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Abstract 

Polyoxometalate-based Catalysts for Toxic Compound 

Decontamination and Solar Energy Conversion 

By Weiwei Guo 

Polyoxometalates (POMs) have been attracting interest from researchers in the fields 

of Inorganic Chemistry, Physical Chemistry, Biomolecular Chemistry, etc. Their 

unique structures and properties render them versatile and facilitate applications in 

medicine, magnetism, electrochemistry, photochemistry and catalysis. In particular, 

toxic compound (chemical warfare agents (CWAs) and toxic industrial compounds 

(TICs)) decontamination and solar energy conversion by POM-based materials have 

becoming promising and important research areas that deserve much attention. The 

focus of this thesis is to explore the structural features of POMs, to develop POM-based 

materials and to investigate their applications in toxic compound decontamination and 

solar energy conversion. 

The first part of this thesis gives a general introduction on the history, structures, 

properties and applications of POMs. The second part reports the synthesis, structures, 

and reactivity of different types of POMs in the destruction of TICs and CWAs. Three 

tetra-n-butylammonium (TBA) salts of polyvanadotungstates, [n-Bu4N]6[PW9V3O40] 

(PW9V3), [n-Bu4N]5H2PW8V4O40 (PW8V4), [n-Bu4N]4H5PW6V6O40·20H2O (PW6V6) 

are discussed in detail. These vanadium-substituted Keggin type POMs show effective 

activity for the aerobic oxidation of formaldehyde (a major TIC and human-

environment carcingen) to formic acid under ambient conditions. Moreover, two types 

of POMs have also been developed for the removal of CWAs and/or their simulants. 

Specifically, a layered manganese(IV)-containing heteropolyvanadate with a 1:14 

Stoichiometry, K4Li2[MnV14O40]·21H2O has been prepared. Its catalytic activity for 

oxidative removal of 2-chloroethyl ethyl sulfide (a mustard simulant) is discussed. The 

second type of POM developed for decontamination of CWAs and their simulants is 

the new one-dimensional polymeric polyniobate (P-PONb), 

K12[Ti2O2][GeNb12O40]·19H2O (KGeNb). The complex has been applied to the 

decontamination of a wide range of CWAs and their simulants under mild conditions 

and in the dark. The third part of this dissertation addresses the use of POM-based 

materials in photocatalytic hydrogen evolution reactions. The structures, 

characterizations and catalytic hydrogen generation activities of a new tri-nickel-

containing Wells-Dawson POM, [Ni3(OH)3(H2O)3P2W16O59]
9- and a new hybrid 

material that combines POMs, Pt nanoparticles (NPs) and MOFs are investigated.  
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1.1 General Structures of POMs 

The history of POM chemistry can be traced back to 1826 when Berzelius first reported 

the light yellow crystalline solid (12-molybdophosphate) formed from the reaction of 

ammonium molybdate with phosphoric acid.1-3 Later the research on POM chemistry 

progressed rapidly with the development of advanced analytical research techniques 

such as Nuclear Magnetic Resonance (NMR), Fourier Transform Infrared Spectroscopy 

(FTIR) and X-ray crystallography.4-9 POMs are a family of early transition metal-

oxygen-anion clusters which have the general formulas of [MmOn]
p- (isopolyanions) 

and [XxMmOn]
p- (heteropolyanions, X = SiIV, GeIV, PV, AsV, etc.).4,10-16 Based on the 

component early transition metals (M as denoted in the above formulas) POMs can be 

classified into several groups: polytungstates (M = WVI),17-25 polymolybdates (M = 

MoVI),26-36 polyvanadates (M = VV),37-40 polyniobates (M = NbV),41 polytantalates (M 

= TaV),42-44 etc.   

Polytungstates/polymolybdates are generally composed of multiple WO6/MoO6 

octahedra sharing edges, corners and/or faces. Corner- and edge-sharing types are more 

stable than the face-sharing ones because the transition metal ions are more far from 

each other, thus decreasing their mutual repulsion.45,46 Two of the most commonly used 

plenary polytungstates/polymolybdates are the Keggin [XM12O40]
n− (X = SiIV, GeIV, PV, 

AsV, etc. M = WVI or MoVI)3,47,48 and the Wells-Dawson [X2M18O62]
n− (X = PV, AsV, M 

= WVI or MoVI) types.49 The Keggin polytungstate is constructed by a central XO4 (X 

= P or Si) tetrahedron surrounded by four W3O13 triads at each of its vertices. The name, 

Keggin, is derived from the person who solved the structure of the isopolyanion, 

[PW12O40]
3- in the early 1930s.3,47,48 It can be synthesized via the aggregation and 

condensation of [WO4]
2- at certain pH (eq 1-1). Further isolation can be achieved via 

crystallization or precipitation by adding extra counter cations.50,51 More recently, the 
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Keggin POMs which are solely composed of first-row transition metal-oxygen clusters 

(M = Fe/Ni) have been reported, although their properties and synthetic conditions are 

quite different from that of Keggin-type polytungstates/polymolybdates.52,53 The α-

Keggin structure that has an idealized Td symmetry in which all of the metal centers are 

equivalent is shown in Figure 1-1. Additional isomers: β (C3v symmetry), γ (C2v 

symmetry), δ (C3v symmetry) and ε (Td symmetry) isomers, can be derived from 

successive 60º rotation of the four W3O13 triads as proposed by Baker and Figgis.54 

12 [WO4]
2- + [HPO4]

2- + 23H+ → [PW12O40]
3- + 12 H2O           (eq 1-1) 

Another type of well-studied plenary POMs is the Wells-Dawson type. Figure 

1-1 also shows the structure of the Wells-Dawson POM, [α-P2W18O62]
6- that is built up 

by two central PO4 tetrahedra, two W3O13 triad and two W6O14 belts. Baker and Figgis 

also proposed the existence of several isomers of Wells-Dawson POMs while only α 

and β isomers are the most commonly studied.54,55 They can be synthesized by refluxing 

a mixture of sodium tungstate and an excess of H3PO4 (eq 1-2).56  

18 [WO4]
2- + 32 H3PO4 → [P2W18O62]

6- + 18 H2O + 30 [H2PO4]
-    (eq 1-2)         

The plenary polytungstates/polymolybdates can transform to lacunary POMs by 

losing one or more WO6/MoO6 octahedra through base hydrolysis. The extensively 

studied lacunary POMs include but not limited to the mono-vacant [SiW11O39]
8-,46 the 

di-vacant [SiW10O36]
8-,46 and the tri-vacant [P2W15O56]

12-.57,58 Lacunary POMs that 

have vacant sites can further react with other transition metals forming transition-metal-

substituted POMs (TMSPs) where the transition metals occupy the vacant sites.59 Thus, 

lacunary POMs can be considered as inorganic polydentate ligands. For example, the 

mono-vacant [PW11O39]
7- can form [M(H2O)PW11O39]

n- by reacting with different 
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transition metal ions.59 In addition, the di-vacant [SiW10O36]
8-, and the tri-vacant 

[P2W15O56]
12-/[PW9O34]

9- have been used for the design of various POM architectures 

such as the sandwich type POMs (Figure 1-1).60-67 Figure 1-1 shows the X-ray crystal 

structures of representative plenary and lacunary polytungstates as well as the assembly 

of some TMSPs. The structures of two sandwich type POMs, [{Ru4O4(OH)2(H2O)4}(γ-

SiW10O36)2]
10- and [Co4(H2O)2(PW9O34)2]

10- that are extensively studied as water 

oxidation catalysts are also shown in Figure 1-1.  

 

Figure 1-1. X-ray crystal structures of representative plenary and lacunary 

polytungstates as well as the assembly of some TMSPs. Color code: blue, WO6; pink, 

PO4/SiO4; red balls, O; purple balls, Co; green balls, Ru; yellow, MO6 (M = CoII, NiII, 

CuII, etc.) 

 

   Even though there are thousands of polytungstate or polymolybdate structures 

reported, the studies on polyvanadates, polyniobates and polytantalates are not as 
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prevalent in the literature. Like polytungstates or polymolybdates, polyvanadates can 

be synthesized through the aggregation and condensation of octahedral hydroxide/oxo 

vanadium complexes under acidic aqueous conditions. Decavanadate ([V10O28H3]
3- is 

one of the well studied polyvanadates.68-72 Other reported polyvanadates include 

polyvanadophosphate ([PV14O42]
9-),73 vanadomanganate(IV) anions [MnV13O38]

7- 

(MnV13), [Mn2V22O64]
10- (Mn2V22) and [Mn3V12O40H3]

5- (Mn3V12), etc.74,75 In 

addition, polyvanadates can also be used as building blocks to form linked frameworks. 

For example, Lindqvist hexavanadate has been functionalized by multidentate alkoxy 

(HOCH2)3CR (R=CH3, CH2OH, CH2COOH, etc) groups which can be further 

modified forming 1-, 2- and 3-dimensional frameworks.76-81 The alkoxy groups 

substitute the bridging oxo groups between the vanadium ions in the triangular 

arrangement. Figure 1-2 shows the polyhedral representation of [V10O28H3]
3- and two 

of the possible correlations of the alkoxy groups with hexavanadate.  

 

Figure 1-2 (a) Polyhedral representation of the X-ray crystal structure of [V10O28H3]
3-, 

(b) coordination of alkoxy group with hexavanandate in [V6
VO13[(OCH2)3CH3]2]

2- and 

(c) coordination of alkoxy groups with hexavanadate in 

[V6
VV5

IVO7(OH)3[(OCH2)3CH3]3]
-.76-81 Color code: purple octahedra, VO6; purple balls, 

vanadium atoms; red balls, oxygen atoms; black balls, carbon atoms; pink balls, 

hydrogen atoms. 
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Vanadium, as one of Group V transition metals, shows similar structural and 

synthetic properties to that of Group VI metals (Mo and W) when forming POMs. 

However, two other Group V metals, niobium and tantalum, exhibit quite different 

behavior than vanadium, molybdenum and tungsten.44 The formation of polyniobates 

or polytantalates usually requires quite basic conditions (pH > 10).41 Their structures 

were mainly limited to the Lindqvist hexaniobate ([Nb6O19]
8-) and hexatantalate 

([Ta6O19]
8-) at the end of 20th century.82  It has only been in recent years that several 

different types of polyniobates have been reported, such as the lacunary Keggin ion 

derivative, [H2Si4Nb16O56]
14-, the Keggin type, [PNb12O40(VO)6]

3- that is composed of 

a Keggin {PNb12} capped by six vanadyl groups, the [Nb24O72H9]
15-, etc (Figure 1-

3).83-86 The use of organic counter ions under high pressure or reflux conditions would 

likely lead to the formation of larger and/or new cluster geometries.82 One counter 

argument against such syntheses is the difficulty in predicting and controlling the 

structures. As discussed above, POMs can be constituted by multiple transition metals. 

The different constituting elements of POMs and their various structures endow them 

with diverse properties and applications in medicine,87-94 magnetism,95-99 

photochemistry100-102 and in particular catalysis.7,67,103-110 
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Figure 1-3. X-ray crystal structures of (a) [Nb6O19]
8-, (b) [H2Si4Nb16O56]

14-, (c) 

[PNb12O40(VO)6]
3- and (d) [Nb24O72H9]

15-. Color code: purple octahedra, VO6; green 

octahedral, NbO6; blue tetrahedral, SiO4; hydrogen atoms are omitted for clarity. 

 

1.2 Catalytic Properties of POMs in Toxic Compound 

Decontamination 

1.2.1 Air-based oxidation of organic compounds by POMs. 

The air-based oxidations of organic compounds are of significant importance in 

green synthetic organic chemistry. They can proceed through monooxygenase (eq 1-3) 

or dioxygenase (eq 1-4) processes with the exception of radical chain processes which 

are common in the oxidation of organic compounds. In both of the two processes, air 

or oxygen is used and there are no deleterious by-products.111-114 The environmental 

arguments for such processes alone are considerable and growing. These reactions 

result in the multi-electron reduction of O2 and oxidation of the organic substrate 

(reactant).  
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RH3 (organic substrate)   +  O2    →  ROH  +  H2O            (eq 1-3) 

2 R (organic substrate)   +  O2    →  2 RO              (eq 1-4)   

   However, the above air-based reactions under ambient conditions are always hard to 

realize partly because autoxidation (radical chain) processes usually have relatively 

high activation energies.111,115,116  Catalysts have been developed to increase the 

reaction rates and selectivity of air-based oxidation of organic compounds.76,117-120 

Examples include but are not limited to nanomaterials such as nanosized Au, Pt, Pd and 

metal oxides.121-126 Another class of catalysts developed for air-based oxidations that 

are fast under ambient conditions (use air at room temperature) are POMs.76,117-120,127-

131 The surface of the molecular metal-oxo clusters in POMs is similar to that of solid 

metal oxide crystals. Therefore, POMs not only have the properties of molecular 

species (such as solubility) but also exhibit similar features to that solid metal oxides.  

POMs can function as an acid, base or oxidant depending on their constituting 

transition metal elements, counter cations and structures. The redox properties of POMs 

are of particular importance because they directly impact most applications of POMs 

in air-based oxidation of many classes of organic compounds as well as in artificial 

photosynthesis.67,132 The transition metals in [MmOn]
p- (isopolyanions) and [XxMmOn]

p- 

(heteropolyanions) are typically in d0 or d1 electronic configurations. Therefore, they 

are very likely to accept multiple external electrons accompanied by protonation 

without major structural changes.133-137 The redox properties of POMs are mainly 

determined by the particular transition metal centers that constitute the polyanion units. 

Specifically, VV/IV has the highest potential, MoV/IV is next, and WV/IV has the lowest 

potential, while the NbV and TaV centers show little or no redox reactivity.132 Therefore, 

polyvanandates and/or polymolybdates are constantly used as catalysts for the 
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oxidation of organic compounds. For example, the Keggin-type heteropolyanions 

PMo12-nVnO40
(3+n)- can catalyze the air-based oxidation of many organic compounds 

including the alkanes, alcohols and aldehydes.138  A catalytic cycle that summarizes 

the general mechanism for these oxidations as well as the structure of PMo10V2O40
5- is 

shown in Figure 1-4. The first step in the mechanism is the oxidation of the substrate 

by the oxidized-POM (eq 1-5), and the second step is the air-based oxidation of 

reduced-POMs (eq1-6).127,128 

Oxidized-POM + substrate → reduced-POM + oxidized-substrate       (eq 1-5) 

Reduced-POM + 1/2 O2 → oxidized-POM + H2O                    (eq 1-6) 

 

Figure 1-4. Left: Polyhedral representation of PMo10V2O40
5-, color code: blue, MoO6; 

orange, VO6; pink, PO4. Two VO6 octahedra are statistically distributed among the 12 

positions. Right: The general two-step mechanism for POM-catalyzed O2-based 

oxidations of organic compounds.   

 

1.2.2 The use of POMs in the decontamination of toxic compounds 

The removal of TICs and/or CWAs by POMs can proceed via different pathways 

of which air-based catalytic oxidative reactions are of particular value. They can be 

conducted under mild conditions inexpensively.117,118,139-142  Moreover, the logistic 
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(and associated economic) burden for such decontamination technology is minimal. 

Most decontamination technology in military or civilian venues involves the use of 

highly reactive solutions, foams or powders that themselves have handling, 

transportation and safety challenges.  This isn’t the case if air and air only is the 

reactive decontaminating agent.  In addition, no energy sources are needed for air-

based decontamination because all air-based oxidations of organic substrates, including 

the TICs and CWAs, are thermodynamically favorable. The released energy sustains 

the reaction provided the catalytic process is sufficiently rapid.  Also, the safety 

concerns associated with the use of air-based oxidation processes are minimal: there is 

no toxic solution, gel or powder to deal with and no associated liquid or solid waste to 

remediate. Another pathway to the decontamination of TICs and in particular CWAs 

by POMs that draws the attention from researchers is to utilize the acid/base property 

of POMs.143,144  Nerve agents and vesicants are two of the most commonly used CWAs, 

and they can all be decontaminated via hydrolytic reactions with POM-based materials 

as catalysts.  

Various POM-based materials have been applied as catalysts to remove toxic 

compounds (major TICs and CWAs). For example, a combination of POMs with metal-

organic frameworks generates a series of POM-MOF materials.145-151 One POM-MOF, 

[Cu3(C9H3O6)2]4[{(CH3)4N}4CuPW11O39H] was shown to be able to catalytically 

oxidize thiols to disulfides and to efficiently convert toxic H2S to S8.
152 In addition, a 

sodalite-type porous POM-MOF, H3[(Cu4Cl)3(C9H3O6)8]2[PW12O40]3(C4H12N)6•3H2O, 

was reported and shown to be able to hydrolytically remove dimethyl 

methylphosphonate (DMMP, a CWA simulant).147 The structures of the above two 

POM-MOF materials are shown in Figure 1-5. In the above POM-MOF materials, the 

POMs are located in some of the large MOF pores. They not only exhibit the properties 
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of both MOFs and POMs, but also would likely to stimulate synergistic catalytic 

activities. However, they are heterogeneous materials thus making it difficult to study 

the reaction mechanism. Co-catalysts, including iron bromide and nitrate complexes 

together with POMs, were found to be efficient catalysts for air-based oxidation of 2-

chloroethyl ethyl sulfide (CEES, a mustard simulant).153-156 They are multi-component 

systems that constitute some of the most complex synthetic catalysts known. This 

hinders the study of their reaction mechanisms.  

 

Figure 1-5. X-ray crystal structures of left: [Cu3(C9H3O6)2]4 [{(CH3)4N}4CuPW11O39H] 

and right: H3[(Cu4Cl)3(C9H3O6)8]2[PW12O40]3(C4H12N)6•3H2O. One of the large pores 

in MOFs containing the pink and purple Keggin-type POM is shown. Color code: red, 

oxygen atoms; gray, carbon atoms; green, chlorine atoms; blue, copper atoms; pink, 

PO4 tetrahedra; purple, WO6 octahedra.  In the left figure, the Cu atom in the POM is 

statistically positioned over the 12 metal positions.  Counter cations and hydrogen 

atoms are omitted for clarity. 
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Synthetic organic dyes are another type of TIC. Many dyes have been synthesized 

but then reported to be hazardous. A series of Keggin/Wells-Dawson POM-based 

materials have been prepared that show effective photocatalytic activity for the 

degradation of organic dyes.157-162  They utilize the photo-responsive property of 

POMs: that POMs can be excited under ultraviolet light irradiation. Irradiated POMs 

can also generate hydroxyl radicals from water which can further destroy organic dyes. 

Methylene blue (MB) and methyl orange (MO) are commonly used as models of 

organic dye contaminants to access the photocatalytic activity of POM-based materials 

for degradation of organic dyes. However, the use of ultraviolet light limits the wide 

practical applications of POMs to the removal of environmentally undesirable organic 

compounds. To this end, developing efficient, simple and practical catalytic systems to 

remove TICs and CWAs remains a noteworthy challenge.  

1.3 The use of POMs in solar energy conversion 

The production of alternative and renewable energy to power the planet is a pressing 

international concern.163-166 The various forms of renewable energy (principally 

hydroelectric, geothermal, biofuels, wind, tides, and solar) constitute only about 10% 

of total energy consumption in most developed countries. Typically 5-10% of societally 

usable energy comes from nuclear and the remaining 80% comes from the burning of 

fossil fuels, which unavoidably produces CO2 and H2O.  Critically, only solar has the 

capacity to power the planet given projected increases in the global population and 

standard of living.164 (Developed societies consume far more energy than 

underdeveloped ones and the development of highly populated nations including China, 

India, Malaysia and Indonesia is rapid and substantial at present.) A consequence of 

technical realities (declining accessible fossil fuel availability and environmental 

changes), is that there are few governments not investing in renewable energy. As a 
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consequence of this and the rapidly increasing technical information available, the 

world-wide research effort in this area has become commensurately substantial.  

Energy must not only be generated but also stored in safe, viable and 

economical ways.167 Of the ways to store energy, most prominently heat, electricity and 

fuel, it is latter (fuel) which is critically needed.164,166,168 Energy stored in the form or 

heat or electricity will never have the weight and volume density to power ships and 

aircraft.  A very high percentage of the global economy depends on the commodities 

transported by ships. Thus the need for making not only electricity from ambient 

sunlight (photovoltaics, etc.) more efficiently and cheaply but more importantly, the 

need for making “solar fuel” is clear.   

Four unit operations are needed to convert sunlight into solar fuel: (1) an 

efficient absorber of solar light; (2) a charge separation structure enabling the absorbed 

photon energy to be converted with high quantum yield into a charge-separated state 

(exciton); (3) harvesting the electron in this excited state and using it to reduce low-

energy molecules, particularly CO2 and H2O, thus converting them into high energy 

molecules (reduced molecules or “fuels”); and (4) harvesting the hole (positive charge) 

in the excited state four times sequentially to oxidize water to oxygen.165 Advances are 

needed in all four of the above unit operations. Developing catalysts for the multi-

electron reduction CO2 to fuels, the hydrogen production and the oxidation of H2O to 

O2 exhibit potential challenges. 

There have been many reports on POM-based catalysts for catalytic water oxidation 

and hydrogen production.67,169-171 The POMs utilized are mostly TMSPs that are 

composed of polytungstates as ligands binding with redox-active transition metals. In 

2010 a sandwich POM, [Co4(H2O)2(PW9O34)2]
10- (Co4P2; X-ray structure in Figure 1-
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1) was demonstrated to catalyze efficient H2O oxidation by persulfate using visible light 

and the standard photosensitizer [Ru(bpy)3]
2+.172,173 Later in 2014, a similar sandwich 

POM, [Co4(H2O)2(VW9O34)2]
10- (Co4V2), was prepared and shown to have a turnover 

rate of >1000 O2 molecules per second at pH 9, making it the fastest water oxidation 

catalyst (WOC), at least at that time.174   

Some sandwich type POMs have also been prepared as catalysts for hydrogen 

evolution in the presence of photosensitizers and sacrificial electron donors. The tetra-

transition-metal POMs, [Mn4(H2O)2(VW9O34)2]
10- (Mn4V2) and [Ni4(H2O)2(PW9 

O34)2]
10- (Ni4P2) are prominent examples.170,171 They display a sandwich type structure 

as that of Co4P2 in Figure 1-1 by changing the transition metals in the belt positions 

and the heteroatoms. In addition, they all have free coordination sites on two of the 

transition metals that bind water and that are presumably active sites for water oxidation 

or for hydrogen production. However, another nickel-containing POM, 

[{Ni4(OH)3AsO4}4(B-α-PW9O34)4]
28- (Ni16As4P4) is also reported to be an efficient 

catalyst for photocatalytic hydrogen generation.169 This hexadecyl-nickel-containing 

POM does not exhibit free coordination sites yet shows HEC activity.  The activity 

might derive from the unique structure, the arsenic centers or other reasons that will 

require further study.  Investigating the different structures of POMs and probing their 

potential catalytic hydrogen evolution activity continues to attract interest.  

1.4 Goal of this work and outline 

The first objective of this thesis is to develop efficient POM-based materials for 

decontamination of toxic compounds including TICs and CWAs, and to investigate the 

reaction mechanisms via kinetic studies and DFT calculations. Chapter 2-4 reports the 

synthesis, structures, and reactivity of different types of POMs in the destruction of 
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TICs and CWAs. Specifically, Chapter 2 describes the structures and activities of three 

tetra-n-butylammonium (TBA) salts of polyvanadotungstates, [n-Bu4N]6[PW9V3O40] 

(PW9V3), [n-Bu4N]5H2PW8V4O40 (PW8V4), [n-Bu4N]4H5PW6V6O40·20H2O (PW6V6). 

They are shown to be effective catalysts for the aerobic oxidation of formaldehyde to 

formic acid under ambient conditions. A layered manganese(IV)-containing 

heteropolyvanadate with a 1:14 Stoichiometry, K4Li2[MnV14O40]·21H2O is reported in 

Chapter 3. The synthesis, characterization and magnetic studies are described in detail. 

Its catalytic activity for oxidative removal of 2-chloroethyl ethyl sulfide is also 

discussed. Chapter 4 reports the decontamination of a wide range of chemical warfare 

agents and their simulants by a new one-dimensional polymeric polyniobate (P-PONb), 

K12[Ti2O2][GeNb12O40]·19H2O, under mild conditions and in the dark. 

The second goal of this dissertation is to develop effective POM-based materials 

for photocatalytic hydrogen evolution, to modify these reaction systems, and to study 

their reaction mechanisms. Specifically, Chapter 5 addresses the structures, 

characterizations and catalytic hydrogen generation activity of a new tri-nickel-

containing Wells-Dawson POM, [Ni3(OH)3(H2O)3P2W16O59]
9-.  Chapter 6 describes 

a method that combines POMs, Pt nanoparticles (NPs) and MOFs into a hybrid material 

which shows synergistic hydrogen production activity. The POM (H3PW12O40) in the 

hybrid reduces H2PtCl6 to Pt NPs and stabilizes the Pt NPs. Moreover, these structural 

and active components show synergistic effects with respect to the catalysis of water 

reduction-hydrogen evolution. 
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2.1 Introduction 

Formaldehyde (CH2O) is a toxic compound that is ubiquitous in human environments.  

As a consequence, it is of central concern in context with human health and also high 

on the list of toxic industrial chemicals (TICs).1 The long-term exposure to 

formaldehyde may cause irritation of the mucous membranes of the eyes and is 

associated with diseases of the nasal and respiratory tract.2 It was classified as a known 

carcinogen by the State of California and the World Health Organization in 2004.3-11 

Thus, the removal of formaldehyde is a crucial goal for researchers.   

Air-based catalytic organic oxidations have gained much attention recently, because 

they utilize only ambient O2 which is less expensive and more abundant than other 

oxidants while generating few if any deleterious by-products if appropriate catalysts 

can be developed.12-24 Moreover, aerobic organic oxidation reactions are highly 

attractive for decontamination of a wide variety of toxic compounds in human 

environments, including TICs20,25-29 and chemical warfare agents (CWAs)23,30 under 

mild conditions.  Therefore, the aerobic catalytic oxidation of formaldehyde to formic 

acid, CO and/or CO2 under ambient conditions is highly attractive from multiple 

vantages.28  

Generally, mixtures of metal oxides,31 precious metals32 and supported precious 

metals33-36 have been evaluated as catalysts for the oxidation of formaldehyde.  

Among the metal oxides, MnO2 has been shown to have a high reactivity for 

formaldehyde oxidation at moderate conversions.31,32,37,38  Precious metals such as Au, 

Ru, Rd and Pt have been found to be effective catalysts for formaldehyde conversion 

at moderate temperature.39-42 For example, Zhang et al. and Huang et al. reported that 

the Pt nanoparticles supported on TiO2 are an effective catalyst for formaldehyde 

oxidation at room temperature,43,44 while catalysts such as Au and Ag supported on 
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TiO2, CeO2, Al2O3, MnOx–CeO2 and SBA-15 effect formaldehyde oxidation with 

almost 100% conversion at temperatures of 373 K or higher.45,46 Unfortunately, most 

of the systems reported so far are either based on precious metals which are 

prohibitively expensive for practical applications and not readily available, or involve 

catalytic oxidations that must be performed at temperatures of 400 K to 500 K or higher.  

However, logistics considerations dictate that many TIC and CWA decontamination 

and deodorization technologies are far more useful if applicable under ambient 

conditions.  

The second class of catalysts developed for the aerobic oxidation of formaldehyde 

under ambient conditions (using air at room temperature) are polyoxometalates (POMs), 

and in particular POMs with 3d metals substituted in surface positions.28,29,47,48  As 

elaborated in Chapter 1, POMs are a very large and growing family of metal oxide 

clusters with versatile applications in many areas including catalysis.49-54 In particular, 

organic oxidations catalyzed by POMs have received much attention because the acid-

base and redox properties of POMs are highly tunable.51,55 In addition, POMs are 

thermally, oxidatively and hydrolytically stable under oxidative conditions.51,56 In 2004, 

Kholdeeva, Hill and their coworkers reported that supported Keggin-type Co-

containing POMs, [n-Bu4N]4HPW11CoO39 and [n-Bu4N]5PW11CoO39 were effective 

catalysts for the aerobic oxidation of aldehydes (including formaldehyde) under 

ambient conditions.47 In 2005, they reported the catalytic activity of the Keggin-type 

Ce-containing POM (NaH3[SiW11CeIVO39]) for the aerobic oxidation of 

formaldehyde.28 The Ce-containing POM was shown to be a selective and effective 

catalyst for production of formic acid with a CH2O conversion of ca. 20% under mild 

conditions.  Vanadium-substituted heteropolyanions, PMo12-nVnO40
(3+n)- (PMo12-nVn) 

and PW12-nVnO40
(3+n)- (PW12-nVn) (with n = 1-6).57-61 have been reported to catalyze the 
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aerobic oxidation of many organic compounds including ketones and aldehydes (some 

of which are TICs) under ambient conditions.53,58,60,62-72  However, formaldehyde 

oxidation under ambient conditions catalyzed by polyvanadotungstates is unknown.   

We report here that the TBA salts of polyvanadotungstates, [n-Bu4N]6[PW9V3O40] 

(PW9V3), [n-Bu4N]5H2PW8V4O40 (PW8V4), [n-Bu4N]4H5PW6V6O40·20H2O (PW6V6) 

POMs are efficient catalysts for the aerobic oxidation of formaldehyde to formic acid 

under ambient conditions (using only air at room temperature). Comparison of four 

POMs ([n-Bu4N]5[W3V3O19], [n-Bu4N]3H3V10O28, [n-Bu4N]7SiW9V3O40, [n-

Bu4N]9P2W15V3O62), each with extensive and reversible redox chemistry, confirms that 

the catalytic activity is derived from the polyanion properties (structure, V(V/VI) 

potential, etc.).  Importantly, these formaldehyde removal reactions are less inhibited 

by water than these same oxidations catalyzed by supported noble metals.  Under 

optimized conditions, a turnover number (TON) of ca. 57 is obtained with PW6V6. 

2.2 Experimental 

2.2.1 General Methods and Materials  

All chemical reagents used were from commercially available sources and were used 

without further purification unless otherwise noted. The formaldehyde solutions were 

prepared by diluting 35% of aqueous formalin with acetonitrile (Fluka), N,N-

dimethylacetamide, N,N-dimethylformamide or tetrahydrofuran as needed for each 

catalytic entry.  Infrared spectra (2% sample in KBr pellet) were taken on a Nicolet 

TM 6700 FT-IR spectrometer. UV-vis spectra were acquired by an Agilent 8453 

spectrophotometer equipped with a diode-array detector using a 1.0-cm-optical-path 

quartz cuvette with acetonitrile as the solvent. The thermogravimetric data were 

collected on a STA 6000 thermal analyzer. Elemental analyses (V and W) were done 
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by Galbraith Laboratories (Knoxville, Tennessee). 1H and 31P NMR spectra were 

acquired on a Varian INOVA 400 spectrometer using deuterated chloroform (δ 7.24 

ppm) and H3PO4 (δ 0 ppm) as external standards. Gas chromatography (GC) analyses 

of liquid phase was performed on a Hewlett-Packard 6890 with a 5% phenyl methyl 

silicone capillary column (while the formic acid was independently detected with a 

Agilent J&W DB-FFAP column), a flame ionization detector, a Hewlett-Packard 

3390A series integrator and N2 as the carrier gas.  The gas phase was analyzed using 

a Agilent 7890 gas chromatograph with a 5 Å molecular sieve column and argon carrier 

gas. 

2.2.2 Preparation of Catalysts  

Synthesis of [n-Bu4N]6[α-1,2,3-PW9V3O40], (PW9V3). The TBA salt of the vanadium-

substituted Keggin-type POM, was prepared by a modified literature method.73 In a 

typical preparation, 8.2 g sodium acetate (100 mmol) in 6 mL of acetic acid was added 

to 100 mL of distilled water until a pH of approximately 5.0 was reached.  To this 

solution, sodium metavanadate (3.05 g, 25 mmol) and Na9[A-PW9O34] (20 g, 8.2 mmol) 

were added. The solution was stirred for 24 h and filtered. Subsequently, TBABr (15 g, 

48 mmol) in 20 mL distilled water was added to the solution to produce a light orange 

product (17.7 g, 54% yield based on vanadium) whose purity was confirmed by FT-IR 

spectroscopy. FT-IR (2000-500 cm-1, KBr, cm-1): 1482 (m), 1462 (sh), 1380 (w), 1152 

(w), 1087 (s), 1053 (w), 1029 (sh), 994 (w), 949 (s), 879 (s), 792 (s), 732 (sh), 598 (w), 

510 (w). The number of TBA cations was determined by TGA analysis.  Elemental 

analysis (calcd/found): W 42.3/44.1, V 3.9/4.2. 

Synthesis of [n-Bu4N]5H2PW8V4O40 (PW8V4). The TBA salt of the vanadium-

substituted Keggin-type POM, was prepared by metathesis of 

(NH4)6HPW8V4O40·9H2O
74 with TBABr in distilled water. Typically, 0.483 g TBABr 
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(15 mmol) was added to an aqueous solution of (NH4)6HPW8V4O40·9H2O (0.197 g, 0.1 

mmol). The precipitate was centrifuged and washed with distilled water to remove 

excess TBABr. The product was recrystallized three times from acetonitrile (yield = 

0.214 g, 60% yield based on vanadium in (NH4)6HPW8V4O40·9H2O). Its purity was 

confirmed by FT-IR spectroscopy.  IR (2000-500 cm-1, KBr, cm-1): 1482 (m), 1380 

(w), 1154 (w), 1100 (sh), 1078 (m), 1052 (sh), 950 (s), 882 (s), 789 (s), 595 (w), 509 

(w).  The number of TBA cations was determined by TGA analysis. Elemental 

analysis (calcd/found): W 41.5/40.2, V 5.7/5.9. 

Synthesis of [n-Bu4N]4H5PW6V6O40·20H2O (PW6V6). The TBA salt of the 

vanadium-substituted Keggin-type POM, was prepared by a similar method as that of 

PW8V4 except that 0.228 g (NH4)5H4PW6V6O40·6H2O
74 was used; yield = 0.167 g (49% 

yield based on vanadium in (NH4)5H4PW6V6O40·6H2O). Its purity was confirmed by 

FT-IR spectroscopy. IR (2000-500 cm-1, KBr, cm-1): 1481(s), 1379 (m), 1152 (w), 1074 

(m), 1030 (sh), 949(s), 886 (s), 798 (s), 594 (s), 509 (s). The number of TBA cations 

was determined by TGA analysis. Elemental analysis (calcd/found): W 32.0/31.4, V 

8.9/8.6. 

2.2.3 Preparation of [n-Bu4N]5[W3V3O19], [n-Bu4N]3H3V10O28, [n-

Bu4N]7SiW9V3O40, [n-Bu4N]9P2W15V3O62, [n-Bu4N]5PW11CoO39 and [n-

Bu4N]4[SiW11CeIVO39]  

[n-Bu4N]5[W3V3O19] and [n-Bu4N]4[SiW11CeIVO39] were prepared by metathesis of 

(NH4)2Na3[W3V3O19]·20H2O and NaH3[SiW11CeIVO39] with TBABr in distilled 

water.28,75 [n-Bu4N]3H3V10O28, [n-Bu4N]7SiW9V3O40, [n-Bu4N]9P2W15V3O62 and [n-

Bu4N]5PW11CoO39 were prepared following literature methods.47,76,77  
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2.2.4 Preparation of Internal Standard Acetone-2,4-DNP-Hydrazone Solution  

To a solution of 150 mg of 2,4-dinitrophenylhydrazine (97%, 0.74 mmol) in 95 mL of 

anhydrous acetonitrile was added 5 mL of acetic acid, followed by addition of 50L 

of aqueous solution of acetone (0.01M).  The formed acetone-2,4-DNPH solution was 

stirred vigorously for at least three days before being used as internal standard solution. 

2.2.5 Catalytic Aerobic Oxidative Removal of Formaldehyde  

Typical reactions were run in 15-mL glass vessels under ambient conditions (room 

temperature, 1 atm). The catalytic formaldehyde oxidations were carried out separately 

in solutions of acetonitrile (CH3CN)/H2O (v/v = 20/1), N,N-dimethylacetamide 

(DMA)/H2O (v/v = 20/1), N,N-dimethylformamide (DMF)/H2O (v/v = 20/1), 

tetrahydrofuran (THF)/H2O (v/v = 20/1). The water in the reaction solutions was 

supplied by the aqueous formaldehyde (Formalin) solution. Typically, 0.004 mmol 

of catalyst and 2 mL of solvent containing 0.52 mol/L of formaldehyde were mixed and 

stirred vigorously. The unreacted formaldehyde was quantified by stoichiometric 

conversion to the corresponding 2,4-dinitrophenylhydrazone (DNP-hydrazone) 

derivative using acetone-2,4- hydrazone as the internal standard by gas chromatography 

(GC).  Typically, 10 L of the reaction solution was added to 1 mL of the internal 

standard solution (which contains excess DNPH) and stirred vigorously for 30 minutes. 

Aliquots were withdrawn from the Schlenk tube, and the unreacted formaldehyde was 

quantified by gas chromatography. The formic acid was independently analyzed by gas 

chromatography (GC) using decane as an internal standard. The post-reaction solutions 

were dried under vacuum, the residue weighed and the catalyst recycled.  The products 

in the reaction using PW9V3 as catalyst in DMA/H2O (v/v = 20/1), were also analyzed 

via 1H NMR spectroscopy by diluting a 400 µL aliquot of the reaction solution after 

144 h with 400 µL of deuterated chloroform.   
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2.3 Results and Discussion 

2.3.1 Syntheses and characterization of catalysts  

The vanadium-substituted Keggin-type heteropolyanions PMo12-nVn and PW12-nVn , 

with n = 1-6, have been synthesized previously by our group78-81 and other groups.57,59  

They are composed of a central PO4 tetrahedra surrounded by 12 randomly distributed 

WO6 and VO6 metal-oxygen octahedra.82  In this work, we prepared the TBA salt of 

PW9V3 by precipitation of the heteropolyanion using an excess of TBABr.  The TBA 

salts of PW8V4 and PW6V6 were prepared by metathesis of (NH4)6HPW8V4O40·9H2O 

and (NH4)5H4PW6V6O40·6H2O with TBABr in distilled water. TGA analyses confirms 

the number of TBA counterions in PW9V3, PW8V4 and PW6V6 (6, 5 and 4 respectively) 

and that the first two POMs are anhydrous (no feature for loss of hydration water 

molecules) and the last POM is hydrophilic (feature showing 12% weight loss of 

hydration water molecules; Figure 2-1).  
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Figure 2-1. Thermogravimetric analysis of (a) PW9V3, (b) PW8V4 and (c) PW6V6 

 

Figure 2-2 shows the polyhedral structures of the three polyvanadotungstates 

studied in this work with 3, 4, and 6 vanadium centers, respectively. The compositions 

of vanadium and tungsten in each compound were determined by elemental analysis.  

The VO6 octahedra in each compound are statistically distributed between many 

positions, especially for compounds synthesized using a one-pot method (e.g. PW8V4 

and PW6V6 in this work).  In other words, there are many heteropolyanion positional 
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isomers, which were identified some time ago for the analogous 

polyvanadomolybdates.58,83 These positional isomers co-crystallize leading to disorder 

in the solid state and general structural complexity.   

 

 

Figure 2-2. Representative polyhedral representations of the vanadium-substituted 

Keggin-type polyvanadotungstates of (a) PW9V3, (b) PW8V4 and (c) PW6V6 based on 

X-ray crystal structures of the parent Keggin POMs. Code: orange octahedra, VO6; 

yellow tetrahedral, PO4; gray octahedra: WO6. 

 

The 31P NMR spectra of PW9V3 and PW8V4 show one major peak at -44.5 and -

41.9 ppm, respectively, confirming the purity of these two compounds (Figure 2-3). 

However, the 31P NMR spectrum of PW6V6 shows numerous signals indicating that 

there exist multiple positional isomers and also different polyvanadotungstates with 

varying V-to-W ratios (Figure 2-3). The formula of [n-Bu4N]4H5PW6V6O40·20H2O 

was based on elemental analysis as well as thermogravimetric analysis. It is common 

to have multiple positional and compositional isomers in multi-vanadium-containing 

POMs.58,83 
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Figure 2-3. 31P NMR of (a) PW9V3, (b) PW8V4 and (c) PW6V6 with respect to 85% 

H3PO4 (0 ppm) 

 

-50-45-40-35
(ppm)

(c)
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The FT-IR spectra of PW9V3, PW8V4 and PW6V6 are very similar and display a 

fingerprint region that is characteristic of substituted-Keggin-type POMs (Figure 2-4). 

The bands around 1080, 980, 890, 800 and 590 cm-1 are related to asymmetric 

vibrations of P-Oa, W=Ot, W-Ob-W, and W-Oc-W and the bending mode of Oa-P-Oa, 

respectively.  When the tungsten is substituted by vanadium, the band for the P-Oa 

asymmetric stretch (around 1080 cm-1) splits because of the decrease in structural 

symmetry.  The shift and the split of the P-Oa band, as shown in the spectra, reflect 

the substitution of tungsten to vanadium.82,84 Moreover, the peak around 1100 cm-1 in 

the spectra of PW9V3 exhibits a greater splitting than the corresponding peaks of 

PW8V4 and PW6V6, indicating a lower local symmetry and greater deviation from 

idealized Td symmetry for the former than the latter. 

 

Figure 2-4. FT-IR spectra of PW9V3 (red), PW8V4 (blue) and PW6V6 (green). 

 

The normalized UV-vis absorption spectra of PW9V3, PW8V4, and PW6V6 in 

anhydrous acetonitrile are presented in Figure 2-5.  The ligand-to-metal charge-

transfer (LMCT) band around 350-to-450 nm is attributed to the V(V) center.  The 

corresponding oxo-to-W(VI) band should appear between 250 and 300 nm (not shown).  
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The new 350-to-450 nm band indicates substitution of W(VI) with V(V).  The 

intensity of this band increases with increasing numbers of vanadium centers in each 

polyvanadotungstate.  Thus color intensity follows the order: PW6V6 (most intense) > 

PW8V4 > PW9V3 (least intense).   

 

 

Figure 2-5. Normalized UV-vis absorption spectra of PW9V3 (red), PW8V4 (blue), and 

PW6V6 (green).  Conditions: 0.5 mM in 100% acetonitrile.   

 

2.3.2 Catalytic Aerobic Oxidative Removal of Formaldehyde.  

The TBA salts of PW9V3, PW8V4 and PW6V6 were assessed for their catalytic activity 

in the aerobic oxidation of formaldehyde to formic acid (eq 2-1) under ambient 

conditions (the O2 in air at room temperature).  Initial studies show that a catalytic 

amount of (NH4)6HPW8V4O40·9H2O added to an aqueous solution of formaldehyde 

results in oxidation to formic acid; no formaldehyde oxidation products are found in 

independent control experiments without catalyst. No CO or CO2 is detected by the gas 

chromatography.  

CH2O  +  ½ O2  →  HCOOH                           (eq 2-1) 
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However, the hydration equilibrium constant (Keq; eq 2-2) for formaldehyde is quite 

large (~104 at 20 oC),85 indicating that formaldehyde exists primarily in hydrated forms 

(dihydroxymethane and polymers thereof).  This in turn makes it far harder to oxidize. 

We therefore decided to investigate the effect of different solvents on the reaction 

conversion by carrying out the reaction at room temperature in the presence of 0.52 M 

formaldehyde and 4.0 mM catalyst.  

CH2O  +  H2O  ⇌  CH2(OH)2                        (eq 2-2) 

The experimental results (Table 2-1) show that the reaction conversion for the 

aerobic oxidation of formaldehyde using PW8V4 increases with solvent system in the 

following order: THF/H2O ＜ CH3CN/H2O ＜ DMF/H2O ＜ DMA/H2O, and this 

parallels solvent polarity: THF ＜ CH3CN ＜ DMF ＜ DMA.86 In the polar solvent 

systems of CH3CN, DMF and DMA, the activity of PW8V4 is higher than that of 

(NH4)6HPW8V4O40·9H2O in aqueous solution.  This likely derives in part from the 

fact that the extent of formaldehyde hydration in the polar solvent systems of CH3CN, 

DMF and DMA is lower than that in 100% aqueous solution.87 The THF/H2O mixed 

solvent system exhibits similar aerobic formaldehyde oxidation activity to pure water 

with a TON of ca. 19.  The DMA/H2O solvent system was used for subsequent 

experiments because it was the most effective, and DMA, unlike DMF, is not prone to 

decomposition.  The effect of solvent on the reaction (conversion, rates and selectivity) 

is not easily interpreted for these complex oxidations and was not further addressed in 

this initial study.   
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Table 2-1. Aerobic Oxidation of Formaldehyde Catalyzed by PW8V4 in Different 

Solutions. a 

Solvent CH2O Conversion 

(%)b 

HCOOH          

Yield (%)c 

TONd 

H2O 

DMA/H2O (v/v = 20/1) 

CH3CN/H2O (v/v = 20/1) 

THF/H2O (v/v = 20/1) 

DMF/H2O (v/v = 20/1) 

15 

35 

30 

14 

32 

14 

32 

28 

14 

31 

21 

47 

43 

19 

46 

a Reaction conditions: concentration of formaldehyde = [CH2O] = 0.52 M, 

concentration of catalyst = [catalyst] = 4.0 mM, 1 atm of air, 2 mL of solvent, room 

temperature, 144 h reaction time. b CH2O conversion (%) = moles of CH2O 

consumed/moles of initial CH2O. c GC yield based on initial CH2O.  d TON = moles 

of CH2O consumed/moles of catalyst.  

 

These PW8V4-catalyzed air-based formaldehyde oxidations were studied as a 

function of formaldehyde and catalyst concentration (Table 2-2) in DMA/H2O (v/v = 

20/1). The optimal solvent system and concentrations (substrate and PW8V4 catalyst) 

affords a TON of ca. 47 (Entry 4 in Table 2-2). 

 

Table 2-2. Aerobic Oxidation of Formaldehyde Catalyzed by PW8V4, as a Function of 

Substrate and Catalyst Concentrationa 

Entry [PW8V4] Initial    

[CH2O] 

CH2O 

conversion (%) b 

TON c 

1 3.8 mM    0.065 M    12 2 
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2 3.8 mM    0.130 M    21 7 

3 3.8 mM    0.260 M    31 21 

4 3.8 mM    0.520 M    35 47 

5 7.6 mM    0.520 M    45 31 

6 11.4 m M    0.520 M    48 22 

7 15.3 mM    0.520 M    47 16 

8 19.1 mM    0.520 M    45 12 

a  Reaction Conditions: concentration of formaldehyde, [CH2O] = 65 mM − 520 mM, 

concentration of catalyst [PW8V4] = 3.8 mM − 19.1 mM, 1 atm of air, 2 mL of solvent, 

ambient temperature, 144 h. b CH2O conversion (%) = moles of CH2O consumed/moles 

of initial CH2O. c TON = moles of formaldehyde consumed/moles of catalyst.  

 

Two different aspects of the kinetics of aerobic formaldehyde oxidation by PW8V4, 

PW6V6 and PW9V3 in DMA/H2O (v:v = 20:1) are shown in Figure 2-6.  All of the 

catalysts are quite active relative to the control (no activity). Of particular interest, are 

the aerobic formaldehyde oxidations catalyzed by PW8V4 and PW6V6; these are faster 

than those catalyzed by PW9V3 indicating that the number of redox sites V(V/VI) and 

the number of counterions are significant factors in catalytic activity.29 Some POM-

catalyzed oxidation reactions are known to be co-catalyzed by acid.  Some more 

highly protonated POMs are more reactive than less protonated ones despite the fact 

that higher levels of POM protonation parallel the number of V(V)-for-W(VI) 

substitutions. The number of these metal substitutions increases the polyanion charge 

which lowers the POM vanadium(VI/V) potential.  This, in turn, lowers the overall 

organic substrate oxidation rate if POM oxidation of substrate is the rate limiting step 

in the mechanism.52 
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Figure 2-6. (a) Time profile of formaldehyde consumption catalyzed by PW9V3 (red 

diamonds), PW8V4 (blue squares), PW6V6 (green triangles) and blank (black circles) 

in DMA/H2O (v/v = 20/1). (b) The formaldehyde DNP-hydrazone peaks as detected by 

GC at various time points over 120 h using PW9V3 as the catalyst in DMA/H2O (v/v = 

20/1). A TON of 28 was achieved.  

 

It has been fairly well established that some of the organic oxidations catalyzed by 

the analogous polyvanadomolybdate systems, PMo12-nVn, proceed via the general two-

step mechanism (eq 2-3 and 2-4).51,55,58,88  It was found that PMo12 (with n = 0) is not 

a highly reactive catalyst for the aerobic oxidation of aldehydes under ambient 

conditions. The reversible V(V/IV) redox couple is involved in the efficient oxidation 

of organic compounds catalyzed by vanadium-substituted Keggin-type 

heteropolyanions.51,55,89 

PMo12-nVn + (organic substrate) + mH+   →  Hm(PMo12-nVn) + (organic 

substrate)ox                                                     (eq 2-3) 

Hm(PMo12-nVn) + ¼ mO2   →   PMo12-nVn + 1/2m H2O      (eq 2-4)     

                   



43 
 

However, several lines of evidence are consistent with radical chain mechanism90-

92 for aerobic formaldehyde oxidation catalyzed by PW9V3.  First, the initial rate of 

the reaction is pseudo-first order in formaldehyde and parabolic order in catalyst, i.e. 

the rate increases, maximizes and then decreases with increasing catalyst concentration 

(Figure 2-7). Similar parabolic catalyst concentration dependences are a well-

documented and studied feature of metal-catalyzed autoxidation reactions.93  Second, 

the rate is essentially independent of oxygen pressure (Figure 2-8). Third, the reaction 

is retarded by addition of small quantities of the radical scavenger, 4-t-butylcatechol 

(1.0 mol), or formic acid (0.6 mmol) (Figure 2-9).94,95  Similar phenomena were also 

identified for aerobic formaldehyde oxidation catalyzed by NaH3[SiW11CeIVO39].
28 

 

 

Figure 2-7. (a) Initial rate of formaldehyde oxidation as a function of the initial reactant 

concentration ([PW9V3] = 3.8 mM); (b) initial rate of formaldehyde oxidation as a 

function of the initial catalyst (PW9V3) concentration ([CH2O] = 0.52 M) 
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Figure 2-8.  Time profile of formaldehyde consumption catalyzed by PW9V3 under 1 

atm oxygen (red squares) and under 1 atm of air (black diamonds) in DMA/H2O (v/v = 

20/1) at ambient temperature 

 

 

Figure 2-9. Time profile of formaldehyde consumption catalyzed by PW9V3 under 1 

atm of air without additives (black diamonds), with addition of 0.6 mmol HCOOH (red 

squares) and with addition of 1.0 mol 4-t-butylcatechol (green triangles); all reactions 

at ambient temperature 
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These observations not only indicate that oxygen is not involved in the rate-limiting 

step but also argue against the well-established two-step mechanism; they are more 

consistent with radical chain autoxidation. The processes in eqs 2-5 to 2-10 are likely 

based on the above experimental results and literature studies.28,93 These processes 

include the aldehyde autoxidation steps (eqs 2-5 to 2-7) and the Haber-Weiss aqueous-

phase hydroperoxide decomposition processes (eqs 2-8 and 2-9) together with the 

Baeyer-Villiger oxidation of formaldehyde by treatment with peroxy acid (eq 2-10).  

These processes taking place simultaneously give rise to complex dependences on 

catalyst/initiator concentration.  

initiation:    RCHO + VV  →  RCO· + VIV + H+                    (eq 2-5)   

propagation:  RCO· + O2   →   RCO3
·                       (eq 2-6)                   

RCO3
·+ RCHO   →   RCO3H + RCO˙                 (eq 2-7) 

Haber-Weiss process:  RCO3H + VV  →  RCO3
· + VIV + H+            (eq 2-8)                 

            RCO3H + VIV  →   RCO2˙ + VV + OHˉ              (eq 2-9)     

Baeyer-Villiger process:   RCO3H + RCHO   →   2RCOOH          (eq 2-10)                      

 

2.3.3 Comparison of supported noble metal and POM catalysts for aerobic 

formaldehyde oxidation.   

Six POMs, each with extensive and reversible redox chemistry, were also prepared and 

evaluated as catalysts for the aerobic oxidation of formaldehyde under ambient 

conditions (Table 2-3).  These POMs include: [n-Bu4N]5[W3V3O19], [n-

Bu4N]3H3V10O28, a POM with little documented ability to catalyze aerobic organic 

oxidations,96-98 [n-Bu4N]7SiW9V3O40, a Keggin-type tri-vanadium-containing POM 

with silicon as the heteroatom, [n-Bu4N]9P2W15V3O62, a Wells-Dawson POM with 

three incorporated vanadium centers, [n-Bu4N]5PW11CoO39, a Keggin-type Co-
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containing POM with phosphorus as the heteroatom, and [n-Bu4N]4[SiW11CeIVO39], a 

Keggin-type Ce-containing POM.  Four of the V-containing complexes are effectively 

inactive. This finding also indicates that the polyanion properties (structure, V(V/VI) 

potential, etc.) largely dictate reactivity in the radical-chain aerobic oxidation of 

formaldehyde. The polyvanadotungstates exhibit a comparable activity to the well-

documented Keggin-type Co-containing and Ce-containing POMs in DMA/H2O. 

 

Table 2-3. Aerobic Oxidation of Formaldehyde Catalyzed by Different POMs. a 

Entry Catalyst CH2O  

conversion 

(%) b 

HCOOH          

Yield (%)c 

TON d 

1 PW9V3    28 26    38 

2 PW8V4    35 32    47 

3 PW6V6    42 41    57 

4 [n-Bu4N]5[W3V3O19]    0 --    -- 

5 [n-Bu4N]3H3V10O28    0 --    -- 

6 [n-Bu4N]7SiW9V3O40    0 --    -- 

7 [n-Bu4N]9P2W15V3O62    0 --    -- 

8 [n-Bu4N]5PW11CoO39    24 23    32 

9 [n-Bu4N]4[SiW11CeIVO39]    39 39    53 

a  Reaction Conditions: concentration of formaldehyde [CH2O] = 0.52 M, 

concentration of catalyst = [catalyst] = 3.8 mM, 1 atm of air, 2 mL of solvent, ambient 

temperature, 144 h. b CH2O conversion (%) = moles of CH2O consumed/moles of initial 

CH2O. c GC yield based on initial CH2O. d TON = moles of formaldehyde 

consumed/moles of catalyst.  
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Some precious metals, e.g. Au, Ru, Pd and Pt, in high surface area formulations are 

known to be very effective catalysts for the gas phase aerobic oxidation of 

formaldehyde at moderate temperature.39,40 As noted above, Pt nanoparticles supported 

on TiO2 have been shown to be an effective catalyst for formaldehyde oxidation at room 

temperature.33,43  Importantly, most of these noble-metal-catalyzed formaldehyde 

oxidations to date are gas phase reactions.  However, water is ubiquitous in human 

environments and thus formaldehyde exists nearly exclusively in the hydrated form, 

(CH2(OH)2).  Therefore, in this work, metal-oxide-supported Au and Pt nanoparticles 

(Au/TiO2, reduced Pt/TiO2) with 1 weight % loading (Figure 2-10) were prepared by 

the literature methods33,44 and assessed for their ability to catalyze aerobic oxidation of 

formaldehyde in the presence of water. 

 

Figure 2-10. X-ray diffraction patterns of (a) TiO2, (b) reduced Pt/TiO2, (c) Au/TiO2 

The catalytic activity of PW9V3, PW8V4, PW6V6 and the supported noble metal 

catalysts in the presence of water at 40 oC are shown in Figure 2-11.  In DMA/H2O 

(v/v = 20/1) solvent system with ca. 4 vol % water, the reduced Pt/TiO2 shows the 

highest activity with a formaldehyde conversion of 61%, a finding consistent with the 

results of Huang et al. and other groups.99  The Au/TiO2 also catalyzes formaldehyde 

oxidation with a conversion of 34%.  Critically however, with an increase in water 
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concentration (vol %), the activity of the supported noble metal catalysts drops 

precipitously.  In aqueous solutions (100 vol % water), the activity of the supported 

noble metal catalysts are markedly lower for aerobic formaldehyde oxidation than that 

of PW9V3, PW8V4 and PW6V6.  The results above indicate that the 

polyvanadotungstates are water compatible active catalysts for oxidative removal of 

formaldehyde.   

 

 

Figure 2-11. Oxidative removal of formaldehyde catalyzed by PW9V3, PW8V4, 

PW6V6, reduced Pt/TiO2 and Au/TiO2 in the presence of water.  Concentration of 

formaldehyde, [CH2O] = 0.52 M, [catalyst] = 3.8 mM, 1 atm of air, 2 mL of solvent, 

40 oC, 144 h. 

 

2.3.4 Catalyst stability and reusability.  

From a practical point of view, stability and reusability issues should be taken into 

account when using catalysts for organic reactions. A quite stable catalyst that can be 

recovered and reused several times and that does not become easily deactivated is 

highly attractive. The stability and reusability of the TBA salts of the 
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polyvanadotungstates were investigated for aerobic formaldehyde oxidation in three 

successive runs.  The post-reaction solutions in each run were completely dried under 

vacuum, weighed and the catalyst recycled.  The recovered catalysts were reused in 

subsequent reactions under conditions identical to those in the first run.  Two lines of 

evidence indicate that the vanadium-substituted POMs are quite stable under turnover 

conditions: (1) the recycled POMs catalyze aerobic oxidation of formaldehyde for at 

least three cycles without significant activity loss; (2) the FT-IR spectra of PW9V3, 

PW8V4 and PW6V6 after the catalytic reactions retain all the characteristic peaks of the 

substituted Keggin type POMs (Figure 2-12).  These results indicate that TBA salts 

of the polyvanadotungstates exhibit excellent stability and reusability for the aerobic 

oxidation of formaldehyde. 
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Figure 2-12. FT-IR spectra of (a) PW9V3, (b) PW8V4 and (c) PW6V6 before (red) and 

after (blue) catalytic reactions 

 

2.4 Conclusions 

The present study reveals that the tetra-n-butylammonium (TBA) salts of 

polyvanadotungstates, [n-Bu4N]6[PW9V3O40] (PW9V3), [n-Bu4N]6HPW8V4O40·9H2O 

(PW8V4), [n-Bu4N]5H4PW6V6O40·6H2O (PW6V6), can work as robust catalysts for the 

aerobic oxidation of formaldehyde under ambient conditions.  This is of note because 



51 
 

formaldehyde is both a major toxic industrial chemical (TIC) and a general health 

concern in human environments, The catalysts work best in the mixed solvent system 

of (DMA)/water (v:v = 20:1). Optimization of the reaction conditions led to a system 

that affords 57 turnovers. A kinetics study of a representative reaction (PW9V3 catalyst; 

0.52 M aqueous formaldehyde reagent, and 1.0 atmosphere of air) establishes that the 

reaction is first order in formaldehyde substrate, parabolic order in catalyst and zero 

order in O2, findings that are all consistent with a radical chain mechanism. Comparison 

with other related POMs and metal oxide supported Pt/Au catalysts indicates that the 

TBA salts of polyvanadotungstates show promise as water-compatible catalysts (can 

be made and used in water) for oxidative removal of formaldehyde under ambient, high-

humidity conditions.   
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Chapter 3. 

A Manganese(IV)-containing Heteropolyvanadate for 

Oxidative Removal of 2-Chloroethyl Ethyl Sulfide 

 

Reproduced with permission from Inorg. Chem., 2015, 54(22), 10604-10609.  
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3.1 Introduction 

Polyoxometalates (POMs) are a family of metal oxide clusters with versatile properties 

in electrochemistry, magnetism, medicine and catalysis.1-4 They not only exhibit similar 

structures to metal oxide surfaces but also possess multiple structural topologies and 

range in size from a few metal centers to giant clusters.5-10 Generally, POMs can be 

divided into several groups based on their component transition metals including but 

not limited to polytungstates, polymolybdates, polyvanadates, and polyniobates.  In 

addition, a multitude of mixed metal oxometalates are known.11 While the literature on 

polyvanadates is not as extensive as that on polytungstates or polymolybdates, it is 

nonetheless substantial and rapidly growing.12-16 Prominent polyvanadates include 

decavanadate ([V10O28]
6-),17-19 the polyvanadophosphate ([PV14O42]

9-)20 and some 

vanadium-substituted polytungstates and polymolybdates.21-25 In addition, 

heteropolyvanadates such as vanadomanganate(IV) anions [MnV13O38]
7- (MnV13), 

[Mn2V22O64]
10- (Mn2V22) and [Mn3V12O40H3]

5- (Mn3V12) have received attention since 

they were first reported by Pope and co-workers.26,27 The catalytic properties, tumor-

inhibition activities, and antibiotic properties of MnV13 have also been reported.28,29 

Moreover, some families of polyvanadates are effective catalysts for the oxidation of 

various organic compounds including toxic industrial chemicals and chemical warfare 

agents (particularly mustard gas).4,21,30-37 

More recently, MnV13 and its analogue [NiV13O38]
7- (NiV13) together with low-

valent transition metals (Co, Ni and Mn) or rare-earth metals were used to construct 

two-dimensional or three-dimensional extended frameworks.38-43 For example, MnV13 

and NiV13 react with lanthanide cations to form two-dimensional 

heteropolyvanadates.39 Recently, Wang and co-workers synthesized a series of 

inorganic porous frameworks using MnV13 and rare-earth metals as building units. The 
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POM-based porous frameworks show selective adsorption behavior and catalytic 

activity towards oxidation of sulfides.38  However, despite great efforts made in 

synthesizing heteropolyvanadates, only a few have been reported.  To date only 

MnV13 and NiV13 have been used as polyvanadate building blocks to construct two-

dimensional or three-dimensional extended frameworks. Here, we report the synthesis, 

structure, magnetism and catalytic properties of a two-dimensional (2D) layered 

manganese(IV)-containing symmetrical heteropolyvanadate with a 1:14 stoichiometry: 

K4Li2[MnV14O40]·21H2O (1). The unique 1:14 geometry is stabilized by capping 

potassium ions as indicated from 51V NMR spectroscopy in combination with single 

crystal X-ray diffraction studies. The magnetic and catalytic properties of 1 towards the 

mustard simultant, CEES are explored.  

3.2 Experimental 

3.2.1 General Methods and Materials 

All chemicals were commercially purchased and used as supplied. The potassium salt 

of MnV13, K7[MnV13O38]·18H2O (K7MnV13) was prepared by a reported literature 

method.26 FT-IR spectroscopy was used to determine its purity. These spectra were 

measured on a Nicolet TM 600 FT-IR spectrometer (2% sample in KBr pellet). Visible 

diffuse reflectance spectra were obtained on Miniscan XE Plus from Hunter Associates 

Lab.  Thermogravimetric analyses were conducted on a STA 6000 thermal analyzer. 

Elemental analyses (K, Li, Mn and V) were performed by Galbraith Laboratories 

(Knoxville, Tennessee). 51V NMR (151.6 MHz) spectra were run on a Unity Plus 600 

spectrometer equipped with a Varian 600 SW/PF6 probe head at 298 K. The 

compounds were placed in 5 mm O.D. NMR tubes. All the chemical shifts were 

referenced to neat VOCl3 (taken as 0 ppm at 25 oC). Gas chromatography (GC) analyses 

were used to detect the reagents and products from the catalytic reactions. The GC 
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analyses of the liquid phase from catalytic reaction systems were conducted on a 

Hewlett-Packard 6890 instrument equipped with a 5% phenyl methyl silicone capillary 

column, a Hewlett-Packard 3390A series integrator, a flame ionization detector with N2 

as the carrier gas.      

3.2.2 Synthesis of 1  

A 15 mL aqueous lithium acetate solution (1.98 g, 2.0 M) was adjusted to pH 4 using 

100% acetic acid (8.5 mL). To this solution was then added 0.25 g 

K7[MnV13O38]•18H2O (0.13 mmol) and 0.02 g V2O5 (0.13 mmol).  The mixture was 

heated at 90 oC for 3 h and then cooled to room temperature and filtered. Orange prism-

shaped crystals were obtained after slow evaporation over a period of one week. Yield: 

120 mg (44% based on Mn). Anal. Calcd for K4MnO61V14Li2H42: K, 7.8; Mn, 2.7; V, 

35.7; Li, 0.7%. Found: K, 8.2; Mn, 2.4; V, 35.3; Li, 1.1%.  FTIR (1100-400 cm-1, 2% 

KBr pellets): 990 (w), 963 (s), 907 (w), 849 (w), 806 (m), 750 (w), 662 (m), 597 (m), 

525 (w), 435 (w). 

3.2.3 X-ray Crystallography  

A suitable crystal (0.43 × 0.39 × 0.33 mm3) was selected and mounted on a loop with 

Paratone oil. Data were collected using an APEX-II CCD diffractometer with a 

cryostream operating at T = 110(2) K. Data were measured using ω scans of 1° and for 

30s per frame with Mo Kα radiation (fine-focus sealed tube, 45kV, 35mA). Using 

Olex244 the structure was solved with the Superflip structure solution program45 by the 

Charge Flipping solution method and refined by least squares using ShelXL46. The total 

number of runs and images was based on the strategy calculation from the program 

APEXII.47 The maximum resolution was Θ = 29.57°. Data reduction was performed 

using the SAINT software.48 The final completeness is 99.9% out to 29.57° in Θ. 

SADABS-2012/1 was used for absorption correction.47  The absorption coefficient (μ) 
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of this material is 3.322 mm-1 and the minimum and maximum transmissions are 0.356 

and 0.485. The unit cell parameters were refined using SAINT48 on 9873 reflections, 

37% of the observed reflections. The structure was solved in the space group I4/mmm. 

All atoms were refined anisotropically. The counter ions and water molecules are 

completely disordered. Formal charges for all the Mn(IV) and V(V) centers were 

assigned by summing valences of the chemical bonds to the metal centers. The 

amorphous regions were treated using the Squeeze routine in Platon.49 The number of 

water molecules and remaining cations was also determined by elemental analyses and 

thermogravimetric analysis.  Platon recovers 231 electrons from each formula unit 

which matches a formula containing 21 water molecules, two potassium and two 

lithium ions.  The crystallographic data are summarized in Table 3-1. 

 

Table 3-1. Crystal data and structure refinement for 1 

Formula  K4MnO61V14Li2H42 

Dcalc./ g cm-3  2.653  

μ/mm-1  3.223  

Formula Weight/gmol-1  1956.67  

Max Size/mm  0.43  

Mid Size/mm  0.39  

Min Size/mm  0.33  

T/K  110(2)  

Crystal System  tetragonal  

Space Group  I4/mmm  

a/Å  11.2933(2)  

b/Å  11.2933(2)  
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c/Å  19.4985(4)  

α/°  90  

β/°  90  

γ/°  90  

V/Å3  2486.81(10)  

Z  2  

Z'  0.0625  

Qmin/°  2.084  

Qmax/°  29.570  

Measured Refl.  26957  

Independent Refl.  1052  

Reflections Used  964  

Rint  0.0314  

Parameters  53  

Restraints  0  

Largest Peak  1.653  

Deepest Hole  -2.578  

GooF  1.272  

wR2 (all data)  0.2129  

wR2  0.2042  

R1 (all data)  0.0608  

R1  0.0560  

R1 = Σ||F0| - |Fc|| / Σ|F0|; wR2 = Σ[w(F0
2 - Fc

2)2]/ Σ[w(F0
2)2]1/2 
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3.2.4 Magnetochemical Characterization  

Magnetic data of 1 were recorded using a Quantum Design MPMS-5XL SQUID 

magnetometer. The polycrystalline samples were compacted and immobilized into 

cylindrical PTFE capsules. Data were acquired as a function of the field (0.1−5.0 T at 

2 K) as well as temperature (2.0−290 K at 0.1 T), and were corrected for the 

diamagnetic contributions of the sample holder and the title compound (χdia(1) = –

9.78×10–4 cm3 mol–1). 

3.2.5 Catalytic Oxidation of 2-Chloroethyl Ethyl Sulfide (CEES)  

In a typical reaction, 10 mg of 1 (3.5 μmol) was added into 2 mL of toluene containing 

0.2 mmol 1,3-dichlorobenzene (internal standard), 0.2 mmol of CEES and 0.5 mmol of 

tert-butyl hydroperoxide. The mixture was placed in a vessel, mixed and stirred 

vigorously. Aliquots were withdrawn from the vessel every 60 min. The reagents and 

products were detected by GC. Complex 1 was recycled by centrifugation, washed with 

toluene and air dried. 

3.3 Results and Discussion 

3.3.1 Synthesis and Structure  

The precursor structure, the lacunary MnV13 polyanion, exhibits a vacant coordination 

site which formally can add another VO6 octahedron to form MnV14 The synthetic 

scheme for 1 is shown in Figure 3-1. In pH 4.0 buffered aqueous solution, MnV13 in 

the presence of V2O5 transforms to MnV14 in 44% isolated yield.  Introducing low 

valent transition metal cations such as Co2+, Mn2+ and Cu2+ to the synthetic solution 

does not influence the crystallization process indicating the unique stabilizing effect of 

K+ ions as compared to the Co2+, Mn2+ and Cu2+ ions.  
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Figure 3-1. Combined polyhedral and ball-and-stick representations of MnV13 and the 

synthesis scheme for 1.  Red: VO6; yellow: MnO6; violet: potassium. 

 

Unlike the previously reported MnV13 clusters with C2v symmetry, MnV14 has 

1:14 stoichiometry with D4h symmetry that is composed of a central MnO6 octahedron 

completely enclosed by 14 distorted VO6 octahedra (Figure 3-2). The Mn-O and V-O 

bond lengths range from 1.85(7) to 1.90(2) Å and from 1.59(4) to 2.38(6) Å, 

respectively.  The O-Mn-O angles are the octahedral values, while the O-V-O angles 

show considerable distortion and are in the range of 68.6(3)º to 170.2(4)º. These values 

are consistent with those reported for heteropolyvanadates.41 The simplified 

representation of MnV14 exhibits a new topology with a total point symbol of 

{310}2{314.47}4{318.410}8{344.446.5} and is denoted in TOPOS as jba1.50 The 

underlying symmetry is clearly visible in the simplified polyhedron that was obtained 

by removing all the oxygen atoms (Figure 3-2). Although it is a very simple polyhedron, 

we cannot find it among the lists of known polyhedra. It is not a Johnson polyhedron 

and it is not an Archimedean solid, prism or antiprism.  
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Figure 3-2. a) Polyhedral and ball-and-stick representation of MnV14; Color code: V, 

light blue; O, red; Mn, dark blue.  b) Simplified representation of MnV14 showing a 

jba1 topology with a total point symbol of {3102{314.47}4{318.410}8{344.446.5}. 

 

Single crystal X-ray crystallographic analyses reveal that 1 crystallizes in the 

tetrahedral holohedral 4/mmm, space group I4/mmm.  The structure is a notable 

example of a crystal making full use of chemical symmetry. The solid state crystal 

structure of 1 shows an infinite 2D framework with large voids and channels (Figure 

3-3). The four square faces in each polyhedron are in the crystallographic ab plane and 

are capped by potassium ions. Each potassium ion bridges two MnV14 clusters forming 

an extended square network in the ab plane formulated as K2[MnV14O40]
4-. The eight-

coordinate potassium ions which exhibit square prismatic coordination geometry are 

located at the intersection of the fourfold axis with the two two-fold axes. The K-O 

bond lengths are in the range of 2.71(4) to 2.72(1) Å. The resulting 2D network is 

layered by the same repeating unit while the MnV14 clusters are located in the octagonal 

window of the first layer forming a (ABABAB...) layered structure (Figure 3-3). Bond-

valence sum calculations reveal that the Mn atoms are in the +4 oxidation state and all 

V atoms are in the +5 oxidation state.51 Therefore, the overall charge of K2[MnV14O40]
4- 

is determined as -4. The remaining compensating K+ ions and Li+ ions as well as lattice 
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water molecules determined by elemental analyses reside in the void space between the 

layers and the octagonal windows. 

 

 

Figure 3-3. (a) Polyhedral and ball-and-stick representation of a portion of 

K2[MnV14O40]
4- framework in the ab-plane. Each potassium ion bridges two MnV14 

clusters. (b) Stacking of the two-dimensional layers of K2[MnV14O40]
4- networks in the 

ab-plane. Color code: VO6, dark blue octahedra with oxygen red balls; K, violet balls. 

The figures on the right show the polyhedral representations.  Color code: VO6, red 

octahedra; KO8, violet polyhedra. 

 

3.3.2 Characterization.  

The FT-IR spectrum of 1 is shown in Figure 3-4. It shows a very similar FT-IR 

spectrum to that of K7MnV13. The characteristic peaks at ca. 990, 963, 907, 849, 806, 

750, 662, 597, 525 and 435 cm-1 are attributed to V=O and V-O-V vibrations.52,53 The 

diffuse reflectance spectrum of 1 is displayed in Figure 3-4. The broad band at ca. 400 
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nm to 510 nm is attributed to the ligand-to-vanadium(V) charge transfer. The TG 

analysis of 3.1 is shown in Figure 3-5. A weight loss of 19.5% is observed 

corresponding to the loss of 21 lattice water molecules per 1. 

  

 

Figure 3-4. (a) FT-IR spectra of 3.1 and K7MnV13. (b) Diffuse reflectance spectrum of 

1. 

 

 

Figure 3-5. Thermogravimetric analysis of 1. 
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In addition, the 51V NMR spectrum of 1 in D2O is shown in Figure 3-6. It should 

display three distinct peaks with a ratio of 1:2:4 according to the symmetry of 1. 

However, six peaks were observed; the three small peaks in the region from -520 to -

400 ppm are the well-documented peaks of [V10O28]
6-.54  This indicates that when 1 is 

dissolved in D2O, the potassium ions dissociate from 1 and the MnV14 polyanion slowly 

decomposes.  The decomposition of 1 in D2O further confirms that the potassium ions 

connecting the MnV14 polyanions help to stabilize the overall structure when they 

crystallize in the solid state.  A similar stabilization effect was reported previously 

when MnV13 was connected by lanthanide ions to form a 2D structure.39  

 

Figure 3-6. 51V NMR spectrum of 1 in D2O. The integration of the peaks from left to 

right are: 219.33, 20.36, 10.53, 1.91, 1.00, 0.19, respectively, which gives the ratio as 

1154:107:55:10:5:1. 

 

3.3.3 Magnetic Properties.  

The paramagnetic characteristics of an octahedrally coordinated high-spin Mn(IV) 

center (3d3 electron configuration) may be described as an isotropic effective Seff = 3/2 

-650 -600 -550 -500 -450 -400

ppm vs. VOCl
3
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system, since the octahedral ligand field splits the 4F ground term into 4T1g, 
4T2g terms, 

and a 4A2g ground term, i.e. an orbital momentum singlet, that is energetically 

moderately separated from the excited states for first period transition metals. Due to 

spin-orbit coupling (d3: less than half-filled d subshell), geff here is thus expected to be 

slightly below the Landé factor of the free electron ge. Therefore, down to low 

temperatures where saturation effects become significant, the low-field χmT values are 

expected to be temperature-independent with χmT = geff
2 Seff (Seff + 1)/8 slightly smaller 

than the spin-only value of 1.875 cm3 K mol–1. Additionally, the low-temperature Mm 

vs. B curve should exhibit a saturation value of geff Seff NA μB ≲ 3 NA μB. In contrast, 

the magnetic susceptibility and magnetization data of 1 (Figure 3-7) reveal a different 

behavior: First, although the χmT vs. T curve is linear for T ≥ 20 K, it is characterized 

by a distinct slope indicating temperature independent paramagnetic (TIP) 

contributions. Although the V(V) centers of 1 are formally fully oxidized and thus 

technically diamagnetic, fully oxidized polyoxometalates are however empirically 

known to exhibit significant TIP behavior.55-58 Second, the molar magnetization at 2 K 

reveals a saturation value above 3 NA μB, just as the TIP-corrected χmT vs. T curve 

reveals a χmT value at 290 K which is above the spin-only value. We thus assume that 

a very small percentage of the K+ and Li+ counter ions, likely located between the 

network layers, are randomly substituted by paramagnetic manganese cations, either 

Mn(IV) (spin-3/2) or lower valencies like Mn(II) (spin-5/2) in the hypothetical case that 

Mn(IV) is reduced during synthesis. Third, a small deviation from the linear behavior 

of χmT is observed for T < 20 K that is not satisfactorily explained by saturation effects 

only, indicating minor antiferromagnetic exchange interactions within the compound. 
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Figure 3-7. Magnetic susceptibility data of 1 (corrected for diamagnetic contributions 

only, with no TIP correction) depicted as the temperature dependence of χmT at 

0.1 Tesla; inset: molar magnetization Mm vs. applied field B at 2 K. 

 

To meet all three observations, we include an additive parameter χTIP in the 

magnetic susceptibility (TIP contribution), a factor representing the additional fraction 

of Mn(IV) per formula unit and assume the molecular-field model by a parameter zJ 

(minor intermolecular coupling interactions) in our fitting routines. The data and the 

best fit (SQ = 0.9%, using CONDON 2.0)59 to the combined magnetic susceptibility 

and molar magnetization data of 1 are shown in Figure 3-8. The best fit yields χTIP = 

+1.02×10–3 cm3 mol–1, equivalent to 1.07 Mn(IV) per formula unit (or down to 1.00 

Mn(IV) + 0.03 Mn(II) per formula unit), zJ = –0.01 cm–1, and geff = 1.98 (Seff = 3/2). 

This set of parameters complies with all theoretical expectations and assumptions for 

this scenario (χTIP > 0, zJ < 0, geff ≲ ge), and reproduces the data very well. In particular, 

the corrected data shown in Figure 3-8 are in agreement with an octahedrally 

coordinated, high-spin Mn(IV) center with very small antiferromagnetic exchange 
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interactions. In addition, the Mm vs. B curve indicates a saturation magnetization that is 

below 3 NA μB, as expected.  

 

 

 

Figure 3-8. Magnetic susceptibility data of 1 (corrected for diamagnetic and TIP 

contributions and assuming 1.07 Mn(IV) or down to 1.00 Mn(IV) + 0.03 Mn(II) per 

formula unit) depicted as the temperature dependence of χmT at 0.1 Tesla; inset: molar 

magnetization Mm vs. applied field B at 2 K; open circles: data, black line: best fit. 

 

3.3.4 Catalytic Properties.  

Compound 1 in the solid state was investigated for its catalytic ability to oxidize the 

mustard gas simulant 2-chloroethyl ethyl sulfide (CEES, a simulant for mustard) using 

t-butyl hydroperoxide as the oxidant. As shown in Figure 3-9, after eight hours, almost 

all of the CEES is removed with a turnover number of 40. Without the addition of t-

butyl hydroperoxide, a green color is observed after 10 min, which is due to the 

reduction of V(V) to V(IV) by CEES. When t-butyl hydroperoxide is added to this 

green suspension, the color immediately changes back to orange. Interestingly, the 
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activity of 1 is higher than that of K7MnV13. This likely reflects the lower negative 

charge of MnV14 (-6 vs. -7) making it a better oxidant for CEES. The FT-IR spectra 

and the PXRD pattern of 1 before and after catalytic reactions are almost identical 

indicating that the catalyst remains structurally intact under turnover conditions (Figure 

3-10 and 3-11). 

 

 

Figure 3-9. Oxidative removal of CEES catalyzed by 1 and by K7MnV13.  

 

 

0 2 4 6 8
0

30

60

90

120

 Blank

 K
7
MnV

13

 1

 

 

C
E

E
S

 (
m

M
)

Time (hour)

1200 1000 800 600 400

 1 before 

 1 after

 

 

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumbers (cm
-1
)



74 
 

Figure 3-10. FT-IR spectra of 1 before and after catalytic CEES oxidation. 

 

 

Figure 3-11. PXRD pattern of 1 before and after catalytic CEES oxidation. 

 

3.4 Conclusions 

The novel manganese(IV)-containing symmetrical heteropolyvanadate with a 1:14 

stoichiometry, K4Li2[MnV14O40]·21H2O has been prepared and characterized. In the 

crystalline solid state, the heteropoly anion, MnV14, which is composed of 14 edge-

sharing VO6 octahedra surrounding a central MnO6 octahedron, is connected by 

multiple potassium ions into a 2D layered network (ABABAB...). The simplified 

representation of MnV14 shows a new topology termed jba1. The 1:14-stoichiometry 

heteropoly anion is stabilized by capping potassium ions as shown by 51V NMR 

spectroscopy. Magnetic studies show very small antiferromagnetic intermolecular 

exchange interactions corresponding to an octahedrally coordinated, high-spin Mn(IV) 

center. Compound 1 is an effective catalyst for CEES oxidation by t-butyl 
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hydroperoxide; a TON of 40 is achieved after eight hours, which shows potential 

interest towards air decontamination technology. The MnV14 unit may provide a new 

model to the design of nanoclusters with targeted catalytic and magnetic properties. 
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4.1 Introduction 

Chemical warfare agents (CWAs), used in past wars and recent terrorist attacks, 

represent a significant threat to humankind.1-3 Among all of the classes of chemical 

weapons, vesicants (such as sulfur mustard) and nerve agents are the most common.4 

Sulfur mustard is one of the most effective CWAs used in modern warfare.5 Nerve 

agents are organophosphorus compounds containing P-X bonds (X=F, CN, SR etc.),6,7 

that rapidly inactivate acetylcholinesterase, the enzyme which facilitates hydrolysis of 

the neurotransmitter acetylcholine in the nervous system, leading to a range of 

incapacitating states and in higher concentrations, death.8 There remains a need to 

develop materials and methods to rapidly, fully and catalytically decontaminate all the 

main CWAs under mild conditions. 

Both organic and inorganic materials have been developed to catalyze hydrolysis 

of nerve agents and their simulants.4,9-20 A series of Zr-based metal-organic frameworks 

(MOFs, especially UiO-66, NU-1000 and MOF-808) that contain strongly acidic 

Zr(IV) sites, have shown significant catalytic activities for hydrolyzing nerve agents 

and the simulant dimethyl 4-nitrophenyl phosphate (DMNP).21-24 However, the 

catalytic hydrolysis of DMNP by the Zr-based MOFs often requires the addition of N-

ethylmorpholine as a buffer and a proximal base. These MOFs are of low activity 

decontaminating the relatively inert nerve agent simulant, DMMP.25 Recently, a 

porphyrinic MOF that catalyzes selective photooxidation of a sulfur mustard simulant 

was also reported.26 

Polyoxometalates (POMs), one polyoxoniobate (PONb), [Nb6O19]
8- and other Nb-

based solid materials have also been investigated for the degradation of CWAs and/or 

their simulants.27-31 POMs are a class of metal oxide clusters with versatile applications 

in magnetism, medicine, electrochemistry and catalysis.32-36 PONbs are a subclass of 
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POMs with high negative charges per polyanion oxygen and commensurately basic 

surface oxygens.37-41 We report here that a heterogeneous one-dimensional polymeric 

heteropolyniobate: K12[Ti2O2][GeNb12O40]·19H2O (KGeNb) is as effective as any 

basic heterogeneous CWA hydrolysis catalyst to date and the mechanism is probed by 

kinetics and other methods.  The activity of its structural analogue, 

K12[Ti2O2][SiNb12O40]·22H2O (KSiNb), towards the decontamination of CWAs is also 

discussed. 

4.2 Experimental 

4.2.1 General Methods and Materials 

All reagents used were commercially available. K12[Ti2O2][SiNb12O40]·22H2O (KSiNb) 

was prepared by a reported literature method.42 Powder X-ray diffraction (PXRD) and 

FT-IR spectroscopy were used to determine its purity. The PXRD data were acquired 

on a D8 Discover Powder Instrument using monochromatic Co Kα (γ = 1.78901 Å) 

radiation. The FT-IR spectra (2% sample in KBr pellets) were collected on a Nicolet 

TM 600 FT-IR spectrometer. Thermogravimetric analyses were conducted on a STA 

6000 thermal analyzer. Elemental analyses (K, Ti, Si, Ge and Nb) were performed by 

Galbraith Laboratories (Knoxville, Tennessee). 31P NMR (202.46 MHz) spectroscopy 

conducted on a Mercury 300 spectrometer, was used to detect the reagents and products 

from the catalytic reactions.  Samples were placed in 5 mm O.D. NMR tubes and 

chemical shifts were referenced to H3PO4 (taken as 0 ppm at 25 oC). 

4.2.2 Synthesis of a new polymeric polyniobate, KGeNb   

Typically, amorphous Nb2O5·xH2O (0.35 g, 2.6 mmol) was added to an aqueous KOH 

solution (8 mL, 0.8 M) followed by tetraethoxygermane (0.23 g, 0.9 mmol) and 

tetraisopropyltitanium (0.13 g, 0.45 mmol). The mixture was stirred at room 
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temperature for 30 min, then transferred to a 20 mL autoclave and heated at 220 oC for 

20 h. Colorless needle-like crystals were collected by filtration and washed with 

deionized water. Yield: 0.61 g (51 % based on Nb). Anal. Calcd for 

K12[Ti2O2][GeNb12O40]·19H2O (KGeNb): K, 17.0; Ti, 3.5; Ge, 2.6; Nb, 40.3. Found: 

K, 17.6; Ti, 2.9; Ge, 3.0; Nb, 40.8.  FTIR (1100-400 cm-1, 2% KBr pellets): 873 (s), 

784 (w), 743 (w), 682 (s), 545 (w). 

4.2.3 X-ray Crystallography  

A suitable colorless needle-like crystal was selected and mounted on a loop using 

Paratone oil on a Bruker D8 diffractometer with APEX2 detector. The crystal was 

cooled to T = 173(2) K during data collection. The ω scans of 1° and for 30s per frame 

with Mo Kα radiation (45kV, 35mA, fine-focus sealed tube) was applied when 

collecting data. The total number of runs and images was determined based on strategy 

calculation from APEXII.43 The SAINT software was used for data reduction.44 

SADABS-2014/5 was used for absorption correction.45 The unit cell parameters were 

refined using SAINT on 8908 reflections. The structure was solved with the Superflip 

structure solution program46 by the Charge Flipping solution method using Olex247 and 

refined by least squares using ShelXL.48 The structure was solved in the space group 

P-4c2. All atoms were refined anisotropically. The amorphous regions were treated 

using the Squeeze routine in Platon.49 The number of water molecules was determined 

by thermogravimetric analysis. 

 

Table 4-1. The crystallographic data for KGeNb. 

Formula  Ge K12 Nb12 O58 Ti2 H32 

Dcalc./ Mg cm-3  3.078  

Absorption Coefficient μ/mm-1  3.988  
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Formula Weight/gmol-1  2712.76  

Crystal Size /mm3  0.65 x 0.11 x 0.09 

T/K  173(2)  

Crystal System  tetragonal  

Space Group  P-4c2  

a/Å  15.9789(6) 

b/Å  15.9789(6)  

c/Å  22.927  

α/°  90  

β/°  90  

γ/°  90  

V/Å3  5853.8(4)  

Z  4  

Theta range for data collection/° 2.531 to 33.139  

Reflections collected  76956  

Independent reflections  11160 [R(int) = 0.0563]  

Absorption correction  Semi-empirical from equivalents  

Restraints / parameters  45/ 385  

Largest Peak  4.692  

Deepest Hole  -1.431  

GooF  1.051  

wR2 (all data)  0.1374  

wR2  0.1249  

R1 (all data)  0.0722  

R1  0.0518  
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R1 = Σ||F0| - |Fc|| / Σ|F0|; wR2 = Σ[w(F0
2 - Fc

2)2]/ Σ[w(F0
2)2]1/2 

 

4.2.4 Degradation of DMMP by KSiNb and KGeNb 

In a typical reaction, 18 μmol of KSiNb or KGeNb, DMMP (2.5 μL) and D2O (0.5 mL) 

were mixed with 1.0 mL of deionized water in a 2-mL scintillation vial. This mixture 

was vigorously stirred at room temperature. Every several hours, a 400 μL aliquot of 

the solvent was transferred into the NMR tube for 31P NMR measurement; the aliquot 

was then transferred back to the vial for further reaction. After 264 hours, the solid was 

collected by centrifugation, washed extensively with deionized water and dried. The 

resulting solid was then characterized by FT-IR, and used for successive runs. 

4.2.5 Degradation of DECP by KSiNb and KGeNb  

In a typical reaction, 11 μmol of KSiNb or KGeNb was suspended in 600 μL of DMF 

placed in an 5-mL O.D. NMR tube. Subsequently, 10 μL of DECP and 50 μL of H2O 

were added. The mixture was vigorously shaken at room temperature. Every several 

minutes, the contents were assessed by 31P NMR spectroscopy to monitor the reaction.  

After 100 min, the solid was collected by centrifugation, washed extensively with 

deionized water and dried. 

4.2.6 Degradation of live agent (GD) by KSiNb  

In a typical reaction, 5 μmol of KSiNb and 28 μmol of GD was stirred continuely in 

1.5 mL water for 1 h, after which 0.75 mL aliquot of the solvent was transferred to an 

NMR tube for acquisition of the 31P NMR spectra (Varian 400 INOVA NMR 

spectrometer). About 43% of the GD is consumed with continuous stirring. A control 

was conducted under the same conditions but without the addition of KSiNb. For 

kinetics study in Figure S12, 2.5 μmol of KSiNb and 14 μmol of GD was added to 0.75 

mL of H2O in an NMR tube. The mixture was vigorously shaken at room temperature. 
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Every several minutes, the contents were assessed by 31P NMR spectroscopy to monitor 

the reaction. 

4.2.7 Gas Phase Adsorptive Degradation of Live Agents (GB and HD) on KSiNb 

and KGeNb 

Adsorption and reaction of the live agents GB and HD were followed in situ on the 

KSiNb and KGeNb with Diffuse Reflectance Infrared Spectroscopy (DRIFTS).  In a 

typical experiment, 10-15 mg of the P-PONb was packed into a 6-mm diameter porous 

ceramic cup, and the sample was purged in a small stainless steel vessel under dry 

nitrogen for 24 hours to remove excess water and to provide a stable background for 

DRIFTS experiments.  After the purge, the sample was rapidly transferred to a Pike 

Technologies Diffuse IR environmental cell with a KBr window, where the sample was 

maintained at 25 °C under a 10 mL/min ultra-high purity He flow.  FTIR spectra were 

collected using a Thermo Nicolet 6700 spectrometer set with a resolution of 2 cm-1 

using a liquid nitrogen cooled MCT/A detector.  Spectra were collected periodically 

until it was confirmed that gas phase water and CO2 were no longer present in the cell 

and that the sample had equilibrated in the He stream (typically 2 hr).  After 

equilibration, a background spectrum (1024 scans) was collected to be used as a 

reference for the remainder of the experiment. He saturated with chemical agent vapor 

was introduced via a temperature controlled saturator cell that contained ~ 2 mL of 

agent and that was held at 20 °C.  Spectra were collected in the form of difference 

spectra, where positive peaks represent newly formed species while negative peaks 

indicate depletion of species near the surface. 

4.2.8 Computational Studies.  

Polyanions, {[(OH)2Ti[XNb12O40-(Ti2O2)-O40Nb12XTi(OH)2], where X = Si (1) and Ge 

(2), were chosen as a model for KSiNb and KGeNb polymers. In these models we 
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eliminated K counter cations and associated water molecules in order to make the 

calculations technically feasible. Furthermore, the end oxo-groups of the terminal TiO2-

fragment were capped by protons. The geometry of these model systems was optimized 

in implicit dichloromethane solution, with no geometric (or symmetry) constraints, at 

their ground singlet electronic state (Table S2). In these calculations, we used the DFT 

method (M06L functional)50 in conjunction with the split-valence 6-31G(d,p) basis sets 

for O, C, H and P, and lanl2dz basis sets and associated ECPs for the Nb, Ti, Ge and Si 

atoms,51-53 which below are referred to as M06L/BS1. The solvent effects were 

approximated by the polarizable continuum model (CPCM).54-56  All calculations 

were carried out with the Gaussian 09 software package.57 

4.3 Results and Discussion 

4.3.1 Synthesis and structure of KGeNb 

In 2002, Nyman and co-workers reported the single crystal structure of 

K12[Ti2O2][SiNb12O40]·22H2O (KSiNb).42 In 2005, the structures of the sodium salts 

of [Ti2O2][SiNb12O40]
12- and [Ti2O2][GeNb12O40]

12- were inferred from PXRD data.58 

However, given the remarkable basic reactivity of these one-dimensional polyniobates, 

we sought a high-resolution single-crystal structural determination of these nano-

thread-like materials in order to facilitate more detailed experimental and 

computational study of their surface-related reactions.  

Although significant efforts failed to produce single crystals of the sodium salt of 

the germanium-based heteropolyanion, [Ti2O2][GeNb12O40]
12-, the corresponding 

potassium salt, KGeNb,59 was readily synthesized under hydrothermal conditions from 

Nb2O5·xH2O, tetraethoxygermane and tetraisopropyltitanium in an aqueous solution of 

KOH.  Not surprisingly considering the similar size and properties of the Ge(IV) and 
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Si(IV) heteroatoms, KGeNb and KSiNb are isostructural. These nano-scale threads are 

composed of silico/germano-dodecaniobate Keggin ions connected by two edge-

sharing TiO6 octahedra ([Ti2O2]
4+) forming one-dimensional infinite chains (Figure 4-

1).58  The K+ counter cations are situated between the 1D polyanions, and Figure 4-1 

shows that two of the K+ ions reside in pockets defined by adjacent Keggin units in 

each polyanion polymer. The rate of nerve agent decomposition by [Nb6O19]
8- is 

affected by counter cations.27 Although the specific counter cation effect in KGeNb is 

complicated, the short bond lengths (2.621~3.329 Å) including one to the Ti-O-Ti 

oxygen (O4 from the X-ray structure) implicates a non-innocent role for these counter 

cations in the organophosphate compound degradation mechanism. 

 

Figure 4-1. (a) Polyhedral representation of the one-dimensional polyanion chain of 

KGeNb. Color code: green: NbO6; blue: TiO6; pink: GeO4. (b) Precise structural 

environments of two potassium counter cations interacting with the polymeric 

polyanion unit (bond lengths in Å) 
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4.3.2 Decontamination of chemical warfare agents and simulants by KGeNb 

The U.S. Army nominated DMMP as an ideal model chemical for toxicology and 

carcinogenesis studies.25 In this study, KSiNb and the new more reactive P-PONb, 

KGeNb, hydrolyze DMMP to methyl phosphonic acid (MP) under mild conditions 

(with only water at room temperature (Figure 4-2). Hydrolysis of the phosphate ester 

bonds was observed and monitored by 31P NMR spectroscopy (Figure 4-3). The extent 

of conversion was calculated as the ratio of the integrated 31P NMR peak for MP (the 

only hydrolysis product) to that of DMMP. KGeNb converts 54 % of this quite inert 

simulant over the time course of 264 h.  The rates of DMMP hydrolysis by KGeNb 

or KSiNb slow down after ca. 100 h due to the production of MP which inhibits the 

reaction (Figure 4-4). 

 

Figure 4-2. (a) Hydrolytic decomposition pathway of DMMP to MP. (b) DMMP 

decomposition using KGeNb and KSiNb; conditions: [DMMP] = 15.5 mM, 18 μmol 

KGeNb or KSiNb, 0.5 mL D2O and 1.0 mL H2O at room temperature. (c) DECP 

decomposition using KGeNb and KSiNb; conditions: [DECP] = 100 mM, 11 μmol 
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KGeNb or KSiNb, 600 μL of DMF and 50μL of H2O at room temperature. (d) 

Hydrolytic decomposition pathway of DECP to DEHP. 

 

 

Figure 4-3. 31P NMR spectra of (a) DMMP, (b) methyl phosponic acid (MP) and (c) 

DMMP decomposition by KGeNb after 24 h in 0.5 mL D2O and 1.0 mL H2O. 
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Figure 4-4.  Red circles: hydrolysis of DMMP using KGeNb. Conditions: [DMMP] 

= 15.5 mM, 18 μmol KGeNb, 0.5 mL D2O and 1.0 mL H2O at room temperature. Black 

squares: inhibition of DMMP hydrolysis by MP, 15.5 mM MP was added. 

 

The higher hydrolytic activity of KGeNb relative to KSiNb could be explained by 

(a) smaller crystallites of the former than the latter, (b) slight dissolution of these P-

PONbs to form hydrolytically active soluble monomeric polyniobate species, with 

KGeNb being slightly more soluble than KSiNb, or (c) an intrinsically more reactive 

polymeric polyanion for KGeNb than for KSiNb.  Scenario (a) is not likely because 

examination of KGeNb and KSiNb by optical microscope shows similar crystallite 

sizes for both (Figure 4-5). Furthermore, both of these P-PONbs were ground to make 

particles that were smaller and quite uniform prior to use in the decontamination 

reactions.   
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Figure 4-5. Optical microscope images of KSiNb and KGeNb crystals. 

 

Scenario (b) is very unlikely from five lines of evidence: (1) there is no detectable 

activity in the supernatant after suspensions of KGeNb or KSiNb are used for DMMP 

hydrolysis (the suspensions were filtered and the filtrate assessed for activity after use; 

Figure 4-6); (2) elemental analysis of the filtrate indicates negligible amounts of Si, Nb 

or Ge are present; (3) the weighable amount of KGeNb and KSiNb is the same before 

and after reaction; (4) the KGeNb collected after reaction, washed extensively with 

deionized water, dried under vacuum and re-used in successive DMMP hydrolysis runs 

shows comparable activity to the first run (Figure 4-7); and (5) the FT-IR of KGeNb 

and KSiNb before and after the reaction with DMMP remain identical (Figures 4-8 

and 4-9). All these argue for the heterogeneous nature of the catalytic hydrolysis. Thus, 

scenario (c) is possible and might derive from the subtle effects on the negative charge 

density of the polyanion oxygens by larger size of the central GeO4 tetrahedron versus 

the central SiO4 tetrahedron.  
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Figure 4-6. DMMP hydrolysis by the supernatant after suspensions of KGeNb or 

KSiNb are used for DMMP hydrolysis then the suspensions filtered and the filtrate 

assessed for activity.  Conditions: [DMMP] = 15.5 mM, 18 μmol KSiNb or KGeNb, 

0.5 mL D2O and 1.0 mL H2O at room temperature. 

 

Figure 4-7. 31P NMP spectra showing the reuse of KGeNb for second run, reaction 

time = 12 h. 
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Figure 4-8. FT-IR spectra of KGeNb before and after DMMP hydrolysis. 

 

 

Figure 4-9. FT-IR spectra of KSiNb before and after DMMP hydrolysis. 

 

The initial rate for reaction of DMMP with KGeNb is approximately first order with 

respect to DMMP (Figure 4-10) and the quantity of insoluble KGeNb present (at 

constant pH=10, Figure 4-11), which is strong evidence for a general base-catalyzed 

mechanism. We note the well-established qualification that getting the order in a 

heterogeneous catalyst is subject to more error than for homogeneous reactants where 
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the concentration is precisely defined. We also measured the kinetic solvent isotope 

effect for DMMP hydrolysis.60 The ratio of reaction rate constants, k(H2O)/k(D2O), was 

determined to be 1.4, which is also consistent with a general base-catalyzed reaction.61 

A third argument for general base catalysis is that the rate of DMMP hydrolysis by 

hydroxide alone is far lower than by P-PONbs at that same pH (pH=10) (Table 4-2). 

The collective data indicate that generation of hydroxide by reaction of the P-PONb 

with water in an initial pre-equilibrum (specific base catalysis) does not account for the 

great majority of the nerve agent simulant hydrolysis by these basic polymeric nano-

scale thread-like materials. A general-base hydrolysis mechanism dictates that the slow 

step of the overall hydrolysis mechanism involves deprotonation of a water molecule 

by the P-PONb while the incipient forming hydroxide simultaneously attacks its 

electrophilic partner, the nerve agent simulant phosphorus atom. This is also consistent 

with the mechanism proposed for the decomposition of diisopropyl fluorophosphates 

by [Nb6O19]
8-.27 The subsequent charge neutralization of product species by proton 

transfer is fast and does not contribute to the observed rate.  

 

Figure 4-10. Plot of the initial rate versus DMMP concentration in the decontamination 
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of DMMP using KGeNb. Conditions: [DMMP] = 15.5 ~ 121.4 mM, [KGeNb] = 18 

μmol, 0.5 mL D2O and 1.0 mL H2O at room temperature 

 

 

Figure 4-11. Plot of the initial rate versus the amount of KGeNb in the decontamination 

of DMMP using KGeNb.  Conditions: [DMMP] = 15.5 mM, amount of KGeNb 

added: 4.0 ~ 27.0 µmol, 1.5 mL of N-ethylmorpholine aqueous solution (0.45 M) as a 

buffer at pH 10. 

 

Table 4-2. Comparison of DMMP and DECP decomposition by different materials at 
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NaOH[b] DMMP 24 h 4% 336 

K8Nb6O19 DMMP 24 h 5% 269 

KGeNb DECP 30 min 100% 0.1 

UiO-66 DECP 30 min 32% 1.3 

MOF-808 DECP 30 min 50% 0.4 

K8Nb6O19 DECP 30 min 90% 0.2 

MgO DECP 30 min 90% 0.2 

TiO2 DECP 30 min 87% 0.2 

KSiNb GD 1 h 43% 1.2 

Cs8Nb6O19 GD 1 h 37% 1.4 

N/A[c] GD 1 h <1% 31 

[a] Conditions for DMMP hydrolysis: [DMMP] = 15.5 mM, 50 mg of materials for 

each entry, 0.5 mL D2O and 1.0 mL H2O. Conditions for DECP hydrolysis: [DECP] = 

100 mM, 30 mg of material for each entry, 600 μL of DMF and 50μL of H2O. [b] NaOH 

was prepared as a homogeneous phase with a pH of 10. [c] No MOF, POM or other 

active material added. 

 

Figure 4-2 also shows the time profile and the reaction pathway for the hydrolytic 

degradation of another CWA simulant, diethyl cyanophosphonate (DECP) to diethyl 

hydrogen phosphate (DEHP) by KGeNb and KSiNb. Hydrolysis of the P-CN bond 

was observed and monitored by 31P NMR spectroscopy. Within 30 min, all DECP is 
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removed. The addition of KGeNb or KSiNb to the mixture greatly accelerates the 

reaction. A TON of ca. 6 is achieved in 30 min. Without addition of extra base to 

remove the acidic and thus self-inhibiting hydrolysis product, nor with strong mixing 

or other means to increase the TON, this level of reactivity under ambient conditions is 

of interest for human protection in some real-world environments. Keep in mind that 

the deployed decontaminating technologies in use by the U.S. Army are essentially 

stoichiometric. Any catalytic method that could use ambient water (humid air) for 

hydrolysis or ambient O2 (air) for oxidative decontamination remains of considerable 

interest.  KGeNb and KSiNb both contain many water of hydration (hydrogen-

bonded to the basic polyniobate oxygens) and thus should be able to catalytically 

remove many equivalents of nerve agent per repeating unit in their as-synthesized forms. 

Table 4-2 summarizes the activities of KGeNb, the reported Zr-based MOFs as 

well as the monomeric polyniobate, [Nb6O19]
8-, against DMMP and DECP under the 

same mild conditions. The half-life, t1/2 (50% conversion) is also listed.12 UiO-66 or 

MOF-808 show no detectable hydrolysis of DMMP under the same conditions, 

although under other conditions some of these MOFs do hydrolyze DMMP.23 Control 

experiments using Nb2O5, NbO2, TiO2 or MgO show no degradation of DMMP 

whatsoever,9 and a lower activity towards DECP by MgO or TiO2 compared with 

KGeNb is observed (Table 4-2).  KGeNb is also more active than [Nb6O19]
8- towards 

DMMP or DECP under the same conditions. Since the P-PONbs under the reaction 

conditions in this study are effectively insoluble, the local negative changes of the 

polymeric polyanions consequently appear to be vital for efficient basic nerve agent 

simulant hydrolysis. 

KSiNb was investigated for its activity towards the degradation of live agent, GD 

(Table 4-2 and Figure 4-12). After 1 h, 43% of the GD is consumed with continuous 
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stirring, which is more active than that of [Nb6O19]
8-. The control reaction (same 

conditions but no P-PONb added) shows negligible reaction of GD within 1h. 

Degradation of GB by KGeNb and KSiNb was also studied in the gas phase (GB vapor 

passed over the P-PONb) using Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTS). Figure 4-13 and Figure 4-14 indicate that GB is partially 

hydrolyzed on KGeNb and KSiNb at room temperature (see SI for details and spectral 

characterization). 

 

 

Figure 4-12. Hydrolysis of GD using KSiNb (red squares). 2.5 μmol of KSiNb and 14 

μmol of GD was added to 0.75 mL of H2O in an NMR tube. The mixture was vigorously 

shaken at room temperature. Every several minutes, the contents were assessed by 31P 

NMR spectroscopy to monitor the reaction. Due to the lack of continuous stirring, it 

shows a relatively lower activity (16 % of GD is removed) compared with the 

continuous stirred system (43 % of GD is consumed). 
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Figure 4-13. Adsorption and hydrolysis of GB on KSiNb as studied by DRIFTS (0 to 

202 minutes at ambient temperature).   

 

Analysis of results indicate there is a mixture of intact GB and GB hydrolysis 

products on the surface. On the KSiNb sample, perturbation of the hydroxyls is 

indicated by the slight negative features from 3715 – 3622 cm-1 coupled with the 

positive ν (O-H) stretch at 3585 cm-1.  There were no peaks observed in the ν (C-H) 

stretching region, however, a peak is observed at 1268 cm-1 which is assigned to the ν 

(P=O) stretch of hydrogen bound GB on the KSiNb sample.  This peak is redshifted 

from the gas phase value for this mode from 1303 cm-1.  Two large and broad peaks 

are observed at 1188 and 1092-1.  These peaks are in the expected region of the ν (C-

C) and ν (C-O) stretches, however their broadness and position are consistent with a 

second hydrolyzed species which would result in νa (O-P-O) and νs (O-P-O) stretches 

in this region.  The small feature at 940 cm-1 is attributed to a ρa (CH3).  A peak is 

observed at 881 cm-1, which is tentatively assigned as νa ((HO)-P) stretch (as 

determined via a harmonic frequency calculation on the methyl phosphonic acid 
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species).  Finally, an apparent doublet is observed centered around 829 cm-1.  This 

peak is assigned to the ν (P-F) stretch, but it is also redshifted from the gas phase value 

at 844 cm-1, suggesting a species either from a reacted GB or one in which the fluorine 

is interacting with the KSiNb in some manner.  Finally, there is a slight negative 

feature at 860 cm-1, this feature is due to the perturbation of a KSiNb mode upon GB 

adsorption. In summary, while there is significant evidence of some hydrolysis of GB, 

but there also is unreacted, hydrogen bound GB on the POM. 

 

Figure 4-14. Adsorption and hydrolysis of GB on KGeNb as studied by DRIFTS (0 to 

320 minutes at ambient temperature).  

 

Analysis of results indicate that mostly GB hydrolysis products are observed (no 

intact GB). Upon adsorption of GB onto the KGeNb sample, a negative peak at 3633 

cm-1 coupled with positive peaks in the 3555 – 3200 cm-1 region indicate perturbation 

of hydroxyls on the POM.  Unlike the KSiNb sample, no clear ν (P=O) modes was 

observed which would signal the presence of unreacted, hydrogen bound GB.  The 

large and broad modes at 1239 and 1097 cm-1 are consistent with a mixture of the ν (C-
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C) and ν (C-O) stretches in addition to νa (O-P-O) and νs (O-P-O) of hydrolyzed GB.  

The intense peak at 872 cm-1 is tentatively assigned as νa ((HO)-P) stretch on the surface, 

and the relatively weak and red-shifted ν (P-F) stretch also is consistent with some GB 

reaction.  As seen with KSiNb, negative features at 900 and 836 cm-1 are assigned as 

POM vibrations perturbed by GB adsorption or reaction. 

KGeNb and KSiNb were also investigated for the degradation of HD using 

DRIFTS (Figure 4-15 and Figure 4-16).  Difference IR spectra collected in situ of 

the KGeNb during HD exposure did not show peaks associated with intact HD 

adsorbed to the surface of the material. Instead, perturbation of water molecules and/or 

hydroxo groups of KGeNb and KSiNb was noted by a negative feature at 3630 cm-1.  

A multiplet of peaks was observed from 1230 to 1050 cm-1 which likely derives from 

the formation of the hydrolysis products: half mustard (HM) and thiodiglycol (TDG).  

Negative peaks in the 930 – 820 cm-1 range are due to depletion of modes of KGeNb 

and KSiNb. The DRIFTS results suggest that HD largely hydrolyzes to HM and TDG 

upon exposure to these P-PONbs, even under a dry He flow.  Reactivity of these 1D 

materials under humid conditions would likely increase. 
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Figure 4-15. Difference DRIFTS spectra of HD sorption onto KGeNb. 

 

 

Figure 4-16. Difference DRIFTS spectra of HD sorption onto KSiNb.  

 

4.3.3 Computational studies 

Polyanions, {[(OH)2Ti[XNb12O40-(Ti2O2)-O40Nb12XTi(OH)2], where X = Si (1) 

and Ge (2), were chosen as a model of the KSiNb and KGeNb polymers. Calculations 

show that DMMP coordinates to model complexes 1 and 2 via hydrogen bonding. The 

calculated bonding energies of 23-24 (10-11) kcal/mol are consistent with this bonding 

pattern. Furthermore, as a result of this weak interaction, coordination of DMMP only 

slightly changes the geometry of 1 or 2 (Figure 4-17). As noted above, this reaction 

very likely proceeds via a general-base hydrolysis mechanism, the rate-limiting 

transition state of which involves a water molecule being deprotonated by the P-PONb 

oxygen atoms forming hydroxide which attacks the electrophilic phosphorus of DMMP.  

The potassium counter cation and one of the oxo-centers of P-PONb (terminal or 

bridging) are likely also involved. The subsequent proton transfer to –OCH3 fragment 
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is expected to be fast. Elucidation of the latter mechanistic details requires dynamic 

studies and more complex model systems, which are beyond the scope of this paper. 

 

Figure 4-17.The calculated model complexes 1 and 2 for KSiNb and KGeNb with 

DMMP simulant. Also shown in the figure are some important bond distances (in Å), 

and the DMMP coordination energies. Numbers given before and after  “/ “ are for X 

= Si and Ge, respectively. Energies given after the reaction without and with parenthesis 

are ∆E and ∆G values. 

4.4 Conclusions 

In summary, the newly prepared one-dimensional P-PONb, KGeNb, is as active as 

any known base for hydrolysis of nerve agents and their simulants. Importantly, 

KGeNb is far more reactive than hydroxide alone toward the simulants at the same pH 

in water. Experimental and calculated data implicate a general-base catalysis 

mechanism for hydrolysis of DMMP, and by extension, likely the live nerve agents 

themselves. The P-PONbs remove the CWAs, GD (Soman), GB (Sarin) and HD 
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(mustard) effectively. Hydrolytic breakdown of the CWA proceeds in either solution or 

the gas phase. 
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Chapter 5. 

Di- and Trinickel Polyoxometalates for Photocatalytic 

Hydrogen Evolution 

 

Reproduced with permission from Inorg. Chem., 2016, 55(2), 461-466.  Copyright 

2016 American Chemical Society 
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5.1 Introduction 

Polyoxometalates (POMs), a very large family of early transition metal oxide clusters, 

have attracted much attention because of their dramatic structure variability and 

consequent widely-ranging applications.1-6 Most d-block elements have been 

incorporated into POMs resulting in transition-metal-substituted POMs (TMSPs) 

which exhibit noteworthy catalytic,7-11 magnetic12-20 and electrochemical properties.21-

28  

Transition metals such as CoII, NiII, CuII, MnII, ZnII and FeIII react with di-vacant 

[SiW10O36]
8- and tri-vacant lacunary POMs, [P2W15O56]

12-, [PW9O34]
9- or [SiW9O34]

10- 

to form sandwich-type POMs.  In these cases, the two lacunary POMs are usually 

connected by three or four transition metal centers.29-33 Fewer sandwich-type POMs 

contain two transition metal centers, and most of these still exhibit defect sites in which 

alkali cation(s) can bind.34-36 For example, Cronin and co-workers reported the lacunary 

POMs where two [P2W15O56]
12- are joined by two transition metal ions yielding 

[M2(P2W15O56)2]
20- (M = MnII, CoII and NiII) showing a αββα isomeric geometry.37 In 

addition, the sandwich type lacunary POMs with two metal centers can further be used 

to construct heterobimetallic POMs in which the alkali cations are replaced by other 

transition metals. For example, a [{M(OH2)2(μ3-OH)2{Zn(OH2)}2{γ-SiW10O36}2]
8- (M 

= CoII and NiII) heterobimetallic substituted POM was synthesized and used to construct 

a porous ionic cage-like framework.38  

 TMSPs that are not of the sandwich structure motif are also well known and have 

well-developed chemistry. Exemplary common structural families include 

[MXW11Om]n-, [M3XW9O40]
n- and [M3P2W15O62]

n- (X = SiIV, GeIV, PV, AsV, etc.).  In 

[MXW11Om]n-, M can be a high-valent transition metal ion such as VV or low-valent 

transition metal ions such as CoII, NiII, CuII, MnII and ZnII.1,39 However, in 
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[M3XW9O40]
n- and [M3P2W15O62]

n-, M are usually high-valent transition metal ions 

including VV, NbV, TaV and SnIV, which presumably results from the size of the 

transition metals, the overall charge of the POMs and other thermodynamic factors.40-

43 The [M3XW9O40]
n- structure type, where M are the low-valent transition metal ions, 

is uncommon. Nevertheless, in 1999, Coronado and co-workers reported a POM, 

[Ni3(H2O)3PW10O39(H2O)]7-, that contains a triangular Ni3O13 unit, a lacunary 

[PW9O34]
9- ligand and a WO6 octahedron.44 In 2002, our group reported a tri-substituted 

Wells-Dawson structure with three iron centers, [(FeIIIOH2)3P2W15O59]
9-.45 

Significantly, monomeric tri-nickel-substituted POMs with the well-known 

[P2W15O56]
12- ligand prepared via conventional methods have not been reported.  

Some TMSPs are efficient water oxidation catalysts (WOCs) under electrochemical, 

thermal and photochemical conditions.10,46 Recently, TMSPs are also emerging as 

effective visible-light-driven water reduction catalysts (WRCs). The tetra-manganese 

POM, [Mn4(H2O)2(VW9O34)2]
10- (Mn4V2), the tetra-nickel POM, [Ni4(H2O)2(PW9 

O34)2]
10- (Ni4P2) and the hexadecyl-nickel POM, [{Ni4(OH)3AsO4}4(B-α-PW9O34)4]

28- 

(Ni16As4P4) are efficient and robust homogeneous catalysts for visible-light-driven H2 

evolution.47-49 Herein, we report the syntheses, structures and catalytic properties of the 

di-, and tri-nickel-containing POMs. The di-nickel-substituted [Ni2(P2W15O56)2]
20- (Ni2) 

is a sandwich-type POM showing an unusual αααα inter-unit coordination geometry, 

while the tri-nickel-containing Wells-Dawson POM, [Ni3(OH)3(H2O)3P2W16O59]
9-  

(Ni3) exhibits a unique structure where the [α-P2W15O56]
12- ligand is capped by a 

triangular Ni3O13 unit and a WO6 octahedron. Their ability to catalyze visible-light-

driven hydrogen evolution is discussed. 
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5.2 Experimental 

5.2.1 General Methods and Materials 

All chemicals used were of reagent grade and used as commercially supplied. Na12[α-

P2W15O56]∙24H2O was synthesized following the reported literature method,50 and its 

purity assessed by FT-IR spectroscopy. These spectra were obtained by a Nicolet TM 

600 FT-IR spectrometer (2% sample in KBr pellet). UV-vis absorption spectra were 

obtained on an Agilent 8453 spectrophotometer with a diode-array detector using a 1.0-

cm-optical-path quartz cuvette. Thermogravimetric analyses were acquired on a STA 

6000 thermal analyzer. Elemental analyses (Li, Na, Ni, W and P) were performed by 

Galbraith Laboratories (Knoxville, Tennessee). The steady-state luminescence 

quenching spectra were recorded on a FluoroMax 3 spectrofluorimeter. Gas 

chromatography (GC) (Hewlett-Packard 7890 instrument equipped with a 5 Å 

molecular sieve column and a TCD detector with Ar as the carrier gas) was used to 

detect the hydrogen evolved during catalytic water reduction reactions. Cyclic 

voltammograms (CV) were measured on a BASi CV-50W voltammetric analyzer using 

a Pt-wire auxiliary electrode, a Ag/AgCl (3 M NaCl) BASi reference electrode and a 

glassy carbon working electrode. CVs were conducted in 200 mM sodium phosphate 

buffer (pH=7.5 and 8.0) with 1 M NaCl as a supporting electrolyte. 

5.2.2 Synthesis of Na8Li12[Ni2(P2W15O56)2]·74H2O 

Na8Li12Ni2. The sodium and lithium salt of Ni2, Na8Li12Ni2, was prepared as follows. 

Solid NiCl2∙6H2O (0.29 g, 1.2 mmol) was dissolved in 20 mL of 4.0 M aqueous LiCl 

followed by addition of 0.19 g (0.49 mmol) Na3PO4∙12H2O. The mixture was stirred 

for 5 min, then adjusted to pH=8.0 by adding 1.0 M LiOH. Then Na12[α-

P2W15O56]∙24H2O (3.0 g, 0.6 mmol) was added. The mixture was heated at 60 ºC for 1 

h and then cooled to room temperature and filtered. After slow evaporation for several 
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days light green crystals were obtained. Yield: 2.5 g (40%). Anal. Calcd for 

Na8Ni2O186W30P4Li12H148: Na, 2.01; Ni, 1.28; W, 60.3; P, 1.35; Li, 0.91. Found: Na, 

1.84; Ni, 1.28; W, 58.3; P, 1.28; Li, 1.05. FTIR (1100-400 cm-1, 2% KBr pellets): 1083 

(s), 1041 (m), 1016 (w), 994 (w), 936 (s), 893 (w), 809 (w), 747 (m), 529 (w). 

5.2.3 Synthesis of Na4Li5[Ni3(OH)3(H2O)3P2W16O59]·48H2O 

Na4Li5Ni3. The sodium and lithium salt of Ni3, Na4Li5Ni3, was prepared following a 

method similar to that for Na8Li12Ni2. Specifically, NiCl2∙6H2O (0.58 g, 2.4 mmol) was 

dissolved in 20.0 mL of aqueous 4.0 M LiCl  followed by the addition of 0.19 g of 

Na3PO4∙12H2O (0.49 mmol). The mixture was stirred for 5 min, and the solution was 

adjusted to pH=7.5 by adding 1 M LiOH. Na12[α-P2W15O56]∙24H2O (3.0 g, 0.6 mmol) 

was then added. The resulting mixture was heated at 60 ºC for 1 h and then cooled to 

room temperature and filtered. After slow evaporation for several days dark green 

crystals were obtained. Yield: 1.1 g (30%). Anal. Calcd for Na4Ni3O113W16P2Li5H105: 

Na, 1.76; Ni, 3.37; W, 56.3; P, 1.18; Li, 0.66. Found: Na, 1.74; Ni, 3.27; W, 56.1; P, 

1.11; Li, 0.65. FTIR (1100-400 cm-1, 2% KBr pellets): 1084 (s), 1049 (m), 999 (w), 936 

(s), 891 (w), 823 (w), 735 (m), 525 (w). 

5.2.4 Synthesis of TBANi2 and TBANi3 

The tetrabutylammonium (TBA) salts of Ni2 and Ni3 

(TBA8Na8Li4[Ni2(P2W15O56)2]·27H2O and 

TBA8Li[Ni3(OH)3(H2O)3P2W16O59]·28H2O) were readily prepared using an extraction 

metathesis process.51 Typically, an aqueous solution of Na8Li12Ni2 or Na4Li5Ni3 (0.1 

mmol in 10 mL H2O) was added to the solution of TBABr in dichloromethane (10 

mmol). The mixture was vigorously shaken, and the polyanions were transferred to the 

organic layer which was then separated and washed extensively with deionized water. 

The TBA salt of Ni2 or Ni3 was dissolved in acetonitrile, and diethyl ether vapor was 
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slowly diffused into the solution resulting in production of green well-formed crystals. 

The FT-IR spectra of TBANi2 and TBANi3 are displayed in Figure 5-1 showing that 

the polyanion structures have remained intact. The formula of TBANi2 and TBANi3 are 

determined based on thermogravimetric analysis as well as elemental analysis. The 

TGA of TBANi2 and TBANi3 are shown in Figure 5-2 and Figure 5-3. The calculated 

weight loss percent corresponds to 8 TBA and 27 water molecules per TBANi2, and 8 

TBA and 28 water molecules per TBANi3. Anal. Calcd for TBANi2: C, 15.2; H, 2.8; N, 

1.1; Na, 1.8; Li, 0.27. Found: C, 15.5; H, 3.1; N, 1.2; Na, 1.4; Li, 0.16. Anal. Calcd for 

TBANi3: C, 22.9; H, 4.3; N, 1.6; Li, 0.1. Found: C, 23.3; H, 4.5; N, 1.9; Li, 0.2. 

  

 

Figure 5-1. FT-IR spectra of the tetrabutylammonium (TBA) salts of Ni2 and Ni3.  
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Figure 5-2. Thermogravimetric analysis of TBANi2. The calculated weight percent of 

water loss corresponds to 27 water molecules. 

 

 

Figure 5-3. Thermogravimetric analysis of TBANi3. The calculated weight percent of 

water loss corresponds to 28 water molecules. 
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5.2.5 X-ray Crystallography 

Suitable crystals of Na8Li12Ni2/Na4Li5Ni3 were selected and mounted on a loop with 

Paratone oil. Data were collected using a Bruker APEX-II CCD diffractometer 

equipped with an Oxford Cryosystems low-temperature apparatus operating at T = 

110(2) K. Data were measured using ω scans by Mo Kα radiation (fine-focus sealed 

tube, 45kV, 30mA). The total number of runs and images was based on the strategy 

calculation from the program APEXII.52 Data reduction was performed using the 

SAINT software53 which corrects for Lorentz polarization. Cell parameters were 

retrieved using the SAINT software and refined using SAINT. The structure was 

solved by Charge Flipping using the Superflip structure solution program54 and refined 

by Least Squares using version 2013-4 of ShelXL.55 All non-hydrogen atoms were 

refined anisotropically. The crystallographic data are summarized in Table 5-1. 

5.2.6 Photocatalytic experimental processes 

The general procedure for hydrogen evolution catalyzed by TBANi2 or TBANi3 is as 

follows. These experiments were performed in 2.5 mL septum-sealed glass vials. 

Typically, 2 mL of a DMF/CH3CN/H2O (14:5:1) mixed solvent solution containing 20 

μM catalyst, 0.25 M triethanolamine (TEOA) and 0.2 mM (4,4'-di-tert-butyl-2,2'-

dipyridyl)-bis-(2-phenylpyridine(-1H))-iridium(III) hexafluorophosphate, 

[Ir(ppy)2(dtbbpy)][PF6] ([Ir(ppy)2(dtbbpy)]+), as the photosensitizer, were added to the 

vial. The molar percentage of the catalyst used with respect to TEOA, photosensizer 

and POM in total is calculated as 0.08 %. The vials were subsequently sealed with a 

rubber septum, deoxygenated by bubbling Ar for 30 min, and then irradiated by a 455 

nm LED-light source (light intensity 20 mW; beam diameter ~ 0.4 cm) at room 

temperature with magnetic stirring for 4 h. The product hydrogen in the vial headspace 

was analyzed by GC. The post-reaction solution was collected, the polyanions 
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precipitated by adding a saturated solution of [Ru(bpy)3]
2+ in CH3CN.  The resulting 

mixture was centrifuged and the separated solid was dried. 

5.3 Results and Discussion 

5.3.1 Syntheses 

The factors that affect the equilibria among different species during POM synthesis are 

mainly the pH of the solution, the concentration of the reagents, the counterions and 

their concentration(s), the temperature and the solvent.44 Scheme 5-1 illustrates the 

general synthetic procedure for Ni2 and Ni3. At pH 8.0, a 2:1 ratio of Ni2+ to [α-

P2W15O56]
12- does not yield the sandwich-type POM which has four nickel centers, but 

a POM (Ni2) that only has two nickel ions in the core linking two [α-P2W15O56]
12- 

polyanions. The ratio of Ni2+ to [α-P2W15O56]
12- was further increased to 4:1 and 8:1 

with in an attempt to synthesize the sandwich-type POM which has four nickel centers.  

However, only Ni2 was obtained in these cases indicating that the amount of nickel ions 

does not have a big influence on the final products. Nevertheless, when the pH of the 

solution was lowered to 7.5, Ni3 was obtained with a 4:1 ratio of Ni2+ to [α-P2W15O56]
12-. 

This is contrary to the phenomenon reported previously in which higher pH favors 

higher nuclearities of transition metals.44 At pH 6.5 with a 4:1 ratio of Ni2+ to [α-

P2W15O56]
12-, the POM, [Ni14(OH)6(H2O)10(HPO4)4(P2W15O56)4]

34− (Ni14) was obtained 

when extra phosphate was added. This structure was published previously in the form 

of Rb salt,56 therefore its structure is not discussed here.  
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Scheme 5-1.  Synthetic Routes to Ni2, Ni3 and Ni14. 

 

 

5.3.2 Structures and Characterizations 

The crystal data for Ni2 and Ni3 are summarized in Table 5-1. Ni2 crystallizes in the 

triclinic space group P 1
__

. Figure 5-4 shows the polyhedral and ball-and-stick 

representation of Ni2. It is a sandwich-type polyanion containing two transition metal 

ions as well as two open lacunary sites in the central belt for further incorporation of 

other transition metals or alkali metals. Crystallographic measurements indicate that 

lithium ions reside in the lacunary sites. According to the convention for the 

nomenclature of these kinds of sandwich-type POMs, the two {W3} caps at each side 

of the cluster are defined as α and the two di-nickel, multi-oxygen interfaces defining 

the central belt can be in the same orientation to the caps (α) or the opposite orientation 

(β).37  Ni2 exhibits a αααα geometry (Figure 5-4), and while the dinuclear sandwich 

polytungstates with a αααα geometry have been found for αααα-

[(NaOH2)2FeIII
2(P2W15O56)2]

16-, αααα-[(NaOH2)2CuII
2(P2W15O56)2]

18-, αααα-

[(NaOH2)2CoII
2(P2W15O56)2]

18- etc , this intra-unit POM connectivity is rare.  The 

outside sites on the central belt of these αααα sandwich POMs are most frequently 

occupied by hydrated sodium ions.36,57,58 The relevant NiII-NiII distance is 3.118 Å, and 

the NiII-O-NiII angle is 57.20o. The TBA salt of the αββα isomer of Ni2 was reported by 
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Cronin and co-workers in 2012.37  It was also noted that under the same synthetic 

conditions, the dinuclear sandwich POMs containing MnII, CoII and NiII all exhibit the 

more common αββα geometry except the FeIII isomer which has the αααα geometry.  

The crystallization of αααα-Ni2 indicates that the formation of POM isomers is not only 

dependent on the relative charge and size of the transition metals (FeIII vs. MnII, CoII 

and NiII) but depends on the synthetic conditions as well as counterions. 

   

Table 5-1. Crystal data and structure refinement for Ni2 and Ni3  

 Na8Li12Ni2 Na4Li5Ni3 

Empirical Formula Na8Ni2O186W30P4Li12H148 Na4Ni3O113W16P2Li6H105 

Formula Weight 9149.17 4235.67 

Temperature 110(2) K  110(2) K 

Wavelength 0.71073 Å 0.71073 Å 

Crystal system Triclinic Orthorhombic 

Space group P-1 Pbca 

Unit cell dimensions a = 13.2155(15) Å 

b = 13.380(2) Å 

c = 25.206(4) Å 

α= 75.983(2)° 

β = 81.838(2)° 

γ= 61.8110(10)° 

a = 24.364(5) Å   

b = 24.299(5) Å 

c = 28.863(6) Å 

α= 90° 

β  = 90°  

γ = 90° 

Volume 3809.4(9) Å3 17087(6) Å3 

Z 

Density calculated 

Absorption coefficient 

1 

3.988 Mg/m3 

22.992 mm-1 

8 

3.293 Mg/m3 

22.205 mm-1 
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F(000) 4096 14608 

Crystal size (mm3) 0.335 x 0.282 x 0.228  0.317 x 0.311 x 0.124  

Index ranges -18<=h<=18, -

18<=k<=18, -35<=l<=35 

-33<=h<=34, -

20<=k<=34, -40<=l<=40 

Reflections collected 64611 229489 

Independent      

reflections 

21521 [R(int) = 0.0508] 25653 [R(int) = 0.0750] 

Completeness to theta  

= 25.242° 

99.8 % 100.0 % 

Max. and  

min. transmission 

0.1281 and  

0.0492 

0.2267 and  

0.0161 

Refinement method Full-matrix least-squares 

on F2 

Full-matrix least-squares 

on F2 

Goodness-of-fit on F2 1.056 1.114 

Final R indices [I>2σ(I)] [a]R1 = 0.0509,  

[b]wR2 = 0.1148 

[a]R1 = 0.0618,  

[b]wR2 = 0.1257 

R indices (all data) R1 = 0.0775,  

wR2 = 0.1273 

R1 = 0.0862,  

wR2 = 0.1384 

[a] R1 = Σ||F0| - |Fc|| / Σ|F0|; 
[b]wR2 = Σ[w(F0

2 - Fc
2)2]/ Σ[w(F0

2)2]1/2 
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Figure 5-4. (a) Polyhedral and ball-and-stick representation of X-ray crystal structure 

of Ni2. Red ball: oxygen; grey ball: lithium; blue octahedra: WO6; green ball: nickel; 

orange tetrahedra: PO4. (b) Illustration for the definition of αααα isomer of Ni2.  

 

Ni3 contains a triangular Ni3O13 unit which is composed of three edge-sharing NiO6 

octahedra, a [α-P2W15O56]
12- ligand and a capping WO6 octahedron. Ni3 crystallizes in 

the orthorhombic space group Pbca.  Figure 5-5 shows the polyhedral and ball-and-

stick representation of Ni3. This new polyanion has a structure similar to that of the 

Keggin-type analogue,44 [Ni3(H2O)3PW10O39(H2O)]7- except that the [PW9O34]
9- ligand 

is replaced by [α-P2W15O56]
12-. The terminal oxygen on each of the NiO6 octahedra is 

from a coordinated water molecule.  In contrast, the three oxygen atoms connecting to 

the capping WO6 and the Ni3O13 unit are singly protonated as inferred from bond 

lengths and bond valence sum calculations. This gives the polyanion an overall charge 

of 9-. Unlike the tri-substituted Wells-Dawson structure with three iron centers, [α-

(FeIIIOH2)3P2W15O59]
9-,45 Ni3 needs an additional cap of tungsten to stabilize the Wells-

Dawson-like {P2Ni3W15O62} unit.  This stabilization likely reflects the larger size and 

lower charge of Ni(II) versus Fe(III). The Ni(II) –Ni(II) distances are 3.129 Å, 3.118 Å 
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and 3.115 Å respectively. The connectivity and NiII-O-NiII angles are summarized in 

Figure 2b. 

 

 

 

Figure 5-5. (a) Polyhedral and ball-and-stick representation of X-ray crystal structure 

of Ni3. Red: oxygen; blue octahedra: WO6; green: nickel; orange tetrahedra: PO4. (b) 

Connectivity and bond angles diagram for Ni3. 

 

The FT-IR spectra of Ni2 and Ni3 are shown in Figure 5-6. Their spectra display 

similar characteristic peaks to those of [α-P2W15O56]
12-. Both complexes have 

characteristic vibrational bands of heteropolytungstates including terminal W-O and 

W-O-W structural units.59 The shifts and changes of the P-O stretches at ca. 1130, 1075 

and 1008 cm-1 are introduced by insertion of the nickel centers. The splitting of the υ3 

mode of the central PO4 unit is not observed, which is commonly seen in this type of 

TMSPs, particularly in cases where Ni(II) has been incorporated into the lacuna and 

not the other divalent 3d transition metal cations.59 The small peaks at ca. 456 cm-1 are 

assigned to Ni-O stretches.60 The UV-vis spectra of Ni2 and Ni3 are shown in Figure 
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5-7. Both spectra exhibit peaks from 400 to 500 nm and a weak absorption from 650 to 

800 nm; all of these derive from the NiIIO6 centers. The redox behavior of Ni2 and Ni3 

were studied in sodium phosphate buffer (pH 8.0 and 7.5 respectively). Figure 5-8 

shows the CVs of 4.0 mM Ni2 and Ni3 in deairated buffer solution. Both CVs have 

similar poorly-resolved, quasi-reversible redox waves. In the negative-domain region, 

the clear W(VI)-to-W(V) reduction peaks may overlap with the Ni(II)-to-Ni(I) peaks. 

The maximum anodic peak current is proportional to the square root of the scan rates 

consistent with diffusion-controlled interfacial redox processes. 

 

 

Figure 5-6. FT-IR spectra of Ni2 and Ni3 compared to the component trivacant 

polyanion ligand, [α-P2W15O56]
12-. 
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Figure 5-7. Normalized UV-vis absorption spectra of Na8Li12Ni2 and Na4Li5Ni3. 

Conditions: 0.5 mM in 1 M NaCl aqueous solution. 

 

 

Figure 5-8. (a) Cyclic voltammograms of 4.0 mM Na8Li12Ni2 at different scan rates 

(pH=8.0). (b) The plot of maximum anodic peak currents for part “a” versus the square 
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root of scan rates. (c) Cyclic voltammograms of 4.0 mM Na4Li5Ni3 at different scan rates 

(pH=7.5). (d) The plot of maximum anodic peak currents for part “c” versus the square root of 

scan rates. Conditions: 200 mM sodium phosphate buffer deaerated with Ar; 1 M NaCl as a 

supporting electrolyte. 

 

5.3.3 Photocatalytic hydrogen evolution 

Sunlight-driven photocatalytic water splitting is of major current interest.61-63  Ni2 and 

Ni3 were investigated for their ability to catalyze water reduction in conjunction visible-

light photosensitization. As shown in Figure 5-9, Ni3 shows a high activity for 

hydrogen evolution with a TON of 160 within ca. 3 hours, the conversion of water to 

hydrogen is estimated as 0.12 %. Ni3 has three nickel centers whose terminal oxygen 

atoms are presumably free to serve as catalytic reaction sites.  

 

Figure 5-9. (A) Photocatalytic hydrogen evolution using 20 μM Ni2 (green) and Ni3 

(black). Conditions: LED light (20 mW, 455 nm), [Ir(ppy)2(dtbbpy)]+ (0.2 mM), TEOA 

(0.25 M), 2 mL CH3CN/DMF (1/3) deairated with Ar. (B) Emission spectra of 

[Ir(ppy)2(dtbbpy)]+ (0.1 mM) as a function of added Ni3. (C) Emission spectra of 

[Ir(ppy)2(dtbbpy)]+ (0.1 mM) as a function of added TEOA.   

 

Control experiments using NiCl2 or [P2W15O56]
12- show much lower activities. 

Negligible activity was observed in the absence of [Ir(ppy)2(dtbbpy)]+ or in the dark 

confirming the photocatalytic nature of the system (Table 5-2). The stability of Ni3 is 
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confirmed as follows: the FT-IR spectrum of Ni3 after catalytic reactions remains 

unchanged compared to the one before (Figure 5-10); no significant change is observed 

the UV-vis spectrum of Ni3 after 12 hours (Figure 5-11).  Moreover, formation of 

nanoparticles is not observed by DLS (the counts are below the detectable limit).  

  

Table 5-2. Control experiments for photocatalytic hydrogen evolution after 3.5 hours 

by different water reduction catalysts (WRCs) under otherwise identical conditions: 

DMF/CH3CN/H2O (2 mL) mixed solvent solution containing 20 μM catalyst, 0.25 M 

TEOA and 0.2 mM [Ir(ppy)2(dtbbpy)]+. 

 

Entry Catalysts TON  

1 Ni2 1 

2 Ni3 161 

3 Na12[α-P2W15O56]∙24H2O 1 

4 NiCl2 60 

5 No dye N/A 

6 No TEOA N/A 

7 No catalyst 1 

8 Ni14 260 

9 Ni4P2 290 

10 Ni16As4P4 264 
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Figure 5-10. FT-IR spectra of TBANi3 before and after catalytic reactions. 

 

 

Figure 5-11. Time profile of UV-vis spectra of TBANi3 in CH3CN/DMF containing 

0.25 M TEOA. 

 

The excited photosensitizer can be quenched either by an electron donor or an 

acceptor in a photo-driven system.64,65 In the system catalyzed by Ni4P2, 

1200 1000 800 600

 Ni
3
 Before

 Ni
3
 After

 

 

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumbers (cm
-1
)

0 2 4 6 8 10 12
0.00

0.02

0.04

0.06

0.08

0.10

 

 

 750 nm

 700 nm

 650 nm

 800 nm

A
b

s
o

rb
a

n
c

e

Time (h)



128 
 

[Ir(ppy)2(dtbbpy)]+* can be both oxidatively and reductively quenched.48 The 

quenching mechanism of the system in this study (oxidative vs. reductive) has been 

addressed (see the data in Figure 5-9). The decay of [Ir(ppy)2(dtbbpy)]+* luminescence 

is only slightly accelerated by the presence of Ni3 indicating that the oxidative 

quenching process is quite inefficient. This might be attributed to the relative lower 

negative charge of Ni3 (9-) compared to that of Ni4P2 (10-) thus the electrostatic 

attraction between  Ni3 polyanion and  [Ir(ppy)2(dtbbpy)]+* is weak.  On the other 

hand, a Stern-Volmer analysis gives a reductive quenching rate constant of 3.1 × 107 

M-1 s-1 by TEOA confirming that the reductive quenching pathway is dominant (Figure 

5-12).  

 

 

Figure 5-12. Stern-Volmer plot assessing interaction involving TEOA. The calculated 

quenching rate constant is 3.1 × 107 M-1 s-1 
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5.3.4 Correlation between POM structure and hydrogen evolution activity 

Ni2 shows photoinduced hydrogen evolution activity approximately two orders of 

magnitude lower than Ni3.  This is likely a consequence of the fact that the two nickel 

centers in Ni2 are coordinatively saturated, and thus afford no open sites for water 

binding and reduction. However, Ni4P2 (TON ~ 290), Ni14 (TON ~ 260) and Ni16As4P4 

(TON ~ 264), which have more free active nickel centers or different heteroatoms, all 

display TON values higher by only a factor of ~ 2.   This indicates that the catalytic 

activity for hydrogen evolution by POMs depends not only on the transition metals in 

the polyanion unit but also on other evident structure-dependent features: the number 

of active sites, nature of the heteroatom(s), and doubtless other factors which are under 

current systematic assessment. 

5.4 Conclusions 

New di- and tri-nickel-containing POMs have been synthesized and characterized. The 

di-substituted sandwich-type POM, [Ni2(P2W15O56)2]
20- (Ni2) with two nickel centers, 

exhibits an unusual αααα inter-unit orientation. The tri-substituted Wells-Dawson POM, 

[Ni3(H2O)3P2W16O61(H2O)]10- (Ni3), shows a similar but unique structure compared to 

that of the tri-nickel Keggin derivative, [Ni3(H2O)3PW10O39(H2O)]7-: it is composed of 

three edge-sharing NiO6 octahedra, a [α-P2W15O56]
12- ligand and a WO6 octahedron.  

Ni3 is an effective water reduction catalyst upon visible light photosensitization using 

the complex, [Ir(ppy)2(dtbbpy)]+.  In contrast, Ni2 shows negligible activity which we 

attribute primarily to the lack of solvent-accessible positions on the nickel centers. The 

investigation of light-driven catalytic H2 evolution activity as a function of the 

properties of the multi-Ni sites in different POMs is in progress. 
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6.1 Introduction 

Developing artificial photosynthetic systems that harvest sunlight, the most abundant 

source of renewable energy, has become a major goal of the research community.1-8 

Two essential components are needed for a light-driven photosynthetic system: the 

photosensitizer for light harvesting and the catalyst for water splitting and/or for carbon 

dioxide fixation.9 Recent progress has been made on various fronts lately including the 

use of semiconductors,10 metalloporphyrins,11, 12 polyoxometalates (POMs)13-20 and 

metal-organic frameworks (MOFs)21-26 as potential catalysts. POMs, a family of metal 

oxide cluster polyanions with highly variable functional properties, have applications 

in molecular magnetism, medicine and catalysis.27-36 Some POM catalysis is facilitated 

by their rich, and reversible redox chemistry.37-39 POMs stabilize noble-metal 

nanoparticles (NPs).40-43 The stabilized Pt NPs show enhanced activities in multiple 

reactions relative to commercial Pt black.44, 45 For example, CdS quantum dots with 

POM-encapsulated gold NPs are more efficient photocatalysts for H2 evolution than 

gold NPs without POMs.46  

Simultaneously, noteworthy studies on photoactive MOF-based catalysis for 

energy-related reactions including water splitting and CO2 reduction have gained much 

attention.21-23, 47-51 MOFs are a class of crystalline porous functional materials 

constructed from metal-oxide unites and organic linkers. The ultrahigh porosity and 

high thermal stability together with the potential active sites for redox reactions have 

led to some successful applications of MOFs in various fields: gas storage and 

separation, nonlinear optics and catalysis.52-56 For example, Lin and co-workers utilized 

a mix-and-match strategy to synthesize a series of photoactive MOFs for visible-light-

driven CO2 reduction and water splitting.47, 48, 57  
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MOF composited have also been well-documented.58 MOFs containing POMs 

and/or metal NPs have shown synergistic activity.59-67 Our group previously reported a 

Cu-containing POM-MOF that catalyzes aerobic sulfoxidation in which the MOF and 

the encapsulated POM exhibit synergistic hydrolytic stability and catalytic activity.62 

MOFs are well documented to encapsulate NPs.68 For example, MIL-101 with 

encapsulated gold NPs shows synergistic aerobic alcohol oxidation.63 

We report here an approach that combines POMs, Pt NPs and MOFs in a hybrid 

material, POM-Pt NPs@NH2-MIL-53 (PNPMOF), with greatly enhanced 

photocatalytic H2 evolution relative to each component alone. Pt NPs which are 

stabilized by Keggin POMs (H3PW12O40) are loaded onto the surfaces of amine-

functionalized MOF, NH2-MIL-53 particles. This work also demonstrates that a POM 

can perform four separate functions simultaneously, a theme of potential value in 

construction of energy converting multicomponent assemblies. The stability of the 

PNPMOF composite under catalytic conditions was also investigated. 

6.2 Experimental 

6.2.1 General Methods and Materials 

All chemicals used were from commercially available sources and were used 

without further purification unless otherwise noted. Infrared spectra (2% sample 

in KBr pellet) were recorded on a Nicolet TM 600 FT-IR spectrometer. 

Thermogravimetric analyses were performed on a STA 6000 thermal analyzer. 

Surface area measurement was carried out on a NOVA 200 BET surface analyzer 

from Quantachrome Corporation. Transmission electron microscopy (TEM) and 

Z-contrast TEM (Z-TEM) images were taken on a Hitachi H-7500 transmission 

electron microscope at an accelerating voltage of 75 kV. Scanning Electron 

Microscopy (SEM) images were obtained on a High Resolution S4800 Scanning 
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Electron Microscope operated at 30 kV. Energy-dispersive X-ray (EDX) analysis 

was performed on this SEM coupled with an EDX Si(Li) X-ray detector. The 

samples for TEM and SEM were prepared by dropping and coating the sonicated 

aqueous sample solution onto a carbon-coated copper grid and air dried. Steady-

state luminescence quenching spectra were obtained using a FluoroMax 3 

spectrofluorimeter. Time-resolved fluorescence decay measurements were 

conducted using a mode-locked Ti:sapphire laser (Tsunami oscillator pumped by 

10 W Millennia EV, Spectra-Physics). Excitation pulses at 400 nm were 

generated by the second harmonic generation of the 800 nm pulses in a BBO 

crystal. The 540-620 nm emissions were detected using a microchannel plate 

photomultiplier tube (Hamamatsu R3809U-51).  The repetition rate of output 

pulses centered at 800 nm was reduced from 80 MHz to 9MHz by a pulse picker 

(Conoptics, USA).  The output was amplified and analyzed using a TCSPC 

board (Becker &Hickel SPC 600).  UV-vis spectra were obtained on an Agilent 

8453 spectrophotometer equipped with a diode-array detector using a 1.0-cm-

optical-path quartz cuvette.  Visible diffuse reflectance spectra were obtained 

using Miniscan XE Plus from Hunter Associates Lab. Elemental analyses (Al, P, 

W, Pt and N) were performed by Galbraith Laboratories (Knoxville, Tennessee). 

The Powder XRD data were collected on a D8 Discover Powder Instrument on 

monochromatic Cu Kα (γ = 1.54060 Å) radiation. Amounts of hydrogen in the 

photocatalytic reduction experiments were measured by gas chromatography 

(GC) using a 5 Å molecular sieve column and a TCD detector with Ar as the 

carrier gas. 
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6.2.2 Synthesis of NH2-MIL-53.  

The NH2-MIL-53 was prepared by a modified literature method.69 Typically, 0.153 g 

of aluminum chloride hexahydrate (0.63 mmol) was mixed with 0.168 g 2-

aminoterephthalic acid (0.93 mmol) in 9 mL DMF. The solution was kept at 150 oC in 

a Teflon-lined autoclave bomb. After 72 h, the solids were separated by centrifugation 

and washed with DMF three times and with methanol three times. The solids were then 

dried under vacuum at 80 oC for 6 h. Yield: 0.05 g, 38%. 

6.2.3 Synthesis of POM-Pt NPs@NH2-MIL-53 (PNPMOF).  

Isopropanol (14 μL) and H2PtCl6 (10μL of 0.5 M) were added to an aqueous solution 

of 2 mL of H3PW12O40 (0.1 M). The mixture was irradiated using a UV lamp for 2 h, 

and the color of the solution changed from light yellow to dark blue. The dark-blue 

solution was then mixed with 50 mg NH2-MIL-53 and exposed to air forming 

PNPMOF. This product composite was separated by centrifugation and washed 

extensively with methanol and water.  

6.2.4 Synthesis of POM-Pt NPs@NH2-silica 

This hybrid was prepared using a procedure similar to that used for PNPMOF except 

that commercial amino-functionalized silica gel was used instead of NH2-MIL-53. 

6.2.5 Photocatalytic experimental processes 

The hydrogen evolution experiments were conducted in 2.5 mL septum-sealed glass 

vials containing 10 mg of PNPMOF. Typically, 2 mL of aqueous ascorbic acid (0.05-

0.2 M) and 10 mg PNPMOF were added to the vials.  The pH of the solution was 

adjusted by adding 0.1 M NaOH before use.  The vials were then capped and 

deoxygenated by bubbling Ar for 30 min and irradiated by a Xe-lamp source (light 

intensity 150W, beam size 0.2 cm2, 400 nm cutoff filter) at room temperature and 
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magnetically stirred for 6 h. The hydrogen in the headspace of the vials was analyzed 

by GC. 

6.2.6 Recycle and Reuse 

The solid in the reaction mixture after each photocatalytic experimental entry was 

collected by centrifugation and washed repeatedly with distilled water. The filtrate 

solution was investigated by UV-vis spectroscopy and analyzed by elemental analysis 

to detect any leaching of organic ligands or Pt NPs. The solid was then dried under 

vacuum before being used in successive catalytic runs.  All reactions were conducted 

under the same conditions. 

6.3 Results and Discussion 

6.3.1 Synthesis and characterization of PNPMOF 

Scheme 6-1 illustrates the preparation for PNPMOF. The POM-stabilized Pt NPs were 

prepared following a modified literature method.44 H3PW12O40 was first reduced by 

isopropanol upon UV light irradiation, and the dark blue reduced [PW12O40]
4- product 

then was used to reduce H2PtCl6 forming Pt NPs. The negatively-charged POMs are 

well known to attach to the surface of Pt NPs and to stabilize these against 

aggregation.40-43 The resulting POM-stabilized Pt NPs were mixed with the amine-

functionalized MOF, NH2-MIL-53 which was prepared following a modified literature 

method,69 forming PNPMOF. PNPMOF is partly cationic, i.e. bearing NH3
+ groups 

below pH ~6 which electrostatically bind the negatively charged POM-stabilized Pt 

NPs. The final PNPMOF contains H3PW12O40 and Pt NPs in 3.92 and 0.38 weight 

percents respectively by elemental analysis. 
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Scheme 6-1. Route to PNPMOF (symbols not to scale). Green polyhedra: H3PW12O40; 

dark blue polyhedra: reduced POM units, [PW12O40]
4-; gray ellipses: Pt NPs; light blue 

octahedra: AlO4(OH)2; gray sticks: carbon connector units; dark blue sticks: -NH2 side 

chains; red sticks: oxygen. 

 

 

 

The PNPMOF shows a PXRD pattern and an FT-IR spectrum that are very similar 

to those of NH2-MIL-53 indicating that NH2-MIL-53 structure is maintained (Figure 

6-1). NH2-MIL-53 is constructed by one-dimensional aluminum oxide chains joined 

together by 2-aminoterephthalate linkers.70 The FT-IR spectrum (Figure 6-1) of 

PNPMOF shows typical bands of NH2-MIL-53. The characteristic bands attributed to 

the symmetric and asymmetric stretches of free NH2 groups (3390 and 3501 cm-1) 

confirms that the NH2 groups are successfully incorporated into the framework.22 

Moreover, the splitting of the band at ca. 1430 cm-1 corresponding to the symmetric 

stretches of carboxylate groups is introduced by the amino groups which lower the 

overall symmetry.71 However, the vibrational peaks for H3PW12O40 are not easily 

distinguished because they overlap with the strong stretching peaks of the organic 

linkers in NH2-MIL-53 at the low POM loading in PNPMOF.  
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Figure 6-1. A) PXRD patterns of a) simulated MIL-53, b) MIL-53, c) NH2-MIL-53 

and d) PNPMOF. B) FT-IR spectra of a) MIL-53, b) NH2-MIL-53 and c) PNPMOF. 

C) Diffuse reflectance spectra of a) MIL-53, b) POM-Pt NPs@MIL-53 (the MOF 

without the anilinium side chain), c) PNPMOF and d) NH2-MIL-53. Inset: photograph 

of these samples in small vials. D) Photo-luminescence spectra of a) NH2-MIL-53, b) 

NH2-MIL-53 combined with H3PW12O40 and c) PNPMOF.  The weighed quantities 

of the MOF samples are the same in all spectra (Figures C and D). 

 

Nevertheless, the TEM images (Figure 6-2) of PNPMOF show 50-80 nm Pt NPs 

are firmly adhering to the NH2-MIL-53 particles. In contrast, The Z-TEM image of 

NH2-MIL-53 mixed with the commercial Pt black (Figure 6-2) shows that the Pt 

particles are heavily aggregated, and the Pt particles are not firmly binding to NH2-

MIL-53 surfaces. This indicates that the POMs binding to the surface of the Pt(0) NPs 

greatly inhibit NP aggregation. We calculate that ca. 6% of the total NH2 groups in the 
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entire MOF sample are connected to the Pt NPs on the particle surfaces (see Scheme 

6-2 in SI for detailed calculations). EDX spectroscopy further confirms the existence 

of the POM-stabilized Pt NPs as well as the NH2-MIL-53 particles: distinct peaks for 

W and Pt are seen (Figure 6-3).   

 

 

Figure 6-2 A): TEM images of POM-Pt NPs@NH2-MIL-53 (PNPMOF).  The large 

dark approximately spherical particles are the POM-capped Pt NPs. The scale bar in 

the graph corresponds to 200 nm. B): TEM image of POM-stabilized Pt NPs. C) Z-

contrast TEM image of PNPMOF. D) Z-contrast TEM image of NH2-MIL-53 mixed 

with the commercial Pt black.   
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Scheme 6-2. Illustration of the Pt NPs and the windows on the NH2-MIL-53 surface. 

Based on the weight percent of Pt NPs (0.38 %) and the average size of Pt NPs (80 nm), 

the number of Pt NPs loaded onto the surface of NH2-MIL-53 is calculated to be 

2.0×1017 in a 100 g sample, and the number of NH2 groups is calculated to be 1.4×1023.  

Considering the pore window of NH2-MIL-53 (0.7 nm × 0.7 nm), the number of 

windows on the NH2-MIL-53 surface that are covered by the Pt NPs is estimated to be: 

3.14×(40nm)2×2.0×1017/(0.7nm×0.7nm) = 2.05×1021. Each window has four NH2 

groups, therefore, the number of NH2 groups that are connected with each Pt NP is 

estimated to be: 4×2.05×1021 = 8.2×1021. Therefore, about 6% (= 8.2×1021/1.4×1023) of 

the total NH2 groups are connected to Pt NPs.  
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Figure 6-3. EDX analysis of PNPMOF 

 

The PNPMOF has a similar thermal behavior to NH2-MIL-53 (Figure 6-4).  The 

BET surface area of PNPMOF (684 m2/g) is lower than that of NH2-MIL-53 (912 m2/g) 

(Figure 6-5, Figure 6-6 and Figure 6-7). These BET surface areas of 912 and 1174 

m2/g are consistent with previously reported literature values.69  
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Figure 6-4. TGA of a) MIL-53 (purple), b) NH2-MIL-53 (green) and c) PNPMOF 

(red). PNPMOF shows a similar thermal behavior to that of NH2-MIL-53. Both are 

stable up to 500 oC. 

 

 

Figure 6-5. BET fitting curve for MIL-53. (MIL-53 surface area = 1174 m2/g). 
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Figure 6-6. BET fitting curve for NH2-MIL-53.  (NH2-MIL-53 surface area = 912 

m2/g). This is lower than that of MIL-53 (1174 m2/g) because NH2 groups partially 

block the pores of NH2-MIL-53. These BET surface areas of 912 and 1174 m2/g are 

consistent with previously reported literature values.69  

 

 

Figure 6-7. BET fitting curve for PNPMOF. (PNPMOF surface area = 684 m2/g). 
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Modification of the benzene-1,4-dicarboxylate organic linkers in MIL-125(Ti), 

with amino groups makes these units capable of absorbing visible light and transferring 

electrons to thermodynamically appropriate donors.22 Similarly, NH2-MIL-53 exhibits 

a lone pair n-π* transition of the amino groups with an absorption edge extending to 

450 nm,72, 73 consistent with its light yellow color (Figure 6-1). As a result, NH2-MIL-

53 can function as robust light absorber in light-driven photocatalytic systems. The 

optical properties of PNPMOF are similar to those of NH2-MIL-53.  The presence of 

Pt NPs decreases the light harvesting ability of PNPMOF. The photo-luminescence 

spectra of PNPMOF are shown in Fig 1D.  NH2-MIL-53 displays a broad photo-

luminescence with an emission maximum at 470 nm upon excitation at 400 nm, 

consistent with the known photo-luminescence of 2-aminoterephthalic acid.74 When 

NH2-MIL-53 is combined with H3PW12O40, the emission intensity decreases, consistent 

with electron transfer between NH2-MIL-53 and the POMs. In particular, a maximum 

decrease of intensity is observed in PNPMOF, which implies that electron transfer 

between NH2-MIL-53 and the POM-stabilized Pt NPs is more efficient when NH2-

MIL-53, POMs and Pt NPs are all present but not bonded to one another. This is borne 

out by the synergistic catalytic activity of PNPMOF. 

6.3.2 Photocatalytic hydrogen evolution 

The PNPMOF was investigated for its photocatalytic H2 evolution activity using 

ascorbic acid (AA) as sacrificial electron donor under visible light irradiation. The 

catalytic activity depends on solution pH (Figure 6-8).  It maximizes at pH 4.5, at 

which point, the AA not only acts as a sacrificial reducing agent but also functions as a 

buffer with its reduced product, dehydroascorbic acid (dHAA).75 At pH 4.5, ca. 1% of 

the NH2 groups are protonated which can firmly bind the negatively charged Pt NPs; 

the remaining 99% that are unprotonated and can function as light absorbers (Figure 
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6-9).76 Moreover, the activity increases slightly with AA concentration (Figure 6-10). 

In the following photocatalytic reactions, 0.1 M AA at pH 4.5 was used and is denoted 

as the standard conditions. 

 

 

Figure 6-8. A) Time-dependent hydrogen evolution by PNPMOF under different pH 

conditions. B) Time-dependent H2 evolution of a) PNPMOF, b) 2-aminoterephthalic 

acid mixed with POM-stabilized Pt NPs, c) NH2-MIL-53 mixed with commercial Pt 

black and d) POM-Pt NPs@NH2-silica. “Pt-TON” are turnovers with respect to total Pt 

atoms. C) Normalized fluorescence decay of a) 2-aminoterephthalic acid in the solid 

state, b) NH2-MIL-53, c) PNPMOF. The solid lines are best fits according to single 

exponential decay for a) and bi-exponential decays for b) and c). D) The hydrogen peak 

in GC traces in successive experiments using the same catalyst. (Fresh solutions were 

used for each run; reaction time = 6 h all cases). 
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Figure 6-9. pH dependence of hydrogen evolution by PNPMOF using ascorbic (AA) 

as sacrificial electron donor. The amino group in NH2-MIL-53 is assumed to have a 

similar pKa to that of 3-nitroanilinium cation, which is 2.5.2  Therefore, at pH 4.5, 

about 1% of NH2 groups are protonated; the remaining unprotonated NH2 groups 

function as light absorbers. 

 

 

Figure 6-10. Time-dependent hydrogen evolution curves for PNPMOF using different 

concentrations of AA. 
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A TON of ca. 66 is achieved in 6 hours under standard conditions (Figure 6-8) with 

a quantum yield of 1.2*10-4. In dramatic contrast, when POM-Pt NPs@NH2-silica was 

used for photocatalytic H2 production, no H2 was detected because of the lack of a light 

absorbing unit. Significantly, the control experiment using commercial 2-

aminoterephthalic acid instead of NH2-MIL-53 only shows a TON of ca. 1 after 6 hours, 

which was presumably due to the fact that 2-aminoterephthalic acid was easily oxidized 

by POMs77 thus losing its light absorbing ability (Figure 6-11). Moreover, this further 

indicates that the partially cationic NH2-MIL-53 not only electrostatically binds to the 

negatively-charged Pt NPs but also helps to stabilize the 2-aminoterephthalic 

connectors. A similar stabilization effect of MOFs was observed previously.47 In 

addition, it has been reported that the size of Pt NPs can affect the activity towards 

various reactions,78-82 thus the efficiency of the photocatalytic system in this study 

might be further optimized via modifying the the size of Pt NPs.68 

 

 

Figure 6-11. Oxidation of 2-aminoterephthalic acid by H3PW12O40. When 50 μM 2-

aminoterephthalic acid was mixed with 0.1 M H3PW12O40 in distilled water in the dark 

purged with Ar, the color of the solution changes from light yellow (left) to dark blue 

(right) (a characteristic color for reduced H3PW12O40) after 1 hour indicating that the 2-

aminoterephthalic acid is oxidized by H3PW12O40. 
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Importantly, a negligible amount of H2 was identified when Pt black@NH2-MIL-

53 was used (Figure 6-8), implying the importance of the POMs in catalytic turnover, 

and specifically in charge separation and electron transfer processes.83-85 The control 

experiments based on each component were conducted (Table 6-1).  No obvious 

activity is observed for each component alone: the MOF, the POM, the Pt NPs and the 

AA are all essential for H2 evolution, as is visible light (no H2 is detected in the dark). 

In addition, the photocatalytic system is not temperature dependent: reactions in 0 oC, 

25 oC and 50 oC water bath show almost identical activity (Table 6-1).  

 

Table 6-1. Control experiments for photocatalytic hydrogen evolution under standard 

conditions after 6 hours. 

 

 Entry Catalyst TON with respect to Pt 

1 MIL-53 < 1% (limit of detection) 

2 NH2-MIL-53 < 1% (limit of detection) 

3 PNPMOF 66 

4 (n-BuN)3PW12O40 < 1% (limit of detection) 

5 POM-stabilized Pt NPs < 1% (limit of detection) 

6 H2PtCl6 < 1% (limit of detection) 

7 NH2-MIL-53 with H3PW12O40 < 1% (limit of detection) 

8 Without the addition of AA < 1% (limit of detection) 

9 PNPMOF in 0 oC  58 

10 PNPMOF in 25 oC 58 

11 PNPMOF in 50 oC 59 
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Fluorescence lifetime measurements were used to track the dynamics of 

photoexcited electrons in NH2-MIL-53. As shown in Figure 6-8, the excited state of 2-

aminoterephthalic acid in the solid state decays single-exponentially with a lifetime of 

3.0 ns, while the excited state of NH2-MIL-53, shows a bi-exponential decay with an 

average lifetime of τ = (A1τ1
2+A2τ2

2)/(A1τ1+A2τ2) = 2.1 ns. However, when the NH2-

MIL-53 is combined with POM-stabilized Pt NPs, the average lifetime is only 0.7 ns 

(Table 6-2). The decreased lifetime from 2.1 ns to 0.7 ns suggests that additional decay 

channels exist in the presence of POM-stabilized Pt NPs, such as electron transfer and 

energy transfer from the photoexcited NH2-MIL-53. The H2 evolution in the 

photoexcited PNPMOF indicates the existence of photo-induced electron transfer. As 

a negligible amount of H2 is evolved in the absence of NH2-MIL-53 (Table 6-1), the 

photo-generated electrons have to be transferred from the photo-excited NH2-MIL-53 

to the POM-stabilized Pt NPs. Therefore, part of the decreased fluorescence lifetime is 

due to this electron transfer.  

 

Table 6-2. Average lifetimesa for different samples from time-resolved fluorescence 

decay measurements. 

Sample τ1 (ns) A1 (%) τ1 (ns) A2 (%) Average life 

time (ns) 

2-Aminoterephthalic acid 0.71 49 3.5 51 3.0 

NH2-MIL-53  0.2 79 2.6 21 2.1 

PNPMOF 0.14 79 1.0 21 0.7 

aAverage lifetime of τ = (A1τ1
2+A2τ2

2)/((A1τ1+A2τ2). 
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Scheme 6-3. Scheme showing the proposed mechanism for photocatalytic H2 evolution 

in the PNPMOF system (symbols are not to scale) 

 

 

Based on the above observations, a systematic mechanism for this light-induced H2 

evolution using PNPMOF as the catalyst and AA as the sacrificial electron donor is 

proposed in Scheme 6-3. Under visible light irradiation, the NH2-MIL-53 forms 

electron-hole pairs. The electrons transfer to the POMs and then to the Pt NPs where 

H2 is evolved. 

The ATR-IR spectra indicate that this multi-component self-assembled 

photocatalyst system is quite stable from pH 2 to pH 8 (Figure 6-12). Moreover, the 

catalyst can be easily recycled and reused. After the first run, the catalyst was separated 

by centrifugation, washed with distilled water extensively and dried under vacuum. 

This recycled catalyst was reused for the second run. As shown in Figure 6-8, the 

catalyst showed an activity comparable to that in the first run. In addition, the filtrate 

solution after the first run was examined by elemental analysis, and only a trace amount 

of H3PW12O40 was detected indicating that no apparent H3PW12O40 or Pt was leached 

into the solution under turnover conditions. No photocatalytic activity was detected 

using the filtrate solution. The UV-vis spectra of the solution after the first run indicated 

a negligible amount of organic linker was present arguing strongly that the MOF 
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structure is maintained during the catalytic reactions (Figure 6-13). In addition, both the 

PXRD patterns and the FT-IR spectra of PNPMOF after catalysts retain all the 

characteristic peaks in the before-catalysis samples (Figure 6-14 and Figure 6-15). The 

above observations confirm the robust nature of the PNPMOF composite. 

 

Figure 6-12. ATR-IR spectra of PNPMOF at different pH values. The “sample” is for 

PNPMOF with no additional added acid. 

 

Figure 6-13. UV-vis spectra of a) 2-aminoterephthalic acid in distilled water (60 μM) 

and b) the filtrate solution after the first run. The UV-vis spectra of the filtrate solution 
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indicate a negligible amount of organic linker is present arguing strongly that the MOF 

structure is maintained during the catalytic reactions. 

 

 

Figure 6-14. PXRD patterns of PNPMOF before and after catalysis. 

 

 

Figure 6-15. FT-IR spectra of PNPMOF before and after catalysis 
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6.4 Conclusions 

In conclusion, POM-stabilized Pt NPs bind to NH2-MIL-53 particles forming the 

PNPMOF which exhibits synergistic photocatalytic H2 evolution activity (all 3 

components alone are far less active). The surface protonated NH2 units on the 

MOF particles bind the negatively-charged POM-stabilized Pt NPs, and the NH2-

MIL-53 in this work protects the light sensitive 2-aminoterephthalate groups 

from oxidation by the POMs as well. Significantly, the POMs exhibit four roles 

in the PNPMOF: they reduce H2PtCl6 to Pt NPs, stabilize Pt NPs, facilitate Pt 

NP association with the cationic support, and speed up catalytic H2 evolution by 

promoting electron transfer between NH2-MIL-53 and the catalytic Pt NPs.  

The PNPMOF composite is quite stable under turnover conditions. This work 

illustrates the prospect of other materials in which POMs exhibit more than one 

function including catalytic activity. 

 

 

References 

 (1) Wasielewski, M. R. Acc. Chem. Res. 2009, 42, 1910-1921. 

 (2) Faunce, T.; Styring, S.; Wasielewski, M. R.; Brudvig, G. W.; Rutherford, A. 

W.; Messinger, J.; Lee, A. F.; Hill, C. L.; deGroot, H.; Fontecave, M.; MacFarlane, D. 

R.; Hankamer, B.; Nocera, D. G.; Tiede, D. M.; Dau, H.; Hillier, W.; Wang, L.; Amal, 

R. Energy Environ. Sci. 2013, 6, 1074-1076. 

 (3) Nocera, D. G. Acc. Chem. Res. 2012, 45, 767-776. 

 (4) Meyer, T. Acc. Chem. Res. 1989, 22, 163-170. 

 (5) Gust, D.; Moore, T. A.; Moore, A. L. Acc. Chem. Res. 2009, 42, 1890-1898. 



157 
 

 (6) Frischmann, P. D.; Mahata, K.; Würthner, F. Chem. Soc. Rev. 2013, 42, 1847-

1870. 

 (7) Bard, A. J.; Fox, M. A. Acc. Chem. Res. 1995, 28, 141-145. 

 (8) Concepcion, J. J.; House, R. L.; Papanikolas, J. M.; Meyer, T. J. Proc. Natl. 

Acad. Sci. 2012, 109, 15560-15564. 

 (9) Yin, Q.; Tan, J. M.; Besson, C.; Geletii, Y. V.; Musaev, D. G.; Kuznetsov, A. 

E.; Luo, Z.; Hardcastle, K. I.; Hill, C. L. Science 2010, 328, 342-345. 

 (10) Hu, S.; Shaner, M. R.; Beardslee, J. A.; Lichterman, M.; Brunschwig, B. S.; 

Lewis, N. S. Science 2014, 344, 1005-1009. 

 (11) Panda, M. K.; Ladomenou, K.; Coutsolelos, A. G. Coord. Chem. Rev. 2012, 

256, 2601-2627. 

 (12) Li, L.-L.; Diau, E. W.-G. Chem. Soc. Rev. 2013, 42, 291-304. 

 (13) Lv, H.; Geletii, Y. V.; Zhao, C.; Vickers, J. W.; Zhu, G.; Luo, Z.; Song, J.; 

Lian, T.; Musaev, D. G.; Hill, C. L. Chem. Soc. Rev. 2012, 41, 7572-7589. 

 (14) Dolbecq, A.; Dumas, E.; Mayer, C. R.; Mialane, P. Chem. Rev. 2010, 110, 

6009-6048. 

 (15) Rausch, B.; Symes, M. D.; Chisholm, G.; Cronin, L. Science 2014, 345, 1326-

1330. 

 (16) Matt, B.; Fize, J.; Moussa, J.; Amouri, H.; Pereira, A.; Artero, V.; Izzet, G.; 

Proust, A. Energy Environ. Sci 2013, 6, 1504-1508. 

 (17) Lv, H.; Song, J.; Zhu, H.; Geletii, Y. V.; Bacsa, J.; Zhao, C.; Lian, T.; Musaev, 

D. G.; Hill, C. L. J. Catal. 2013, 307, 48-54. 

 (18) Fu, H.; Qin, C.; Lu, Y.; Zhang, Z.-M.; Li, Y.-G.; Su, Z.-M.; Li, W.-L.; Wang, 

E.-B. Angew. Chem. Int. Ed. 2012, 51, 7985-7989. 



158 
 

 (19) Lv, H.; Guo, W.; Wu, K.; Chen, Z.; Bacsa, J.; Musaev, D. G.; Geletii, Y. V.; 

Lauinger, S. M.; Lian, T.; Hill, C. L. J. Am. Chem. Soc. 2014, 136, 14015-14018. 

 (20) Geletii, Y. V.; Yin, Q.; Hou, Y.; Huang, Z.; Ma, H.; Song, J.; Besson, C.; Luo, 

Z.; Cao, R.; O'Halloran, K. P.; Zhu, G.; Zhao, C.; Vickers, J. W.; Ding, Y.; Mohebbi, 

S.; Kuznetsov, A. E.; Musaev, D. G.; Lian, T.; Hill, C. L. Isr. J. Chem. 2011, 51, 238-

246. 

 (21) Fateeva, A.; Chater, P. A.; Ireland, C. P.; Tahir, A. A.; Khimyak, Y. Z.; Wiper, 

P. V.; Darwent, J. R.; Rosseinsky, M. J. Angew. Chem. Int. Ed. 2012, 51, 7440-7444. 

 (22) Fu, Y.; Sun, D.; Chen, Y.; Huang, R.; Ding, Z.; Fu, X.; Li, Z. Angew. Chem. 

Int. Ed. 2012, 51, 3364-3367. 

 (23) Wang, J.-L.; Wang, C.; Lin, W. ACS Catal. 2012, 2, 2630-2640. 

 (24) Xamena, F. X. L. i.; Corma, A.; Garcia, H. J. Phys. Chem. 2007, 111, 80-85. 

 (25) Corma, A.; García, H.; Llabrés i Xamena, F. X. Chem. Rev. 2010, 110, 4606-

4655. 

 (26) Gascon, J.; Corma, A.; Kapteijn, F.; Llabrés i Xamena, F. X. ACS Catal. 2013, 

4, 361-378. 

 (27) Pope, M. T.; Müller, A. Angew. Chem. 1991, 103, 56-70. 

 (28) Sadakane, M.; Dickman, M. H.; Pope, M. T. Inorg. Chem. 2001, 40, 2715-

2719. 

 (29) Proust, A.; Thouvenot, R.; Gouzerh, P. Chem. Commun. 2008, 1837-1852. 

 (30) Neumann, R.; Khenkin, A. M. Chem. Commun. 2006, 2529-2538. 

 (31) Rhule, J. T.; Hill, C. L.; Judd, D. A.; Schinazi, R. F. Chem. Rev. 1998, 98, 327-

357. 

 (32) Guo, W.; Luo, Z.; Lv, H.; Hill, C. L. ACS Catal. 2014, 4, 1151-1161. 



159 
 

 (33) Biboum, R. N.; Njiki, C. P. N.; Zhang, G.; Kortz, U.; Mialane, P.; Dolbecq, 

A.; Mbomekalle, I. M.; Nadjo, L.; Keita, B. J. Mater. Chem. 2011, 21, 645-650. 

 (34) Miras, H. N.; Yan, J.; Long, D.-L.; Cronin, L. Chem. Soc. Rev. 2012, 41, 7403-

7430. 

 (35) Cronin, L.; Muller, A. Chem. Soc. Rev. 2012, 41, 7333-7334. 

 (36) Miras, H. N.; Cooper, G. J. T.; Long, D.-L.; Bӧgge, H.; Müller, A.; Streb, C.; 

Cronin, L. Science 2010, 327, 72-74. 

 (37) Hill, C. L. Nature 1999, 401, 436-437. 

 (38) Special Thematic Issue on Polyoxometalates; Hill, C. L., Ed., 1998; Vol. 98, 

No. 1. 

 (39) Hill, C. L. Chem. Rev. 1998, 98, 1-2. 

 (40) Aiken, J. D., III; Finke, R. G. J. Am. Chem. Soc. 1999, 121, 8803-8810. 

 (41) Oezkar, S.; Finke, R. G. J. Am. Chem. Soc. 2002, 124, 5796-5810. 

 (42) Finke, R. G. In Metal Nanoparticles; Feldheim, D. L., Foss, C. A., Jr., Eds.; 

Marcel Dekker, Inc.,  New York, N. Y.: 2002, p 17-54. 

 (43) Wang, Y.; Weinstock, I. A. Chem. Soc. Rev. 2012, 41, 7479-7496. 

 (44) Mandal, S.; Selvakannan, P.; Pasricha, R.; Sastry, M. J. Am. Chem. Soc. 2003, 

125, 8440-8441. 

 (45)Hsu-Yao, T.; Browne, K. P.; Honesty, N.; Tong, Y. J. Phys. Chem. Chem. Phys. 

2011, 13, 7433-7438. 

 (46) Xing, X.; Liu, R.; Yu, X.; Zhang, G.; Cao, H.; Yao, J.; Ren, B.; Jiang, Z.; Zhao, 

H. J. Mater. Chem. A 2013, 1, 1488-1494. 

 (47) Wang, C.; Xie, Z.; deKrafft, K. E.; Lin, W. J. Am. Chem. Soc. 2011, 133, 

13445-13454. 

 (48) Wang, C.; deKrafft, K. E.; Lin, W. J. Am. Chem. Soc. 2012, 134, 7211-7214. 



160 
 

 (49) Sun, D.; Fu, Y.; Liu, W.; Ye, L.; Wang, D.; Yang, L.; Fu, X.; Li, Z. Chem. Eur. 

J. 2013, 19, 14279-14285. 

 (50) Zhou, T.; Du, Y.; Borgna, A.; Hong, J.; Wang, Y.; Han, J.; Zhang, W.; Xu, R. 

Energy Environ. Sci. 2013, 6, 3229-3234. 

 (51) Nohra, B.; El Moll, H.; Rodriguez-Albelo, L. M.; Mialane, P.; Marrot, J. é.; 

Mellot-Draznieks, C.; O’Keeffe, M.; Ngo Biboum, R.; Lemaire, J.; Keita, B.; Nadjo, 

L.; Dolbecq, A. J. Am. Chem. Soc. 2011, 133, 13363-13374. 

 (52) Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe, M.; Yaghi, 

O. M. Science 2002, 295, 469-472. 

 (53) Yaghi, O. M.; O’Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, M.; Kim, 

J. Nature 2003, 423, 705-714. 

 (54) Yaghi, O. M.; Li, H.; Davis, C.; Richardson, D.; Groy, T. L. Acc. Chem. Res. 

1998, 31, 474-484. 

 (55) Britt, D.; Tranchemontagne, D.; Yaghi, O. M. Proc. Natl. Acad. Sci. 2008, 105, 

11623-11627. 

 (56) Rowsell, J. L. C.; Yaghi, O. M. Microporous and Mesoporous Mater. 2004, 

73, 3-14. 

 (57) Zhang, Z.-M.; Zhang, T.; Wang, C.; Lin, Z.; Long, L.-S.; Lin, W. J. Am. Chem. 

Soc. 2015, 137, 3197-3200. 

 (58) Zhu, Q.-L.; Xu, Q. Chem. Soc. Rev. 2014, 43, 5468-5512. 

 (59) Sun, C.-Y.; Liu, S.-X.; Liang, D.-D.; Shao, K.-Z.; Ren, Y.-H.; Su, Z.-M. J. Am. 

Chem. Soc. 2009, 131, 1883–1888. 

 (60) Ma, F.-J.; Liu, S.-X.; Sun, C.-Y.; Liang, D.-D.; Ren, G.-J.; Wei, F.; Chen, Y.-

G.; Su, Z.-M. J. Am. Chem. Soc. 2011, 133, 4178-4181. 



161 
 

 (61) Juan-Alcañiz, J.; Gascon, J.; Kapteijn, F. J. Mater. Chem. 2012, 22, 10102-

10118. 

 (62) Song, J.; Luo, Z.; Britt, D.; Furukawa, H.; Yaghi, O. M.; Hardcastle, K. I.; Hill, 

C. L. J. Am. Chem. Soc. 2011, 133, 16839-16846. 

 (63) Dhakshinamoorthy, A.; Garcia, H. Chem. Soc. Rev. 2012, 41, 5262-5284. 

 (64) Bromberg, L.; Hatton, T. A. ACS Appl. Mater. Interfaces 2011, 3, 4756-4764. 

 (65) Bromberg, L.; Diao, Y.; Wu, H.; Speakman, S. A.; Hatton, T. A. Chem. Mater. 

2012, 24, 1664-1675. 

 (66) Maksimchuk, N. V.; Kovalenko, K. A.; Arzumanov, S. S.; Chesalov, Y. A.; 

Melgunov, M. S.; Stepanov, A. G.; Fedin, V. P.; Kholdeeva, O. A. Inorg. Chem. 2010, 

49, 2920-2930. 

 (67) Maksimchuk, N. V.; Kholdeeva, O. A.; Kovalenko, K. A.; Fedin, V. P. Isr. J. 

Chem. 2011, 51, 281-289. 

 (68) Aijaz, A.; Karkamkar, A.; Choi, Y. J.; Tsumori, N.; Rönnebro, E.; Autrey, T.; 

Shioyama, H.; Xu, Q. Journal of the American Chemical Society 2012, 134, 13926-

13929. 

 (69) Bromberg, L.; Klichko, Y.; Chang, E. P.; Speakman, S.; Straut, C. M.; Wilusz, 

E.; Hatton, T. A. ACS Appl. Mater. Interfaces 2012, 4, 4595-4602. 

 (70) Loiseau, T.; Serre, C.; Huguenard, C.; Fink, G.; Taulelle, F.; Henry, M.; 

Bataille, T.; Férey, G. Chem. Eur. J. 2004, 10, 1373-1382. 

 (71) Palacios, E. G.; Juárez-López, G.; Monhemius, A. J. Hydrometallurgy 2004, 

72, 139-148. 

 (72) Kurihara, M.; Nishihara, H. Coord. Chem. Rev. 2002, 226, 125-135. 

 (73) Liang, R.; Shen, L.; Jing, F.; Wu, W.; Qin, N.; Lin, R.; Wu, L. Appl. Catal. B: 

Env. 2014, 162, 245-251. 



162 
 

 (74) Zhang, K.-L.; Gao, H.-Y.; Qiao, N.; Zhou, F.; Diao, G.-W. Inorg. Chim. Acta 

2008, 361, 153-160. 

 (75) Han, Z.; Qiu, F.; Eisenberg, R.; Holland, P. L.; Krauss, T. D. Science 2012, 

338, 1321-1324. 

 (76) Hendrickson, J. B.; Cram, D. J.; Hammond, G. S. In Organic Chemistry; 3rd 

ed.; McGraw-Hill: New York, 1970; Vol. 3, p Chapter 8, pp 304-307. 

 (77)Suzuki, K.; Tang, F.; Kikukawa, Y.; Yamaguchi, K.; Mizuno, N. Angew. Chem. 

Int. Ed. 2014, 53, 5356-5360. 

 (78) Ewing, C. S.; Veser, G.; McCarthy, J. J.; Johnson, J. K.; Lambrecht, D. S. J. 

Phys. Chem. C 2015, 119, 19934-19940. 

 (79) Han, D.-D.; Liu, Z.-G.; Liu, J.-H.; Huang, X.-J. RSC Adv. 2015, 5, 38290-

38297. 

 (80) Ji, W.; Qi, W.; Tang, S.; Peng, H.; Li, S. Nanomaterials 2015, 5, 2203-2211. 

 (81)Schrader, I.; Neumann, S.; Himstedt, R.; Zana, A.; Warneke, J.; Kunz, S. Chem. 

Commun. (Cambridge, U. K.) 2015, 51, 16221-16224. 

 (82) Zhang, C.; Hwang, S. Y.; Peng, Z. J. Mater. Chem. A 2014, 2, 19778-19787. 

 (83) Geletii, Y. V.; Gueletii, A.; Weinstock, I. A. J. Mol. Catal. A: Chem. 2007, 

262, 59-66. 

 (84) Park, H.; Choi, W. J. Phys. Chem. B 2003, 107, 3885-3890. 

 (85) Pearson, A.; Jani, H.; Kalantar-zadeh, K.; Bhargava, S. K.; Bansal, V. 

Langmuir 2011, 27, 6661-6667. 

 

 

 

 



163 
 

 

 

 

 

Chapter 7.  

Conclusions and Future Outlook 
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In summary, this dissertation has explored the structural features of several different 

POMs, developed POM-based catalysts for toxic compound decontamination and solar 

energy conversion. Specifically, POM-based catalysts have been developed for the 

aerobic formaldehyde oxidation, the oxidative removal of a mustard gas simulant, the 

hydrolytic removal of a wide range of CWAs as well as catalytic hydrogen production 

reactions. The versatile structures and properties of POMs make them attractive in these 

areas as well as in multiple others. To develop and investigate catalysts for the 

decontamination of toxic compounds (TICs and CWAs) and for the conversion of solar 

energy are of practical interest and importance, because our world is constantly 

changing with an urgent need for renewable energy, clean environments and peaceful 

living spaces. This work also illustrates the prospect of formulating POMs in 

multifunctional materials for practical applications including POM-based devices that 

absorb and purify indoor air pollutants, POM-based apparel that decontaminate CWAs 

and POM-based catalysts for water splitting systems. In addition, utilizing computation 

and simulation techniques also provide insightful information on the specific active 

sites for catalytic reactions as well as on the design of more efficient catalysts.  

 


