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Abstract. Two new fully oxidized polyoxovanadate cluster-based solids (C4N2S2H14)2[H2V10O28]⋅4H2O, 1 
and (C4N2S2H14)5[H4V15O42]2⋅10H2O, 2 are crystallized under self-assembly process in the presence of 
cysteamine. In both 1 and 2, cysteamines are oxidized forming disulphide linkages and occur as counter 
cations. The organic cations assemble around V10O28 cluster anions in 1 whereas they aggregate around 
V15O42 clusters in 2. pH appears to be the structure determinant in the occurrence of decavanadate cluster 
in 1 and pentadecavanadate in 2, with the same counter cation. 
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1. Introduction 

Polyoxovanadate-based hybrid solids are an interest-
ing class of inorganic materials with applications in 
diverse areas such as catalysis, biology, medicine, 
materials science and magnetism.1–5 It is well estab-
lished that when polyoxovanadate (POV)-based solids 
are crystallized from aqueous solution (either under 
ambient or hydrothermal condition) in the presence 
of organic amines (commonly referred to as structure 
directors), organic/inorganic hybrid solids are in-
variably formed.6–10 These may be salts between organic 
cations and discrete polyoxovanadate anions or 
composite solids with extended POV anions incor-
porated with organic cations. In many cases, the organic 
amines exert considerable structural influence to 
form a range of structures from zero-dimensional dis-
crete clusters, 1D-chains, 2D-sheets to three-dimen-
sional networks.11–14 In this paper, we describe two 
new solids, (C4N2S2H14)2[H2V10O28]⋅4H2O, 1 and 
(C4N2S2H14)5[H4V15O42]2⋅10H2O, 2, crystallized in 
the presence of cysteamine, NH2(CH2)2SH, consisting 
of a thiol as well as an amino group. Surprisingly, in 
both solids, vanadium occurs in the fully oxidized 
+5 state; the counter cations [NH3-CH2-CH2-S-S-
CH2-CH2-NH3]

2+ are diprotonated cysteamine dimers 
that form in the aqueous solution through oxidation 
and linking by disulphide bridges. pH appears to be 
the major structural determinant for the occurrence 

of decavanadate and pentadecavanadate clusters in 1 
and 2 respectively. 

2. Experimental 

Vanadium pentoxide (V2O5), sodium hydroxide 
(NaOH) and cysteamine were obtained from Aldrich 
and used without further purification.  

2.1 Synthesis  

1 was synthesized from a mixture of V2O5 
(0⋅4547 g, 2⋅5 mmol), NaOH (1⋅2 g, 30 mmol), and 
cysteamine (0⋅3857 g, 5 mmol), dissolved in 40 ml 
of distilled water. pH of the solution was adjusted to 
3⋅0 by dilute HCl and the orange coloured solution 
was kept at room temperature (25°C) for crystallization. 
After a few weeks, orange plate-like crystals were 
filtered off from the solution, washed with water and 
then acetone, and dried in air. To observe the effect 
of pH on the formation of the solids, the same reac-
tion was carried out by adjusting the pH to ~6 which 
resulted in the formation of green block-like crystals 
of 2. In both the cases the yields were sufficiently 
high: 1 is 68% and 2 is 62% based on vanadium. 

2.2 Characterization 

Room-temperature X-ray powder diffraction data 
were collected on a Bruker D8 Advance diffractome-
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ter equipped with a curved graphite single-crystal 
monochromator and a scintillation detector. TG 
analyses were carried out with a Perkin–Elmer 
TGA7 system on well-ground samples under nitrogen 
flow at a heating rate of 10°C min–1. In all cases the 
phase purity of the samples was established by 
simulating powder X-ray diffraction patterns on the 
basis of single-crystal structure data.  

2.3 X-ray crystallographic studies 

Single-crystal diffraction studies were carried out on 
a Bruker AXS SMART Apex CCD diffractometer 
with a MoKα (0⋅71073 Å) sealed tube at 28°C for 
both 1 and 2. The software SADABS was used for 
absorption correction and SHELXTL for space group 
and structure determination and refinements.15,16 The 
vanadium atoms were located first and then the re-
maining atoms were deduced from subsequent dif-
ference Fourier syntheses. The hydrogen atoms of 
organic groups were located using geometrical con-
straints; H atoms of water molecules and those at-
tached to cluster oxygens could not be located. All 
the atoms except H were refined anisotropically. 
The least-squares refinement cycles on F2 were per-
formed until the model converged. Crystal data are 
provided in table 1.  

2.4 Crystal structure of 1 

The crystal structure of 1 reveals the presence of a 
discrete cluster anion, [H2V10O28]

4– reported in the 
literature.17,18 The framework contains a central 
{V6O12} core built of six edge-shared VO6 octahedral  
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Figure 1. ORTEP view of the cluster anion V10O28. 

units arranged in 2 × 3 rectangular array; two VO6 
units from above and two from below share the 
equatorial oxygens at the apices of the octahedra in 
the rectangle. The molecular symmetry of an idealized 
framework is D2h. Each vanadium (V) atom in the 
V10O28

6– cluster has a distorted octahedral geometry 
with the V–O bond length in the range of 1⋅592(3)–
1⋅597(2)Å for terminal oxygen and 1⋅752(2)–
2⋅340(2)Å for bridging oxygen atoms. The O–V–O 
angles for cis and trans bonds are in the range of 
74⋅8(1)–106⋅4(1)Å and 155⋅1(1)–175⋅7(1)Å respec-
tively. All the bond angles and distances are consistent 
with V10O28

6– clusters observed in previous re-
ports.17,18 Figure 1 shows an ORTEP view of de-
cavanadate cluster anion. An interesting feature of 
this crystal structure is that the decavanadate cluster 
anions occupy the face centered lattice points as shown 
in figure 2. Crystal structure revealed that two cys-
teamine molecules are linked together through di-
sulphide linkages and the resulting doubly proto-
nated organic acts as the counter cation. Each 
decavanadate anion is surrounded by two such or-
ganic cations. On the basis of the number of counter 
cations present per decavanadate cluster, it is inferred 
that the cluster anion is doubly protonated. The nitro-
gens of the organic molecule are directing towards 
the doubly bridging oxygens of the cluster anion 
thereby forming strong H-bonding. Each cluster an-
ion is connected to eight organic moieties through a 
strong H-bonding interactions ranging from 1⋅917– 
 
 

 
 

Figure 2. Arrangement of decavanadate clusters on the 
face-centred lattice points in 1. 
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Table 1. Crystal structure data of 1 and 2. 

Formula (C4N2S2H14)2[H2V10O28]⋅4H2O, 1 (C4N2S2H14)5 [H4V15O42]2.10H2O, 2 
 

Space group Pbca P–1 
a (Å) 10⋅0916(8) 11⋅4587(7) 
b (Å) 16⋅469(1) 12⋅5875(8) 
c (Å) 23⋅814(2) 18⋅956 (1) 
α (°) 90 95⋅3700(1) 
β (°) 90 95⋅045 (1) 
γ (°) 90 91⋅362(1) 
V (Å3) 3958⋅0(6) 2710⋅2(3) 
Z 4 1 
dcalc (g cm–3) 1⋅956 2⋅329 
µMoKα (cm–1) 2⋅614 2⋅762 
Diffractometer Bruker Smart Apex CCD Bruker Smart Apex CCD 
Radiation MoKα MoKα 
T (K) 300(2) 300(2) 
2θmax (°) 52⋅00 55⋅00 
No. measured reflections 24458 21234 
No. unique reflection 2130 
7100 
No. observed reflections (I > 2σI) 1855 5801 
No. refined parameters 264 794 
R1 (I > 2σI) 0⋅0377 0⋅0639 
WR2 (all) 0⋅0833 0⋅1885 
CCDC No. 245097 284100 

 
 

 
 
Figure 3. H-bonding interactions between decavanadate clusters and cysteamine dimers along with water molecules. 
 
 
1⋅981 Å. There are two types of nitrogens, one nitrogen 
(N2) linking three clusters through H-bonding re-
sulting in 2D layers and other nitrogen (N1) forming 
H-bonding to one water and cluster oxygen as 

shown in the figure 3. If moderate interactions up to 
2⋅390 Å are considered, nitrogen (N1) also connects 
two clusters and one water molecule. However, bond 
valence sums19 suggested that the possible protona-
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tion sites are at O(13). Bond valence of these oxygens 
(BVS = 1⋅372) are significantly lower than other V–O 
oxygen values (BVS = 1⋅7–1⋅98) probably due to 
protonation. 

2.5 Crystal structure of 2 

Crystal structure reveals the presence of a discrete 
molecular anion V15O42 that has a central cavity en-
capsulating an almost regular VO4 tetrahedron as 
shown in figure 4. All the bond angles and distances 
are consistent with V15O42

6– clusters observed in previ-
ous reports.18 The cluster contains twelve VO6 octa-
hedra, two VO5 square pyramids and one VO4 

tetrahedron where the two square pyramids and the 
VO4 tetrahedron occur along the two-fold axis of 
symmetry. The central VO4 tetrahedron shares its 
oxygen atoms with four V3O13 units made of three 
edge-sharing VO6 octahedra. These four V3O13 units 
are linked to one another by corner sharing and the 
two VO5 square pyramids capped along the molecular 
axis share edges to the neighbouring V3O13 units. 
Crystal structure reveals that two cysteamine mole-
cules are linked together through disulphide linkages 
as in the case of 1 and the resulting organic molecule 
which is doubly protonated acts as the counter cation 
to the V15O42 cluster anion. The carbon, nitrogen and 
sulphur atoms of one of the organic cations, are 
found to be disordered. We successfully solved the 
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Figure 4. ORTEP view of the cluster anion V15O42. 

structure refining the occupancy of sulphur, nitrogen 
and carbon. Two V15O42 cluster anions were sur-
rounded by five organic cations. V15O42 cluster an-
ion was found to be tetra-protonated to counter the 
charge on the cation, however, we could not locate 
the hydrogen atoms attached to the cluster anion us-
ing X-ray analysis but the bond valence sums19 on 
cluster oxygens indicated that the possible protonation 
sites are at O(19), O(20), O(32) and O(39) (BVS = 
1⋅324, 1⋅293, 1⋅275 and 1⋅347 respectively). In 2, H-
bonding interactions (2⋅560–2⋅870 Å) are responsible 
for the formation of 1D strips as shown in figure 5. 
Such strips however, have no interconnection with 
one another (figure 6). 

2.6 Thermal analysis 

Both 1 and 2 lose their water molecules and organic 
groups in multiple steps (figure 7). Weight loss up to 
500°C corresponds to the loss of water and organic 
groups and compares well with the composition de-
termined from single-crystal X-ray analysis. In 1, 
the first step corresponds to the weight loss of four 
water molecules. Next two steps correspond to the 
loss of organic and further weight loss corresponds 
to the degradation of decavanadate cluster. In 2, the 
first step corresponds to the weight loss of six water 
molecules followed by next three steps showing the 
loss of four water molecules and organic respectively. 
Further steps correspond to the degradation of 
[V15O42] cluster anion.  

3. Discussion 

Oxidation of cysteamine to its dimer is not surprising. 
Cysteamine readily undergoes oxidation through di-
sulphide bridge and gets protonated in acidic medium. 
Since this organic amine is not sufficiently reducing 
under ambient condition the product is a vanadate 
cluster with all vanadium in fully oxidized state. A 
fully oxidized vanadate cluster was earlier observed 
only with a pyridinium cation.20 It should be noted 
many organic amines act as reducing agents and 
form mixed valent polyoxovanadate cluster anions.18 
Formation of 1 and 2 appears to be clearly driven by 
the pH of the crystallization medium. In aqueous 
vanadate solution, the dominant building blocks for 
the formation of polyoxovanadate clusters are tetra-
hedral VO4, square-pyramidal VO5 and octahedral 
VO6. While above pH > 7, metavanadate and cyclic 
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Figure 5. H-bonding between V15O42 and cysteamine dimers forming strips. 
 
 

 
 
Figure 6. Occurrence of 1D chains as shown in figure 7 
lying side by side with no connectivity.  
 
 
 
metavanadate solids based on tetrahedral VO4 domi-
nate. Around pH ~ 6 [V15O42] cluster occurs as it re-
quires tetrahedral VO4 in addition to VO5 and VO6 

species which are the building blocks. In highly 
acidic medium, only the hydrated VO6 dominates, 

and hence a decavanadate cluster based salt is obtai-
ned.  

 
 

 
 

Figure 7. TGA curves for (a) 1 and (b) 2. 

(a) 

(b) 
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4. Conclusion 

In conclusion, formation of decavanadate and penta-
decavanadate based hybrid salts isolated in the pres-
ence of cysteamine dimer is driven by pH of the 
crystallisation medium.  
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