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Abstract

Polyoxometalate-based Catalysts for Toxic Compound

Decontamination and Solar Energy Conversion

By Weiwei Guo

Polyoxometalates (POMSs) 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 (CWASs) 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-BusN]s[PWgsV3040]
(PWsV3), [n-BusN]sH2PWgV4040 (PWsVa4), [N-BusN]4sHsPWeV6040'20H20 (PWeVe)
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, KasLi2[MnV14040] 21H20 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-POND),
K12[Ti202][GeNb12040] 49H20 (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(H20)sP2W160s9]° and a new hybrid
material that combines POMs, Pt nanoparticles (NPs) and MOFs are investigated.
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Chapter 1.
Introduction:

Overview of the Structures, Properties and Applications of
Polyoxometalates in Toxic Compound Decontamination and
Solar Energy Conversion

“In Complexity in Chemistry and Beyond: Interplay Theory and Experiment: New and
Old Aspects of Complexity in Modern Research, Multi-electron Transfer Catalysts for
Air-Based Organic Oxidations and Water Oxidation; 2012, p 229-242; Hill, C., Musaev,
G. D., Eds.; Springer Netherlands: Dordrecht” Reproduced partially with permission
from Springer

As one of the contributors; with Zhen Luo, Jie Song, Guibo Zhu, Chongchao Zhao,
Hongjin Lv, James W. Vickers, Yurii V. Geletii, Djamaladdin G. Musaev, and Craig L.
Hill*, W. Guo contributed sections 1.1, 1.4 and the majority of 1.2 to this work; all the

authors contributed extensively to sections 1.2 and 1.3.



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.> 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.*® POMs are a family of early transition metal-
oxygen-anion clusters which have the general formulas of [MmOn]? (isopolyanions)
and [XxMmOn]® (heteropolyanions, X = Si'V, Ge'V, PV, AsV, etc.).#19-16 Based on the
component early transition metals (M as denoted in the above formulas) POMs can be
classified into several groups: polytungstates (M = WV",1"-2> polymolybdates (M =
MoV"),26-3¢ polyvanadates (M = V)39 polyniobates (M = NbV),*! polytantalates (M

=TaV),*** etc.

Polytungstates/polymolybdates are generally composed of multiple WOe/MoOs
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.*>*® Two of the most commonly used
plenary polytungstates/polymolybdates are the Keggin [XM12040]" (X =Si'V, Ge'V, PV,
AsV, etc. M = WV or Mov')348 and the Wells-Dawson [X2M150¢e2]™ (X =PV, As¥, M
=WV or Mov") types.*® 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,
[PW12040]% in the early 1930s.34"#8 It can be synthesized via the aggregation and
condensation of [WQ4]?* at certain pH (eq 1-1). Further isolation can be achieved via

crystallization or precipitation by adding extra counter cations.>*> More recently, the



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.>>*® The a-
Keggin structure that has an idealized Tq symmetry in which all of the metal centers are
equivalent is shown in Figure 1-1. Additional isomers: B (Cay symmetry), v (Coy
symmetry), 6 (Csy symmetry) and & (T¢ Symmetry) isomers, can be derived from

successive 60rotation of the four W3013 triads as proposed by Baker and Figgis.>

12 [WO4)?* + [HPO4)* + 23H* — [PW12040]* + 12 H,0 (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, [a-P2W150s,]®" that is built up
by two central PO4 tetrahedra, two W3013 triad and two WsO14 belts. Baker and Figgis
also proposed the existence of several isomers of Wells-Dawson POMs while only a
and B isomers are the most commonly studied.>*>® They can be synthesized by refluxing

a mixture of sodium tungstate and an excess of HsPO4 (eq 1-2).®

18 [WO4]?* + 32 HsPOs — [P2W1s062]® + 18 HoO + 30 [H2PO4]”  (eq 1-2)

The plenary polytungstates/polymolybdates can transform to lacunary POMs by
losing one or more WOe/M0Os¢ octahedra through base hydrolysis. The extensively
studied lacunary POMs include but not limited to the mono-vacant [SiW11039]%,* the
di-vacant [SiW10036]%,%¢ and the tri-vacant [P2WisO0s6]*>.>"% 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.>® Thus,
lacunary POMs can be considered as inorganic polydentate ligands. For example, the

mono-vacant [PW11039]” can form [M(H20)PW11039]™ by reacting with different



transition metal ions.>® In addition, the di-vacant [SiW10036]®, and the tri-vacant
[P2W150s6]*2/[PW3034]% have been used for the design of various POM architectures
such as the sandwich type POMs (Figure 1-1).6%%7 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, [{Ru4O04(OH)2(H20)a4} (v-
SiW10036)2]'% and [Cos(H20)2(PWs034)2]'% that are extensively studied as water

oxidation catalysts are also shown in Figure 1-1.

N

a-[PW 130491 /a-[SiW1,0,40]*

A

= g

y—lPWmOm]7'/y-|SinO36]8' B-a-[PW,03,]* a-| PW 110301 at-| SiW 1, 039]%

a-|PaW1706 " a-|P3W,50s4]'™>

[{RugO4(OH),(H;0)}-  [Coy (H20),(PWe030]""  [MPW;;05],

(r-5iW 190301 (M=Co'!, Ni"", Cull, etc.)
Figure 1-1. X-ray crystal structures of representative plenary and lacunary
polytungstates as well as the assembly of some TMSPs. Color code: blue, WOs; pink,
PO4/SiOq; red balls, O; purple balls, Co; green balls, Ru; yellow, MOs (M = Co", Ni"!,

Cu'", etc.)

Even though there are thousands of polytungstate or polymolybdate structures

reported, the studies on polyvanadates, polyniobates and polytantalates are not as



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 ([V10O2sH3]* is
one of the well studied polyvanadates.®®’? Other reported polyvanadates include
polyvanadophosphate ([PV1404,]%),”® vanadomanganate(IV) anions [MnV130zs]”
(MnV13), [Mn2V22064]'" (Mn2V22) and [MnsVi20sHs]> (Mn3Vi2), etc.”*” 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)3sCR (R=CHs;, CH20H, CH>COOH, etc) groups which can be further
modified forming 1-, 2- and 3-dimensional frameworks.”®®! The alkoxy groups
substitute the bridging oxo groups between the vanadium ions in the triangular
arrangement. Figure 1-2 shows the polyhedral representation of [V1002sH3]*" and two

of the possible correlations of the alkoxy groups with hexavanadate.

(a)

Figure 1-2 (a) Polyhedral representation of the X-ray crystal structure of [V1002sHs]%,
(b) coordination of alkoxy group with hexavanandate in [Vs"O13[(OCH2)sCHs]2]% and
(© coordination of alkoxy groups with hexavanadate in
[V6"V5'VO7(OH)3(OCH2)3CHs]s]".”8®! Color code: purple octahedra, VOg; purple balls,
vanadium atoms; red balls, oxygen atoms; black balls, carbon atoms; pink balls,

hydrogen atoms.



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.** The formation of polyniobates
or polytantalates usually requires quite basic conditions (pH > 10).*! Their structures
were mainly limited to the Lindqvist hexaniobate ([NbeO19]®) and hexatantalate
([TagO19]%) at the end of 20" century.8? It has only been in recent years that several
different types of polyniobates have been reported, such as the lacunary Keggin ion
derivative, [H2SiaNb1sOss]*, the Keggin type, [PNb12040(VO)e]* that is composed of
a Keggin {PNbi2} capped by six vanadyl groups, the [Nb2sO72He]*", etc (Figure 1-
3).83-%6 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.2? 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,®% magnetism,®°

photochemistry'%-1%2 and in particular catalysis.” 7103110



(©)

[PNb1;049(VO)s)> [Nb2407,Hol ">

Figure 1-3. X-ray crystal structures of (a) [NbsO1g]®, (b) [H2SiaNb1sOss]'*, (C)
[PNDb12040(VO)6]* and (d) [Nb22O72Hg]*>". Color code: purple octahedra, VOs; green

octahedral, NbOg; 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.!**1* The environmental
arguments for such processes alone are considerable and growing. These reactions
result in the multi-electron reduction of O, and oxidation of the organic substrate

(reactant).



RHs (organic substrate) + O, — ROH + H20 (eq 1-3)

2 R (organic substrate) + O — 2RO (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.!'115116  Catalysts have been developed to increase the
reaction rates and selectivity of air-based oxidation of organic compounds,’6117-120
Examples include but are not limited to nanomaterials such as nanosized Au, Pt, Pd and
metal oxides.}?1-1%6 Another class of catalysts developed for air-based oxidations that
are fast under ambient conditions (use air at room temperature) are POMs.”6:117-120.127-
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.®”132 The transition metals in [MmOn]" (isopolyanions) and [XxMmOn]®-
(heteropolyanions) are typically in d® or d* electronic configurations. Therefore, they
are very likely to accept multiple external electrons accompanied by protonation
without major structural changes.®3" The redox properties of POMs are mainly
determined by the particular transition metal centers that constitute the polyanion units.
Specifically, V¥V has the highest potential, MoV is next, and WYV has the lowest
potential, while the NbY and TaV centers show little or no redox reactivity.*? Therefore,

polyvanandates and/or polymolybdates are constantly used as catalysts for the



oxidation of organic compounds. For example, the Keggin-type heteropolyanions
PMo012-"VnO40®*™- can catalyze the air-based oxidation of many organic compounds
including the alkanes, alcohols and aldehydes.’® A catalytic cycle that summarizes
the general mechanism for these oxidations as well as the structure of PMo1oV2040> 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).12":18

Oxidized-POM + substrate — reduced-POM + oxidized-substrate (eq 1-5)
Reduced-POM + 1/2 O, — oxidized-POM + H,O (eq 1-6)
Oxidized Substrate
POM \/
nH*
Reduced Oxidized
POM Substrate

Figure 1-4. Left: Polyhedral representation of PMo10V2040>, color code: blue, MoOs;
orange, VOg; pink, PO4. Two VOs octahedra are statistically distributed among the 12
positions. Right: The general two-step mechanism for POM-catalyzed O-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.11"11813%-142 Mgoreover, 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. 13144 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.4>1>! One POM-MOF,
[Cus(CoH30s6)2]4[{(CH3)aN}4CuPW11039H] was shown to be able to catalytically
oxidize thiols to disulfides and to efficiently convert toxic HzS to Sg.1%? In addition, a
sodalite-type porous POM-MOF, H3[(CusCl)3(CoH306)s]2[PW12040]3(CsH12N)s*3H20,
was reported and shown to be able to hydrolytically remove dimethyl
methylphosphonate (DMMP, a CWA simulant).*” 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).131% 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: [Cuz(CoH3z06)2]4 [{(CH3)aN}4CuPW11039H]
and right: Ha[(CusCl)3(C9H30e6)s]2[PW12040]3(C4aH12N)s*3H20. 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,
PO, tetrahedra; purple, WOe 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.’®1%2  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.1®31% 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 CO. and H20. Critically, only solar has the
capacity to power the planet given projected increases in the global population and
standard of living.!®* (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



13

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.'®” Of the ways to store energy, most prominently heat, electricity and
fuel, it is latter (fuel) which is critically needed.!641%6188 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 H20, 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.'®® Advances are
needed in all four of the above unit operations. Developing catalysts for the multi-
electron reduction CO: to fuels, the hydrogen production and the oxidation of H2O to

02 exhibit potential challenges.

There have been many reports on POM-based catalysts for catalytic water oxidation
and hydrogen production.®”1%%1"t 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(H20)2(PWs034)2]*% (CosP2; X-ray structure in Figure 1-
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1) was demonstrated to catalyze efficient H>O oxidation by persulfate using visible light
and the standard photosensitizer [Ru(bpy)s]>*.1’#1" Later in 2014, a similar sandwich
POM, [Co4(H20)2(VW9034)2]** (Co4V2), was prepared and shown to have a turnover
rate of >1000 O> molecules per second at pH 9, making it the fastest water oxidation

catalyst (WOC), at least at that time.1"

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, [Mna(H20)2(VWg034)2]'> (MnasV2) and [Nis(H20)2(PWy
034)2]*% (NisP2) are prominent examples.t’%17! They display a sandwich type structure
as that of CosP2 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,
[{Nis(OH)3AsO04}4(B-a-PWo034)4]%% (NisAssPa) is also reported to be an efficient
catalyst for photocatalytic hydrogen generation.!®® 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-BusN]s[PWgsV3040]
(PWsV3), [n-BusN]sH2PWsV4040 (PWsVa), [n-BuaN]JaHsPWeV60a0-20H20 (PWe\Ve).
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, KsLi2[MnV14040] 21H>0 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-PONDb),

K12[Ti202][GeNDb12040] 419H20, 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, [Nis(OH)s(H20)3sP2W1s0s9]>. 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 (H3PW12040) in the
hybrid reduces H2PtCls 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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Chapter 2.
Introduction:

Polyvanadotungstates  for  Aerobic  Oxidation  of
Formaldehyde under ambient conditions

Reproduced with permission from ACS Catal., 2014, 4(4), 1154-1161. Copyright
2014 American Chemical Society
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2.1 Introduction

Formaldehyde (CH20) 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).! 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.? It was classified as a known
carcinogen by the State of California and the World Health Organization in 2004.31
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.!>?* Moreover, aerobic organic oxidation reactions are highly
attractive for decontamination of a wide variety of toxic compounds in human
environments, including TICs?%%2° and chemical warfare agents (CWAs)?**° 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.?®

Generally, mixtures of metal oxides,®! precious metals®? and supported precious
metals®33® have been evaluated as catalysts for the oxidation of formaldehyde.
Among the metal oxides, MnO. has been shown to have a high reactivity for
formaldehyde oxidation at moderate conversions.31:323738  Precious metals such as Au,
Ru, Rd and Pt have been found to be effective catalysts for formaldehyde conversion
at moderate temperature.>®*? For example, Zhang et al. and Huang et al. reported that
the Pt nanoparticles supported on TiO, are an effective catalyst for formaldehyde

oxidation at room temperature,*>** while catalysts such as Au and Ag supported on
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TiO2, Ce0O2, Al,O3, MnOx—CeO and SBA-15 effect formaldehyde oxidation with
almost 100% conversion at temperatures of 373 K or higher.*>#® 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 (POMSs),
and in particular POMs with 3d metals substituted in surface positions.282%4748 ~ Ag
elaborated in Chapter 1, POMs are a very large and growing family of metal oxide
clusters with versatile applications in many areas including catalysis.**>* In particular,
organic oxidations catalyzed by POMs have received much attention because the acid-
base and redox properties of POMs are highly tunable.’*>® In addition, POMs are
thermally, oxidatively and hydrolytically stable under oxidative conditions.>® In 2004,
Kholdeeva, Hill and their coworkers reported that supported Keggin-type Co-
containing POMs, [n-BusN]sHPW1:C0039 and [n-BusN]sPW11:Co039 were effective
catalysts for the aerobic oxidation of aldehydes (including formaldehyde) under
ambient conditions.*’ In 2005, they reported the catalytic activity of the Keggin-type
Ce-containing POM (NaH3[SiW11Ce'VOs9]) for the aerobic oxidation of
formaldehyde.?® The Ce-containing POM was shown to be a selective and effective
catalyst for production of formic acid with a CH20 conversion of ca. 20% under mild
conditions.  Vanadium-substituted heteropolyanions, PM012:nVnO0®*™" (PM012-nVn)

and PW12-nVnO0®™ (PW12-nVi) (With n = 1-6).57%! 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.>*°806272  However, formaldehyde
oxidation under ambient conditions catalyzed by polyvanadotungstates is unknown.
We report here that the TBA salts of polyvanadotungstates, [n-BusN]s[PWgV3040]
(PWsV3), [n-BuaN]sH2PWsV40a0 (PWsVa), [n-BusN]sHsPWeVeOa0-20H20 (PWeVs)
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-BusN]s[WsV3010], [n-BusN]sHsV10O2s, [n-BusN]7SiWeV3s0s, [n-
BusN]oP2W15V30s2), 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 PWgVe.

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). *H and 3P NMR spectra were
acquired on a Varian INOVA 400 spectrometer using deuterated chloroform (6 7.24
ppm) and H3PO4 (6 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 N as the carrier gas. The gas phase was analyzed using
a Agilent 7890 gas chromatograph with a 5 A molecular sieve column and argon carrier
gas.
2.2.2 Preparation of Catalysts
Synthesis of [n-BusN]e/a-1,2,3-PWoV3040], (PW9V3). The TBA salt of the vanadium-
substituted Keggin-type POM, was prepared by a modified literature method.” 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 Nas[A-PWs034] (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™, KBr, cm™): 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-BusN]sH2PWgV4O40 (PWsV4). The TBA salt of the vanadium-
substituted  Keggin-type  POM, was prepared by  metathesis of

(NH4)6HPW;V4040-9H,0™* with TBABr in distilled water. Typically, 0.483 g TBABr
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(15 mmol) was added to an aqueous solution of (NH4)sHPWgV40409H20 (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% vyield based on vanadium in (NH4)sHPWgV40O40'9H20). Its purity was
confirmed by FT-IR spectroscopy. IR (2000-500 cm™, KBr, cm™): 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, VV 5.7/5.9.

Synthesis of [n-BusN]sHsPWeVeOa0-20H,O (PWeVs). The TBA salt of the
vanadium-substituted Keggin-type POM, was prepared by a similar method as that of
PWSsV4 except that 0.228 g (NH4)sHsPWsVs040'6H20"™ was used; yield = 0.167 g (49%
yield based on vanadium in (NH4)sHsPWsVeOa0'6H20). Its purity was confirmed by
FT-IR spectroscopy. IR (2000-500 cm™, KBr, cm™): 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-BusN]s[W3V3O19], [N-BusaN]sHsV1002s, [n-
BusN]7SiWgeV30s0, [N-BuaN]oP2Wi5V30e2, [N-BusN]sPW11C0039 and [n-
BusN]4[SiW11Ce'VOa9]

[n-BuaN]s[W3V3019] and [n-BusN]a[SiW11Ce'VOs9] were prepared by metathesis of
(NHa)2Nas[W3V3019]-20H.0 and NaHs[SiW11Ce'VOsg] with TBABr in distilled
water.287 [n-BusaN]sHzV1002s, [n-BuaN]7SiWsV3040, [N-BusN]JeP2Wi5V3062 and [n-

BusN]sPW11C00s39 were prepared following literature methods.*":76.7
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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 50 uL
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)/H.O (v/iv = 20/1), N,N-dimethylacetamide
(DMA)/H20 (viv = 20/1), N,N-dimethylformamide (DMF)/H.O (viv = 20/1),
tetrahydrofuran (THF)/H.O (v/iv = 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 uL 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 PWgV3 as catalyst in DMA/H20 (v/v = 20/1), were also analyzed
via 'H NMR spectroscopy by diluting a 400 P aliquot of the reaction solution after

144 h with 400 piL 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 group’®8! and other groups.>">®
They are composed of a central POy tetrahedra surrounded by 12 randomly distributed
WOg and VOg metal-oxygen octahedra.8? In this work, we prepared the TBA salt of
PWsV3 by precipitation of the heteropolyanion using an excess of TBABr. The TBA
salts of PWsV4 and PWsVe were prepared by metathesis of (NH4)sHPWgV4040-9H.0
and (NHa4)sH4sPWeV60406H20 with TBABT in distilled water. TGA analyses confirms
the number of TBA counterions in PWoV3, PWsV4and PWsVe (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) PWgV3, (b) PWsV4 and (c) PWeVs

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 VOe octahedra in each compound are statistically distributed between many
positions, especially for compounds synthesized using a one-pot method (e.g. PWsV4

and PWsVs 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.>®8® These positional isomers co-crystallize leading to disorder

in the solid state and general structural complexity.

(a) (b) (c)

5

44 4

<y

Figure 2-2. Representative polyhedral representations of the vanadium-substituted
Keggin-type polyvanadotungstates of (a) PWsV3, (b) PWsV4 and (c) PWsVe based on
X-ray crystal structures of the parent Keggin POMs. Code: orange octahedra, VOe;

yellow tetrahedral, PO4; gray octahedra: WOe.

The 3P NMR spectra of PWsV3 and PWsV4 show one major peak at -44.5 and -
41.9 ppm, respectively, confirming the purity of these two compounds (Figure 2-3).
However, the 3P NMR spectrum of PWsVs 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-BusN]4sHsPWgeV6040-20H20
was based on elemental analysis as well as thermogravimetric analysis. It is common
to have multiple positional and compositional isomers in multi-vanadium-containing

POMSs.%83
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Figure 2-3. 3'P NMR of (a) PWsV3, (b) PWeV2 and (c) PWsVs with respect to 85%

H3PO4 (0 ppm)
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The FT-IR spectra of PWgyV3, PWsV4 and PWsVs 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™ are related to asymmetric
vibrations of P-O,, W=0¢, W-Op-W, and W-O-W and the bending mode of O,-P-Os,
respectively. When the tungsten is substituted by vanadium, the band for the P-O,
asymmetric stretch (around 1080 cm™) splits because of the decrease in structural
symmetry. The shift and the split of the P-O, band, as shown in the spectra, reflect
the substitution of tungsten to vanadium.®28* Moreover, the peak around 1100 cm™ in
the spectra of PWsV3 exhibits a greater splitting than the corresponding peaks of
PWsV4 and PWeVs, indicating a lower local symmetry and greater deviation from

idealized T4 symmetry for the former than the latter.

Transmittance

—PW,V,
—PW,V,
—PWsYs

1100 900 700 500
Wavenumbers (cm!)

Figure 2-4. FT-IR spectra of PWoV3 (red), PWsV4 (blue) and PWeVs (green).

The normalized UV-vis absorption spectra of PWsVs, PWsV4, and PWsVs in
anhydrous acetonitrile are presented in Figure 2-5. The ligand-to-metal charge-
transfer (LMCT) band around 350-t0-450 nm is attributed to the V(V) center. The

corresponding oxo-to-W(V1) band should appear between 250 and 300 nm (not shown).
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The new 350-t0-450 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: PWsVes (Most intense) >

PWsV4 > PWsV3 (least intense).

Absorbance
=
=

0.2

[' L L
300 400 500 600 700
Wavelength (nm)

Figure 2-5. Normalized UV-vis absorption spectra of PWsV3 (red), PWsV4 (blue), and

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

2.3.2 Catalytic Aerobic Oxidative Removal of Formaldehyde.

The TBA salts of PWgVs, PWsVa4 and PWeVs were assessed for their catalytic activity
in the aerobic oxidation of formaldehyde to formic acid (eq 2-1) under ambient
conditions (the O in air at room temperature). Initial studies show that a catalytic
amount of (NH4)sHPWS3gV4040-9H.0 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 CO: is detected by the gas

chromatography.

CHO0 + %0, — HCOOH (eq 2-1)
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However, the hydration equilibrium constant (Keq; €q 2-2) for formaldehyde is quite
large (~10% at 20 °C), 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.

CH:O0 + H20 = CHy(OH), (eq 2-2)

The experimental results (Table 2-1) show that the reaction conversion for the
aerobic oxidation of formaldehyde using PWsV increases with solvent system in the

following order: THF/H,O < CH3CN/HO0 < DMF/H.O0 < DMA/H:0, and this
parallels solvent polarity: THF < CH3CN < DMF < DMA.® In the polar solvent

systems of CH3CN, DMF and DMA, the activity of PWsV4 is higher than that of
(NH4)sHPWgV4040-9H20 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.®” The THF/H20 mixed
solvent system exhibits similar aerobic formaldehyde oxidation activity to pure water
with a TON of ca. 19. The DMA/H20 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 PWsV4 in Different

Solutions. 2
Solvent CH20 Conversion HCOOH TON¢
(%)P Yield (9%6)°
H20 15 14 21
DMA/H.0 (viv=20/1) 35 32 47
CH3CN/H.0 (viv=20/1) 30 28 43
THF/H20 (viv = 20/1) 14 14 19
DMF/H,0 (v/v = 20/1) 32 31 46

& Reaction conditions: concentration of formaldehyde = [CH20] = 0.52 M,
concentration of catalyst = [catalyst] = 4.0 mM, 1 atm of air, 2 mL of solvent, room
temperature, 144 h reaction time. ® CH,O conversion (%) = moles of CH-0
consumed/moles of initial CH0. ¢ GC yield based on initial CH20. ¢ TON = moles

of CH20 consumed/moles of catalyst.

These PWsVs-catalyzed air-based formaldehyde oxidations were studied as a
function of formaldehyde and catalyst concentration (Table 2-2) in DMA/H20 (v/v =
20/1). The optimal solvent system and concentrations (substrate and PWsV4 catalyst)

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

Table 2-2. Aerobic Oxidation of Formaldehyde Catalyzed by PWsV4, as a Function of

Substrate and Catalyst Concentration®

Entry [PWsV4] Initial CH20 TON¢

[CH20] conversion (%) P

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

3 3.8mM 0.260 M 31 21
4 3.8mM 0.520 M 35 47
5 7.6 mM 0.520 M 45 31
6 11.4mM 0.520 M 48 22
7 15.3 mM 0.520 M 47 16
8 19.1 mM 0.520 M 45 12

2 Reaction Conditions: concentration of formaldehyde, [CH20] = 65 mM — 520 mM,
concentration of catalyst [PWgV4] = 3.8 mM — 19.1 mM, 1 atm of air, 2 mL of solvent,
ambient temperature, 144 h. ® CH,O conversion (%) = moles of CHO consumed/moles

of initial CH20. ¢ TON = moles of formaldehyde consumed/moles of catalyst.

Two different aspects of the kinetics of aerobic formaldehyde oxidation by PWsV4,
PWsVe and PWgV3 in DMA/H0 (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 PWsVa4 and PWsVs; these are faster
than those catalyzed by PWyV3 indicating that the number of redox sites V(V/VI) and
the number of counterions are significant factors in catalytic activity.?® 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(VI1/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.>?
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Figure 2-6. (a) Time profile of formaldehyde consumption catalyzed by PWyV3 (red
diamonds), PWsV4 (blue squares), PWsVe (green triangles) and blank (black circles)
in DMA/H0 (v/v = 20/1). (b) The formaldehyde DNP-hydrazone peaks as detected by
GC at various time points over 120 h using PWyV3 as the catalyst in DMA/H,0 (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°°%888 |t was found that PMoz2 (with n = 0) is not
a highly reactive catalyst for the aerobic oxidation of aldehydes under ambient
conditions. The reversible V(V/1V) redox couple is involved in the efficient oxidation

of organic compounds catalyzed by vanadium-substituted Keggin-type

heteropolyanions.51:>8°

PMo12-nVn + (organic substrate) + mH* — Hm(PMo12nVn) + (0rganic

substrate)ox (eq 2-3)

Hm(PMo012-nVn) + ¥%amO2 —  PMo12-nVn + 1/2m H0 (eq 2-4)
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However, several lines of evidence are consistent with radical chain mechanism®-
92 for aerobic formaldehyde oxidation catalyzed by PWsVs.  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.*®  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 umol), or formic acid (0.6 mmol) (Figure 2-9).°4%  Similar phenomena were also

identified for aerobic formaldehyde oxidation catalyzed by NaH3[SiW11Ce'VO39].28
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Figure 2-7. (a) Initial rate of formaldehyde oxidation as a function of the initial reactant
concentration ([PWsVs] = 3.8 mM); (b) initial rate of formaldehyde oxidation as a

function of the initial catalyst (PWsV3) concentration ([CH>O] = 0.52 M)
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Figure 2-8. Time profile of formaldehyde consumption catalyzed by PWsV3 under 1

atm oxygen (red squares) and under 1 atm of air (black diamonds) in DMA/H20 (v/v =

20/1) at ambient temperature
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Figure 2-9. Time profile of formaldehyde consumption catalyzed by PWgyV3 under 1
atm of air without additives (black diamonds), with addition of 0.6 mmol HCOOH (red
squares) and with addition of 1.0 umol 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 egs 2-5 to 2-10 are likely
based on the above experimental results and literature studies.?®% These processes
include the aldehyde autoxidation steps (egs 2-5 to 2-7) and the Haber-Weiss aqueous-
phase hydroperoxide decomposition processes (egs 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 +VY — RCO"+VV+H* (eq 2-5)
propagation:. RCO"+0, — RCOsz- (eq 2-6)
RCO3+ RCHO — RCOszH+RCO (eq 2-7)
Haber-Weiss process: RCOsH + VYV — RCOz + V!V +H* (eq 2-8)
RCOsH +VV —  RCO; + VYV + OH" (eq 2-9)
Baeyer-Villiger process: RCOsH+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-BusN]s[WsV3019], [n-
BusN]sH3V10028, a POM with little documented ability to catalyze aerobic organic
oxidations,®®% [n-BusN]7SiWsV3040, a Keggin-type tri-vanadium-containing POM
with silicon as the heteroatom, [n-BusN]oP2W15V30s2, a Wells-Dawson POM with

three incorporated vanadium centers, [n-BusN]sPW1:C0039, a Keggin-type Co-
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containing POM with phosphorus as the heteroatom, and [n-BusN]4[SiW11Ce'VOs0], a
Keggin-type Ce-containing POM.  Four of the VV-containing complexes are effectively
inactive. This finding also indicates that the polyanion properties (structure, V(V/V1)
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/H-0.

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

Entry Catalyst CH-0 HCOOH TON ¢
conversion Yield (%)°
(%) °
1 PWgyV3 28 26 38
2 PWsV4 35 32 47
3 PWseVe 42 41 57
4 [n-BuaN]s[W3V3019] 0 - -
5 [n-BuaN]sH3V10028 0 - i
6 [N-BusN]7SiWsVs040 0 - ~
7 [n-BuaN]oP2W15V3062 0 -- --
8 [n-BusN]sPW11C0Oss 24 23 32
9 [N-BusN]4[SiW11CeV O3] 39 39 53

& Reaction Conditions: concentration of formaldehyde [CH20] = 0.52 M,
concentration of catalyst = [catalyst] = 3.8 mM, 1 atm of air, 2 mL of solvent, ambient
temperature, 144 h. ® CH20 conversion (%) = moles of CH.0 consumed/moles of initial
CH20. ¢ GC vyield based on initial CH20. ¢ 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.3®° As noted above, Pt nanoparticles supported
on TiO2 have been shown to be an effective catalyst for formaldehyde oxidation at room
temperature.>*%  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/TiOg, reduced Pt/TiO2) with 1 weight % loading (Figure 2-10) were prepared by
the literature methods34 and assessed for their ability to catalyze aerobic oxidation of

formaldehyde in the presence of water.
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Figure 2-10. X-ray diffraction patterns of (a) TiO., (b) reduced Pt/TiO2, (c) Au/TiO>
The catalytic activity of PWsV3, PWsV4, PWeVes and the supported noble metal
catalysts in the presence of water at 40 °C are shown in Figure 2-11. In DMA/H20
(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.®® 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 PWouVs3, PWsVs and PWsVe. The results above indicate that the
polyvanadotungstates are water compatible active catalysts for oxidative removal of

formaldehyde.

80
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Figure 2-11. Oxidative removal of formaldehyde catalyzed by PWgV3, PWsgVa,
PWsVs, reduced Pt/TiO2 and Au/TiO in the presence of water. Concentration of
formaldehyde, [CH20] = 0.52 M, [catalyst] = 3.8 mM, 1 atm of air, 2 mL of solvent,

40 °C, 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 PWgV3,
PWsV4 and PWsVe 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) PWsV3, (b) PWsV4 and (c) PWsVe before (red) and

after (blue) catalytic reactions

2.4 Conclusions

The present study reveals that the tetra-n-butylammonium (TBA) salts of
polyvanadotungstates, [n-BusN]s[PWeV3040] (PWsVs3), [n-BusN]JsHPWgV4O40 9H-0
(PWsV4), [n-BusN]sH4PWeVsO40 6H20 (PWsVe), can work as robust catalysts for the

aerobic oxidation of formaldehyde under ambient conditions. This is of note because
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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 (PWoV3 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 O, 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.

References

(1) Dietert, R. R.; Hedge, A. Crit. Rev. Toxicol. 1996, 26, 633-707.

(2) Kelly, T.J.; Smith, D. L.; Satola, J. Environ. Sci. Technol. 1999, 33, 81-88.

(3) Zhong, W.; Que Hee, S. S. Mutat. Res-Gen. Tox. En. 2004, 563, 13-24.

(4) Marsh, G. M.; Youk, A. O. Regul. Toxicol. Pharm. 2004, 40, 113-124.

(5) Heck, H. d. A;; Casanova, M. Regul. Toxicol. Pharm. 2004, 40, 92-106.

(6) Hauptmann, M.; Lubin, J. H.; Stewart, P. A.; Hayes, R. B.; Blair, A. Am. J. Epidemiol.
2004, 159, 1117-1130.

(7) Conolly, R. B.; Kimbell, J. S.; Janszen, D.; Schlosser, P. M.; Kalisak, D.; Preston, J.;
Miller, F. J. Toxicol. Sci. 2004, 82, 279-296.

(8) Collins, J. J.; Lineker, G. A. Regul. Toxicol. Pharm. 2004, 40, 81-91.

(9) Cole, P.; Axten, C. Regul. Toxicol. Pharm. 2004, 40, 107-112.

(10) Cogan, P. S.; Koch, T. H. J. Med. Chem. 2004, 47, 5690-5699.



52

(11) Burke, P. J.; Kalet, B. T.; Koch, T. H. J. Med. Chem. 2004, 47, 6509-6518.

(12) Sheldon, R. A.; Kochi, J. K.; Metal-catalyzed oxidations of organic compounds;
Academic Press: New York, 1981.

(13) Renneke, R. F.; Pasquali, M.; Hill, C. L. J. Am. Chem. Soc. 1990, 112, 6585-6594.

(14) Harrup, M. K;; Hill, C. L. J. Mol. Catal. A: Chem. 1996, 106, 57-66.

(15) Hill, C. L.; Gall, R. D. J. Mol. Catal. A: Chem. 1996, 114, 103-111.

(16) Kholdeeva, O. A.; Tkachev, A. V.; Romannikov, V. N.; Khavrutskii, I. V.; Zamaraev,
K. 1. Stud. Surf. Sci. Catal. 1997, 108,337-344.

(17) Hill, C. L.; Renneke, R. F.; Combs, L. Tetrahedron 1988, 44, 7499-7507.

(18) Hill, C. L. Nature 1999, 401, 436-437.

(19) Boring, E.; Geletii, Y.; Hill, C. L. J. Mol. Catal. A: Chem. 2001, 176, 49-63.

(20) Boring, E.; Geletii, Y. V.; Hill, C. L. In Advances in Catalytic Activation of Dioxygen
by Metal Complexes; Simandi, L. I., Ed.; Kluwer Academic Publishers: Dordrecht, 2003; Vol.
26, p 227-264.

(21) Okun, N. M.; Anderson, T. M.; Hill, C. L. J. Am. Chem. Soc. 2003, 125, 3194-3195.

(22) Botar, B.; Geletii, Y. V.; K&gerler, P.; Musaev, D. G.; Morokuma, K.; Weinstock, |.
A.; Hill, C. L. J. Am. Chem. Soc. 2006, 128, 11268-11277.

(23) Hill, C. L.; Okun, N. M.; Hillesheim, D. A.; Geletii, Y. V. In Anti-Terrorism and
Homeland Defense: Polymers and Materials, ACS Symposium Series 980, Chapter 12;
Reynolds, J. G., Lawson, G. E., Koester, C. J., Eds.; American Chemical Society: Washington,
D.C., 2007, p 198-209.

(24) Cao, R.; Han, J. W.; Anderson, T. M.; Hillesheim, D. A.; Hardcastle, K. I.; Slonkina,
E.; Hedman, B.; Hodgson, K. O.; Kirk, M. L.; Musaev, D. G.; Morokuma, K.; Geletii, Y. V.;
Hill, C. L. Adv. Inorg. Chem. 2008, 60 (Chapter 6), 245-272.

(25) 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.

(26) Rhule, J. T.; Neiwert, W. A.; Hardcastle, K. I.; Do, B. T.; Hill, C. L. J. Am. Chem.

Soc. 2001, 123, 12101-12102.



53

(27) Okun, N. M.; Anderson, T. M.; Hill, C. L. J. Mol. Catal. A: Chem. 2003, 197, 283-
290.

(28) Kholdeeva, O. A.; Timofeeva, M. N.; Maksimov, G. M.; Maksimovskaya, R. I.;
Neiwert, W. A.; Hill, C. L. Inorg. Chem. 2005, 44, 666-672.

(29) Kholdeeva, O. A.; Timofeeva, M. N.; Maksimov, G. M.; Maksimovskaya, R. I;
Rodionova, A. A.; Hill, C. L. In Catalysis of Organic Reactions; Sowa, J. R., Jr., Ed.; Marcel
Dekker, Inc.: New York, 2005, p 429-433.

(30) Yang, Y. C.; Baker, J. A.; Ward, J. R. Chem. Rev. 1992, 92, 1729-1743.

(31) Sekine, Y. Atmos. Environ. 2002, 36, 5543-5547.

(32) Tang, X.; Li, Y.; Huang, X.; Xu, Y.; Zhu, H.; Wang, J.; Shen, W. Appl. Catal., B 2006,
62, 265-273.

(33) Zhang, C.; He, H.; Tanaka, K.-i. Catal. Commun. 2005, 6, 211-214.

(34) Li, H.-F.; Zhang, N.; Chen, P.; Luo, M.-F.; Lu, J.-Q. Appl. Catal., B 2011, 110, 279-
285.

(35) Qu, Z.; Shen, S.; Chen, D.; Wang, Y. J. Mol. Catal. A: Chem. 2012, 356, 171-177.

(36) Li, S.; Lu, X.; Guo, W.; Zhu, H.; Li, M.; Zhao, L.; Li, Y.; Shan, H. J. Organomet.
Chem. 2012, 704, 38-48.

(37) Miyawaki, J.; Lee, G.-H.; Yeh, J.; Shiratori, N.; Shimohara, T.; Mochida, I.; Yoon,
S.-H. Catal. Today 2012, 185, 278-283.

(38) Xing, Y.; Chen, B.; Guo, T.; Ying, G. Environ. Prog. Sustainable Energy 2013, 32,
115-1109.

(39) Imamura, S.; Uematsu, Y.; Utani, K.; Ito, T. Ind. Eng. Chem. Res. 1991, 30, 18-21.

(40) Alvarez-Galvan, M. C.; Pawelec, B.; de la Pefia O’Shea, V. A.; Fierro, J. L. G.; Arias,
P. L. Appl. Catal., B 2004, 51, 83-91.

(41) Chen, M. S.; Goodman, D. W. Science 2004, 306, 252-255.

(42) Chen, M.; Cai, Y.; Yan, Z.; Goodman, D. W. J. Am. Chem. Soc. 2006, 128, 6341-
6346.

(43) Zhang, C.; He, H.; Tanaka, K.-i. Appl. Catal., B 2006, 65, 37-43.



54

(44) Huang, H.; Leung, D. Y. C.; Ye, D. J. Mater. Chem. 2011, 21, 9647-9652.

(45) Zhang, Y.; Shen, Y.; Yang, X.; Sheng, S.; Wang, T.; Adebajo, M. F.; Zhu, H. J. Mol.
Catal. A: Chem. 2010, 316, 100-105.

(46) Ma, C.; Wang, D.; Xue, W.; Dou, B.; Wang, H.; Hao, Z. Environ. Sci. Technol. 2011,
45, 3628-3634.

(47) Kholdeeva, O. A.; Vanina, M. P.; Timofeeva, M. N.; Maksimovskaya, R. I.;
Trubitsina, T. A.; Melgunov, M. S.; Burgina, E. B.; Mrowiec-Bialon, J.; Jarzebski, A. B.; Hill,
C. L. J. Catal. 2004, 226, 363-371.

(48) Kholdeeva, O. A.; Maksimchuk, N. V.; Maksimov, G. M. Catal. Today 2010, 157,
107-113.

(49) Pope, M. T. In Prog. Inorg. Chem.; Lippard, S. J., Ed.; John Wiley & Sons, Inc.: New
York, 1991; Vol. 39, p 181-257.

(50) Pope, M. T.; Muler, A. Angew. Chem. 1991, 103, 56-70.

(51) Hill, C. L.; Prosser-McCartha, C. M. Coord. Chem. Rev. 1995, 143, 407-455.

(52) Hill, C. L. In Comprehensive Coordination Chemistry-1l: From Biology to
Nanotechnology; Wedd, A. G., Ed.; Elsevier Ltd.: Oxford, UK, 2004; Vol. 4, p 679-759.

(53) Neumann, R.; Levin, M. J. Org. Chem. 1991, 56, 5707-5710.

(54) 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.

(55) Neumann, R. Prog. Inorg. Chem. 1998, 47, 317-370.

(56) Vickers, J. W.; Lv, H.; Sumliner, J. M.; Zhu, G.; Luo, Z.; Musaev, D. G.; Geletii, Y.
V.; Hill, C. L. J. Am. Chem. Soc. 2013, 135, 14110-14118.

(57) Fujibayashi, S.-y.; Nakayama, K.; Hamamoto, M.; Sakaguchi, S.; Nishiyama, Y.;
Ishii, Y. J. Mol. Catal. A: Chem. 1996, 110, 105-117.

(58) Kozhevnikov, I. V. J. Mol. Catal. A: Chem. 1997, 117, 151-158.

(59) Kozhevnikov, I. V. Chem. Rev. 1998, 98, 171-198.

(60) Shinachi, S.; Matsushita, M.; Yamaguchi, K.; Mizuno, N. J. Catal. 2005, 233, 81-89.



55

(61) Kholdeeva, O. A.; Grigoriev, V. A.; Maksimov, G. M.; Fedotov, M. A.; Golovin, A.
V.; Zamaraev, K. I. J. Mol. Catal. A: Chem. 1996, 114, 123-130.

(62) Mizuno, N.; Watanabe, T.; Misono, M. J. Phys. Chem. 1985, 89, 80-85.

(63) Black, J. B.; Clayden, N. J.; Gai, P. L.; Scott, J. D.; Serwicka, E. M.; Goodenough, J.
B. J. Catal. 1987, 106, 1-15.

(64) Mizuno, N.; Watanabe, T.; Misono, M. J. Phys. Chem. 1990, 94, 890-894.

(65) Mizuno, N.; Watanabe, T.; Misono, M. Bull. Chem. Soc. Jpn. 1991, 64, 243-247.

(66) Combs-Walker, L. A.; Hill, C. L. Inorg. Chem. 1991, 30, 4016-4026.

(67)Lissel, M.; Jansen in de Wal, H.; Neumann, R. Tetrahedron Lett. 1992, 33, 1795-1798.

(68) Khenkin, A. M.; Rosenberger, A.; Neumann, R. J. Catal. 1999, 182, 82-91.

(69) Ali, B. E.; EI-Ghanam, A. M.; Fettouhi, M. J. Mol. Catal. A: Chem. 2001, 165, 283-
290.

(70) Khenkin, A. M.; Weiner, L.; Wang, Y.; Neumann, R. J. Am. Chem. Soc. 2001, 123,
8531-8542.

(71) Khenkin, A. M.; Neumann, R. J. Org. Chem. 2002, 67, 7075-7079.

(72) Khenkin, A. M.; Neumann, R. J. Am. Chem. Soc. 2002, 124, 4198-4199.

(73) Domaille, P. J. In Inorg. Synth.; Ginsberg, A. P., Ed.; John Wiley and Sons: New
York, 1990; Vol. 27, p 96-104.

(74) Smith, D. P.; Pope, M. T. Inorg. Chem. 1973, 12, 331-336.

(75) Xu, Y.; Xu, J.-Q.; Yang, G.-Y.; Wang, T.-G.; Xing, Y.; LIN, Y.-H.; Jia, H.-Q. Acta
Cryst. Sect. C 1998, C54, 563-565.

(76) Finke, R. G.; Rapko, B.; Saxton, R. J.; Domaille, P. J. J. Am. Chem. Soc. 1986, 108,
2947-2960.

(77) Day, V. W.; Klemperer, W. G.; Maltbie, D. J. J. Am. Chem. Soc. 1987, 109, 2991-
3002.

(78) Prosser-McCartha, C. M.; Kadkhodayan, M.; Williamson, M. M.; Bouchard, D. A;;
Hill, C. L. J. Chem. Soc., Chem. Commun. 1986, 24, 1747-1748.

(79) Williamson, M. M.; Bouchard, D. A.; Hill, C. L. Inorg. Chem. 1987, 26, 1436-1441.



56

(80) Gall, R. D.; Faraj, M.; Hill, C. L. Inorg. Chem. 1994, 33, 5015-5021.

(81) Chen, Q.; Hill, C. L. Inorg. Chem. 1996, 35, 2403-2405.

(82) Nakka, L.; Molinari, J. E.; Wachs, I. E. J. Am. Chem. Soc. 2009, 131, 15544-15554.

(83) Hamamoto, M.; Nakayama, K.; Nishiyama, Y.; Ishii, Y. J. Org. Chem. 1993, 58,
6421-6425.

(84) Rocchiccioli-Deltcheff, C.; Fournier, M. J. Chem. Soc., Faraday Trans. 1991, 87,
3913-3920.

(85) Bieber, R.; Trumpler, G. Helv. Chim. Acta 1947, 30, 1860-1865.

(86) Maroncelli, M.; Fleming, G. R. J. Chem. Phys. 1987, 86, 6221.

(87) Winkelman, J. G. M.; Voorwinde, O. K.; Ottens, M.; Beenackers, A. A. C. M,;
Janssen, L. P. B. M. Chem. Eng. Sci. 2002, 57, 4067-4076.

(88) Kozhevnikov, I. V.; Matveev, K. I. Russ. Chem. Rev. 1982, 51, 1075-1088.

(89)Kozhevnikov, I. V. Catalysis by Polyoxometalates; Wiley: Chichester, England, 2002;
Vol. 2.

(90) Loury, M. Comptes Rendus 1964, 258, 238-239.

(91) Hendriks, C. F.; Beek, H. C. A. v.; Heertjes, P. M. Ind. Eng. Chem. Prod. Res. Dev.
1977, 16, 270-275.

(92) Hendriks, C. F.; Beek, H. C. A. v.; Heertjes, P. M. Ind. Eng. Chem. Prod. Res. Dev.
1978, 17, 260-264.

(93) Black, J. F. J. Am. Chem. Soc. 1978, 100, 527-535.

(94) Taube, H. J. Am. Chem. Soc. 1941, 63, 2453-2458.

(95) Yapsakli, K.; Can, Z. S. Water Qual. Res. J. Canada 2004, 39, 140-148.

(96) Villa, A. L.; Vos, D. E. D.; Verpoort, F.; Sels, B. F.; Jacobs, P. A. J. Catal. 2001, 198,
223-231.

(97) Csayi, L. J.; J&y, K.; Dombi, G.; Evanics, F.; Dezs, G.; K&a, Z. J. Mol. Catal. A:
Chem. 2003, 195, 101-111.

(98) Maciejewska, G.; Nosek, M.; Glowiak, T.; Starosta, J.; Cieslak-Golonka, M.

Polyhedron 2003, 22, 1415-1423.



(99) Huang, H.; Leung, D. Y. C. J. Catal. 2011, 280, 60-67.

57



58

Chapter 3.

A Manganese(lV)-containing Heteropolyvanadate for
Oxidative Removal of 2-Chloroethyl Ethyl Sulfide

Reproduced with permission from Inorg. Chem., 2015, 54(22), 10604-106009.
Copyright 2015 American Chemical Society
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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.* 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.>° 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.!! While the literature on
polyvanadates is not as extensive as that on polytungstates or polymolybdates, it is
nonetheless substantial and rapidly growing.!?® Prominent polyvanadates include
decavanadate ([V1002s]%),1"® the polyvanadophosphate ([PV14042]%)%° and some
vanadium-substituted  polytungstates and  polymolybdates.?>® In  addition,
heteropolyvanadates such as vanadomanganate(1V) anions [MnV130s3s]” (MnV13),
[MNn2V22064]*% (Mn2V22) and [Mn3V12040H3]> (Mn3V12) have received attention since
they were first reported by Pope and co-workers.?®2" The catalytic properties, tumor-
inhibition activities, and antibiotic properties of MnV13 have also been reported.?82
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).*2130-37

More recently, MnVa13 and its analogue [NiV130ss]” (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.*® For example, MnV13
and NiVis react with lanthanide cations to form two-dimensional
heteropolyvanadates.®® Recently, Wang and co-workers synthesized a series of

inorganic porous frameworks using MnVas3 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.®® However, despite great efforts made in
synthesizing heteropolyvanadates, only a few have been reported. To date only
MnV13 and NiVis 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(lV)-containing symmetrical heteropolyvanadate with a 1:14 stoichiometry:
KasLi2[MnV14040] 21H20 (1). The unique 1:14 geometry is stabilized by capping
potassium ions as indicated from 'V 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 MnV1s, K7[MnV1303g] 48H.0 (K7MnV13) was prepared by a reported literature
method.?® 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). °'V 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 VOCI;3 (taken as 0 ppm at 25 °C). 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 ¢
K7[MnV13038]*18H20 (0.13 mmol) and 0.02 g V205 (0.13 mmol). The mixture was
heated at 90 °C 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 KsMnOs1VsLioHa2: 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™, 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 x0.39 x0.33 mm®) 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 e scans of 1°and for
30s per frame with Mo Ka radiation (fine-focus sealed tube, 45kV, 35mA). Using
Olex2* the structure was solved with the Superflip structure solution program® by the
Charge Flipping solution method and refined by least squares using ShelXL*¢. The total
number of runs and images was based on the strategy calculation from the program
APEXII1.4" The maximum resolution was © = 29.57< Data reduction was performed
using the SAINT software.*® The final completeness is 99.9% out to 29.57<in @.

SADABS-2012/1 was used for absorption correction.*”  The absorption coefficient (u)
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of this material is 3.322 mm™* and the minimum and maximum transmissions are 0.356
and 0.485. The unit cell parameters were refined using SAINT*® on 9873 reflections,
37% of the observed reflections. The structure was solved in the space group 14/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.*® 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 K4MnOg1V14LioHao
Dcalc./ g cm™ 2.653
wmm-1 3.223

Formula Weight/gmol™ 1956.67

Max Size/mm 0.43

Mid Size/mm 0.39

Min Size/mm 0.33

TIK 110(2)
Crystal System tetragonal
Space Group 14/mmm
alA 11.2933(2)

b/A 11.2933(2)




c/A

a/°

pre

Ve

VIAS

Z

7

Qmin/<
Qmax/°
Measured Refl.
Independent Refl.
Reflections Used
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R1 (all data)

R1

19.4985(4)
90

90

90
2486.81(10)
2
0.0625
2.084
29.570
26957
1052
964
0.0314
53

0
1.653
-2.578
1.272
0.2129
0.2042
0.0608

0.0560

R1=X||Fo| - |Fe|| / Z|Fol; WR2 = Z[W(Fo? - Fc?)?]/ Z[w(Fo?)?]?
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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
2K) 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 (ydia(1) = —
9.78x10* cm® mol ™).

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

In a typical reaction, 10 mg of 1 (3.5 umol) 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 MnV1s polyanion, exhibits a vacant coordination
site which formally can add another VOg octahedron to form MnVais The synthetic
scheme for 1 is shown in Figure 3-1. In pH 4.0 buffered aqueous solution, MnV13 in
the presence of V20s transforms to MnV14 in 44% isolated yield. Introducing low
valent transition metal cations such as Co?*, Mn?* and Cu?* to the synthetic solution
does not influence the crystallization process indicating the unique stabilizing effect of

K* ions as compared to the Co?*, Mn?* and Cu?* ions.
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vacant site

(pH 4.0)

- $ ¢

Figure 3-1. Combined polyhedral and ball-and-stick representations of MnV13 and the

MnV,, MnV,,

synthesis scheme for 1. Red: VOg; yellow: MnOe; violet: potassium.

Unlike the previously reported MnVis clusters with Cay symmetry, MnVi4 has
1:14 stoichiometry with Dsn Symmetry that is composed of a central MnOg octahedron
completely enclosed by 14 distorted VVOe octahedra (Figure 3-2). The Mn-O and V-O
bond lengths range from 1.85(7) to 1.90(2) A and from 1.59(4) to 2.38(6) A,
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)0 170.2(4)<These values
are consistent with those reported for heteropolyvanadates.* The simplified
representation of MnVis4 exhibits a new topology with a total point symbol of
{31932{3'4.4734{3'8.41918{3* 4% 5} and is denoted in TOPOS as jbal.*® 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.



66

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

jbal topology with a total point symbol of {31°2{3%4.4734{3'8.419}8{3% 4% 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[MnV14040]*. 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) A. 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.®* Therefore, the overall charge of Ko[MnV14040]*

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[MnV14040]* framework in the ab-plane. Each potassium ion bridges two MnV14
clusters. (b) Stacking of the two-dimensional layers of Ko[MnV14040]* networks in the
ab-plane. Color code: VOs, dark blue octahedra with oxygen red balls; K, violet balls.
The figures on the right show the polyhedral representations. Color code: VOeg, red

octahedra; KOs, 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 KyMnV1s. The characteristic peaks at ca. 990, 963, 907, 849, 806,
750, 662, 597, 525 and 435 cm™ are attributed to V=0 and V-O-V vibrations.>>*® 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.

@) (b)

l
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Figure 3-4. (a) FT-IR spectra of 3.1 and KzMnV1z3. (b) Diffuse reflectance spectrum of

1.
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Figure 3-5. Thermogravimetric analysis of 1.
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In addition, the **V NMR spectrum of 1 in D20 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 [V10025]%.>*  This indicates that when 1 is
dissolved in D20, 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.®

) |

-650 -600 -550 -500 -450 -400
ppm vs. VOCI3

Figure 3-6. °'V 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(I1V)

center (3d? electron configuration) may be described as an isotropic effective Se = 3/2
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system, since the octahedral ligand field splits the *F ground term into *T1g, 4Tog terms,
and a “Azg 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 (d*: less than half-filled d subshell), gesr 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 ymT values are
expected to be temperature-independent with ymT = gefr® Sett (Sert + 1)/8 slightly smaller
than the spin-only value of 1.875 cm® K mol . Additionally, the low-temperature Mm
vs. B curve should exhibit a saturation value of geft Sert Na 8 < 3 Na us. In contrast,
the magnetic susceptibility and magnetization data of 1 (Figure 3-7) reveal a different
behavior: First, although the ymT 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.>® Second, the molar magnetization at 2 K
reveals a saturation value above 3 Na us, just as the TIP-corrected ymT vs. T curve
reveals a ymT 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(1V) (spin-3/2) or lower valencies like Mn(I1) (spin-5/2) in the hypothetical case that
Mn(IV) is reduced during synthesis. Third, a small deviation from the linear behavior
of ymT 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 ymT at

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

To meet all three observations, we include an additive parameter ytip 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)*® to the combined magnetic susceptibility
and molar magnetization data of 1 are shown in Figure 3-8. The best fit yields ytip =
+1.02>1073 cm® mol, equivalent to 1.07 Mn(1V) per formula unit (or down to 1.00
Mn(1V) + 0.03 Mn(ll) per formula unit), zJ = -0.01 cm, and gers = 1.98 (Serr = 3/2).
This set of parameters complies with all theoretical expectations and assumptions for
this scenario (ytir > 0, zJ <0, gett < Qe), 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 Mn, vs. B curve indicates a saturation magnetization that is

below 3 Na us, as expected.
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Figure 3-8. Magnetic susceptibility data of 1 (corrected for diamagnetic and TIP
contributions and assuming 1.07 Mn(1V) or down to 1.00 Mn(1V) + 0.03 Mn(Il) per
formula unit) depicted as the temperature dependence of ymT 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 K;MnV1s. 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).
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Figure 3-9. Oxidative removal of CEES catalyzed by 1 and by K7MnVs.
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Figure 3-10. FT-IR spectra of 1 before and after catalytic CEES oxidation.
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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, KsLi2[MnV14040] 21H20 has been prepared and characterized. In the
crystalline solid state, the heteropoly anion, MnV14, which is composed of 14 edge-
sharing VOs octahedra surrounding a central MnQOs octahedron, is connected by
multiple potassium ions into a 2D layered network (ABABAB...). The simplified
representation of MnV14 shows a new topology termed jbal. The 1:14-stoichiometry
heteropoly anion is stabilized by capping potassium ions as shown by >V NMR
spectroscopy. Magnetic studies show very small antiferromagnetic intermolecular
exchange interactions corresponding to an octahedrally coordinated, high-spin Mn(I1V)

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 (CWASs), used in past wars and recent terrorist attacks,
represent a significant threat to humankind.*®* Among all of the classes of chemical
weapons, vesicants (such as sulfur mustard) and nerve agents are the most common.*
Sulfur mustard is one of the most effective CWAs used in modern warfare.> Nerve
agents are organophosphorus compounds containing P-X bonds (X=F, CN, SR etc.),%’
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.® 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.**%° A series of Zr-based metal-organic frameworks
(MOFs, especially UiO-66, NU-1000 and MOF-808) that contain strongly acidic
Zr(I1V) sites, have shown significant catalytic activities for hydrolyzing nerve agents
and the simulant dimethyl 4-nitrophenyl phosphate (DMNP).?2* 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.?® Recently, a
porphyrinic MOF that catalyzes selective photooxidation of a sulfur mustard simulant
was also reported.?®

Polyoxometalates (POMs), one polyoxoniobate (PONDb), [NbsO19]® and other Nb-
based solid materials have also been investigated for the degradation of CWAs and/or
their simulants.?’-3! POMs are a class of metal oxide clusters with versatile applications

in magnetism, medicine, electrochemistry and catalysis.®>*® PONDbs are a subclass of
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POMs with high negative charges per polyanion oxygen and commensurately basic
surface oxygens.®”*! We report here that a heterogeneous one-dimensional polymeric
heteropolyniobate: Ki2[Ti202][GeNb12040] 19H20 (KGeNDb) 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[Ti202][SiNb12040] 22H,0 (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. Ki2[ Ti202][SiNbD12040] 22H20 (KSiNb)
was prepared by a reported literature method.*? 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 Ka (y = 1.78901 A)
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). *'P 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 °C).

4.2.2 Synthesis of a new polymeric polyniobate, KGeNb

Typically, amorphous Nb2Os xH>0 (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 °C for
20 h. Colorless needle-like crystals were collected by filtration and washed with
deionized water. Yield: 061 g (51 % based on Nb). Anal. Calcd for
K12[Ti202][GeNb12040] 419H.0 (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™, 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 ® scans of 1° and for 30s per frame
with Mo Ko 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 APEXIL*® The SAINT software was used for data reduction.*
SADABS-2014/5 was used for absorption correction.* The unit cell parameters were
refined using SAINT on 8908 reflections. The structure was solved with the Superflip
structure solution program“® by the Charge Flipping solution method using Olex2*’ and
refined by least squares using ShelXL.*® 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.*® The number of water molecules was determined

by thermogravimetric analysis.

Table 4-1. The crystallographic data for KGeNb.

Formula Ge Ki2 Nbi2 Osg Tiz Haz

Dcalc./ Mg cm™ 3.078

Absorption Coefficient w/mm™ 3.988
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Formula Weight/gmol™
Crystal Size /mm?3

T/K

Crystal System

Space Group

alA

b/A

c/A

a/°

pre

v/°

VIA3

Z

Theta range for data collection/<
Reflections collected
Independent reflections
Absorption correction
Restraints / parameters
Largest Peak

Deepest Hole

GooF

wR2 (all data)

wR2

R1 (all data)

R1

2712.76
0.65x0.11x 0.09
173(2)

tetragonal

P-4c2

15.9789(6)
15.9789(6)
22.927

90

90

90

5853.8(4)

4

2.531 t0 33.139
76956

11160 [R(int) = 0.0563]
Semi-empirical from equivalents
45/ 385

4.692

-1.431

1.051

0.1374

0.1249

0.0722

0.0518
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R1 = X|[Fo| - |Fe|| / Z[Fo|; wR2 = Z[w(Fo? - Fc?)?)/ Z[w(Fo?)?]*?

4.2.4 Degradation of DMMP by KSiNb and KGeNb

In a typical reaction, 18 umol of KSiNb or KGeNb, DMMP (2.5 uL) and D20 (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 uL aliquot of
the solvent was transferred into the NMR tube for *!P 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 pmol of KSiNb or KGeNb was suspended in 600 pL. of DMF
placed in an 5-mL O.D. NMR tube. Subsequently, 10 uL of DECP and 50 uL of H2O
were added. The mixture was vigorously shaken at room temperature. Every several
minutes, the contents were assessed by 3P 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 umol of KSiNb and 28 umol 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 3P 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 umol of KSiNb and 14 pmol of GD was added to 0.75

mL of H20 in an NMR tube. The mixture was vigorously shaken at room temperature.
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Every several minutes, the contents were assessed by 3P 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). Ina
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™
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[XNb12040-(Ti202)-040Nb12XTi(OH).], where X = Si (1) and Ge

(2), were chosen as a model for KSiNb and KGeNb polymers. In these models we



86

eliminated K counter cations and associated water molecules in order to make the
calculations technically feasible. Furthermore, the end oxo-groups of the terminal TiO»-
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 (MO6L functional)® 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,®*® which below are referred to as MO6L/BS1. The solvent effects were
approximated by the polarizable continuum model (CPCM).>*%  All calculations

were carried out with the Gaussian 09 software package.®’

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[Ti202][SiNb12040] 22H,0 (KSiNb).*? In 2005, the structures of the sodium salts
of [Ti202][SiNb12040]**" and [Ti.02][GeNb1,040]** were inferred from PXRD data.®
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][GeNb12040]'%, the corresponding
potassium salt, KGeNb,>® was readily synthesized under hydrothermal conditions from
Nb2Os xH-0, tetraethoxygermane and tetraisopropyltitanium in an aqueous solution of

KOH. Not surprisingly considering the similar size and properties of the Ge(1V) and
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Si(1V) heteroatoms, KGeNb and KSiNb are isostructural. These nano-scale threads are
composed of silico/germano-dodecaniobate Keggin ions connected by two edge-
sharing TiOg octahedra ([Ti.02]**) forming one-dimensional infinite chains (Figure 4-
1).%® 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 [NbsO19]® is
affected by counter cations.?” Although the specific counter cation effect in KGeNb is
complicated, the short bond lengths (2.621~3.329 A) 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: NbOs; blue: TiOs; pink: GeOs. (b) Precise structural
environments of two potassium counter cations interacting with the polymeric

polyanion unit (bond lengths in A)
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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.?® In this study, KSiNb and the new more reactive P-POND,
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 *'P NMR spectroscopy (Figure 4-3). The extent
of conversion was calculated as the ratio of the integrated 3P 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).

(@) HC ©  CHy o
7/ KSiNb/KGeNb [
0—P—0 HO—P—OH +2 CH;0H
| 2H,0 |
CH; CHy
®),, ©
100 4 —— Blank
—#— K SiNb
——KGeNb
12 80 1
= g
,E, e E— 80
2 5
40 4
8 8
41 - Blank 20
—#— KSiNb
—k— KGeNb)|
0 T T T 1 0 T t S — T 1
70 140 210 280 0 20 40 80 80 100
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Hy ¢ O—P—0 CH;, H;G© 0—P—0" CH3 + HCN
H,0 |
CN OH

Figure 4-2. (a) Hydrolytic decomposition pathway of DMMP to MP. (b) DMMP
decomposition using KGeNb and KSiNb; conditions: [DMMP] = 15.5 mM, 18 umol
KGeNb or KSiNb, 0.5 mL D20 and 1.0 mL H2O at room temperature. (c) DECP

decomposition using KGeNb and KSiNb; conditions: [DECP] = 100 mM, 11 umol
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KGeNb or KSiNb, 600 puL of DMF and 50uL of H20 at room temperature. (d)

Hydrolytic decomposition pathway of DECP to DEHP.

(a)

150

(b)
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Figure 4-3. 3'P NMR spectra of (a) DMMP, (b) methyl phosponic acid (MP) and (c)

DMMP decomposition by KGeNDb after 24 h in 0.5 mL D20 and 1.0 mL HO.
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Figure 4-4. Red circles: hydrolysis of DMMP using KGeNb. Conditions: [DMMP]
=15.5mM, 18 umol KGeNb, 0.5 mL D.0O and 1.0 mL H20 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-
PONDbs 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 KSiNDb 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 GeOs 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 umol KSiNb or KGeND,

0.5 mL D20 and 1.0 mL H2O at room temperature.
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Figure 4-7. 3'P 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 KGeNDb before and after DMMP hydrolysis.
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Figure 4-9. FT-IR spectra of KSiNb before and after DMMP hydrolysis.

The initial rate for reaction of DMMP with KGeNDb 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.®° The ratio of reaction rate constants, k(H.0)/k(D-0), was
determined to be 1.4, which is also consistent with a general base-catalyzed reaction.5!
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 [NbsO19]%.2" The subsequent charge neutralization of product species by proton

transfer is fast and does not contribute to the observed rate.

0.20

y=0.00119x+0.04533
R?=0.97953

0.15 4

0.10 4

Rate (x10° mM/h)

0.05 4

0 20 40 60 80 100 120
[DMMP] (mM)

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, [KGeNDb] = 18

umol, 0.5 mL D20 and 1.0 mL H2O at room temperature

0.184 y=0.00611x+0.00111 -
R’=0.96846
3
S 0.124
=
r\?O
—
X
[0}
= 0.06 4
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| ]
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Figure 4-11. Plot of the initial rate versus the amount of KGeNDb in the decontamination
of DMMP using KGeNb. Conditions: [DMMP] = 15.5 mM, amount of KGeNb

added: 4.0 ~ 27.0 pmol, 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

room temperature under the same conditions. [

Materials Substrate Time Conversion ti2 (h)
KGeNb DMMP 24 h 25% 54
UiO-66 DMMP 24 h <1% >1343

MOF-808 DMMP 24 h <1% >1343



NaOHT

KsNbsO19

KGeNb

UiO-66

MOF-808

KsNbsO19

MgO

TiO2

KSiNb

CssNbeO19

N/ALC

DMMP

DMMP

DECP

DECP

DECP

DECP

DECP

DECP

GD

GD

GD

24 h

24 h

30 min

30 min

30 min

30 min

30 min

30 min

1h

1h

1h

4%

5%

100%

32%

50%

90%

90%

87%

43%

37%

<1%

336

269

0.1

1.3

0.4

0.2

0.2

0.2

1.2

1.4

31
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[a] Conditions for DMMP hydrolysis: [DMMP] = 15.5 mM, 50 mg of materials for

each entry, 0.5 mL D20 and 1.0 mL H>O. Conditions for DECP hydrolysis: [DECP] =

100 mM, 30 mg of material for each entry, 600 uL of DMF and 50uL of H20. [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 3P 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 O (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 KGeND, the reported Zr-based MOFs as
well as the monomeric polyniobate, [NbsO19]®, against DMMP and DECP under the
same mild conditions. The half-life, ti> (50% conversion) is also listed.'? 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.% Control
experiments using Nb20s, NbO2, TiO2 or MgO show no degradation of DMMP
whatsoever,® and a lower activity towards DECP by MgO or TiO, compared with
KGeNb is observed (Table 4-2). KGeNb is also more active than [NbsO19]® 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 [NbeO19]®. The control reaction (same
conditions but no P-PONDb 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-POND) 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 Sl for details and spectral

characterization).

20

\

LN
16.- LR B R

GD (mM)

12 4

—0— Blank
—H— KSiNb

0.0 0.4 0.8 1.2

Time (h)
Figure 4-12. Hydrolysis of GD using KSiNb (red squares). 2.5 umol of KSiNb and 14
umol of GD was added to 0.75 mL of H20 in an NMR tube. The mixture was vigorously
shaken at room temperature. Every several minutes, the contents were assessed by !P
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™ coupled with the
positive v (O-H) stretch at 3585 cm™. There were no peaks observed in the v (C-H)
stretching region, however, a peak is observed at 1268 cm™ which is assigned to the v
(P=0) stretch of hydrogen bound GB on the KSiNb sample. This peak is redshifted
from the gas phase value for this mode from 1303 cm™. Two large and broad peaks
are observed at 1188 and 10921, These peaks are in the expected region of the v (C-
C) and v (C-O) stretches, however their broadness and position are consistent with a
second hydrolyzed species which would result in va (O-P-O) and vs (O-P-O) stretches
in this region. The small feature at 940 cm™ is attributed to a pa (CHsz). A peak is
observed at 881 cm™, which is tentatively assigned as va ((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™. This
peak is assigned to the v (P-F) stretch, but it is also redshifted from the gas phase value
at 844 cm, 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, 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.

1 i I v 1 I’A’ T I v 1 i 1 i I
006 I~ ["GB on KGeNb
0.05 L |He purged at 25°C
0.04 -
v
% 0.03 Time (min
. L -2
3 002 R
£ | 320
2001+
Y] eSS © = S
-0.01 -
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T 3800 3600 34001400 1400 1200 1000 800 600
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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* coupled with positive peaks in the 3555 — 3200 cm™ region indicate perturbation
of hydroxyls on the POM. Unlike the KSINb sample, no clear v (P=0) modes was
observed which would signal the presence of unreacted, hydrogen bound GB. The

large and broad modes at 1239 and 1097 cm™ are consistent with a mixture of the v (C-



101

C) and v (C-O) stretches in addition to va (O-P-O) and vs (O-P-O) of hydrolyzed GB.
The intense peak at 872 cm™ is tentatively assigned as va ((HO)-P) stretch on the surface,
and the relatively weak and red-shifted v (P-F) stretch also is consistent with some GB
reaction. As seen with KSiNb, negative features at 900 and 836 cm™ 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™.
A multiplet of peaks was observed from 1230 to 1050 cm™ which likely derives from
the formation of the hydrolysis products: half mustard (HM) and thiodiglycol (TDG).
Negative peaks in the 930 — 820 cm™ 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-PONbDs, 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.
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Figure 4-16. Difference DRIFTS spectra of HD sorption onto KSiNb.

4.3.3 Computational studies

Polyanions, {[(OH)2Ti[XNb12040-(Ti202)-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-POND
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 -OCHjs 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.

Ti'2-0V2 = (1.888 -1.892) / (1.893 - 1.892); Nb-O°=1.790/ 1.811

OS-H!=2.150/2.145 *
O5-H?=2.174/2.169
O°-H? =2.182/2.209 -,
Nb-O% = 1.808 / 1.809 H? @

¢
©
Yo
'®
©
=)
&
7
@
> )
©

7Z_DMMP

Z =1 and 2, for X = Si and Ge
Energy of the Reaction:

Z+DMMP —» Z DMMP: 24.4(10.7) /23.0 (10.2) kcal/mol

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 A),
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 AE and AG values.

4.4 Conclusions

In summary, the newly prepared one-dimensional P-PONb, KGeND, 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

As a main contributor of this work; with Hongjin Lv, John Bacsa, Yuanzhe Gao, Je
Seong Lee and Craig L. Hill*, W. Guo contributed the syntheses, characterizations,
investigating and analyzing the catalysts’ activities to this work. H. Lv designed the
catalytic experiments. J. Bacsa conducted and analyzed the X-ray crystallographic
studies. Y. Gao conducted the FTIR measurements. J. S. Lee prepared the precursors
for catalysts syntheses. W. Guo and C. L. Hill designed the experiments and prepared

the manuscript.
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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.>® Most d-block elements have been
incorporated into POMs resulting in transition-metal-substituted POMs (TMSPS)
which exhibit noteworthy catalytic,** magnetic'??° and electrochemical properties.?!”
28

Transition metals such as Co'", Ni", Cu", Mn", Zn"" and Fe'" react with di-vacant
[SiW10036]® and tri-vacant lacunary POMs, [P2W150s6]*%", [PW9O34]® or [SiWg034]**
to form sandwich-type POMs. In these cases, the two lacunary POMs are usually
connected by three or four transition metal centers.?** Fewer sandwich-type POMs
contain two transition metal centers, and most of these still exhibit defect sites in which
alkali cation(s) can bind.3*® For example, Cronin and co-workers reported the lacunary
POMs where two [P2W150s6]*> are joined by two transition metal ions yielding
[M2(P2W15056)2]% (M = Mn'"!, Co'" and Ni'") showing a affa isomeric geometry.®’ 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(u3-OH)2{Zn(OH2)}2{y-SiW10036}2]% (M
= Co'"and Ni"") heterobimetallic substituted POM was synthesized and used to construct
a porous ionic cage-like framework.

TMSPs that are not of the sandwich structure motif are also well known and have
well-developed chemistry. Exemplary common structural families include
[MXW110m]™, [M3XWgQ40]™ and [MsP2Wis0e2]™ (X = Si'V, Ge'V, PV, AsV, etc.). In
[MXW110m]™, M can be a high-valent transition metal ion such as VV or low-valent

transition metal ions such as Co" Ni" cCu" Mn" and zn"1% However, in
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[M3XW3040]™ and [M3P.W15062]™, M are usually high-valent transition metal ions
including VY, NbY, Ta¥ and Sn', which presumably results from the size of the
transition metals, the overall charge of the POMs and other thermodynamic factors.*’-
3 The [M3XWg0a40]™ structure type, where M are the low-valent transition metal ions,
is uncommon. Nevertheless, in 1999, Coronado and co-workers reported a POM,
[Nis(H20)3sPW10039(H20)]", that contains a triangular NisO13 unit, a lacunary
[PWy034]% ligand and a WOs octahedron.** In 2002, our group reported a tri-substituted
Wells-Dawson  structure with three iron centers, [(Fe"'OH2)sP2W150s9]%.%
Significantly, monomeric tri-nickel-substituted POMs with the well-known
[P2W150s6]**" ligand prepared via conventional methods have not been reported.

Some TMSPs are efficient water oxidation catalysts (WOCs) under electrochemical,
thermal and photochemical conditions.’%4¢ Recently, TMSPs are also emerging as
effective visible-light-driven water reduction catalysts (WRCs). The tetra-manganese
POM, [Mns(H20)2(VW9O34)2]'> (MnsV2), the tetra-nickel POM, [Nia(H20)2(PWy
034)2]*% (NisP2) and the hexadecyl-nickel POM, [{Nis(OH)3AsOs}4(B-0-PWgO34)4]?®
(Ni1sAssPa4) are efficient and robust homogeneous catalysts for visible-light-driven H»
evolution.*’-*® Herein, we report the syntheses, structures and catalytic properties of the
di-, and tri-nickel-containing POMs. The di-nickel-substituted [Ni2(P2W150s6)2]%° (Ni2)
is a sandwich-type POM showing an unusual aaoo inter-unit coordination geometry,
while the tri-nickel-containing Wells-Dawson POM, [Nis(OH)3(H20)3P2W160s9]>
(Ni3) exhibits a unique structure where the [a-P2W1s0s6]*> ligand is capped by a
triangular Ni3sO13 unit and a WQOe 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. Naiz[o-
P2W150s6]-24H20 was synthesized following the reported literature method,* 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 A
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/AgCI (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 NagLii2[Ni2(P2W150s6)2] 74H20

NagLii2Niz2. The sodium and lithium salt of Niz, NagLi12Ni2, was prepared as follows.
Solid NiCl2-6H20 (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) NasPOs-12H>0. The mixture was stirred
for 5 min, then adjusted to pH=8.0 by adding 1.0 M LiOH. Then Nai[o-
P2W15056]-24H20 (3.0 g, 0.6 mmol) was added. The mixture was heated at 60 <€ 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
NagNi20186W30P4Li12H14s: 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™, 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 NasLis[Ni3(OH)3(H20)3P2W160s9] 48H20

NasLisNis. The sodium and lithium salt of Nis, NasLisNis, was prepared following a
method similar to that for NagLi12Ni2. Specifically, NiCl2-6H.0 (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
NasPO4:12H,0 (0.49 mmol). The mixture was stirred for 5 min, and the solution was
adjusted to pH=7.5 by adding 1 M LiOH. Nazz[a-P2W150s6]-24H20 (3.0 g, 0.6 mmol)
was then added. The resulting mixture was heated at 60 <€ 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 NasNi3zO113W1eP2LisH10s:
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™, 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 TBAN:is3

The tetrabutylammonium (TBA) salts of Ni2 and Ni3
(TBAsNasLis[Niz(P2W150s6)2] 27H20 and
TBAsLI[Niz(OH)3(H20)3P2W160s9] 28H20) were readily prepared using an extraction
metathesis process.>! Typically, an aqueous solution of NagLii2Ni2 or NasLisNiz (0.1
mmol in 10 mL H20) was added to the solution of TBABTr 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 Niz 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 TBANIs are displayed in Figure 5-1 showing that
the polyanion structures have remained intact. The formula of TBANi2 and TBANIs are
determined based on thermogravimetric analysis as well as elemental analysis. The
TGA of TBANI2 and TBAN:Is 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 TBANis. 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

TBANIz: 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.
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Figure 5-1. FT-IR spectra of the tetrabutylammonium (TBA) salts of Ni2 and Nis.
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Figure 5-2. Thermogravimetric analysis of TBANi2. The calculated weight percent of

water loss corresponds to 27 water molecules.
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Figure 5-3. Thermogravimetric analysis of TBANis. 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 NagLii2Ni2/NasLisNis 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 « scans by Mo Ka radiation (fine-focus sealed
tube, 45kV, 30mA). The total number of runs and images was based on the strategy
calculation from the program APEXII.®? Data reduction was performed using the
SAINT software®® 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 program®* and refined
by Least Squares using version 2013-4 of ShelXL.>® 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 TBAN:is is as
follows. These experiments were performed in 2.5 mL septum-sealed glass vials.
Typically, 2 mL of a DMF/CH3CN/H20 (14:5:1) mixed solvent solution containing 20
uM catalyst, 0.25 M triethanolamine (TEOA) and 0.2 mM (4,4'-di-tert-butyl-2,2'-
dipyridyl)-bis-(2-phenylpyridine(-1H))-iridium(I11) hexafluorophosphate,
[Ir(ppy)2(dtbbpy)][PFs] ([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 c¢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)s]** in CHsCN. 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.** Scheme 5-1 illustrates the
general synthetic procedure for Ni2 and Nis. At pH 8.0, a 2:1 ratio of Ni?* to [a-
P2W150s6]*2" 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 [0-P2W150s6]*%
polyanions. The ratio of Ni?* to [0-P2W150s6]'? 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 Niz 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, Niz was obtained with a 4:1 ratio of Ni?* to [o-P2W150ss] 2.
This is contrary to the phenomenon reported previously in which higher pH favors
higher nuclearities of transition metals.** At pH 6.5 with a 4:1 ratio of Ni%* to [a-
P2Wi50s6]*2", the POM, [Ni14(OH)s(H20)10(HPO4)a(P2W150s6)4]3*~ (Ni14) was obtained
when extra phosphate was added. This structure was published previously in the form

of Rb salt,® therefore its structure is not discussed here.
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Scheme 5-1.  Synthetic Routes to Niz, Niz and Niua.

NiCl,:Na5[a-P,W,5054]=2:1

PH=8.0 > 160 °C/1 hf —Ni,
NiCl,:Na,,[a-P,W,505,]=4:1
NiCl, PH=7.5 > 160 °C/1 h| = Ni;
NiCly:Na;[a-P,W;5054]=4:1
PH=6.5 > 160 °C/1 hj=™ Ni,

5.3.2 Structures and Characterizations

The crystal data for Ni2 and Nis are summarized in Table 5-1. Niz crystallizes in the
triclinic space group P 1. Figure 5-4 shows the polyhedral and ball-and-stick

representation of Niz. 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 a and the two di-nickel, multi-oxygen interfaces defining
the central belt can be in the same orientation to the caps (o) or the opposite orientation
(B).*" Ni2 exhibits a aaaa geometry (Figure 5-4), and while the dinuclear sandwich
polytungstates with a oooo geometry have been found for oaooco-
[(NaOHa)2Fe'"'5(P2W150s6)2] ¢, acca-[(NaOH2)Cu''z(P2Wis0ss)2] e, 0000l
[(NaOH2)2C0"2(P2W1s0s6)2]* etc , this intra-unit POM connectivity is rare. The
outside sites on the central belt of these aaoo sandwich POMs are most frequently
occupied by hydrated sodium ions.3¢5"% The relevant Ni"-Ni" distance is 3.118 A, and

the Ni"-O-Ni'' angle is 57.20°. The TBA salt of the af|fa isomer of Niz was reported by
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Cronin and co-workers in 2012.3” It was also noted that under the same synthetic
conditions, the dinuclear sandwich POMs containing Mn", Co'" and Ni'" all exhibit the

" isomer which has the aaaa geometry.

more common affo geometry except the Fe
The crystallization of aaaa-Ni2 indicates that the formation of POM isomers is not only

dependent on the relative charge and size of the transition metals (Fe'"' vs. Mn'!, Co"

and Ni') but depends on the synthetic conditions as well as counterions.

Table 5-1. Crystal data and structure refinement for Ni2 and Nis

NagLi1oNi2

NasLisNi3

Empirical Formula
Formula Weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z
Density calculated

Absorption coefficient

NasgNi2O186\W30P4Li12H 148

9149.17
110(2) K
0.71073 A
Triclinic

P-1

a=13.2155(15) A

b =13.380(2) A
¢ = 25.206(4) A
o= 75.983(2)°
B=281.838(2)°
v=61.8110(10)°
3809.4(9) A®

1

3.988 Mg/m?

22.992 mm!

NasNiz0113W16P2LisH105

4235.67

110(2) K
0.71073 A
Orthorhombic
Pbca
a=24.364(5) A
b =24.299(5) A
c =28.863(6) A
o= 90°

B =90°

¥ =90°
17087(6) A3

8

3.293 Mg/m®

22.205 mmt



F(000)
Crystal size (mm?)

Index ranges

Reflections collected
Independent
reflections
Completeness to theta
= 25.242°

Max. and

min. transmission

Refinement method

Goodness-of-fit on F2

Final R indices [1>2o(1)]

R indices (all data)

4096

0.335x0.282 x 0.228
-18<=h<=18, -
18<=k<=18, -35<=I<=35
64611

21521 [R(int) = 0.0508]

99.8 %

0.1281 and
0.0492
Full-matrix least-squares
on F?

1.056

[{IR1 = 0.05009,

PlwR2 = 0.1148

R1 =0.0775,

WR2 =0.1273

120

14608

0.317x0.311x 0.124
-33<=h<=34, -
20<=k<=34, -40<=I<=40
229489

25653 [R(int) = 0.0750]

100.0 %

0.2267 and
0.0161
Full-matrix least-squares
on F2

1.114

[{IR1 = 0.0618,

PlwR2 = 0.1257

R1 =0.0862,

WR2 =0.1384

[eTR1 = 3[|Fo| - [Fell / ZIFol; PIWR2 = Z[w(Fo® - Fe?)?)/ S[w(Fo?)’]"?
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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: WQOs; green ball: nickel;

orange tetrahedra: POa. (b) Illustration for the definition of aaao isomer of Niz.

Nis contains a triangular NizO13 unit which is composed of three edge-sharing NiOs
octahedra, a [a-P2W150s6]*>" ligand and a capping WOs octahedron. Nis crystallizes in
the orthorhombic space group Pbca. Figure 5-5 shows the polyhedral and ball-and-
stick representation of Nis. This new polyanion has a structure similar to that of the
Keggin-type analogue,* [Nis(H20)sPW10039(H20)]" except that the [PWg0s4]® ligand
is replaced by [a-P2W150s6]*2". The terminal oxygen on each of the NiOs octahedra is
from a coordinated water molecule. In contrast, the three oxygen atoms connecting to
the capping WOsg 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, [a-
(Fe'"OH2)3P2W150s0]%,* Nis needs an additional cap of tungsten to stabilize the Wells-
Dawson-like {P2NisW15062} unit.  This stabilization likely reflects the larger size and

lower charge of Ni(ll) versus Fe(l11). The Ni(ll)-Ni(l1) distances are 3.129 A 3.118 A
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and 3.115 A respectively. The connectivity and Ni"-O-Ni" angles are summarized in

Figure 2b.
() (b)
9
e o
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| 94.43Qosss |
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o | @
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Figure 5-5. (a) Polyhedral and ball-and-stick representation of X-ray crystal structure
of Nis. Red: oxygen; blue octahedra: WOeg; green: nickel; orange tetrahedra: POs. (b)

Connectivity and bond angles diagram for Nis.

The FT-IR spectra of Ni2 and Nis are shown in Figure 5-6. Their spectra display
similar characteristic peaks to those of [a-P2Wis0s6]'?. Both complexes have
characteristic vibrational bands of heteropolytungstates including terminal W-O and
W-0-W structural units.>® The shifts and changes of the P-O stretches at ca. 1130, 1075
and 1008 cm™ are introduced by insertion of the nickel centers. The splitting of the vs
mode of the central PO4 unit is not observed, which is commonly seen in this type of
TMSPs, particularly in cases where Ni(ll) has been incorporated into the lacuna and
not the other divalent 3d transition metal cations.>® The small peaks at ca. 456 cm™ are

assigned to Ni-O stretches.®® The UV-vis spectra of Ni2 and Nisz 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 Ni''Os centers. The redox behavior of Niz2 and Nis
were studied in sodium phosphate buffer (pH 8.0 and 7.5 respectively). Figure 5-8
shows the CVs of 4.0 mM Niz and Nis in deairated buffer solution. Both CVs have
similar poorly-resolved, quasi-reversible redox waves. In the negative-domain region,
the clear W(VI1)-to-W(V) reduction peaks may overlap with the Ni(ll)-to-Ni(l) peaks.
The maximum anodic peak current is proportional to the square root of the scan rates

consistent with diffusion-controlled interfacial redox processes.

Transmittance (%)

1400 1200 1000 800 600 400

Wavenumbers (cm1)

Figure 5-6. FT-IR spectra of Ni2 and Nis compared to the component trivacant

polyanion ligand, [0-P2W150s6]*%.
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Figure 5-7. Normalized UV-vis absorption spectra of NagLii2Niz and NasLisNis.

Conditions: 0.5 mM in 1 M NaCl aqueous solution.
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Figure 5-8. (a) Cyclic voltammograms of 4.0 mM NagLi12Ni2 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 NayLisNis 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.2%®  Niz and
Nis were investigated for their ability to catalyze water reduction in conjunction visible-
light photosensitization. As shown in Figure 5-9, Nis 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 %. Nis has three nickel centers whose terminal oxygen

atoms are presumably free to serve as catalytic reaction sites.

(A) (B) ©)
200 60 60
---No catalylst —4pM —O0M
160 :; 50 10pM 50 1 0.005 M
—Nly
o a0 {7 30M Zao
120 4 = S0pM + =
F 2 30 4 ‘-" g 30
€ a0 4 z / \ g
220 \ £20
= =
40 4 10 4 10
0 0 T T T T T [} T T T T T
0 50 100 150 200 450 500 550 600 650 700 750 450 500 550 600 650 700 750

Time (min) Wavelength (om) Wavelength (um)
Figure 5-9. (A) Photocatalytic hydrogen evolution using 20 uM Niz (green) and Nis
(black). Conditions: LED light (20 mW, 455 nm), [Ir(ppy)2(dtbbpy)]* (0.2 mM), TEOA
(0.25 M), 2 mL CHsCN/DMF (1/3) deairated with Ar. (B) Emission spectra of
[Ir(ppy)2(dtbbpy)]* (0.1 mM) as a function of added Nis. (C) Emission spectra of

[Ir(ppy)2(dtbbpy)]™ (0.1 mM) as a function of added TEOA.

Control experiments using NiClz or [P2W1sOs]** 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 Nis is
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confirmed as follows: the FT-IR spectrum of Nis after catalytic reactions remains

unchanged compared to the one before (Figure 5-10); no significant change is observed

the UV-vis spectrum of Nis 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/H20 (2 mL) mixed solvent solution containing 20 uM catalyst, 0.25 M

TEOA and 0.2 mM [Ir(ppy)2(dtbbpy)]*.

Entry Catalysts TON
1 Ni2 1

2 Ni3 161
3 Nago[a-P2W150s6]-24H20 1

4 NiCl; 60
5 No dye N/A
6 No TEOA N/A
7 No catalyst 1

8 Ni14 260
9 NisP2 290
10 Ni1sAs4P4 264
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Figure 5-10. FT-IR spectra of TBAN:i3 before and after catalytic reactions.
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Figure 5-11. Time profile of UV-vis spectra of TBANIi3 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.’4% In the system catalyzed by NisP2,
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[Ir(ppy)2(dtbbpy)]*™™ can be both oxidatively and reductively quenched.®® 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 Nis indicating that the oxidative
quenching process is quite inefficient. This might be attributed to the relative lower
negative charge of Nis (9-) compared to that of NisP2 (10-) thus the electrostatic
attraction between Nis 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 %10’
M1s? by TEOA confirming that the reductive quenching pathway is dominant (Figure

5-12).
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Figure 5-12. Stern-Volmer plot assessing interaction involving TEOA. The calculated

quenching rate constant is 3.1 <10’ Mg
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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 Nis.  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, NisP2 (TON ~ 290), Ni14 (TON ~ 260) and Ni1sAs4P4
(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(P2W150s6)2]% (Ni2) with two nickel centers,
exhibits an unusual aaoo inter-unit orientation. The tri-substituted Wells-Dawson POM,
[Ni3z(H20)3P2W16061(H20)1*% (Nis), shows a similar but unique structure compared to
that of the tri-nickel Keggin derivative, [Nis(H20)sPW10039(H20)]"": it is composed of
three edge-sharing NiOg octahedra, a [a-P2Wi1s0s6]*> ligand and a WQs octahedron.
Nis 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 H> evolution activity as a function of the

properties of the multi-Ni sites in different POMs is in progress.
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Chapter 6.

A Hybrid Nanocomposite of Polyoxometalates, Pt
Nanoparticles and Metal-Organic Frameworks for
Synergistic Hydrogen Evolution

Reproduced from J. Mater. Chem. A., 2016, 4, 5952-5957 with permission from The
Royal Society of Chemistry
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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.'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.® Recent progress has been made on various fronts lately including the
use of semiconductors,'® metalloporphyrins,** 2 polyoxometalates (POMs)**%° and
metal-organic frameworks (MOFs)?12® as potential catalysts. POMs, a family of metal
oxide cluster polyanions with highly variable functional properties, have applications
in molecular magnetism, medicine and catalysis.?’® Some POM catalysis is facilitated
by their rich, and reversible redox chemistry.*”3® POMs stabilize noble-metal
nanoparticles (NPs).**® The stabilized Pt NPs show enhanced activities in multiple
reactions relative to commercial Pt black.** 4 For example, CdS quantum dots with
POM-encapsulated gold NPs are more efficient photocatalysts for H, evolution than
gold NPs without POMs.*8

Simultaneously, noteworthy studies on photoactive MOF-based catalysis for
energy-related reactions including water splitting and CO- reduction have gained much
attention.!2 4751 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.>?*® For example, Lin and co-workers utilized
a mix-and-match strategy to synthesize a series of photoactive MOFs for visible-light-

driven CO; reduction and water splitting.*’ 48 57
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MOF composited have also been well-documented.®® MOFs containing POMs
and/or metal NPs have shown synergistic activity.>*” 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.®2
MOFs are well documented to encapsulate NPs.%® For example, MIL-101 with
encapsulated gold NPs shows synergistic aerobic alcohol oxidation.®?

We report here an approach that combines POMs, Pt NPs and MOFs in a hybrid
material, POM-Pt NPs@NH.-MIL-53 (PNPMOF), with greatly enhanced
photocatalytic Hz evolution relative to each component alone. Pt NPs which are
stabilized by Keggin POMs (H3PW12040) 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 Miillennia 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 Ka (y = 1.54060 A) radiation. Amounts of hydrogen in the
photocatalytic reduction experiments were measured by gas chromatography
(GC) using a 5 A 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.®® 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 °C 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 °C for 6 h. Yield: 0.05 g, 38%.

6.2.3 Synthesis of POM-Pt NPs@NH2-MIL-53 (PNPMOF).

Isopropanol (14 pL) and H2PtCle (10uL of 0.5 M) were added to an aqueous solution
of 2 mL of HaPW12040 (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@NHZ:-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 cm?, 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.** HsPW:12040 was first reduced by
isopropanol upon UV light irradiation, and the dark blue reduced [PW12040]* product
then was used to reduce H2PtCles forming Pt NPs. The negatively-charged POMs are
well known to attach to the surface of Pt NPs and to stabilize these against
aggregation.®®4® The resulting POM-stabilized Pt NPs were mixed with the amine-
functionalized MOF, NH2-MIL-53 which was prepared following a modified literature
method,®® forming PNPMOF. PNPMOF is partly cationic, i.e. bearing NHs* groups
below pH ~6 which electrostatically bind the negatively charged POM-stabilized Pt
NPs. The final PNPMOF contains Hs3PW12040 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: H3PW12O4o;
dark blue polyhedra: reduced POM units, [PW12040]*; gray ellipses: Pt NPs; light blue
octahedra: AlO4(OH)2; gray sticks: carbon connector units; dark blue sticks: -NH> side

chains; red sticks: oxygen.
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T
130 °C/ 72h
COOH

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.”® 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™)
confirms that the NH2 groups are successfully incorporated into the framework.??
Moreover, the splitting of the band at ca. 1430 cm™ corresponding to the symmetric
stretches of carboxylate groups is introduced by the amino groups which lower the
overall symmetry.”t However, the vibrational peaks for Hs3PWi12040 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.



141

A B
—c
— b
g —_—a
z g
g ©
5 £
[ E
-_— w
=
©
'—
5 10 15 20 25 30 35 40 3500 3000 2500 2000 1500 1000 500
C 20/degrees D Wavenumbers (cm™)
10
E .
g, 8 -
2 LBl ¥ .
x a b ——d c >
] o 6
.g =
¥ 2
@ c
Q ]
- £
5 £ 2
2
g e 0
400 500 600 700 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 6-1. A) PXRD patterns of a) simulated MIL-53, b) MIL-53, ¢) NH2-MIL-53
and d) PNPMOF. B) FT-IR spectra of a) MIL-53, b) NH2-MIL-53 and ¢) 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 HsPW12040 and ¢) 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 NH>-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 NHo-
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 Sl for detailed calculations). EDX spectroscopy further confirms the existence
of the POM-stabilized Pt NPs as well as the NH>-MIL-53 particles: distinct peaks for

W and Pt are seen (Figure 6-3).

HD-2000 200kV x90.0k ZC 15/02/05 12:27

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 NH>-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 NH>-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
2.0x10" in a 100 g sample, and the number of NH. groups is calculated to be 1.410%.
Considering the pore window of NH>-MIL-53 (0.7 nm > 0.7 nm), the number of
windows on the NH>-MIL-53 surface that are covered by the Pt NPs is estimated to be:
3.14>(40nm)?>R.0<10%7/(0.7nm>0.7nm) = 2.05x10?!. Each window has four NH;
groups, therefore, the number of NH> groups that are connected with each Pt NP is
estimated to be: 4>2.05x10% = 8.2x10%. Therefore, about 6% (= 8.2x102%/1.410%) of

the total NH2 groups are connected to Pt NPs.

Pt NPs f
\ : windows on the
4 ‘/ _ NH,-MIL-53 surface

NH,-MIL-53
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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 m?/g) is lower than that of NH-MIL-53 (912 m?/g)
(Figure 6-5, Figure 6-6 and Figure 6-7). These BET surface areas of 912 and 1174

m?/g are consistent with previously reported literature values.5°
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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 °C.
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Figure 6-5. BET fitting curve for MIL-53. (MIL-53 surface area = 1174 m?/g).
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Figure 6-6. BET fitting curve for NH>-MIL-53. (NH2-MIL-53 surface area = 912
m?/g). This is lower than that of MIL-53 (1174 m?/g) because NH groups partially
block the pores of NH2-MIL-53. These BET surface areas of 912 and 1174 m?/g are

consistent with previously reported literature values.5°
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Figure 6-7. BET fitting curve for PNPMOF. (PNPMOF surface area = 684 m?/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.?? Similarly, NH2-MIL-53 exhibits
a lone pair n-m* transition of the amino groups with an absorption edge extending to
450 nm,"> "3 consistent with its light yellow color (Figure 6-1). As a result, NHz-MIL-
53 can function as robust light absorber in light-driven photocatalytic systems. The
optical properties of PNPMOF are similar to those of NH>-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. NH>-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.” When
NH2-MIL-53 is combined with H3PW 12040, 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 NH-
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 Hz 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).” 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).”® 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.
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Figure 6-8. A) Time-dependent hydrogen evolution by PNPMOF under different pH
conditions. B) Time-dependent H. 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@NHz>-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) NH>-MIL-53, c) PNPMOF. The solid lines are best fits according to single
exponential decay for a) and bi-exponential decays for b) and ¢). 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.> Therefore, at pH 4.5,
about 1% of NH2 groups are protonated; the remaining unprotonated NH2 groups

function as light absorbers.
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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*. In dramatic contrast, when POM-Pt NPs@NH-silica was
used for photocatalytic Hz production, no Hz 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 POMs’’ 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.*” In
addition, it has been reported that the size of Pt NPs can affect the activity towards
various reactions,’®®2 thus the efficiency of the photocatalytic system in this study

might be further optimized via modifying the the size of Pt NPs.%®

Figure 6-11. Oxidation of 2-aminoterephthalic acid by H3PW1204. When 50 uM 2-
aminoterephthalic acid was mixed with 0.1 M H3PW 1204 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 HaPW12040) after 1 hour indicating that the 2-

aminoterephthalic acid is oxidized by H3PW12040.
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Importantly, a negligible amount of H> was identified when Pt black@NH>-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.®38 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 Hz evolution, as is visible light (no H: is detected in the dark).
In addition, the photocatalytic system is not temperature dependent: reactions in 0 °C,

25 °C and 50 °C 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)3PW12040 < 1% (limit of detection)
5 POM-stabilized Pt NPs < 1% (limit of detection)
6 H2PtCle < 1% (limit of detection)
7 NH2-MIL-53 with H3PW12040 < 1% (limit of detection)
8 Without the addition of AA < 1% (limit of detection)
9 PNPMOF in0°C 58
10 PNPMOF in 25 °C 58

11 PNPMOF in 50 °C 59
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Fluorescence lifetime measurements were used to track the dynamics of
photoexcited electrons in NH>-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 NH>-MIL-53, shows a bi-exponential decay with an
average lifetime of T = (A1112+A212?)/(A1t1+A212) = 2.1 ns. However, when the NH-
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 NH>-MIL-53. The H> evolution in the
photoexcited PNPMOF indicates the existence of photo-induced electron transfer. As
a negligible amount of H: is evolved in the absence of NH>-MIL-53 (Table 6-1), the
photo-generated electrons have to be transferred from the photo-excited NH>-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 lifetimes? for different samples from time-resolved fluorescence

decay measurements.

Sample T1(ns) Ai1(%) Ti(ns) A2(%) Average life
time (ns)
2-Aminoterephthalicacid  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 T = (A1T12+ A1)/ (ArT1+ALT2).
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Scheme 6-3. Scheme showing the proposed mechanism for photocatalytic H> evolution

in the PNPMOF system (symbols are not to scale)

1

AA

dHAA + 2H"

Based on the above observations, a systematic mechanism for this light-induced Ha
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
Ha 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 HsPW12040 was detected indicating that no apparent HaPW 12040 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.
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Figure 6-12. ATR-IR spectra of PNPMOF at different pH values. The “sample” is for

PNPMOF with no additional added acid.
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Figure 6-13. UV-vis spectra of a) 2-aminoterephthalic acid in distilled water (60 uM)

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.
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Figure 6-14. PXRD patterns of PNPMOF before and after catalysis.
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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 H. 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 HoPtCls 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 NH>-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 POMSs exhibit more than one

function including catalytic activity.
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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.



