; Rohlfing, R.;
Doring, J.; Hellweg, F.; Beugholt, C.; Schmidmann, M. Inorg. Chem.
1997, 36, 5239.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for 1a

V(1)-O(10) 1.542(3) V(3)-O(1) 2.379(3) V(5)-O(1) 2.392(3) V(8)-O(8) 1.612(3)
V(1)-O(1) 1.543(3) V(4)-O(4) 1.620(3) V(6)-O(6) 1.604(3) V(8)-O(16) 1.732(3)
V(2)-O(2) 1.609(5) V(4)-O(15) 1.756(3) V(6)-O(18) 1.774(3) V(8)-O(19)#1 1.932(3)
V(2)-O(12) 1.833(3) V(4)-O(18) 1.879(3) V(6)-O(20) 1.926(3) V(8)-O(22) 1.947(3)
V(2)-O(12)#1 1.833(3) V(4)-O(11) 1.964(3) V(6)-O(14) 1.940(3) V(8)-O(21) 2.058(3)
V(2)-O(11) 1.899(3) V(4)-O(12)#1 2.063(3) V(6)-O(19) 2.037(3) V(8)-O(10)#1 2.420(3)
V(2)-O(11)#1 1.899(3) V(4)-O(1) 2.374(3) V(6)-O(10) 2.352(3) V(9)-O(9) 1.612(3)
V(3)-O(3) 1.618(3) V(5)-O(5) 1.620(3) V(7)-O(7) 1.613(4) V(9)-O(20) 1.782(3)
V(3)-O(14)#1 1.721(3) V(5)-O(17) 1.780(3) V(7)-O(22)#1 1.836(3) V(9)-O(17) 1.856(3)
V(3)-O(13) 1.941(3) V(5)-O(15) 1.906(3) V(7)-O(22) 1.836(3) V(9)-O(21)#1 1.983(3)
V(3)-O(12) 1.960(3) V(5)-O(16) 1.952(3) V(7)-O(21)#1 1.897(3) V(9)-O(22) 2.050(3)
V(3)-O(11) 2.060(3) V(5)-O(13) 2.051(3) V(7)-O(21) 1.897(3) V(9)-O(10) 2.386(3)

O(10)#1-V(1)-O(10) 110.6(2) O(18)-V(4)-O(11) 151.33(12) O(6)-V(6)-O(18) 102.8(2) O(22)-V(8)-O(10)#1 86.70(11)
O(10)#1-V(1)-O(1)#1 109.56(14) O(4)-V(4)-O(12)#1 96.80(14) O(6)-V(6)-O(20) 96.8(2) O(21)-V(8)-O(10)#1 69.47(10)
O(10)-V(1)-O(1)#1 108.15(14) O(18)-V(4)-O(12)#1 82.30(12) O(18)-V(6)-O(20) 94.87(13) O(9)-V(9)-O(17) 102.23(14)
O(10)#1-V(1)-O(1) 108.15(14) O(11)-V(4)-O(12)#1 76.56(11) O(6)-V(6)-O(14) 100.6(2) O(20)-V(9)-O(17) 95.83(13)
O(10)-V(1)-O(1) 109.56(14) O(4)-V(4)-O(1) 170.18(14) O(18)-V(6)-O(14) 89.69(13) O(9)-V(9)-O(21)#1 99.66(14)
O(1)#1-V(1)-O(1) 110.8(2) O(15)-V(4)-O(1) 77.92(11) O(20)-V(6)-O(14) 160.56(12) O(20)-V(9)-O(21)#1 96.28(13)
O(2)-V(2)-O(12) 115.66(9) O(18)-V(4)-O(1) 87.49(11) O(6)-V(6)-O(19) 94.74(14) O(17)-V(9)-O(21)#1 152.38(12)
O(2)-V(2)-O(12)#1 115.66(9) O(11)-V(4)-O(1) 71.62(10) O(18)-V(6)-O(19) 162.45(12) O(9)-V(9)-O(22) 96.13(14)
O(12)-V(2)-O(12)#1 128.7(2) O(5)-V(5)-O(17) 103.6(2) O(20)-V(6)-O(19) 83.42(12) O(20)-V(9)-O(22) 162.32(12)
O(2)-V(2)-O(11) 103.68(9) O(5)-V(5)-O(15) 99.7(2) O(14)-V(6)-O(19) 86.55(12) O(21)#1-V(9)-O(22) 76.73(11)
O(12)-V(2)-O(11) 84.32(12) O(17)-V(5)-O(15) 94.57(13) O(6)-V(6)-O(10) 166.46(13) O(9)-V(9)-O(10) 170.37(13)
O(12)#1-V(2)-O(11) 83.93(12) O(5)-V(5)-O(16) 100.2(2) O(18)-V(6)-O(10) 89.09(12) O(20)-V(9)-O(10) 77.06(11)
O(2)-V(2)-O(11)#1 103.68(9) O(17)-V(5)-O(16) 89.83(13) O(20)-V(6)-O(10) 75.43(11) O(17)-V(9)-O(10) 87.38(11)
O(12)-V(2)-O(11)#1 83.93(12) O(15)-V(5)-O(16) 158.06(12) O(14)-V(6)-O(10) 85.77(11) O(21)#1-V(9)-O(10) 71.35(10)
O(12)#1-V(2)-O(11)#1 84.32(12) O(5)-V(5)-O(13) 95.08(14) O(19)-V(6)-O(10) 73.55(10) O(22)-V(9)-O(10) 85.30(10)
O(11)-V(2)-O(11)#1 152.6(2) O(17)-V(5)-O(13) 161.20(13) O(7)-V(7)-O(22)#1 115.47(9) V(2)-O(11)-V(4) 100.27(12)
O(3)-V(3)-O(14)#1 106.3(2) O(15)-V(5)-O(13) 83.89(12) O(7)-V(7)-O(22) 115.47(9) V(2)-O(11)-V(3) 96.27(12)
O(3)-V(3)-O(13) 97.46(14) O(16)-V(5)-O(13) 85.07(12) O(22)#1-V(7)-O(22) 129.1(2) V(4)-O(11)-V(3) 119.95(14)
O(14)#1-V(3)-O(13) 95.73(13) O(5)-V(5)-O(1) 166.79(14) O(7)-V(7)-O(21)#1 104.14(9) V(2)-O(12)-V(3) 102.09(13)
O(3)-V(3)-O(12) 98.57(14) O(17)-V(5)-O(1) 88.92(11) O(22)-V(7)-O(21)#1 84.24(12) V(2)-O(12)-V(4)#1 99.00(12)
O(14)#1-V(3)-O(12) 91.61(13) O(15)-V(5)-O(1) 74.87(10) O(7)-V(7)-O(21) 104.14(9) V(3)-O(12)-V(4)#1 141.2(2)
O(13)-V(3)-O(12) 159.71(12) O(16)-V(5)-O(1) 83.76(11) O(22)#1-V(7)-O(21) 84.24(12) V(3)-O(13)-V(5) 119.77(14)
O(3)-V(3)-O(11) 95.50(14) O(13)-V(5)-O(1) 72.56(10) O(22)-V(7)-O(21) 83.70(12) V(3)#1-O(14)-V(6) 145.1(2)
O(14)#1-V(3)-O(11) 156.75(13) V(1)-O(1)-V(4) 126.4(2) O(21)#1-V(7)-O(21) 151.7(2) V(4)-O(15)-V(5) 122.4(2)
O(13)-V(3)-O(11) 89.12(12) V(1)-O(1)-V(3) 123.56(14) O(8)-V(8)-O(16) 105.2(2) V(8)-O(16)-V(5) 146.0(2)
O(12)-V(3)-O(11) 77.06(11) V(4)-O(1)-V(3) 94.29(10) O(8)-V(8)-O(19)#1 96.23(14) V(5)-O(17)-V(9) 152.6(2)
O(3)-V(3)-O(1) 163.30(13) V(1)-O(1)-V(5) 124.5(2) O(16)-V(8)-O(19)#1 95.25(13) V(6)-O(18)-V(4) 152.6(2)
O(14)#1-V(3)-O(1) 89.31(12) V(4)-O(1)-V(5) 84.64(9) O(8)-V(8)-O(22) 100.98(14) V(8)#1-O(19)-V(6) 120.15(14)
O(13)-V(3)-O(1) 74.70(11) V(3)-O(1)-V(5) 92.74(10) O(16)-V(8)-O(22) 92.09(13) V(9)-O(20)-V(6) 121.3(2)
O(12)-V(3)-O(1) 86.53(11) V(1)-O(10)-V(6) 124.5(2) O(19)#1-V(8)-O(22) 158.82(12) V(7)-O(21)-V(9)#1 99.58(12)
O(11)-V(3)-O(1) 70.02(10) V(1)-O(10)-V(9) 126.6(2) O(16)-V(8)-O(21) 155.38(13) V(7)-O(21)-V(8) 96.55(12)
O(4)-V(4)-O(15) 100.4(2) V(6)-O(10)-V(9) 86.00(9) O(19)#1-V(8)-O(21) 88.50(12) V(9)#1-O(21)-V(8) 121.26(14)
O(4)-V(4)-O(18) 102.3(2) V(1)-O(10)-V(8)#1 122.79(14) O(22)-V(8)-O(21) 76.86(11) V(7)-O(22)-V(8) 102.66(13)
O(15)-V(4)-O(18) 96.22(13) V(6)-O(10)-V(8)#1 92.24(9) O(8)-V(8)-O(10)#1 164.16(13) V(7)-O(22)-V(9) 99.25(12)
O(4)-V(4)-O(11) 99.24(14) V(9)-O(10)-V(8)#1 94.26(10) O(16)-V(8)-O(10)#1 88.20(12) V(8)-O(22)-V(9) 140.7(2)

a Symmetry transformations used to generate equivalent atoms: #1 -x + 1, y, -z + 1/2.

Figure 4. ORTEP view of the anion of 1.
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average Ueq of the other vanadium atoms. On the basis
of electron density, it appeared that the central atom
position may be fully occupied by Si, P, S, Cl, or partially
by vanadium itself. Further crystallographic least-
squares refinements were carried out to investigate this.
The occupancy of this vanadium, V(1) in the special
position was refined to 0.346(1) with Ueq similar to other
vanadium atoms (R1 ) 0.0032 and wR2 ) 0.0864). When
phosphorus atom was substituted in the place of V(1),
the model converged at R1 ) 0.0285, wR2 ) 0.0770 and

the Ueq of P(1) was similar to other vanadium atoms.
To confirm the presence of P or other elements such as
Si, S, or Cl atoms, chemical and spectroscopic analyses
(AAS, EDAX, and 31P NMR) were carried out and to our
surprise none of these elements were detected. On the
basis of our chemical and spectroscopic data, we ruled
out the presence of these “foreign elements” and re-
tained the present model. However, partial occupancy
of vanadium may be a possibility! The influence of the
encapsulated fragment, VO4, on the shape and size of
the cage, is comparable to other vanadate anions.18,20-22

On the basis of close contacts and bond valence calcula-
tions25 we found that H atoms are possibly attached to
the doubly bridged O(13) and O(19). Our attempts to
refine the protons attached to cluster oxygens were not
successful. The location of V(IV) could not be resolved
on the basis of bond valence sums.

An interesting feature of this structure is that each
anion is surrounded by six morpholinium cations with
its N atoms directed toward the Ot atoms of the anion
by means of nonbonding interactions (see Figure 3 and
Table 5). The shortest nonbonding distance 1.857(6) Å
is between O(20) of the anionic cluster and H(3C) of the
morpholinium N-H hydrogen atom. The oxygen atoms
O(3), O(4), O(5), O(9), O(16), O(18), O(20), and O(22) of
the cluster anions are involved in close contacts of the
type, XsH‚‚‚O (X ) N, C) and the distances range from
1.857 to 2.370 Å. Of these strong and medium O‚‚‚H
interactions stemmed from N-H hydrogen atoms of the
morpholinium cations and the weak interactions are due
to CsH‚‚‚O interactions. All the N-H hydrogen atoms
of the morpholinium ions are participating in the weak
bonding, mostly to the anionic cluster.

The compound 2 contains the metavanadate anion
formed by corner-sharing VO4 tetrahedra connected via
O(2) atoms into infinite chains parallel to c axis similar
to other metavanadates.26-28 Selected bonding param-

(25) Brown, I. D.; Altermatt, D. Acta Crystallogr. 1985, B41, 244.
(26) Roman, P.; Macias, R.; Luque, A.; Gutierrez- Zorilla, J. M.

Mater. Res. Bull. 1992, 27, 573.

Table 5. Nonbonding Interactions [Distances(Å)and
Angles (deg)] in 1 and 2

1 2

O(4S)‚‚‚H(1C)-N(1) 1.886(6) N(1)-H(1B)‚‚‚O(1) 1.884(2)
O(5)‚‚‚H(1D)-N(1) 2.115(2) N(1)‚‚‚O(1) 2.760(2)
O(3)‚‚‚H(2C)-N(2) 2.164 (2) N(1)-H(1A)‚‚‚O(2) 1.970(3)
O(16)‚‚‚H(2D)-N(2) 1.997 (1) N(1)‚‚‚O(2) 2.857(2)
O(22)‚‚‚H(8B)-C(8) 2.370 (3)
O(20)‚‚‚H(3C)-N(3) 1.857 (2)
O(9)‚‚‚H(3D)-N(3) 2.204 (1)
O(4)‚‚‚H(4S1)-O(4S) 2.015 (1)
O(18)‚‚‚H(4S2)-O(4S) 2.230 (1)
O(3)‚‚‚H(2B)-C(2) 2.450 (2)
O(3S)‚‚‚H(1D)-N(1) 2.447 (1)

Table 6. Selected Bond Lengths (Å) and Angles (deg) for
2

V(1)-O(3) 1.625(1) V(1)-O(2) 1.815(1)
V(1)-O(1) 1.645(1) V(1)-O(2A) 1.824(1)

O(3)-V(1)-O(1) 108.97(7) O(1)-V(1)-O(2) 111.83(6)
O(3)-V(1)-O(2) 107.84(6) O(3)-V(1)-O(2A) 109.38(7)

Figure 5. (a) The virtual layer of structure 2 as viewed
perpendicular to the ab plane. The broken lines show the weak
hydrogen contacts between morpholinium ions and V-O of
VO3

- chain. (b) ORTEP view of VO3
- anion is showed with its

cation, [C4H10NO]+.

Table 7. Atomic Coordinates (×104) and Equivalent
Isotropic Displacement parameters (Å2 × 103) for 3

atoms x y z Ueq

V(1) -3819(1) 0 4697(1) 24(1)
V(2) -3594(1) 0 7128(1) 23(1)
V(3) -4729(1) -1759(1) 7508(1) 29(1)
V(4) -5000 -1900(1) 5000 21(1)
O(1) -2889(2) 0 5349(2) 31(1)
O(2) -2661(1) 0 7781(2) 30(1)
O(3) -4650(1) -3107(3) 8392(2) 42(1)
O(4) -3913(1) -1433(2) 5771(2) 22(1)
O(5) -4145(1) -1555(2) 3564(2) 30(1)
O(6) -4896(1) 0 6081(2) 22(1)
O(7) -4894(1) -3051(2) 6104(2) 29(1)
O(8) -3720(1) -1539(2) 7947(2) 27(1)
O(9) -4682(2) 0 8292(2) 31(1)
N(1) -2435(2) 0 1419(3) 24(1)
N(2) -3329(1) -1405(3) 1713(2) 33(1)
N(3) -2243(2) 0 3385(3) 30(1)
C(1) -1842(2) 0 2789(3) 29(1)
C(2) -2947(2) -1424(3) 1084(2) 30(1)
C(3) -2736(2) -1385(4) 3024(3) 36(1)
C(4) -3810(2) 0 1373(4) 39(1)
C(5) -2031(3) 0 780(4) 37(1)
O(11) -1123(2) 0 5978(4) 58(1)
O(12) -1244(3) -540(6) 8003(5) 59(2)
O(13) -5000 -3983(11) 10000 74(2)
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eters of the anion is listed in Table 6. In 2, the [sOs
V(dO)2sOs]n chains are arranged parallel to the c axis
and stacked on each other along a axis (Figure 5a,b).
The adjacent strands are hydrogen bonded by morpho-
linium cations in such a way that neighboring cations
are placed alternatively on either side of the stacking
of the strands. The H(1A) is bonded to O(2) and the
H(2A) is bonded to O(1) of the adjacent anionic polymer
strand. Due to the close proximity, there are also some
weak interactions between C-H hydrogens and O(3)
(the distances are 2.406 and 2.453 Å; refer Table 5).
There are also weak interactions between the morpho-
line O atoms and the C-H hydrogen atoms of the
neighboring morpholinium cations (2.548 Å).

The atomic positional parameters of 3 and 4 are given
in Tables 7 and 8, respectively. Unlike 1 and 2, the
compounds 3 and 4 contain decavanadate cores. The
crystal structure of the molecular anion (Figure 6a,b)
possesses gross vanadium-oxygen framework of the
prototype, [HnV10O28](6-n)- reported in the literature.29-34

The framework contains a central {V6O12} core built of
six edge-shared VO6 octahedral units arranged in 2 ×
3 rectangular array (V(3), V(3A), V(3B), V(3C), V(4), and
V(4A)); two VO6 units from above and two from below
share the equatorial oxygens at the apexes of the
octahedra in the rectangle. The molecular symmetry of
an idealized framework is D2h. Selected bond distances

and bond angles of the decavanadate cores of 3 and 4
are listed in Tables 9 and 10, respectively. Compound
3is a fully oxidized polyoxovanadate cluster, whereas 4
is a mixed-valent cluster although both are protonated.
On the basis of the crystallographic studies, we could
not establish any of the protonation sites for the anion

(27) Roman, P.; Jose, A. S.; Luque, A.; Gutierrez- Zorilla, J. M.
Inorg. Chem. 1993, 32, 775.

(28) Tyroselova, J.; Kuchta, L.; Pavelcik, F. Acta Crystallogr. 1996,
C52, 17.

(29) Evens, H. T. Inorg. Chem. 1966, 5, 968.
(30) Besecer, C. J.; Klemperer, W. G.; Maltbie, C. J.; Wright, D. A.

Inorg. Chem. 1985, 24, 1027
(31) Capparelli, M. V.; Goodgame, David. M. L.; Hayman, P. B.;

Skapski, A. C. J. Chem. Soc., Chem. Commun. 1986, 776.
(32) Day, V. W.; Klemperer, W. G.; Maltbie, D. J. J. Am. Chem.

Soc. 1987, 109, 2991.
(33) Khan, M. I.; Chen. Q.; Zubieta, J. J. Chem Soc., Chem.

Commun. 1992, 305.
(34) Khan, M. I.; Chen, Q.; Goshorn, D. P.; Zubieta, J. Inorg. Chem.

1993, 32, 672.

Table 8. Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2 × 103) for 4

atoms x y z Ueq atoms x y z Ueq atoms x y z Ueq

V(1) 2322(1) 1604(1) -793(1) 21(1) O(18) 2021(2) 894(2) 4501(3) 24(1) N(8) 4159(2) 2682(3) -5520(5) 37(2)
V(2) 1317(1) 1145(1) 792(1) 21(1) O(19) 2004(2) 2009(2) 3140(4) 24(1) C(8) 3638(3) 2590(3) -3198(5) 29(2)
V(3) 1398(1) -171(1) 2424(1) 23(1) O(20) 2932(1) 10(2) 2099(4) 19(1) C(9) 3666(3) 1499(3) -4375(6) 35(2)
V(4) 1398(1) 1297(1) 3583(1) 23(1) O(21) 2953(2) 1190(2) 3061(3) 21(1) C(10) 3559(3) 2628(4) -5438(5) 32(2)
V(5) 3470(1) 2095(1) 365(1) 23(1) O(22) 3847(2) 1623(2) 1677(3) 24(1) C(11) 4501(3) 1941(4) -3409(6) 43(2)
V(6) 3394(1) 660(1) -885(1) 25(1) O(23) 3805(2) 358(2) 579(4) 26(1) C(12) 4382(3) 3036(4) -4437(6) 40(2)
V(7) 3548(1) 805(1) 2020(1) 23(1) O(24) 3767(2) 1518(2) -747(3) 23(1) C(13) 4408(3) 1976(4) -5587(6) 42(2)
V(8) 2502(1) 387(1) 3665(1) 22(1) O(25) 2916(2) 2381(2) 1732(3) 24(1) C(14) 2746(3) 2142(4) -4174(6) 36(2)
V(9) 2382(1) 193(1) 695(1) 19(1) O(26) 2808(2) 1056(2) -1713(3) 23(1) O(30) 2506(2) 2790(3) -3961(5) 51(1)
V(10) 2448(1) 1730(1) 2017(1) 18(1) O(27) 2844(2) 2305(2) -633(3) 21(1) N(9) 4655(2) -1894(3) 4983(5) 37(1)
O(1) 1883(2) 1909(2) -1783(4) 31(1) O(28) 2846(2) -93(2) -385(4) 23(1) N(10) 3745(2) -1322(3) 5371(6) 39(1)
O(2) 893(2) 1439(2) -226(4) 29(1) H(3) 674(10) -870(4) 2886(5) 57(7) N(11) 4386(2) -1580(3) 7037(5) 42(2)
O(3) 023(2) -858(2) 2557(4) 32(1) N(1) 1401(2) -263(3) -2906(5) 24(1) N(12) 4620(2) -676(3) 5597(7) 48(2)
O(4) 1041(2) 1690(2) 4619(4) 36(1) N(2) 572(2) -675(3) -1809(4) 31(1) C(15) 4066(3) -1847(4) 4616(7) 46(2)
O(5) 3852(2) 2787(2) 252(4) 34(1) N(3) 536(2) 447(3) -2805(5) 28(1) C(16) 4684(3) -2086(4) 6257(6) 38(2)
O(6) 3746(2) 264(3) -1923(4) 39(1) N(4) 541(2) -626(3) -4008(4) 32(1) C(17) 4917(3) -1200(4) 4844(7) 47(2)
O(7) 3981(2) 482(2) 3006(4) 31(1) C(1) 1190(3) -671(4) -1832(6) 33(2) C(18) 3794(3) -1542(4) 6689(7) 46(2)
O(8) 2933(2) 86(2) 4669(4) 30(1) C(2) 1161(2) 475(3) -2837(6) 27(1) C(19) 4013(3) -634(4) 5215(7) 44(2)
O(9) 2880(1) 1131(2) 699(4) 19(1) C(3) 1164(2) -617(4) -4056(5) 29(2) C(20) 4650(3) -897(4) 6883(7) 52(2)
O(10) 2005(1) 765(2) 2061(4) 20(1) C(4) 352(3) 26(3) -1755(6) 31(2) O(1S) 166(2) -1747(3) 3775(5) 62(2)
O(11) 1909(2) 723(2) -309(3) 19(1) C(5) 359(3) -1006(4) -2920(6) 39(2) O(2S) 2538(2) -1373(2) 4842(4) 35(1)
O(12) 1935(1) 1884(2) 708(3) 19(1) C(6) 330(3) 102(3) -3907(6) 31(2) O(3S) 3314(2) -1310(3) 2216(6) 60(2)
O(13) 1036(2) 302(2) 1131(3) 23(1) C(7) 2046(2) -229(4) -2945(6) 32(2) O(4S) 789(2) 2218(4) 7070(6) 73(2)
O(14) 1062(2) 1556(2) 2177(4) 23(1) O(29) 2271(2) -900(3) -2927(5) 47(1) O(5S) 2851(2) -1570(3) -964(5) 63(2)
O(15) 1078(2) 424(2) 3513(4) 24(1) N(5) 3391(2) 2211(3) -4281(5) 28(1) O(6S) 4616(5) -577(5) 700(15) 110(6)
O(16) 2016(2) -375(2) 3447(4) 23(1) N(6) 4257(2) 2640(3) -3317(5) 35(1) O(7S) 4019(6) -1702(6) -77(14) 98(5)
O(17) 1957(2) -476(2) 1029(3) 23(1) N(7) 4279(2) 1568(3) -4498(5) 39(1)

Figure 6. (a) ORTEP view of the decavanadate core present
in 3. (b) ORTEP view of the decavanadate core present in 4.
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in 3. However, bond-valence calculations25 indicate that
the possible protonation sites are at the doubly bridging
oxygens of the vanadium (O(5) and O(8)) as reported in
the literature.31,32

The structure of 3 (Figure 7a) shows the presence of
chains containing the inorganic anion and the organic
cations running along [101]. Along the chain each
decavanadate anion (A) is surrounded by two methyl-
ated HMTA cation (C), forming a sequence ‚‚‚CsAsC‚‚‚
CsAsC‚‚‚CsAsC‚‚‚. The anions on the ac planes are
aligned such that their C2 axes lie parallel to the b axis
while the C3 axis of the organic cation lies on the same
plane but oriented along [101]. The substituted CH3
groups at the N are pointed away from the anion. The
chains on the adjacent ac planes are related by the
lattice symmetry of the unit cell. The water molecules
lie between the planes containing the chains. There is
no appreciable hydrogen bonding between the water
molecules and the anions or cations.

In 4, HMTA-CH2OH and HMTA-H are the counter-
cations. Unlike 3, in 4 there is no regular arrangement
of the cations and anions (Figure 7b). There is medium
to weak nonbonding interactions among the cations, the
anions, and the space-filling water molecules. We could
successfully locate only one proton attached to the
cluster oxygen O(3). For several oxidized polyoxovana-
dates of the types, [HnV10O28](6-n)-, it has been sug-
gested that doubly and triply bridging oxo groups
provide the protonation sites as a consequence of the
greater basicity of these in relation to terminal oxo
groups, a feature recently confirmed by ab initio SCF
calculations.32 However, we did not succeed in locating
the remaining H atoms.

Chemistry of the Formation of Polyoxovana-
dates. Isolation of the polyoxovanadates 1-4 discussed

in this paper, and 535 and 636 in our earlier work13 (refer
to Figures 8 and 9), in the presence of organic bases
appears to be interesting. A number of metavanadates,
decavanadates, and other isopolyvanadates in addition
to several fully oxidized and mixed-valent high nuclear
polyoxovanadate clusters have been crystallized from
acidified, aqueous vanadate solution depending on the
pH and oxidation state of vanadium. The role of organic
base in dictating the final structure of the solids either
in determining the shape and size of the molecular
cluster or occurring as a countercation but influence the
packing/linking of the inorganic anionic cores is impor-
tant to understand the self-assembly process taking
place in aqueous vanadate solution. In this work, we
have investigated the formation of polyoxovanadates by
varying pH of the initial solution, the molar ratio of the
starting materials, the oxidation state of vanadium, and
organic bases with varying geometrysplanar to spheri-
cal. Attempts were made to grow single crystals either
through solution evaporation or by hydrothermal treat-
ment. In all our experiments one of the organic bases,

(35) Synthesis and crystal data of 5. A mixture of NaVO3 (0.3 g,
2.5 mmol) and hexamethylenetetramine(0.34 g, 2.5 mmol) was dis-
solved in 60 mL of distilled water. pH of the clear solution was adjusted
to 5.5 by HCl (0.3 mL, 8.0 mmol). Crystal data: crystal system, triclinic;
space group, P1h; a ) 9.5759(1), b ) 10.4917(1), and c ) 11.1943(1) Å,
R ) 103.27(1), â ) 98.318(1), and γ ) 103.329(1)°; V ) 1037.57(2) (Å)3;
Z ) 1; Fo ) 2.329 g/cm3. A total of 4248 reflections with Fo > 4s(Fo)
and 349 parameters, and R1 ) 0.03890 and wR2 ) 0.1141 for all 4993
data.

(36) Synthesis and crystal data of 6: A mixture of NaVO3 (0.5 g,
4.1 mmol) and 1,3,5-triazine (0.03 g, 0.41 mmol) was dissolved in 60
mL of water in a 150-mL beaker. The pH of the clear solution was
adjusted to 4.2 by the addition of HCl (0.4 mL, 2.0 mmol). Crystal
data: crystal system, monoclinic; space group, P21/n; a ) 12.0627(2),
b ) 17.1745(2), c ) 18.2094(2) Å, and â ) 106.34(1)°; V ) 3620.56(8)(Å)3;
Z ) 4; Fo ) 2.379 g/cm3. A total of 5642 reflections with Fo > 4s(Fo)
and 597 parameters, and R1) 0.0402 and wR2 ) 0.0902 for all 8846
data.

Table 9. Selected Bond Distances(Å) and Angles for 3

V(1)-O(1) 1.615(3) V(2)-O(8) 1.841(2) V(3)-O(7) 2.048(2)
V(1)-O(5) 1.853(2) V(2)-O(4) 1.986(2) V(3)-O(6) 2.317(2)
V(1)-O(5)#1 1.853(2) V(2)-O(4)#1 1.986(2) V(4)-O(7)#3 1.695(2)
V(1)-O(4)#1 1.995(2) V(2)-O(6) 2.244(2) V(4)-O(7) 1.695(2)
V(1)-O(4) 1.995(2) V(3)-O(3) 1.608(2) V(4)-O(4) 1.931(2)
V(1)-O(6)#2 2.261(2) V(3)-O(9) 1.828(2) V(4)-O(4)#3 1.931(2)
V(2)-O(2) 1.622(2) V(3)-O(8) 1.848(2) V(4)-O(6) 2.127(2)
V(2)-O(8)#1 1.841(2) V(3)-O(5)#3 1.949(2) V(4)-O(6)#2 2.127(2)

O(1)-V(1)-O(5) 102.48(9) O(9)-V(3)-O(5)#3 89.93(10) V(4)-O(4)-V(1) 107.99(8)
O(5)-V(1)-O(5)#1 93.72(13) O(8)-V(3)-O(5)#3 155.08(8) V(2)-O(4)-V(1) 98.69(8)
O(5)-V(1)-O(4)#1 155.19(8) O(3)-V(3)-O(7) 99.90(10) V(1)-O(5)-V(3)#3 113.71(10)
O(1)-V(1)-O(4) 100.71(9) O(9)-V(3)-O(7) 156.21(9) V(4)-O(6)-V(4)#2 101.95(10)
O(5)-V(1)-O(4) 89.78(8) O(8)-V(3)-O(7) 85.37(8) V(4)-O(6)-V(2) 92.79(7)
O(4)#1-V(1)-O(4) 77.32(10) O(5)#3-V(3)-O(7) 82.26(8) V(4)#2-O(6)-V(2) 92.79(7)
O(1)-V(1)-O(6)#2 175.85(12) O(3)-V(3)-O(6) 174.27(10) V(4)-O(6)-V(1)#2 92.69(7)
O(5)-V(1)-O(6)#2 80.29(7) O(9)-V(3)-O(6) 81.78(8) V(4)#2-O(6)-V(1)#2 92.69(7)
O(4)-V(1)-O(6)#2 76.10(7) O(8)-V(3)-O(6) 78.91(8) V(2)-O(6)-V(1)#2 171.29(12)
O(2)-V(2)-O(8) 102.10(9) O(5)#3-V(3)-O(6) 76.98(8) V(4)-O(6)-V(3)#1 170.26(9)
O(8)#1-V(2)-O(8) 93.30(12) O(7)-V(3)-O(6) 74.59(7) V(4)#2-O(6)-V(3)#1 87.70(2)
O(2)-V(2)-O(4) 99.95(9) O(7)#3-V(4)-O(7) 107.59(14) V(2)-O(6)-V(3)#1 85.34(7)
O(8)#1-V(2)-O(4) 156.39(8) O(7)#3-V(4)-O(4) 97.26(8) V(1)#2-O(6)-V(3)#1 88.12(7)
O(8)-V(2)-O(4) 90.21(8) O(7)-V(4)-O(4) 97.01(8) V(4)-O(6)-V(3) 87.70(2)
O(4)-V(2)-O(4)#1 77.74(10) O(4)-V(4)-O(4)#3 155.73(11) V(4)#2-O(6)-V(3) 170.26(9)
O(2)-V(2)-O(6) 175.33(12) O(7)#3-V(4)-O(6) 165.23(9) V(2)-O(6)-V(3) 85.34(7)
O(8)-V(2)-O(6) 81.04(7) O(7)-V(4)-O(6) 87.18(8) V(1)#2-O(6)-V(3) 88.12(7)
O(4)-V(2)-O(6) 76.47(7) O(4)-V(4)-O(6) 80.49(8) V(3)#1-O(6)-V(3) 82.62(8)
O(3)-V(3)-O(9) 103.64(11) O(7)-V(4)-O(6)#2 165.23(9) V(4)-O(7)-V(3) 110.49(10)
O(3)-V(3)-O(8) 102.44(10) O(4)-V(4)-O(6)#2 80.72(8) V(2)-O(8)-V(3) 113.89(10)
O(9)-V(3)-O(8) 92.80(11) O(6)-V(4)-O(6)#2 78.05(10) V(3)-O(9)-V(3)#1 113.65(14)
O(3)-V(3)-O(5)#3 100.95(10) V(4)-O(4)-V(2) 107.84(8)

a Symmetry transformations used to generate equivalent atoms: #1, -x, y, z; #2, -x - 1, -y, -z + 1; #3, -x - 1, y, -z + 1; #4, -x -
1, -y - 1, -z + 2.
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morpholine, HMTA, 1,3,5-triazine, triethanolamine, or
ethylenediamine (en) was employed. Under hydrother-
mal treatment, only “en” yielded single crystals which
were found to be identical to V4O10 clusters reported in
the literature.7 Except for the conditions reported for
compounds 1-6, we invariably obtained materials
which were either amorphous precipitates or crystalline

powders that are difficult to characterize and hence are
not included in this discussion.

The formation of morpholinium metavanadate at pH
∼8 was not surprising, but we did not obtain metavana-
date with other bases. For pH <6, only morpholine
yielded isopolyvanadate whereas decavanadates were
the only species with HMTA and 1,3,5-triazine. When

Table 10. Selected Bond Distances(Å) and Angles (deg) for 4

V(1)-O(1) 1.610(4) V(3)-O(13) 1.892(4) V(6)-O(6) 1.603(4) V(8)-O(21) 1.982(4)
V(1)-O(27) 1.825(4) V(3)-O(17) 2.105(4) V(6)-O(26) 1.816(4) V(8)-O(20) 2.128(4)
V(1)-O(26) 1.853(4) V(3)-O(10) 2.323(4) V(6)-O(24) 1.868(4) V(8)-O(10) 2.240(4)
V(1)-O(12) 1.963(4) V(4)-O(4) 1.605(4) V(6)-O(23) 1.969(4) V(9)-O(17) 1.665(4)
V(1)-O(11) 2.016(4) V(4)-O(14) 1.811(4) V(6)-O(28) 2.008(4) V(9)-O(28) 1.704(4)
V(1)-O(9) 2.290(4) V(4)-O(15) 1.834(4) V(6)-O(9) 2.307(4) V(9)-O(11) 1.868(4)
V(2)-O(2) 1.604(4) V(4)-O(18) 1.939(4) V(7)-O(7) 1.611(4) V(9)-O(20) 2.047(4)
V(2)-O(13) 1.781(4) V(4)-O(19) 2.028(4) V(7)-O(22) 1.758(4) V(9)-O(10) 2.063(4)
V(2)-O(14) 1.821(4) V(4)-O(10) 2.425(4) V(7)-O(23) 1.904(4) V(9)-O(9) 2.142(4)
V(2)-O(11) 2.014(4) V(5)-O(5) 1.604(4) V(7)-O(21) 1.953(4) V(10)-O(25) 1.692(4)
V(2)-O(12) 2.029(4) V(5)-O(24) 1.791(4) V(7)-O(20) 2.101(4) V(10)-O(19) 1.703(4)
V(2)-O(10) 2.257(4) V(5)-O(27) 1.879(4) V(7)-O(9) 2.230(4) V(10)-O(12) 1.902(4)
V(3)-O(3) 1.590(4) V(5)-O(22) 1.923(4) V(8)-O(8) 1.606(4) V(10)-O(21) 1.949(4)
V(3)-O(15) 1.819(4) V(5)-O(25) 2.065(4) V(8)-O(18) 1.751(4) V(10)-O(9) 2.112(4)
V(3)-O(16) 1.877(4) V(5)-O(9) 2.335(4) V(8)-O(16) 1.867(4) V(10)-O(10) 2.120(4)

O(1)-V(1)-O(27) 103.1(2) O(14)-V(4)-O(19) 85.2(2) O(6)-V(6)-O(26) 103.2(2) O(28)-V(9)-O(10) 162.9(2)
O(1)-V(1)-O(26) 103.1(2) O(15)-V(4)-O(19) 152.7(2) O(6)-V(6)-O(24) 103.5(2) O(11)-V(9)-O(10) 83.7(2)
O(27)-V(1)-O(26) 93.2(2) O(18)-V(4)-O(19) 82.3(2) O(26)-V(6)-O(24) 91.6(2) O(20)-V(9)-O(10) 79.0(2)
O(1)-V(1)-O(12) 100.3(2) O(4)-V(4)-O(10) 175.2(2) O(6)-V(6)-O(23) 101.2(2) O(17)-V(9)-O(9) 166.2(2)
O(27)-V(1)-O(12) 91.6(2) O(14)-V(4)-O(10) 77.2(2) O(26)-V(6)-O(23) 155.0(2) O(28)-V(9)-O(9) 85.6(2)
O(26)-V(1)-O(12) 154.4(2) O(15)-V(4)-O(10) 80.1(2) O(24)-V(6)-O(23) 87.8(2) O(11)-V(9)-O(9) 82.5(2)
O(1)-V(1)-O(11) 100.1(2) O(18)-V(4)-O(10) 75.7(2) O(6)-V(6)-O(28) 100.7(2) O(20)-V(9)-O(9) 78.40(14)
O(27)-V(1)-O(11) 155.7(2) O(19)-V(4)-O(10) 72.81(14) O(26)-V(6)-O(28) 87.3(2) O(10)-V(9)-O(9) 77.75(14)
O(26)-V(1)-O(11) 88.2(2) O(5)-V(5)-O(24) 103.8(2) O(24)-V(6)-O(28) 155.3(2) O(25)-V(10)-O(19) 107.5(2)
O(12)-V(1)-O(11) 77.5(2) O(5)-V(5)-O(27) 102.5(2) O(23)-V(6)-O(28) 83.0(2) O(25)-V(10)-O(12) 98.9(2)
O(1)-V(1)-O(9) 175.2(2) O(24)-V(5)-O(27) 91.9(2) O(6)-V(6)-O(9) 174.7(2) O(19)-V(10)-O(12) 96.8(2)
O(27)-V(1)-O(9) 80.6(2) O(5)-V(5)-O(22) 100.8(2) O(26)-V(6)-O(9) 79.8(2) O(25)-V(10)-O(21) 96.1(2)
O(26)-V(1)-O(9) 79.6(2) O(24)-V(5)-O(22) 92.7(2) O(24)-V(6)-O(9) 80.7(2) O(19)-V(10)-O(21) 96.2(2)
O(12)-V(1)-O(9) 76.43(14) O(27)-V(5)-O(22) 154.4(2) O(23)-V(6)-O(9) 75.4(2) O(12)-V(10)-O(21) 156.2(2)
O(11)-V(1)-O(9) 75.76(14) O(5)-V(5)-O(25) 100.9(2) O(28)-V(6)-O(9) 74.83(14) O(25)-V(10)-O(9) 87.7(2)
O(2)-V(2)-O(13) 103.6(2) O(24)-V(5)-O(25) 155.3(2) O(7)-V(7)-O(22) 103.6(2) O(19)-V(10)-O(9) 164.7(2)
O(2)-V(2)-O(14) 103.4(2) O(27)-V(5)-O(25) 83.1(2) O(7)-V(7)-O(23) 101.1(2) O(12)-V(10)-O(9) 82.2(2)
O(13)-V(2)-O(14) 95.4(2) O(22)-V(5)-O(25) 82.2(2) O(22)-V(7)-O(23) 95.4(2) O(21)-V(10)-O(9) 80.1(2)
O(2)-V(2)-O(11) 98.4(2) O(5)-V(5)-O(9) 174.6(2) O(7)-V(7)-O(21) 101.4(2) O(25)-V(10)-O(10) 164.8(2)
O(13)-V(2)-O(11) 91.1(2) O(24)-V(5)-O(9) 81.5(2) O(22)-V(7)-O(21) 94.4(2) O(19)-V(10)-O(10) 87.6(2)
O(14)-V(2)-O(11) 155.0(2) O(27)-V(5)-O(9) 78.4(2) O(23)-V(7)-O(21) 152.5(2) O(12)-V(10)-O(10) 81.0(2)
O(2)-V(2)-O(12) 99.6(2) O(22)-V(5)-O(9) 77.5(2) O(7)-V(7)-O(20) 97.3(2) O(21)-V(10)-O(10) 79.8(2)
O(13)-V(2)-O(12) 154.9(2) O(25)-V(5)-O(9) 73.8(2) O(22)-V(7)-O(20) 158.4(2) O(9)-V(10)-O(10) 77.20(14)
O(14)-V(2)-O(12) 88.4(2) V(3)-O(3)-H(3) 124(5) O(23)-V(7)-O(20) 85.8(2) V(2)-O(10)-V(4) 82.82(11)
O(11)-V(2)-O(12) 76.0(2) V(10)-O(9)-V(9) 101.2(2) O(21)-V(7)-O(20) 76.0(2) V(3)-O(10)-V(4) 81.12(11)
O(2)-V(2)-O(10) 172.7(2) V(10)-O(9)-V(7) 92.3(2) O(7)-V(7)-O(9) 172.6(2) V(9)-O(11)-V(2) 105.6(2)
O(13)-V(2)-O(10) 81.0(2) V(9)-O(9)-V(7) 98.6(2) O(22)-V(7)-O(9) 83.7(2) V(9)-O(11)-V(1) 109.0(2)
O(14)-V(2)-O(10) 81.6(2) V(10)-O(9)-V(1) 90.37(13) O(23)-V(7)-O(9) 78.6(2) V(2)-O(11)-V(1) 99.0(2)
O(11)-V(2)-O(10) 75.66(14) V(9)-O(9)-V(1) 91.02(13) O(21)-V(7)-O(9) 77.06(14) V(10)-O(12)-V(1) 107.9(2)
O(12)-V(2)-O(10) 75.04(14) V(7)-O(9)-V(1) 169.3(2) O(20)-V(7)-O(9) 75.35(14) V(10)-O(12)-V(2) 108.0(2)
O(3)-V(3)-O(15) 103.2(2) V(10)-O(9)-V(6) 170.2(2) O(8)-V(8)-O(18) 103.9(2) V(1)-O(12)-V(2) 100.3(2)
O(3)-V(3)-O(16) 101.5(2) V(9)-O(9)-V(6) 87.44(14) O(8)-V(8)-O(16) 101.1(2) V(2)-O(13)-V(3) 115.2(2)
O(15)-V(3)-O(16) 92.9(2) V(7)-O(9)-V(6) 91.08(13) O(18)-V(8)-O(16) 96.1(2) V(4)-O(14)-V(2) 117.2(2)
O(3)-V(3)-O(13) 102.5(2) V(1)-O(9)-V(6) 84.74(13) O(8)-V(8)-O(21) 100.1(2) V(3)-O(15)-V(4) 115.5(2)
O(15)-V(3)-O(13) 90.7(2) V(10)-O(9)-V(5) 87.99(14) O(18)-V(8)-O(21) 95.2(2) V(8)-O(16)-V(3) 112.8(2)
O(16)-V(3)-O(13) 154.1(2) V(9)-O(9)-V(5) 170.0(2) O(16)-V(8)-O(21) 152.7(2) V(9)-O(17)-V(3) 108.7(2)
O(3)-V(3)-O(17) 100.6(2) V(7)-O(9)-V(5) 84.74(12) O(8)-V(8)-O(20) 98.1(2) V(8)-O(18)-V(4) 115.5(2)
O(15)-V(3)-O(17) 156.1(2) V(1)-O(9)-V(5) 85.03(13) O(18)-V(8)-O(20) 157.2(2) V(10)-O(19)-V(4) 113.1(2)
O(16)-V(3)-O(17) 84.3(2) V(6)-O(9)-V(5) 83.10(12) O(16)-V(8)-O(20) 85.4(2) V(9)-O(20)-V(7) 106.1(2)
O(13)-V(3)-O(17) 82.0(2) V(9)-O(10)-V(10) 103.6(2) O(21)-V(8)-O(20) 74.8(2) V(9)-O(20)-V(8) 104.9(2)
O(3)-V(3)-O(10) 173.5(2) V(9)-O(10)-V(8) 100.53(14) O(8)-V(8)-O(10) 171.3(2) V(7)-O(20)-V(8) 96.5(2)
O(15)-V(3)-O(10) 83.3(2) V(10)-O(10)-V(8) 92.56(14) O(18)-V(8)-O(10) 84.4(2) V(10)-O(21)-V(7) 106.7(2)
O(16)-V(3)-O(10) 77.9(2) V(9)-O(10)-V(2) 91.4(2) O(16)-V(8)-O(10) 80.3(2) V(10)-O(21)-V(8) 106.6(2)
O(13)-V(3)-O(10) 77.0(2) V(10)-O(10)-V(2) 93.2(2) O(21)-V(8)-O(10) 76.17(14) V(7)-O(21)-V(8) 106.6(2)
O(17)-V(3)-O(10) 72.93(14) V(8)-O(10)-V(2) 165.2(2) O(20)-V(8)-O(10) 73.43(13) V(7)-O(22)-V(5) 113.4(2)
O(4)-V(4)-O(14) 104.7(2) V(9)-O(10)-V(3) 88.84(14) O(17)-V(9)-O(28) 106.8(2) V(7)-O(23)-V(6) 113.5(2)
O(4)-V(4)-O(15) 104.1(2) V(10)-O(10)-V(3) 167.5(2) O(17)-V(9)-O(11) 101.2(2) V(5)-O(24)-V(6) 114.6(2)
O(14)-V(4)-O(15) 92.0(2) V(8)-O(10)-V(3) 86.19(14) O(28)-V(9)-O(11) 98.0(2) V(10)-O(25)-V(5) 110.4(2)
O(4)-V(4)-O(18) 102.0(2) V(2)-O(10)-V(3) 85.26(12) O(17)-V(9)-O(20) 94.4(2) V(6)-O(26)-V(1) 115.2(2)
O(14)-V(4)-O(18) 152.4(2) V(9)-O(10)-V(4) 168.8(2) O(28)-V(9)-O(20) 94.1(2) V(1)-O(27)-V(5) 115.1(2)
O(15)-V(4)-O(18) 88.1(2) V(10)-O(10)-V(4) 86.38(13) O(11)-V(9)-O(20) 156.5(2) V(9)-O(28)-V(6) 111.7(2)
O(4)-V(4)-O(19) 102.9(2) V(8)-O(10)-V(4) 83.92(13) O(17)-V(9)-O(10) 89.4(2)
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pH <2, we invariably obtained polycrystalline materials
similar to vanadia xerogels with most of the bases. The
relationship between the reaction conditions and the
nature of molecular clusters is still far from understood.
It appears that lower pH values in the range 2.0-6.0
are ideal for the formation of self-assembled polyoxo-
anions.

Use of HMTA has resulted only in the formation of
decavanadate clusters; the solids differ in terms of the
nature of the countercations and the packaging ar-
rangement of inorganic and organic units. Under acidic
conditions N-substituted cations of HMTA such as N-H,
N-Me, and N-CH2OH are present in the solution.37-39

Compounds 4 and 5 were isolated from similar reaction
condition except for the source of vanadium. In both
solids HMTA-CH2OH and HMTA-H were present as
countercations. Compound 4 contained discrete mixed-
valent decavanadate cores as VOSO4 was used in the
synthesis. Compound 5 was synthesized from NaVO3,
and hence the decavanadates were fully oxidized but
the presence of hydrated sodium cations in the solution
were possibly responsible for the linking of the deca-
vanadate clusters to form molecular chains. Alhough
linking of oxovanadate clusters through hydrated metal
cations are known in the literature,40 5 exhibits a unique
structure. Formation of 3 is a little surprising, since the
initial solution contained sodium hydrates as well as
reduced vanadates. Still, in the final solid, the deca-
vanadates occurred as discrete clusters with only or-
ganic species as countercations. But the presence of
N-Me in 3 is understandable as it is obtained from the
reduction of N-CH2OH by NaBH4. The facile formation
of structurally unprecedented 5 and 6 points out that
the inorganic fragments of a self-assembled system can
be easily linked to metal hydrates toward the formation
of an unusual higher order molecular chains and
rectangular arrays. The occurrence of an unusual dimer
of hydrated sodium, [Na2(H2O)10]2+ in 6 is difficult to
explain. Also, this material is an interesting case
wherein the organic molecule 1,3,5-triazine did not
figure in the final solid but the solid did not form in its
absence.

The crystal topology of the six novel inorganic-
organic hybrid salts 1-6, emphasize the criteria caused
for the crystallization of such oxo anion cores exhibiting
interactions with cations. To maximize the intermolecu-
lar contacts the packing of inorganic fragments depend
on the organic cations which exhibit specific interac-
tions. In 1, the morpholinium ions participate in strong
nonbonding interactions with the cluster oxygens and
hence strongly influence the packing of the hybrid salt.
In 3, the hydrophobic nature of HMTA-Me forces the
anionic fragments to stack one over the other. Whereas
in 4, the occurrence of hydrogen bonding between the
N-substituted HMTA and lattice water results in a
disordered arrangement of the organic and inorganic
units. In 5 and 6, the sodium hydrates link the anionic
clusters to form one-dimensional chains and two-
dimensional arrays.

Conclusions

The formation of the four novel hybrid salts of
polyoxovanadate clusters reported in this paper signifies
the richness of the influence of molecules such as
morpholine and HMTA and the role of pH in obtaining
new vanadates. A pH of >8 seems to favor the formation
of metavanadates (VV) with infinite chains forming
layers such as 2 and the morpholinium ions occur
between the layers as countercations; on the other hand,
acidic conditions (pH <5) are more favorable to form
isopolyvanadates or decavanadates. The choice of the
countercations depends on the reaction conditions and

(37) Blazevic, N.; Kolbah, D.; Belin, B.; Sunjic, V.; Kajfez, F.
Synthesis 1979, 161.

(38) Mak, T. C. W.; Lad, M. F. C.; Povey, D. C. J. Chem. Soc., Perkin
Trans. 2 1979, 593.

(39) Mak, T. C. W. Inorg. Chem. 1984, 23, 620.
(40) Durif, P. A.; Averbuch-Pouchot, M. T.; Guitel, A. C. Acta

Crystallogr. 1980, B36, 680.

Figure 7. (a) Unit cell of the structure of 3 viewed down the
crystallographic a-axis. (b) Crystal structure of 4 viewed along
the ab plane. The hydrogen bonds are indicated by broken
lines.
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mostly these molecules influence the crystal packing.
Controlling the oxidation state of vanadium appears to
be difficult at this stage. Our attempts to grow vanadate
crystals with average oxidation state < 4.5 have not
been successful.
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Figure 8. A view of decavanadate chains connected through hydrated sodium cations, [Na(H2O)4]+.

Figure 9. A view of 2D molecular arrays of decavanadate clusters through hydrated sodium cations.
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