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Abstract

Dynamic Systems for Catalytic Decontamination of Chemical
Warfare Agents and Photoanode Stability Studies

By Daniel Collins-Wildman

There is increasing awareness, both scientifically and at a societal level, that
anthropogenic activities are having a variety of adverse effects on our planet. There is also an
understanding that these negative impacts on the environment will directly affect the quality of
life for populations around the globe, and in some cases, pose direct threats to human health and
safety. The scientific community is therefore invested in developing technologies to address and
overcome these challenges. One of the greatest synthetically generated threats toward humans,
are the highly toxic compounds known as chemical warfare agents (CWASs). Although
significant efforts have been made in the development of protective materials, there remains a
need for fast and truly catalytic systems to remove the two primary classes of CWASs: nerve
agents and blister agents.

This dissertation describes two catalytic decontamination systems, one for each class of
CWAs. Chapter 2 investigates the use of a Zr-containing polyoxometalate catalyst which
effectively hydrolyzes nerve agent simulants to their non-toxic products. The nature of the
buffer ions used in the system are shown to dramatically affect the rate of catalysis and
speciation of the catalyst. This provides new insights for both enhancing the reactivity and
brings increased awareness toward product inhibition. Chapter 3 demonstrates a fast and
effective solid catalyst formulation that selectively converts the blister agent, sulfur mustard, to
the decontaminated sulfoxide. In addition, this work reveals the dynamic role of copper in this
system. Finally, chapter 4 investigates the stability of a photoelectrochemical film, a crucial
component in addressing another major global concern, which is the ability to store energy from

the sun in the form of chemical fuels.
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Chapter 1: Introduction — History and
Overview of Chemical Warfare Agent
Decontamination
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1.1 History of Chemical Warfare

Throughout the course of human history, we have sadly used our understanding of the
natural world to develop tools to inflict harm on one another. This began with the design of
objects for implementing physical trauma, and over time, through advances in science and
technology, led to the development of synthetic compounds with incredibly high toxicity. Today,
these compounds that are specifically designed for war are known as chemical warfare agents
(CWASs). One of the earliest historical records of chemical agents being used for warfare comes
out of the Indian epic Ramayana, which describes the use of poisoned arrows around 2000
B.C.E.! Archeologists recently found the first physical evidence of ancient chemical warfare
where Sassanian forces generated sulfur dioxide to kill 18 Roman soldiers in 256 C.E.? During
the 19 century the industrial revolution dramatically changed the scale on which toxic
chemicals such as chlorine could be manufactured and dispersed on an enemy force. This made
world leaders increasingly concerned over the threat of chemical agents being used in warfare.
In response to these rising fears many countries signed and ratified a declaration against the use
of asphyxiating gases at the 1899 International Peace Conference at the Hague. Interestingly, the
United States did not choose to sign.®

Despite the best intentions of world leaders in 1899, World War | (WWI) saw the largest
deployment of chemical warfare the world has ever seen.* The use of chemical agents such as
chlorine, phosgene, and sulfur mustard, caused around 100,000 deaths and over 1 million soldier
and civilian casualties. Following the war, the world again sought to limit the use of chemical
warfare by ratifying the 1925 Geneva Protocol for the Prohibition of the Use in War of
Asphyxiating, Poisonous or other Gases, and of Bacteriological Methods of Warfare.> Many

countries, including the United States, chose to reserve the right to retaliate and did not sign the



treaty until many years later. The United States waited until 1975 to ratify the Geneva Protocol.®
As a result, chemical warfare agent research continued leading into World War 11.8 During the
late 1930s these continued research efforts led German scientists to development the
organophosphorus nerve agents, which are considered to be “the most nefarious of synthetic
chemical derivatives.”” While chemical weapons were not deployed in the way that they were
during WWI, many nations began stockpiling weapons in preparation to retaliate against
potential foreign threats.®

Throughout the latter half of the twentieth century there were a number of incidents
where chemical warfare agents were used. In 1988 the worst single attack occurred in Halabja,
Iraq resulting in at least 5000 deaths most of whom were civilians.® In 1993 once again countries
around the world came together and signed the Chemical Weapons Convention treaty which
prohibited use and production of chemical weapons and mandated the destruction of chemical
weapon stockpiles. While this treaty, ratified in 1997, has proved incredibly effective resulting
in a 97.5% decrease in global stockpiles to date,® the use of chemical warfare agents has
unfortunately continued with the 2013 Sarin attack in Damascus, Syria'® and mostly recently the
poisoning of Alexey Navalny'! among others. The persistence of CWA threats is in part due to
the fact that these compounds are relatively simple to produce and therefore readily accessible to
those with malicious intent. As a result, treaties alone cannot prevent the use of CWAs and
therefore it is the responsibility of the scientific community to develop protective measures to
counteract the existing threats. For this reason, there remains great interest in researching and
developing protective and decontaminating materials.” 121

These protective materials generally neutralize the threat of exposure via one of two

distinct pathways. The simplest method is to generate a material to which CWAs will strongly



adsorb. During WWI activated carbon was found to work remarkably well for this purpose and
has successfully been used to remove gaseous CWAs through filters in gas masks.*®* Adsorption
materials have also been implemented in protective garments. The obvious downside to this
approach is that the agent is still intact and active, and thus the filtration media must be disposed
of with care.!® In addition, over time the open sites for physisorption can become saturated
lowering the effectiveness of the filter. While there is still some active research in the area of
adsorptive materials,**-2 this work will focus on the more direct approach of chemically
converting CWAs into non-toxic forms. The chemistry involved in these processes is informed

by the properties of the specific agent(s) to be decontaminated.

1.2 Nerve Agents

The most toxic class of chemical warfare agents are referred to as nerve agents. Their
extreme toxicity arises from the ability of these organophosphorus (OP) compounds to
dramatically inhibit the activity of the enzyme acetylcholinesterase (AChE).” Figure 1.1 shows
the structures of some of the most common G-type (German-type for the early agents developed
in Germany) and V-type (Venomous-type) agents based on their order of discovery. Each of
these compounds shuts down the activity of AChE by irreversibly binding to the active site. In
the body, AChE is responsible for catalyzing hydrolysis of the neurotransmitter acetylcholine to
choline. This process occurs extremely rapidly with a turnover frequency for AChE of greater
than 10* s'1.22 Maintaining proper levels of choline and acetylcholine is critical for allowing
proper nerve function. Upon inhibiting the activity of AChE, there is a rapid buildup of

acetylcholine causing uncontrolled muscle contraction which can lead to death by asphyxiation.?®
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Figure 1.1. The structures and names (common and IUPAC) for G and V-type agents in the
order of their discovery. Reprinted with permission from Jang, Y. J.; Kim, K.; Tsay, O. G.;
Atwood, D. A.; Churchill, D. G., Update 1 of: Destruction and Detection of Chemical Warfare

Agents. Chem. Rev. 2015, 115 (24), PR1-PR76. Copyright (2015) American Chemical Society.

Since the discovery of nerve agents, a variety of methods have been explored for both the
disposal/decontamination of these materials. Prior to the Chemical Weapons Convention,
chemical weapons munitions were often dumped into the sea. In 1969 the United States
thankfully officially abandoned this practice and turned to more rigorously controlled methods.’
These include incineration with multi-stage burners and hydrolysis in the presence of excess
sodium hydroxide.?* Further methods, such as treatment with hydrogen peroxide, alkoxides, and
various halogen containing species such as hypochlorite and hypobromite are all effective
decontamination strategies.?>? The downside of these systems is that they all employ
stoichiometric reagents requiring more material per equivalent of CWA than that of a catalytic

system. In addition, many of these compounds are themselves toxic and corrosive making them



incompatible for use in protective equipment such as air filters and protective garments. Further,
disposal of these stoichiometric decontaminating agents can be environmentally undesirable.
Therefore, the development of a catalytic materials that can be implemented in personal
protective equipment is of great interest.

Transition metal-based hydrolysis catalysts including Cu?*, UO2?*, La®*, VO?*, Fe®*,
MoO2%*, Zr*, Ti**, Zn?* among others, show promising nerve agent decontamination activity
and fit the above criteria.?> % Figure 1.2 shows the proposed mechanism by which metal centers
enhance the rate of reactivity. The first step involves coordination of the OP to the metal center.
The low charge density on the metal pulls electron density through oxygen away from the OP
phosphorus making it more susceptible to nucleophilic attack. Next, either an aqua ligand bound
to the same metal or an adjacent metal acts as the nucleophile and attacks the OP. This is
followed by the release of a fluoride for most nerve agents and, in this example, methoxide from

dimethyl methyl phosphonate.
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Figure 1.2. Proposed mechanism nerve agent hydrolysis catalyzed by one and two-site metal-
based catalysts. This scheme portrays the hydrolysis of the CWA simulant dimethyl
methylphosphonate (DMMP). Reprinted with permission from Jang, Y. J.; Kim, K.; Tsay, O.
G.; Atwood, D. A.; Churchill, D. G., Update 1 of: Destruction and Detection of Chemical
Warfare Agents. Chem. Rev. 2015, 115 (24), PR1-PR76. Copyright (2015) American Chemical

Society.

In recent years zirconium containing materials, including metal organic frameworks
(MOFs) and amorphous zirconium hydroxide, have garnered significant attention.'3 3:-37 While
these materials achieve rapid hydrolysis rates, they suffer from significant product inhibition.
The phosphonate hydrolysis product remains strongly bound to the Zr metal centers thus shutting

down further catalytic activity (Figure 1.3).383% There is accordingly great interest in both



investigating the nature of this inhibition and studying methods for addressing it. Chapter 2
explores nerve agent simulant hydrolysis catalyzed by a Zr-containing polyoxometalate and how

the system is affected by product inhibition.
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Figure 1.3. The reaction mechanism for hydrolysis of the nerve agent, sarin (GB), catalyzed by
Zr-containing MOFs along with potential energies associated with each of the transition states
along the reaction coordinate. The black and red curves correspond to energies associated with
reactivity with the secondary building units (SBUs) of UiO-66 and MOF-808 respectively. Both
of these materials show a deep potential energy well associated with the bidentate bound GB

hydrolysis product indicative of product inhibition. Reprinted with permission from Troya, D.,



Reaction Mechanism of Nerve-Agent Decomposition with Zr-Based Metal Organic Frameworks.

J. Phys. Chem. C 2016, 120 (51), 29312-29323. Copyright (2016) American Chemical Society.

1.3 HD Sulfur Mustard

One of the highest tonnage chemical warfare agents based on global stockpiles is sulfur
mustard, making the decontamination of this specific agent a high priority.> Sulfur mustard,
bis(2-chloroethyl)sulfide, also known as HD or more commonly mustard gas, is a blister agent
with substantially different properties than the nerve agents described previously. Blister agents
are vesicants that are both carcinogenic and mutagenic given their strong alkylating ability.*° In
the case of HD, the toxicity is due to the reactivity of a cyclic sulfonium chloride that is in
equilibrium with HD.*! This intermediate forms via an intramolecular nucleophilic attack by the
sulfur center cleaving the C-Cl bond and forming the cyclic ethylene sulfonium ion. It then

readily alkylates DNA leading to the mutagenic properties of HD (Figure 1.4).4%44
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Figure 1.4. The mechanism of DNA alkylation by HD. Initially HD is converted to the ethylene
sulfonium complex the via an intramolecular cyclization reaction releasing chloride. This
reactive intermediate is then susceptible to attack by nucleophiles such 2-deoxyguanosine as
shown. The remaining chloroethyl group can then undergo a similar reaction crosslinking DNA
bases or other structures within the cell. Reprinted with permission from Shakarjian, M. P.;
Heck, D. E.; Gray, J. P.; Sinko, P. J.; Gordon, M. K.; Casillas, R. P.; Heindel, N. D.;

Gerecke, D. R.; Laskin, D. L.; Laskin, J. D., Mechanisms Mediating the Vesicant Actions of
Sulfur Mustard after Cutaneous Exposure. Toxicol. Sci. 2009, 114 (1), 5-19. Copyright (2009)

Oxford University Press.

By preventing this intermediate from forming, the toxicity of HD can be eliminated. This
can be achieved either by oxidation of the sulfur center or by hydrolysis, replacing the
chloroethyl with hydroxyethyl groups.* 1545 While a number of studies have explored
hydrolysis reactions, the hydrophobic nature of HD limits this reaction to the interface between

phases and consequently proceeds very slowly.* As a result, significant effort has been focused
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on exploring methods to selectively oxidize the sulfur center.14 154549 Selectivity is critical as
the overoxidation product, the sulfone, has significant toxicity.® Bis(2-chloroethyl)sulfone
rapidly undergoes elimination of HCI to form the divinyl sulfone. The vinyl groups are reactive
toward nucleophiles enabling this compound to bind/crosslink DNA and proteins similarly to the
sulfonium intermediate.*® While there are many systems capable of sulfide oxidation most
require the use of a stoichiometric oxidants such as hydrogen peroxide or bleach. Truly catalytic
systems that utilize air-based oxygen as the oxidant, while retaining a high degree of selectivity
for the sulfoxide are therefore ideal candidates for HD decontamination. Chapter 3 explores

such a catalytic system which promotes selective aerobic sulfoxidation of HD.

1.4 Polyoxometalates in Decontamination Catalysis

Polyoxometalates (POMSs) comprise a group of molecular, metal oxygen anions that have
been explored in a wide variety of chemical applications including medicine, catalysis, and
materials science.>->* This great diversity of application stems from the unique characteristics of
POM s including oxidative and thermal stability, in addition to highly tunable physical properties
such as redox potential, acidity, size, charge, and solubility in a myriad of solvents.>®> Some of
the most common POM structures are shown in Figure 1.5 where each octahedron represents a
single metalate, MOsg™ unit. The typical metals found in POMs are V, Mo, W, Nb and Ta.

These polyanionic metal-oxide-like clusters can be further modified to generate lacunary
structures by removing one or more of the metal centers creating stable compounds that can then
coordinate additional transition metals.>* All told, there are known POMs structures containing a
majority of the elements in the periodic table enabling the rational design of catalysts for a wide

variety of applications.5®
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How

Figure 1.5. Common POM structures. From left to right: Keggin, Wells-Dawson, Lindgvist,

and Anderson. Grey octahedra represent MOs units where M is V, Mo, W, Nb, or Ta; fuchsia

tetrahedra represent XOa4 units where X is most commonly Al, Si, or P.

Many groups have successfully utilized these highly modular properties of POMs for the
decontamination of chemical warfare agents. The two classes of chemical warfare agents are
generally detoxified via different pathways; hydrolysis for organophosphate nerve agents, and
oxidation for sulfide/amine-based blister agents. This results in certain materials being
optimized often for one type of agent or the other. For nerve agents, a wide variety of POMs
were shown to catalyze hydrolysis including polymolybdates, polyniobates, and
polytungstates.>>€° For these reactions, the electron-rich oxygen centers, as shown via density
functional theory calculations on CssNbsO19,°" help the POM to act as a general base catalyst.
Other studies report enhanced hydrolysis rates by incorporating Lewis acidic centers such as zinc
and zirconium, similar to those found in MOFs, either as counter cations or as a part of the POM
framework.664 In these systems, the Lewis acid sites activate the phosphorus-oxygen bond, or
in some cases phosphorus-sulfur double bond, making the nerve agent more susceptible to

nucleophilic attack by water or hydroxide.’
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On the oxidative side, POMs are well known to catalyze sulfide oxidations in the
presence of hydrogen peroxide.>* While chapter 3 of this work does not utilize a POM-
containing catalyst for HD sulfoxidation, a brief description of some POM-based systems are
included below for completeness. Several groups have used polymolybdates, polyniobates, and
polytungstates in the presence of H202 to oxidize both sulfur mustard (HD) and its simulant 2-
chloroethylethyl sulfide (CEES).5 56:58.63-68 Fyrther, Buru et. al. incorporated Ha3PW12040 into
the pores of the MOF NU-1000 creating a heterogeneous POM-MOF material for catalytic
sulfoxidation.®® In an effort to avoid the use of hydrogen peroxide, Hill et. al. explored POM
catalyzed oxidation using air-based oxygen to drive the reaction.*® 7 Finally, given the
significant degree of overlap between POMs used for catalyzing both sulfide oxidation and
organophosphate hydrolysis, a number of studies have also successfully demonstrated activity
with a single material for both reactions.5% 56. 58,63, 64 \While POMs show some promise in
catalytic sulfoxidation, the reactions rates are substantially slower than the catalytic system
described in Chapter 3 based on tribromide, nitrate, copper, and acid. The latter system appears

to be the fastest aerobic sulfoxidation catalyst known to date.

1.5 Scope of the Current Work

Given the responsibility the scientific community bears for researching and developing
chemical warfare agents historically, the responsibility to develop countermeasures must fall to
the same community. Many groups have made substantial contributions to this field, however,
there remains a need for fast and truly catalytic materials for the decontamination of both nerve
agents and blister agents. This dissertation explores two catalytic systems, one for hydrolysis of
nerve agents, and another for selective aerobic oxidation of HD to the decontaminated sulfoxide

form. An interesting common theme that arises in both of these systems is the dynamic nature of
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the catalysts. In both cases there are reversible processes whose equilibrium can be shifted to
improve catalytic activity.

Chapter 2 explores how the Zr-containing polyoxometalate (POM), (Et2NH2)s[ {a-
PW11039Zr(n-OH)(H20)}2]- 7H20 (1), effectively catalyzes the hydrolysis of nerve agent
simulants at near neutral pH. Analogous Zr-containing heterogeneous systems, are much-studied
and effective nerve agent hydrolysis catalysts, but due to their heterogeneous nature, it is very
challenging to know the exact structure of the catalytic sites during turnover and to clarify at the
molecular level the elementary mechanistic processes. Here, under homogeneous conditions,
hydrolysis rates of the nerve agent simulant methyl paraoxon catalyzed by 1 are examined as a
function of pH, ionic strength, catalyst, and substrate concentrations. In addition, the specific
effect of three commonly used buffers is examined revealing that acetate functions as a co-
catalyst, phosphate inhibits of hydrolytic activity, and 2-(N-morpholino)ethanesulfonic acid
(MES) has no effect on the hydrolysis rate. Spectroscopic (*:P NMR) and computational studies
demonstrate how each of these buffers interacts with the catalyst and offer explanations of their
impacts on the hydrolysis rates. The impact of the nerve agent hydrolysis product, methyl
phosphonic acid, is also examined, and it is shown to inhibit hydrolysis. These results will aid in
the design of future Zr-based hydrolysis catalysts.

Chapter 3 reports the development of a solvent-free, solid, robust catalyst comprising
hydrophobic salts of triboromide and nitrate, Cu(NO3)2¢3H20 (Cu(ll)) and a solid acid (Nafion™)
for selective sulfoxidation using only ambient air at room temperature. This system is capable of
rapid decontamination of sulfur mustard (HD) either as a neat liquid or a vapor. The
mechanisms of these aerobic decontamination reactions are complex; studies confirm the

reversible formation of a key reaction intermediate, the bromosulfonium ion, and that the role of
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Cu(ll), unlike other 3d metals, in increasing the turnover rate four-fold is its ability to increase
the equilibrium concentration of bromosulfonium during catalysis. Cu(ll) also provides a
dynamic colorimetric detection capability (in the absence of HD or sulfides, the solid is light
green; in their presence, it is dark brown). Bromine K-edge XANES and EXAFS studies
confirm the regeneration of tribromide under catalytic conditions. Diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) shows absorption of live agent HD vapor along with
selective conversion to the desired sulfoxide product, HDO, at the gas-solid interface.

Although the primary focus of this dissertation regards the development of catalytic
systems for decontamination of chemical warfare agents, additional studies are included in
Chapter 4 outlining work toward addressing another key global concern: the development of
catalysts for generating solar fuels. While these experiments did not lead to a publication, the
collaborations that were established and the general approach of utilizing atomic layer depositing
in conjunction with molecular water oxidation catalysts, were instrumental in setting the stage
for subsequent Hill Lab studies published in ACS Applied Materials & Interfaces.”

Development of carbon-emission-free or carbon-neutral energy sources is one of the most
important challenges of the 21% century. Light-driven water splitting to generate hydrogen fuel
is an effective solution to this problem. This work explores utilizing conformal metal oxide
coatings for the purpose of both protecting delicate semiconductor light absorbers from
photocorrosion, as well as providing a novel way of a binding a molecular water oxidation
catalyst (WOC) to the surface. The WOC, [{RulV4(OH)2(H20)4} (y-SiW10034)2]'%, is
effectively immobilized on TiO2 nanoparticles by pH adjustment of the solution demonstrating
viability of this new binding method. Atomic layer deposition is used to grow metal oxide films

of 2, 5, 10, and 50 nm over cadmium sulfide quantum dot (CdS-QD) films. UV-vis
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measurements show that a 50 nm coating of TiO2 successfully stabilizes the CdS-QD film
against photocorrosion. The system is limited, however, by the marked insulating effect of the
50 nm thick metal oxide layer. While this layer stabilizes the films, it simultaneously inhibits
effective electron transfer across this interface. Nonetheless, future studies will benefit from the
knowledge of how to avoid damaging QD films both from heat, during ALD treatment, and
photocorrosion. In addition, this newly reported method for immobilizing POMs on metal oxide

surfaces will also be beneficial for future work.
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Inhibition in Polyoxometalate-Catalyzed
Organophosphorus Ester Hydrolysis

Reprinted with permission from Collins-Wildman, D. L.; Kim, M.; Sullivan, K. P.; Plonka, A.
M.; Frenkel, A. I.; Musaev, D. G.; Hill, C. L., Buffer-Induced Acceleration and Inhibition in
Polyoxometalate-Catalyzed Organophosphorus Ester Hydrolysis. ACS Catalysis 2018, 8 (8),

7068-7076. Copyright (2018) American Chemical Society.
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2.1 Introduction

The removal of toxic organophosphorus nerve agents and pesticides remains a significant
and general goal. Ideally, this would be accomplished by materials that can either sequester or
catalytically transform OP substances into nontoxic forms.1* The primary route for
decomposition of OP chemical warfare agents (CWAS) is hydrolysis.* While strong bases can be
used to hydrolyze and destroy large stockpiles of these nerve agents, the development of
personal protective equipment requires a material, preferably a catalytic one, that can be
integrated into masks and garments.? ®

Metal oxides, metal hydroxides, and metal organic frameworks (MOFs) have been
studied extensively as potential materials for such protective equipment.® 614 The Lewis acidic
sites of these materials coordinate the phosphoryl (P=0) oxygen of the nerve agent and activate
the phosphorus oxygen bond making it more susceptible to nucleophilic attack thereby
accelerating the hydrolysis rate.® Recent studies have further interrogated the reactions of CWAs
and simulants with MOF systems using synchrotron-based spectroscopic techniques (X-ray
absorption near-edge structure, extended X-ray absorption fine structure, X-ray photoelectron
spectroscopy, X-ray powder diffraction, and Raman spectroscopy) along with complementary
computation.t>1” Despite the use of these advanced methods, the heterogeneous nature of these
materials continues to generate challenges in determining the exact mechanism of the reactions,
including the nature of substrate/product interactions with the active site.

An in-depth understanding of the mechanism and governing factors of metal-catalyzed
CWA decomposition is vital for optimizing catalyst performance. Therefore, the study of a
molecular metal-based Lewis acid catalyst, would directly complement the existing body of

research on heterogeneous hydrolysis catalysts. Techniques amenable to molecular systems, such
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as solution-phase nuclear magnetic resonance (NMR), would help facilitate the elucidation of
mechanistic details of the CWA decontamination. One such compound is the zirconium
containing polyoxometalate (POM), (Et2NH2)s[{a-PW11039Zr(u-OH)(H20)}2]-7H20 (1),8
which is known to be an effective peptide and RNA hydrolysis catalyst.1%-24
POMs are a class of highly modifiable, molecular transition-metal oxygen-anions that can

function as oxidation, reduction, and hydrolysis catalysts.?5-3% They are capable of forming
complexes with many elements across the periodic table®* and can act as ligands for the strongly
Lewis acidic metal ions including Zr(1V)*8:35-37 and Ce(1V).%8 Over the past decade, Parac-Vogt
and co-workers have studied the POM-catalyzed hydrolysis of a number of compounds including
polypeptides and organophosphate RNA analogues.®*#* They have demonstrated that Lewis
acidic metal centers, including Zr(1V), activate phosphorus-oxygen bonds and enhance the rate
of phosphate hydrolysis.*! In addition, they have thoroughly examined several factors that affect
the hydrolysis of organophosphorus compounds including ionic strength, pH, temperature, and
catalyst concentration,19-21 41, 42, 45-47

Given that most nerve agent hydrolysis products, such as methylphosphonic acid (MPA),
are acidic, and that hydrolysis is an inherently pH-dependent process, it is vital to have a buffer
to maintain constant pH.2 4849 Furthermore, an analysis of the existing literature shows that the
impact of buffers on the reaction outcome can be significant.>%-52 Herein, we report the
considerable and diverse impact of common buffers on hydrolysis of the OP ester nerve agent
simulant, methyl-paraoxon or O,O-dimethyl O-(4-nitrophenyl) phosphate (DMNP) catalyzed by
the Zr-POM, 1, (Scheme 2.1) and suggest a possible mechanism for the observed effects. This
compound, 1, was chosen as its speciation in solution has been well characterized and it is one of

the most active Zr-substituted POM hydrolysis catalysts. We report the specific effects of
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different buffer anions on Lewis acid-catalyzed OP ester hydrolysis while carefully controlling
the pH, ionic strength, catalyst concentration, and substrate concentration. Together these results
mark significant progress toward a full mechanistic understanding of homogeneous CWA
hydrolysis by electrophilic zirconium centers and serve as insightful homogeneous models for
heterogeneous Zr-based catalysts.

O O

Il
P\ 1 N
S0 O@N02+H20 o omm{j%m2

Scheme 2.1. The hydrolysis of O,0-dimethyl O-(4-nitrophenyl) phosphate (DMNP) in the

presence of the POM catalyst 1.

2.2 Experimental

2.2.1 Materials and General Methods

All chemicals were of commercial quality unless otherwise specified. Buffers were made
by dissolving the desired concentration of acid in water, followed by adjustment to the desired
pH by concentrated sodium hydroxide. This was done using volumetric glassware conducting
the pH adjustment with most of the desired volume present before filling to the mark once the

desired pH was reached. All pH measurements were done using an Orion 230A pH meter.

2.2.2 Catalyst Preparation and Characterization

Synthesis of (Eta2NH2)s/{a-PW11039Zr(u-OH)(H20)}2/+7H20 (1). The Zr-containing
POM, (Et2NH2)s[{a-PW11039Zr(u-OH)(H20)}2]-7H20 (1), was prepared via a modified version
of literature procedures.'® 1° Phosphotungstic acid (19.76 g) was dissolved in 100 mL of
deionized water (solution A). Sodium bicarbonate solution (1 M) was added until a pH of 5.25

was reached. The volume of the solution was increased to 200 mL through the addition of
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deionized water. Zirconyl chloride hydrate (1.024 g) was added to the solution and was stirred
for 5 minutes. Hydrochloric acid (4 mL of a 1 M solution) was added dropwise followed by
stirring of the solution for 30 minutes. In a separate container, additional zirconyl chloride
hydrate (1.024 g) was dissolved in 16 mL of hydrochloric acid (1 M) (solution B). Solution B
was added to A dropwise and then stirred for another 30 minutes. During this time, a small
amount of precipitate forms. This precipitate was removed via centrifugation for 10 minutes at
4500 rpm. A rotary evaporator (bath at 40°C) was used to reduce the volume to ~80 mL. This
solution was heated at 90°C for one minute in a glycerol bath. Diethylammonium chloride (10 g)
was added to the solution followed by stirring for 5 minutes. The solution was cooled to room
temperature and continuously stirred for 2 hours. The white powder was collected via
centrifugation. This powder was then washed once with ethanol, and three times with diethyl
ether. A glass stirring rod was used to agitate the powder in the washing solvent before being
recollected via centrifugation. The resulting product was then dried in a vacuum oven.

Synthesis of (EtaNH2)10/Zr(a-PW11039)2]-7H20 (2). The Zr-containing POM,
(Etz2NH2)10[Zr(a-PW11039)2]- 7H20 (2), was prepared by reacting a 2:1 molar ratio of [a-
PW12040]*" with ZrCl20-8H20 in an aqueous Na2COs solution, followed by the addition of
excess amounts of solid Et2NH2Cl as described in published procedures.®

Synthesis of K7/a-PW11039/+14H20 (7). The monolacunary phosphotungstate, K7[a-
PW11039]-14H20, was prepared via a modified version of literature procedures.5% 5
Phosphotungstic acid (4.8 g) was dissolved in 10 mL of deionized water. The pH was adjusted
to 5.3 by adding a sodium bicarbonate solution (1 M). Potassium chloride (4 g) was added to the
solution to precipitate the POM. The resulting precipitate was collected on a medium glass frit

and air dried overnight.
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Characterization Methods. Fourier transform infrared (FTIR) spectra were collected on a
Nicolet 6700 FTIR spectrometer for samples 1, 2, and 7 (Figures 2.1-2.3). Samples were
prepared as KBr pellets using FTIR-grade KBr and 1-2% sample by weight. 3P NMR spectra of
1 and 2 were collected on a Bruker 600 (Figures 2.4-2.6). Instead of running experiments in a
deuterated solvent such as D20, NMR tube inserts filled with D20 were added to each tube to
maintain the lock throughout data acquisition and allow the pH of the solution to be precisely
controlled. For speciation studies, POMs were dissolved and the pH adjusted, and the samples
were then immediately taken to the NMR instrument for characterization. For each spectrum,
1024 scans were taken with a delay time of 2 s. Determination of phase purity of solid samples
of 1 was done using powder X-ray diffraction. The data were collected using a Rigaku Ultima-1V
diffractometer equipped with Cu Ka radiation within a range of 5° <26 <40° (scanning rate:
1°/min). The unit cell parameters of ZrPOM were refined with LeBail fitting using the Jana2006
software, where peak shapes were refined with pseudo-Voigt function and peak asymmetry
corrected with a Simpson function (Figure 2.7, Table 2.1).% The background was modeled

manually using 50 points.
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Figure 2.1. FTIR spectrum of (Etz2NH2)s[{a-PW11039Zr(u-OH)(H20)}2]7H20 (1).
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Figure 2.2. FTIR spectrum of (Et2NH2)10[Zr(a-PW11039)2]*7H20 (2).
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Figure 2.3. FTIR spectrum of K7[a-PW11039]*14H20 (7).
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Figure 2.4. *'P NMR spectrum of 2.5 mM 1 in deionized water at pH 4.8. Upon dissolution of 1
and subsequent pH adjustment to pH 4.8, species 2 and 3 are spontaneously generated. Solutions
were pH adjusted with NaOH (600 MHz NMR, 1024 scans, 85% H3PO4). Polyhedral

representation 2 is based on a known crystal structure while 3 is a cartoon of the likely structure

present in solution.

125 -13.0 -13.5 -14.0 -145
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Figure 2.5. 3P NMR spectrum of 2.5 mM 2 in 0.5 M NaAc buffer at pH 4.8. While 2 is the
primary species present upon dissolution, a small amount of 4 is present. Solutions were pH
adjusted with NaOH (600 MHz NMR, 1024 scans, 85% HsPO4). Polyhedral representation 2 is

based on a known crystal structure while 4 is a cartoon of the likely structure present in solution.
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Figure 2.6. 3P NMR spectrum of K7[a-PW11039]-14H20 at pH 4.8. Solutions were pH

adjusted with NaOH (600 MHz NMR, 1024 scans, 85% H3PO4).
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Figure 2.7. Powder X-ray diffraction of 1. Results of Le Bail fit: the black trace is the observed

pattern; the blue trace is the calculated profile; and the red trace is the difference.
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sample

a(A)

b (A)

c (A)

a(®)

BC)

Y (©)

T (K)

ZrPOM

11.562(1)

20.601(2)

23.085(3)

79.53(5)

79.20(5)

90.43(5)

300

Table 2.1. Unit cell parameters obtained from Le Bail fit.

2.2.3 Hydrolysis Studies

The pKa of p-nitrophenol is 6.7, and when deprotonated it exhibits a strong absorption
band at 401 nm with an extinction coefficient of 18,390 M-1.cm™; in contrast, the protonated
form is colorless.>® Product formation during DMNP hydrolysis was therefore followed by
measuring the strong absorption band of the hydrolysis product p-nitrophenolate on an Agilent
8453 UV-visible spectrophotometer. The initial rates were then determined from the slope of p-
nitrophenolate formation vs. time. Given that the reactions were conducted at pH values well
below the pKa of p-nitrophenol, small aliquots of the reaction solution were diluted by addition
of 3 mL of pH 10, 0.45 M sodium borate buffer. This gave an appropriate concentration for
absorption measurements and ensured the product p-nitrophenol was well above its pKa, yielding

quantitative results. Full reaction conversion was confirmed by 3P NMR (Figure 2.8).
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Figure 2.8. 3P NMR spectrum of the substrate, O,0-dimethyl O-(4-nitrophenyl) phosphate
(DMNP), and product, dimethyl phosphate (DMP), post catalysis. Starting conditions: 2.5 mM 1
at pH 4.8 with 4.3 mM DMNP. The solution was pH adjusted with NaOH (600 MHz NMR,

1024 scans, 85% H3POa).

Example Hydrolysis Procedure. Stock solutions of 1 (5 mM) and DMNP (20.6 mM)
were prepared 20 minutes prior to beginning the kinetic experiments in an acetic acid/acetate
buffer (0.5 M) at pH 4.8. Hydrolysis of DMNP in the buffer is sufficiently slow relative to the
catalyst that product formation during this step is negligible, however, fresh stock solutions were
prepared before each set of experiments. In a scintillation vial 2.5 mL of each solution were
combined and a timer started. Every ten minutes 200 pL of the mixture was removed, added to 3
mL of pH 10 borate buffer (0.45 M), swirled vigorously and immediately poured into a quartz
cell where the absorption was measured. The quartz cell was rinsed 3 times with deionized

water between measurements.
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For all hydrolysis experiments, separate solutions of POM and DMNP were prepared and
then combined to start the reaction. Reported concentrations are based on the combined volume
of the two starting solutions. DMNP solutions were prepared at least 20 min prior to the start of
the reaction because DMNP does not dissolve immediately in aqueous solution. During this
time, negligible hydrolysis occurs as seen in the control reaction (Figure 2.11). The pH was
adjusted after the dissolution of the POM but before the addition of DMNP to the solution,
preventing product formation during pH adjustment. The timer was started upon addition of

DMNP. The pH was measured again after the last absorption measurement was taken.

2.2.4 Computational Methods

Geometry of the presented polyanions was optimized in implicit water solution, with no
geometry (or symmetry) constraints, at their ground singlet electronic states. 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, P, Na and lanl2dz basis sets and associated ECPs for the W
and Zr atoms.%-%0 The solvent effects were approximated by the polarizable continuum model

(CPCM).8%-63 All calculations were carried out with the Gaussian 09 software package.®*

2.3 Results and Discussion

Extensive studies by Parac-Vogt and co-workers on RNA analogue hydrolysis catalyzed
by 1, established that there is a complex set of equilibria that govern the speciation of 1 in
solution. This speciation is influenced by temperature, pH, ionic strength, catalyst concentration,
and substrate concentration.'®24 At high temperature, ionic strength, catalyst and substrate

concentrations, 1 converts to 2 (Scheme 2.2 eq. (1)). In a second equilibrium process, 1
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hydrolyzes to form two equivalents of the monomeric form [a-PW11039Zr(OH)(H20)2]* (3)

(Scheme 2.2 eq. (2)).

(1)

Scheme 2.2. Speciation of 1: 1) loss of bridging hydroxides and one zirconium center to form
the 8-coordinate complex, 2. 2) hydrolysis of 1 to form 3. This process is favorable at lower pH.

WOs, grey octahedra; POas, purple tetrahedra; Zr, green; O, red.

The pH dependence of this reaction can be monitored by 3'P NMR (Figure 2.9). Under
acidic conditions, a single resonance is observed at -13.06 ppm while at pH 7 there is a distinct
chemical shift further downfield (-12.90). At pH 8 the POMs become unstable, and compounds
1, 2 and 3 decompose. At middle pH values (4-6), there are broadened peaks between these two
resonances consistent with rates for equilibration that are comparable to the NMR timescale.
Previous diffusion-ordered spectroscopy (DOSY) NMR studies confirmed the existence of 3
below pH 4 and assigned 1 to the peak further downfield.??> Given that 3 has multiple aqua
ligands and is less sterically encumbered, it is expected to be more active than 1. Compound 2 is
coordinatively saturated, and it is therefore completely inactive.?* Herein, knowledge of this

speciation is used to inform experimental design. When 1 is used for subsequent experiments,
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the majority of which are at pH 4.8, it is assumed that the more active form, 3, is both present
and responsible for the majority of the catalytic activity. For pH values where both 1 and 3 are
present in solution, only one broadened peak at ~-13 ppm is observed preventing quantification
of the relative amounts of both species. Thus, for simplicity, apart from Figure 2.9 where the
speciation is specifically examined, the 3P NMR resonance at ~-13 ppm is labeled as the more

catalytically active species, 3.

pH 3 3
2
1= pH 4 3
je 2
H4.8 1/3
p N L
AN
2= pH 5 1
n3 2
pH 6 1
3 2
N A
5% pH7 1
3 2
A_A
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Figure 2.9. 3P NMR of 2.5 mM 1 at varying pH values in deionized water. At pH 8 the lack of
peaks for both 1 and 2 indicates they are unstable at this pH and have decomposed into other
complexes not identified here. Solutions were pH adjusted with NaOH or HCIO4 (600 MHz
NMR, 1024 scans, 85% H3sPOs internal standard). Polyhedral representations 1 and 2 are based

on known crystal structures,'® % while 3 is a cartoon of the likely structure present in solution.



42

The activity of 1 was established by measuring the rate of hydrolysis of DMNP as a
function of the concentration of 1 (Figure 2.10). The initial rates are close to linearly
proportional to the starting concentration of 1 indicating the reaction is first order in 1. Any
deviation likely results from the formation of 2 at higher concentrations of 1.2° Additionally, the
acetic acid/acetate buffered solution containing 6 mM of 1 hydrolyzes DMNP 96 times faster
than the control (no catalyst in this buffer), indicating that 1, as expected, is a DMNP hydrolysis
catalyst. Full catalytic conversion of four equivalents of DMNP is achieved at pH 4.8 using a 0.5
M acetic acid/acetate buffer (Figure 2.11). Unbuffered control reactions show that equivalent
concentrations of aqueous zirconium exhibit some activity, although substantially less than 1,
while, the monolacunary Keggin, K7[a-PW11039]-14H20 (7), and counter-cation, Etz2NHz, both
independently evaluated, show negligible activity above the baseline hydrolysis rate (Table 2.2).
Varying the concentration of DMNP also shows that the hydrolysis is first order in this substrate

(Figure 2.10).
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Figure 2.10. Top: Initial rate dependence of DMNP hydrolysis on 1. Deviations from this
nearly linear dependence at higher concentrations result from conversion of 1 to 2. Conditions:
[1] varied, 10.3 mM DMNP, pH 4.8, 0.5 M acetic acid/acetate buffer. Bottom: Initial rate

dependence of DMNP hydrolysis on [DMNP]. Conditions: [DMNP] varied, 2.5 mM 1, pH 4.8,

0.5 M acetic acid/acetate buffer.



44

12 9 4 0.5 M Acetate
® 0 M Acetate o °
~10 1 ¢ control ¢
E o
= 8
: : . '
5 6 - *
o °
B o e
2 41
o °
a
246
o
0 ‘ —- ' —a . [ — .
0 20 40 60 80 100 120

Time (hours)

Figure 2.11. Product formation as a function of time for the full conversion of 10.3 mM DMNP.

Conditions: pH 4.8, 10.3 mM DMNP, 2.5 mM 1 in the case of blue and black curves and 0 mM

in the case of the red no-catalyst curve. An ionic strength was maintained at 0.3 M with 0.5 M

acetic acid/acetate buffer (blue), or 0.3 M NaClO4 (black, red), pH adjusted with NaOH.

Conditions Initial Rate (nM/s)
25mM 1 286

DI water only 0.54

2.5mM 2 15

5 mM K7[a-PW11039]-14H20 1.2

20 mM Et2NH:CI 1.8

5 mM ZrOCl2 119

Table 2.2. Initial rates of unbuffered hydrolysis of 10.3 mM DMNP at pH 4.8 with no additional

electrolyte added, pH adjusted with HCIO4 or NaOH.
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Previous studies of organophosphate RNA analogue hydrolysis catalyzed by 1 have
shown an initial rate dependence on the pH of the solution.®-?* This pH dependence is
particularly important because the hydrolysis product of DMNP, and nerve agent hydrolysis
products more broadly, are acidic. The solution pH drops in conjunction with reaction
conversion, and the effect is more pronounced in non-buffered media near neutral pH. To test
this dependence, the initial rates of DMNP hydrolysis were assessed over a range of pH values
from 3 to 7 (Figure 2.12). This study was done without the use of a buffer because no buffer can
operate over such a broad range. For measurements of the initial rate, the pH drop from

generation of acidic product is minimal.
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Figure 2.12. Initial rate dependence of DMNP hydrolysis on pH. Conditions: 2.5 mM 1, 10.3

mM DMNP, pH adjusted with HCIO4 or NaOH.

Figure 2.12 shows that the initial rate maximizes at around pH 5, hence further studies

were conducted in this pH range. The decrease in rate at lower pH values can be attributed to the



46

lack of a terminal hydroxide ligand on the zirconium center. Previous studies have shown that at
lower pH, the predicted monomeric structure [a-PW11030Zr(OH)(H20)2]*" becomes protonated,
leaving only aqua ligands on the zirconium atom.?? Because hydroxide is a better nucleophile,
the reaction will proceed slower with water under the proposed mechanism for a single site
catalyst.® At higher pH, the rate very likely decreases due to formation of the dimeric species, 1,
in solution, which also lacks a terminal hydroxide ligand and is more sterically hindered.?

Based on the pH dependence shown above and acidic nature of the hydrolysis product of
DMNP, acetic acid-acetate at pH 4.8 was used to buffer many reactions in this study. Acetic
acid has a pKa of 4.76 which matches the pH window in which 1 has the highest activity. While
buffering the solution is not essential for initial rate measurements, using a properly buffered
solution allows a single system to be studied both at early times and under high turnover
conditions.

A 0.5 M solution of acetate buffer at pH 4.8 has a calculated ionic strength of 0.3 M.%¢
Before examining catalysis under buffered conditions, the effect of ionic strength was also
evaluated using sodium perchlorate, which does not interact with the POM. While maintaining a
constant pH, increasing the concentration of NaClOa4 decreases the rate of catalytic hydrolysis
(Figure 2.13). There are multiple explanations for this observed slowing of the reaction: first,
high ionic strength favors the formation of the inactive species 2; second, there will be a
decreased interaction between the partial negative charge on the oxygen of DMNP and the
Zr(1V) center in 3; and third, the increased ionic strength appears to shift the monomer/dimer
equilibrium in favor of the dimer, 1, as indicated by the downfield shift of the 3P NMR peak at
~-13 ppm with increasing ionic strength (Figure 2.14). The NMR spectra also show that as the

concentration of NaClO4 increases from 0 to 0.3 M, the percentage of 2 increases from 12% at 0
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M NaClO4 to 20% at 0.3 M NaClOs4, which represents an 8% decrease in the active species.
Interestingly, however, the initial rates drop from 2.9 x 104 to 1.0 x 10* M*s™%, which represents
a 66% rate decrease. This indicates that formation of 2 is not the sole cause of this rate loss.
Instead, the weakened attractive force between the Zr-active site and DMNP or changes to the

monomer and dimer equilibrium contribute to the rate decrease.
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Figure 2.13. Initial rate dependence of DMNP hydrolysis on ionic strength. Higher ionic
strength lowers the coulombic attraction between the Zr(I1V) center and partial negative on the
phosphoryl oxygen resulting in lower reactivity. Conditions: Varied [NaClO4], 2.5 mM 1, 10.3

mM DMNP, pH 4.8, pH adjusted with NaOH.
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Figure 2.14. 3P NMR spectra of 2.5 mM 1 at pH 4.8 in varying concentrations of NaClOa.
Solutions were pH adjusted with NaOH (600 MHz NMR, 1024 scans, 85% H3PO4). Polyhedral
representation 2 is based on a known crystal structure while 3 is a cartoon of the likely structure

present in solution.

To account for effect of ionic strength, buffered and unbuffered catalytic reactions were
compared while maintaining a constant ionic strength by adding the appropriate amount of
NaClO4. After 115 hours, when the 0.5 M acetate buffered solution had reached 99% conversion
of DMNP, the pH was recorded (Table 2.3). As expected, the solution with the highest buffer
concentration showed almost no change in pH, while the unbuffered solution dropped
appreciably from pH 4.86 to 2.80. Significantly, however, the initial rates were not equal, with

the initial rate increasing as a function of buffer concentration (Figure 2.15). To understand this



phenomenon further, the impact of varying concentrations of acetate buffer in the reactions

catalyzed by 1 was examined by 3P NMR.

Buffer Conc. (M) | pH Before | pH After
0.5 4.82 4.78
0.2 4.78 4.66
0.05 4.75 4.35
0.01 4.79 3.37
0 4.86 2.80

Table 2.3. Change in pH over the course of full DMNP hydrolysis as a function of buffer
concentration with 2.5 mM 1, 10.3 mM DMNP at pH 4.8. Solutions were pH adjusted using

NaOH with an ionic strength of 0.3 M which was maintained by addition of NaClOa.
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Figure 2.15. Initial rate dependence of DMNP hydrolysis on acetic acid/acetate buffer
concentration. Conditions: buffer and NaClO4 concentration varied; ionic strength, 0.3 M
(combined effect of acetate and perchlorate ions), 2.5 mM 1, 10.3 mM DMNP, pH 4.8, pH

adjusted with NaOH.
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The 3P NMR spectra of 1 show a clear dependence on the acetate buffer concentration
present in the solution (Figure 2.16). As the concentration of acetate increases, a new peak
grows upfield of the original peak at -13.0 ppm, and the original peak begins to diminish. Both
peaks shift upfield concomitant with the increase in acetate concentration. The new peak
eventually moves to -13.5 ppm. The formation of this peak is consistent with an acetate ion
coordinating to the POM, either by displacing an aqua ligand coordinated to the Zr(IV) center

creating a new Zr-acetate species or via hydrogen bonding with one of the zirconium bound
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Figure 2.16. 3P NMR spectra of 2.5 mM 1 at pH 4.8 with varying concentrations of acetate
buffer. Solutions were pH adjusted with NaOH and maintained at an ionic strength of 0.3 M

with NaClO4 (600 MHz NMR, 1024 scans, 85% H3POa4 internal standard). Polyhedral
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representation 2 is based on a known crystal structure®® while 3 and 4 are cartoons of the likely

structures present in solution.

Two additional lines of evidence indicate that there is coordination between the POM and
acetate. First, temperature dependent 3'P NMR spectra were collected in 0.2 M acetic
acid/acetate where both peaks are present in similar quantities (Figure 2.17). At elevated
temperatures the two peaks coalesce into a single peak indicative of a dynamic exchange process
occurring at an intermediate rate relative to the NMR timescale.®®> Upon lowering the
temperature the two peaks return to their original positions, demonstrating that the reversible
change results from a dynamic equilibria rather than a physical change to the material. Second,
POM -acetate coordination is further supported by changes to the 3C NMR spectrum of an acetic
acid/acetate buffer solution in presence of 1 (Figure 2.18). The carboxylic acid carbon resonance
observed at 178.52 in the absence of 1 shifts downfield to 178.64 and broadens from 1.8 to 5.4
Hz, again consistent with a dynamic exchange process. In contrast, the methyl carbon does not

shift or broaden appreciably indicating the POM interaction is through the carboxylic acid group.
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Figure 2.17. 3P NMR spectra of a single solution of 2.5 mM 1 in 0.2 M acetic acid/acetate
buffer at different temperatures (600 MHz NMR, 1024 scans, 85% H3sPO4 internal standard).
Spectra are presented in chronological order going from top to bottom. Note the increase in 2 in
the last spectrum resulting from prolonged exposure to elevated temperatures used in the
previous experiment. Polyhedral representation 2 is based on a known crystal structure3® while 3

and 4 are cartoons of the likely structures present in solution.
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Figure 2.18. 3C NMR of 0.5 M acetic acid/acetate buffer at pH 4.8 (600 MHz NMR, 1024
scans). The downfield region of the spectra (A) corresponds to the carboxylic acid carbon, while

the peak around 21 ppm (B) corresponds to the methyl carbon.

In contrast to the NMR resonances corresponding to 3, the peaks at -14 ppm associated
with catalytically-inactive 2 do not shift as a function of acetate concentration. With eight
bonds, the Zr center in 2 is coordinatively saturated leaving no open site for binding of an acetate
ligand, nor does it have aqua ligands to facilitate hydrogen bonding. Accordingly, there is no
chemical shift associated with increasing acetate concentration. To assess catalyst stability in the
presence of acetate, 3'P NMR spectra were taken of samples aged in acetate buffer both with and
without substrate (Figure 2.19). After two weeks, additional 2 forms, however, 3 remains the

predominant species. In both the presence and absence of DMNP, 3 shows a similar decrease in
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concentration, suggesting that of the presence of DMNP does not affect the speciation or stability

of 3 appreciably.
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Figure 2.19. 3P NMR spectra of 2.5 mM 1 at pH 4.8 before and after aging for 2 weeks.
Solutions were pH adjusted with NaOH. In the post catalysis experiment, 5 mM of DMNP was
hydrolyzed (600 MHz NMR, 1024 scans, 85% HsPOa). Polyhedral representation 2 is based on

a known crystal structure while 3 and 4 are cartoons of the likely structures present in solution.

Based on the interactions between the buffer anion and POM, the observed dependence
on the buffer concentration is more easily interpreted. This effect can be attributed to the acetate
anion acting as a proximal base making water a more potent nucleophile,®’ or by helping
facilitate proton transfer from water to the product in the transition state. In both cases this

would lower the barrier for product formation, increasing the reaction rate. To test this
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hypothesis, the pH dependence was re-examined while under buffered conditions. Given that the
buffer capacity decreases to less than 10% of its maximum at 1 pH unit above or below the pKa
of the buffer, the effect of pH on the reaction rate was examined within this range: pH 3.8 t0 5.8.
Unlike the unbuffered reaction, here the reaction rate increased with increasing pH (Figure 2.20).
This is likely because at the same concentration of buffer there is a higher proportion of acetate
anion present at higher pH that can act as a local base. In addition, the presence of acetate bound
to zirconium could also affect the pH-dependent dimerization equilibrium, leading to an

increased concentration of 3 at higher pH.
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Figure 2.20. Initial catalytic hydrolysis rates as a function of pH. Conditions: 2.5 mM 1 and

10.3 mM DMNP in 0.5 M sodium acetate buffer. Solutions were pH adjusted with NaOH.

With these key findings for the effect of acetate buffer on catalytic hydrolysis by 1,
another buffer, phosphate, was examined as it is a common buffer for POM reactions in aqueous

media and for hydrolysis reactions in general. While phosphate does not buffer at pH 4.8,
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experiments were carried out at this pH nonetheless to keep POM speciation constant. The 3P
NMR spectra show that as with acetate, there is a chemical shift of the POM resonance upfield in
the presence of phosphate indicating the formation of a complex with 3 (Figures 2.21 and 2.22).
Additional evidence of complexation exists in the phosphate region of the spectrum where a new
peak grows in upfield of free phosphate as the POM concentration is increased. The peak is
attributed to the phosphate molecules bound to the POM (Figure 2.23). In stark contrast with the
acetate-buffered reactions, a solution with 0.3 M phosphate reduced the activity of the catalyst by
a factor of 13 relative to 0.5 M acetic acid/acetate (Figures 2.24, 2.25, and Table 2.4). A
concentration of 0.3 M phosphate was used, as opposed to the 0.5 M used in the case of acetate,
so that an ionic strength of 0.3 M would be maintained. This finding is consistent with a
significantly different interaction mode of phosphate versus acetate with Zr(I1V). It is likely that
monobasic sodium phosphate competes with DMNP for binding to the zirconium center thus

slowing reactivity, whereas acetate does not.
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Figure 2.21. 3P NMR spectra of 2.5 mM 1 at pH 4.8 in the presence of different anions.
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Solutions were pH adjusted with NaOH (600 MHz NMR, 1024 scans, 85% H3PO4). Polyhedral

representation 2 is based on a known crystal structure while 3, 4, and 5 are cartoons of the likely

structures present in solution.
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Figure 2.22. 3P NMR spectra of 2.5 mM 1 at pH 4.8 in the presence of varying concentrations
of H2PO4. Solutions were pH adjusted with NaOH (600 MHz NMR, 1024 scans, 85% H3PO4
internal standard). Polyhedral representation 2 is based on a known crystal structure while 3, 4,

and 5 are cartoons of the likely structures present in solution.
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Figure 2.23. 3P NMR of 10 mM NaH2POa with increasing concentrations of 1. Solutions were
pH adjusted with NaOH (600 MHz NMR, 1024 scans, 85% HsPOs int. std). Polyhedral

representation 5 is a cartoon of the likely structure present in solution.
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Figure 2.24. Product formation as a function of time in the presence of different anions.
Acetate (blue) shows an enhancement over perchlorate (non-coordinating), whereas phosphate
(red) exhibits inhibition. Conditions: lonic strength of 0.3 M, 2.5 mM 1, 10.3 mM DMNP, pH

4.8, pH adjusted with NaOH.
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Figure 2.25. Initial catalytic hydrolysis rates as a function of H2PO4™ concentration with 2.5 mM

1 and 10.3 mM DMNP at a constant ionic strength of 0.3 M. Solutions were pH adjusted with

NaOH.
Conditions Initial Rate (nM/s)
0.3 M NaClO4, 2.5 mM 1 102
0.5 M Acetate Buffer, 2.5 mM 1 144
0.5 M Acetate Buffer 3.2
0.3 M NaH2PO4, 2.5 mM 1 11
0.3M MPA, 25mM 1 19.7

Table 2.4. Initial rates of hydrolysis of 10.3 mM DMNP at pH 4.8 with an ionic strength of 0.3

M (buffer or electrolyte), pH adjusted with HCIO4 or NaOH.

To support these experimental findings, density functional theory (DFT) computational
studies were conducted. DFT studies (see Supporting Information for details) provide clear
insight into distinct binding modes and associated energetics of these two widely used buffers for

hydrolysis reactions (Figure 2.26). The calculations predict that H2PO4" indeed does bind
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directly to the Zr center which explains the loss of activity relative to the non-nucleophilic and
non-basic ClO4", which NMR spectra confirm does not interact strongly with the POM (Figure
2.14). In the case of acetate, the zirconium center remains open to substrate binding as acetate is
predicted to bind in a non-competitive mode to the POM by hydrogen bonding to a Zr-based
aqua ligand. For comparison, direct coordination with the Zr center is higher in energy and thus

less favorable (Figure 2.27).
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Figure 2.26. Comparison of the complexation energies and geometries between the POM
monomer, 3, and the anions acetate (a), and phosphate (b). W, blue; O, red; Zr, blue-green; Na,

purple; C, grey; P, orange; H, white.
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Figure 2.27. Comparison of the complexation energies and geometries between the POM
monomer, 3, and acetate bound indirectly (a) and directly (b). W, blue; O, red; Zr, blue-green;

C, grey; P, orange; H, white.

The indirect binding mode of acetate to the catalytically active zirconium likely provides
the hydrolysis rate enhancement via both proposed mechanisms described above: acting as a
local base and/or shifting the dimerization equilibrium in favor of the more active monomer.
Figure 2.26a shows an increase in the O-H bond length of the aqua ligand hydrogen bonded to
acetate. For this water molecule one O-H bond distance is 0.969 A, matching the typical length
for a water O-H bond, while the second O-H bond has increased to 1.023 A. This provides
evidence that acetate, through hydrogen bonding with water, can act as a local base by pulling

the hydrogen atom away from water making it more hydroxide like, and thus a better
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nucleophile. Calculations suggest this occurs when the zirconium center in 3 has both a free

coordination position and an aqua ligand (Figure 2.28).

a) b)
PPN &
2.513;' 2.422—0~f{._)l~019 * ‘Jé
2 236 1.609 ¥~ ¢ '
#7110 355 W Q ’

°
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Figure 2.28. Comparison of the complexation energies and geometries between the POM
monomer, 3, and acetate bound through water with an open Zr coordination site (a) and no open

coordination site (b). W, blue; O, red; Zr, blue-green; Na, purple; C, grey; P, orange; H, white.

Based on the above understanding of the interaction between 3 and NaH2PO4, a logical
next step was to look at catalyst poisoning by the nerve agent hydrolysis product, MPA. Via 3!P
NMR, we see that, as with both acetate and phosphate, the POM resonance shifts upfield in the
presence of MPA (Figure 2.29). The initial rates of hydrolysis as a function of MPA show that,
similar to phosphate, there is inhibition of the reaction (Figure 2.30). This suggests that the

binding of MPA happens in competition with DMNP, significantly slowing the reaction.
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Figure 2.29. 3P NMR of 2.5 mM 1 at pH 4.8 with an ionic strength of 0.3 M. Solutions were
pH adjusted with NaOH (600 MHz NMR, 1024 scans, 85% H3PO4). Polyhedral representations
3 and 5 are cartoons of the likely structures present in solution. Polyhedral representation 2 is

based on a known crystal structure while 6 is a cartoon of the likely structure present in solution.
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Figure 2.30. Initial rate dependence of DMNP hydrolysis on MPA concentration. Conditions:
MPA and NaClOa4 concentration varied; ionic strength, 0.3 M (combined effect of MPA and

perchlorate ions), 2.5 mM 1, 10.3 mM DMNP, pH 4.8, pH adjusted with NaOH.

In light of the large number of CWA hydrolysis studies involving N-ethylmorpholine
(NEM) as a buffer,” 9 10.13, 49,68 the effect of a morpholine based buffer was also examined here.
The compound 2-(N-morpholino)ethanesulfonic acid (MES) was chosen as it is very similar in
structure to NEM, but it has a lower pKa of 6.16 allowing it to buffer at pH values at which both
1 and 3 will be present in solution. A pH of 5.8 was chosen to maximize both the concentration
of 3 and deprotonated MES as a means to probe the effect of a local nucleophile/base in solution.
Interestingly, the initial rate of hydrolysis was effectively independent of MES concentration
while maintaining a constant ionic strength (Figure 2.31). The 3P NMR shows that in the
presence and absence of MES there is no change in the chemical shift of the POM indicating

there is little or no interaction with MES (Figure 2.32). Thus, the MES is not involved in the rate
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limiting step. Future studies will continue to examine other buffer molecules to further develop

the relationship between buffer-catalyst interaction and observed hydrolysis chemistry.
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Figure 2.31. Initial rate dependence of DMNP hydrolysis as a function of MES concentration.
Conditions: MES and NaClOa4 concentration varied; ionic strength, 0.3 M (combined effect of

MES and perchlorate ions), 2.5 mM 1, 10.3 mM DMNP, pH 5.8, pH adjusted with NaOH.
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Figure 2.32. 3P NMR of 2.5 mM 1 at pH 5.8 with an ionic strength of 0.3 M. Solutions were
pH adjusted with NaOH (600 MHz NMR, 1024 scans, 85% H3PQOa4). Polyhedral representation 2
is based on a known crystal structure while 3 is a cartoon of the likely structure present in

solution.

2.4 Conclusions

This is the first report of an electrophilic Zr-substituted POM catalytically hydrolyzing a
CWA simulant at near-neutral pH. This study also reveals that buffer anions, often thought to be
relatively innocent in CWA hydrolyses, can play key roles in such reactions either accelerating
(co-catalyzing) or inhibiting the rate. This effect results from their direct interaction with the
catalyst in solution. Other buffer ions, such as MES, that are non-coordinating have no effect on
the rate of hydrolysis. Future work will expand on this relationship between buffer-catalyst

coordination and its impact on catalyzed hydrolysis rates. Lastly, the nerve agent hydrolysis
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product, methyl phosphonic acid (MPA), shows inhibition of 1-catalyzed hydrolyses. Because
this POM has structural similarities to many of the Zr-based heterogeneous systems, which also
experience similar product inhibition, this system provides a good means of probing and
potentially studying the reversal of such inhibition. This will have important implications on the

poisoning and long-term use of all Zr-based CWA hydrolysis catalysts.
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3.1 Introduction

The selective conversion of sulfides to sulfoxides without overoxidation to the sulfone is
a key synthetic reaction for multiple applications.'® One particularly pressing application is the
decontamination of bis(2-chloroethyl) sulfide (sulfur mustard or HD), one of the highest-tonnage
chemical warfare agents (CWA) and one that is highly persistent in the environment.”*? While
HD can be removed, in principle, by either oxidation or hydrolysis, oxidation is generally
targeted as the hydrolysis reaction with HD is quite slow.'® Dioxygen represents an ideal oxidant
as it is abundant, inexpensive, and atom economical.'* ¥ For oxidative decontamination,
selective oxidation of HD to the sulfoxide (Equation 3.1), is crucial as the sulfoxide is
substantially less toxic than the more oxidized sulfone.® 10.13.16-18 Materials capable of selective
O2-based sulfoxidation are therefore highly desirable. 21920 Specifically, there is a need to
develop catalytic systems capable of rapid, selective, HD decontamination under ambient
conditions.

(CICH2CH2)2S + 202 —  (CICH2CH2)2SO (3.1)

Given their selective sulfoxidation activity in solution, many studies have explored
systems containing bromine (Bry) and nitrogen oxide (NOx) species.?*?* More recently, this type
of system was proven effective for sulfoxidation of the HD simulant, 2-chloroethyl ethyl sulfide
(CEES), in acetonitrile.?>?” However, despite promising results, (a) solid formulations of these
oxidation catalysts to enable practical applications are unknown, (b) fundamental aspects of the
complicated mechanism have eluded researchers, and (c) live agent (HD) studies are lacking.
Understanding how this promising system behaves with live agent and in the absence of
additional solvent, is crucial to the development of a truly effective material for catalytic aerobic

HD removal.
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Here, we report the development of such a material working as a solvent-free, solid
formulation catalyst (henceforth “SFC”) for selective air (O2)-based sulfoxidation of both live
agent HD and its simulant, CEES. SFC, comprises tetrabutylammonium tribromide (TBABTr3),
tetrabutylammonium nitrate (TBANO3), copper nitrate trihydrate (Cu(ll)), and Nafion™. We
were able to formulate this effective solid material for HD decontamination by first addressing
key aspects of the complex proposed reaction mechanism outlined in Scheme 3.1. These insights
included demonstration of an equilibrium associated with the formation of a key reactive
intermediate and the effects of Cu(ll) on the catalytic system. In addition, through the use of X-
ray absorption spectroscopy we were able to follow the regeneration of the catalytic component,

tribromide, during a solvent-free reaction with CEES.

Br, + Br === Bry’  RyS=0 + NOy_q(req), 2H"  NOx(ox), H20

2H* @
NOyox) Br R,SBr
02 NOX-1(red) Y Br2 st
H>,O

NOX = NO3-, NOZ-, NOz, NO

Scheme 3.1. Proposed general reaction scheme for oxygen-based catalytic and selective

oxidation of sulfides (R2S), such as HD, to sulfoxides using Brz- and NO3/NOz salts.



82

3.2 Experimental

3.2.1 Materials and General Methods

All chemicals were reagent grade or higher and were used as received unless otherwise specified.
CEES, Nafion™, TBABTr3, and TBANO3 were purchased from Sigma-Aldrich and
Cu(NOs3)2¢3H20 was purchased from Sargent-Welch VWR.

All measurements were conducted at ambient temperature (22+1 °C).

3.2.2 Synthesis of 2-chloroethyl ethyl sulfoxide (CEESO) standard

The following synthesis is a modification of previous literature reports.?> 28 CEES (2 mL) was
added dropwise to concentrated nitric acid (10 mL) in a 25 mL round bottom flask with stirring.
A reflux condenser was used to minimize the loss of gases from the system, and the round
bottom flask was placed in a water bath to maintain a constant temperature as the CEES was
added. The solution was stirred for 1 hour and then poured over a mixture of ice and water (~50
mL). Once the ice had melted, the product was extracted three times with dichloromethane.
These dichloromethane layers were combined, and any remaining acid was neutralized twice
with 1M aqueous sodium bicarbonate by shaking the two layers together in a separatory funnel.
The dichloromethane layer was then dried with anhydrous magnesium sulfate. The mixture was
filtered, and the volume was reduced in a roto-evaporator until only an oil remained, which was

the target product, CEESO.

3.2.3 Gas Chromatography Measurements
Gas chromatography (GC) data were collected on an Agilent Hewlett Packard (HP) 6890 GC

system with an HP-5 5% phenyl methyl siloxane column and a flame ionization detector (FID).
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3.2.4 Solution Oxidation Studies

Stock solutions with concentrations of 50 mM in acetonitrile (MeCN) were prepared for
TBABr3, TBANO3, p-TsOH, and Cu(NOz3)2¢3H20 (in some cases Cu(ClOa4)226H20). To prepare
catalytic reactions, the necessary volumes of each of these stock solutions were added to a 20-
mL glass vial fitted with a polytetrafluoroethylene (PTFE) septum followed by addition of H20
(for experiments including H20) and the 1,3-dichlorobenzene (DCB) internal standard (70 mM).
MeCN was added to make the total volume equal to 2 mL after addition of all components.
Solutions were stirred with PTFE coated stir bars at a rate of 620 rpm. CEES (60 pL, 515 umol,
103 mM) was added to initiate the reaction. The first time point was taken by GC immediately
following the addition of CEES. To keep the partial pressure of Oz in the headspace constant,
the vials were sealed with PTFE septa after the initial time point and oxygen balloons were
attached to the vials. As the reaction proceeds, Oz is consumed lowering the pressure in each
vial. The Oz balloon replaces the lost oxygen thus maintaining constant pressure and
composition of the headspace. For each time point, 0.4 uL of the reaction solution was injected
on the GC column. Reaction conversion was followed through integration of the CEES peak

area relative to that of the 1,3-DCB internal standard. Selectivity was confirmed by *C NMR.

3.2.5 Solution NMR experiments

Solution 3C NMR spectroscopic measurements were made on a Bruker Ascend™ AVANCE IlI

600 MHz spectrometer with a broadband cryogenic cooler Prodigy CryoProbe™. Additional *C
NMR measurements were conducted on a Varian INOVA 400 MHz spectrometer using a Varian
DM40P5AP04 probe. All NMR tubes used have a 5 mm outer diameter (OD) and were spun at

20 Hz.
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3.2.6 Stopped-Flow Studies

Stock solutions (50 mM) were made for all reagents used in the stopped-flow studies with the
exception of CEES, and H20. The CEES and H20 were added directly to reaction solutions by
micropipette. For each experimental solution, reagents were mixed and diluted to the desired
concentration in 20 mL scintillation vials capped with PTFE septa. Glass syringes were used to
load sample solutions from vials into the instrument. Each sample was passed through the
system 7 times to remove all traces of previous experiments. Kinetic curves were obtained using
a HI-TECH Scientific KinetAsyst SF-61sX2 sample-handling unit with a diode array

spectrophotometer.

3.2.7 UV-vis Studies

Stock solutions (50 mM) were made for all reagents used in the UV-vis studies with the
exception of CEES, and H20. The CEES and H20 were added directly to reaction solutions by
micropipette. For each experimental solution, reagents were mixed and diluted to the desired
concentration in 20 mL scintillation vials capped with PTFE septa. Aliquots of 15 pL from these
solutions were diluted 200 times with MeCN creating a 3 mL total volume and transferred to an
airtight 1 cm pathlength quartz cuvette. The dilution allowed accurate measurement of the Brs®
absorption maximum at 270 nm using an Agilent 8453 UV-visible spectrophotometer. In cases
with mixed acetonitrile-water solvent systems, the dilution was done with the same concentration
of water to keep this variable constant. In the case where water was removed from the solution,
1.2 g of anhydrous MgSO4 was added to the 5 mL solution of 5 mM TBABr3, 50 mM CEES, and
2% H-20 following a measurement of the UV spectra. The mixture was vigorously swirled to

ensure reaction between the solid MgSO4 and H2O in the solution. After 15 minutes of



85

equilibration time, the MgSOa particles were no longer suspended in solution and a 15 pL

aliquot was taken and diluted 200 times as described above for the UV measurement.

3.2.8 Solid Formulation Catalyst (SFC) Preparation
Nafion™ (150 mg, 136 mmol equivalents of H*), TBABr3 (145 mg, 300 mmol), TBANOs (61
mg, 200 mmol), and Cu(NO3)2¢3H20 (24 mg, 100 mmol) were mechanically mixed with a

mortar and pestle. The green solid was then transferred to an airtight container for storage.

3.2.9 Solid Formulation Catalyst (SFC) Studies

The solid formulation catalyst, SFC, (25.3 mg) was added to 5 mL test tubes. CEES (50 pL, 430
umol) was added directly on top of the solid initiating the reaction. Rubber septa (size 14/20)
were used to cap the test tube and Oz filled balloons were used to maintain the oxygen
concentration in the headspace. A stock solution of 215 mM 1,3-DCB (internal standard) in
toluene was made for CEES extraction and quantification from the solid-formulation reactions.
The CEES in the test tubes was extracted after a few seconds of shaking the test tube with 2 mL
of the 1,3-DCB stock solution and then quantified by GC. CEES and the product CEESO are
soluble in toluene while other components are not thus shutting down the catalytic cycle once the
toluene is added. As a result, each time point required a separate experiment. Selectivity was
confirmed by *C NMR. Coaxial inserts (2mm stem OD) with D20 were used for the lock to

avoid introducing additional carbon peaks or the excessive use of deuterated toluene.

3.2.10 CEES Oxidation with SFC Under Relevant Battlefield Conditions
Hydrocarbons: SFC (25 mg) was added to 5 mL test tubes. Octane (40 pL, 240 mmol) and
CEES (50 pL, 430 umol) were added directly on top of the solid catalyst. Rubber septa (size

14/20) were used to cap the test tube. Balloons filled with O2 were used to maintain the oxygen
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concentration in the headspace. A stock solution of 215 mM 1,3-DCB (internal standard) in
toluene was made for CEES extraction and quantification.

Carbon dioxide: SFC (25 mg) was added to 5 mL test tubes. CEES (50 uL, 430 pmol) was
added directly on top of the solid catalyst. Rubber septa (size 14/20) were used to cap the test
tube. CO2 (150 pL, 6 umol) was injected through the septa into the test tube using a gastight
syringe. CO2 was added in a 1:1 molar ratio with Cu(NO3)2¢3H20. Balloons filled with O2 were
used to maintain the oxygen concentration in the headspace. A stock solution of 215 mM 1,3-

DCB (internal standard) in toluene was made for CEES extraction and quantification.

3.2.11 Live Agent Studies

Liquid HD reaction — The solid formulation catalyst, SFC (5 mg), was placed in a sealed vial
with a 20 mL syringe filled with O as the gas headspace. HD (5 uL) was applied to the surface
of the SFC. Exposures were run for 1, 2, 4, 8, 24 and 96 hours. Exposed powder was placed
into a 20 mL scintillation vial and 1.5 mL (reagent grade or better) chloroform was added. The
slurry was vortexed for ~60 secs and drawn into a 2 mL Luer-slip plastic syringe (National
S7510-3) and subsequently filtered through a (0.45 pum x 13 mm diameter) nylon membrane
syringe filter into a clear silanized screw-top 2 mL vial (Agilent Technologies Part# 5183-2070).
This was then placed in the autosampler of an Agilent 6890N Network GC System with a 5973
Network Mass Selective Detector.

Vapor HD reaction — The catalyst, SFC, was placed in the DRIFTS cup and equilibrated under a
stream of 2% RH / Zero Air. After equilibration, background spectra were collected with 1024
scans per spectra. Data was collected in the following manner: 1024 scans were collected with a
collection length of 726.96 sec. The resolution was kept at 2.000 cm* with levels of zero filling

kept at zero. Each scan consisted of 33056 total points with 32768 fast fourier transform (FFT)



87

points. The laser frequency utilized was 15798.25 cm!, and the interferogram peak position was
16384. The apodization was Happ-Genzel and the phase correction was Mertz. The data
represents 3735 points between 599.7627 to 4200.2676 with a spacing of 0.964249. The
spectrometer is a Nicolet 6700 (Thermo Fisher Scientific Nicolet, Waltham MA), with an IR
source, MCT/A detector and a KBr beam splitter. The optical velocity is 3.7974 with an aperture
of 65.00 and a sample gain of 2.0. The high pass filter wavenumber is 200.0000 cm and the low
pass filter wavenumber is 50000.0000 cm. After the background spectrum was collected, HD
was introduced into the humid Zero Air Stream, and then difference spectra were collected for

four hours.

3.2.12 X-ray Absorption Fine Structure (XAFS) experiments

XAFS experiments were performed at National Synchrotron Light Source (NSLS) Il, Beamline
7-BM quick X-ray absorption and scattering (QAS). For the solid-liquid CEES exposure (Figure
3.20), 30 mg of SFC was exposed to 50 pL of liquid CEES under ambient air in a closed glass
vial for 0, 3, and 76 hours. Aliquots of the slurry mixture were loaded in Kapton capillaries for
XAFS measurements. For the in situ solid-gaseous CEES exposure (Figure 3.24), 4 mg of SFC
was loaded in a Kapton capillary with both ends open and the capillary was fixed inside a
Nashner-Adler cell, a sealed jar customized for XAFS measurements. Liquid CEES (2 mL) was
soaked in the cotton wool placed in a beaker with the volume of 3 mL at the bottom of the cell
and produced CEES vapors. The cell was sealed under ambient air. Br K-edge (~13478 eV)
XAFS data, collected in transmission mode with 45 seconds per spectrum, were simultaneously
measured with Au foil with the L2-edge at 13734 eV for energy alignment and calibration
purposes. Cu K-edge (~8979 eV) XAFS data, collected in fluorescence mode with 45 seconds

per spectrum, were simultaneously measured with Cu foil for energy alignment and calibration
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purposes. XAFS data were processed and analyzed using Athena and Artemis?® programs of the
IFEFFIT package®. Quantitative analysis of Br K-edge EXAFS was performed by fitting
theoretical EXAFS spectra to the experimental data in r-space. The fitting model was constructed
by adopting a structure of Brz and the scattering contribution from a Br-Br bond of 2.301 A was
included. The amplitude factor was fixed to be 0.8. Quantitative analysis of Cu K-edge EXAFS
was performed by fitting theoretical EXAFS spectra to the experimental data in r-space. The
fitting model for Cu K-edge EXAFS of SFC before CEES exposure was constructed by adopting
a structure of Cu(NO3)2 and the scattering contribution from a Cu-O bond of 1.959 A was
included. The fitting model for Cu K-edge EXAFS of SFC after CEES exposure for 3 hours was
constructed by adopting a structure of CuBrz and CuS, and the scattering contribution from a Cu-
Br bond of 2.420 A and a Cu-S bond of 2.353 A were included. The amplitude factor was fixed

to be 0.85.

3.3 Results and Discussion

3.3.1 Mechanistic Studies in Acetonitrile.

The combination of tribromide and nitrate effectively catalyzes sulfoxidation reactions
including that of the mustard simulant CEES.?> 27 Studies have shown that transition metals can
have significant effects in catalyzing the oxidation of sulfides.3-3> We demonstrate here a
significant acceleration in the rate of sulfoxidation in the presence of Cu(ll). The addition of 1
mM Cu(ll) to the reaction solution of 5 mM Brs and 10 mM NOs' results in an initial rate for
aerobic sulfoxidation roughly 4 times faster than without copper (Figure 3.1). This corresponds
to the decontamination of 10 equivalents of simulant in under 7 minutes, which represents, to our

knowledge, the fastest catalytic system for selective aerobic sulfoxidation. Importantly, the
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reaction remains selective in the presence of Cu(ll) and quantitatively produces the desired

sulfoxide product as confirmed by 3C NMR (Figure 3.2).
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Figure 3.1. Kinetics of CEES oxidation by O2 catalyzed by Brs/NOx with and without Cu(ll).
Conditions: 5 mM TBABr3, 10 mM p-TsOH, 10 mM TBANOs3, 103 mM CEES, 70 mM 1,3-
dichlorobenzene (1,3-DCB) internal standard, in MeCN, 1 atm air, ambient temperature (~22
°C). Red curve =1 mM Cu(ClOa)226H20, black curve = 0 mM Cu(ClO4)226H20. These curves

represent 10 turnovers based on NOs'.
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Figure 3.2. 3C NMR of CEES reaction products. Conditions for catalytic trials prior to NMR
analysis: 100 mM CEES, 5.0 mM TBANOs3, 5.0 mM TBABTr3, 10 mM p-TsOH, 2% H20 and
10% CD3CN (v/v) in MeCN at ambient temperature (22+1 °C) under 1 atm of air. Reaction run
with copper: [Cu(ClO4)226H20] = 1.5 mM. (*) = TBA counter cations. CEESO2, CEESO and
CEES standards were dissolved in CD3sCN (small differences between standard and reaction
solution compositions result in slightly different chemical shifts). For the grey curve, the
spectrum was taken 24 hours after reaction completion indicating complete oxidative selectivity

for the sulfoxide.

To elucidate the role of copper in enhancing the rate of sulfide oxidation, we must first

examine certain aspects of the complex proposed catalytic cycle outlined in Scheme 3.1. The
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first step involves the reaction between the sulfide, CEES, and bromine to form a

bromosulfonium complex that is likely a reaction intermediate (Equation 3.2).5: 26:36. 37
R2S + Brz =& R2S'Br + Br (3.2)

Due to the equilibrium shown in Equation 3.3, tribromide solutions will contain both Brs™ and
some Brz and Br- with reported equilibrium constants of K =17 and 9 x 10% M in water and in
acetonitrile, respectively.3-4° Solutions of Brz- and Brz both react with sulfides to form the
bromosulfonium intermediate (Figure 3.3). In the case of tribromide it is generally predicted that
the Brs™ ion acts as a reservoir for Brz2 (via the equilibrium in Equation 3.3), which is ultimately

the reactive species toward to the sulfide.?>%’
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Figure 3.3. Left: Stopped-flow kinetics of 5 mM Br2 (blue) or 5.0 mM TMABTr3 (red)
consumption in the reaction with 50 mM CEES measured by the decrease of absorbance at 446
nm. Conditions: 2.0 % H20 (v/v), 17 mM HCIO4, T = 22+1 °C. Right: The spectra of 5 mM Br:
(black), 5 mM Brz+ 50 mM CEES (red), 5 mM TMABrs (blue), 5 mM TMABrs + 50 mM CEES
(green) taken at 5 ms. Dashed blue line is the spectrum of 5 mM TMABTr3 (blue) multiplied by a

factor 0.65.

Br + Br2 = Bry (3.3)
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The bromosulfonium intermediate (Equation 3.2) is proposed to form the sulfoxide via
oxidation by NOs~.2> 27 Therefore, shifts in the equilibrium associated with the formation of this
bromosulfonium complex will have a significant impact on the overall reaction rate if the
bromosulfonium species is prior to or in the rate limiting step. Stopped flow UV-vis
measurements at 446 nm (the isosbestic point for Br2/Brs’),* allow quantification of the total
Br2/Brs over time. For a solution of 5 mM tribromide and 50 mM CEES, this equilibrium is
shifted in favor of the reactants (Brs™ and sulfide), however, the addition of 1-4% H20 (v/v) shifts
the equilibrium in favor of the bromosulfonium complex (Figure 3.4). After the loss of Brz2/Brs
upon reaction with CEES in the presence of H20, the desiccant MgSOa can be added to remove
the water in the system. As the water is absorbed by MgSOa, Br2/Brs™ are gradually regenerated
demonstrating the truly reversible nature of Equation 3.2 (Figure 3.5). Water is likely shifting
this equilibrium by slowing the reverse reaction between the bromosulfonium cation and
bromide. This leads to higher concentrations of products in the presence of water compared with

higher concentrations of reactants in the absence of water.
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Figure 3.4. Stopped-flow kinetics of CEES reactivity with Br2/Brs™ as a function of water

content. The reaction is followed by the decrease of the Br2/Brs™ isosbestic absorption at 446 nm.

Conditions: 5 mM TBABr3, 17 mM HCIOa4, 50 mM CEES, in MeCN, ambient temperature (~22

°C). Varied water percentage (v/v): 0% (black), 1% (red), 2% (blue), 4% (green).
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Figure 3.5. UV spectra of Brs™ absorption (lambda max = 270 nm) with varied water and CEES
concentrations. Samples were prepared at stated concentrations in MeCN (5 mL total volume)
and then diluted 200x to measure the UV spectra. Black curve =5 mM TBABTr3; grey curve =
50 mM CEES; yellow curve =5 mM TBABTr3, 50 mM CEES, 2% H20; red curve =5 mM
TBABr3, 50 mM CEES, 2% H:0, 1.2 g MgSOs; purple curve =5 mM TBABrs, 2% H20. For
the sample with both CEES and Brs", the solution was allowed to equilibrate for 15 minutes

before measurement and another 15 minutes after the addition of MgSOa.

Similar to water, addition of Cu(ClO4)2¢6H20 causes an equilibrium shift in favor of the
bromosulfonium complex (Figure 3.6). In this case the reaction is followed by the growth of
CuBrs, which has a ligand-to-metal charge transfer (LMCT) band at 635 nm.%> 43 This can be

used as an indirect means to monitor the concentration of Br2/Brs™ as the Br- liberated upon the
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forward reaction between the sulfide and Br2/Brs™ in Equation 3.2 quickly forms complexes with
Cu (Equation 3.4).

Cu** + xBr = (CuBry)@ (3.4)
Given the lack of absorption at 635 nm in the absence of sulfide (Figure 3.6), the rapid formation
of CuBrjs directly correlates with the formation of the bromosulfonium intermediate. For
copper, the equilibrium in Equation 3.2 again shifts in favor of the bromosulfonium intermediate
as the reverse reaction with Br- is inhibited by the complexation of free Br- ions by copper. As
shown in Figure 3.1 the presence of Cu(ll) clearly enhances the overall rate, which is consistent

with an increase in concentration of the reactive bromosulfonium intermediate.
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Figure 3.6. Stopped-flow kinetics of CuBrs™ formation in the presence and absence of CEES.
The reaction is followed by the growth of CuBrs™ absorption at 635 nm. Conditions: 5 mM
TBABr3, 1 mM Cu(ClO4)2¢6H20, in MeCN, ambient temperature (~22 °C). Red curve = 103

mM CEES, black curve = 0 mM CEES.
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Given the strong effect of copper, we also examined the effect of Zn(ll) ions to see if a
similar equilibrium shift would occur. As with copper, zinc readily forms complexes with Br-
ions (Equation 3.5).44

Zn** + xBr = (ZnBry)®> (3.5)

In this case, however, the complexes are colorless allowing the reaction to be followed by the
loss of Bra/Brs™ at 446 nm. In the presence of 5 mM of Zn(BF4)2, the majority of the Br2/Brs is
consumed in under 10 seconds indicating a rapid equilibrium shift of Equation 3.2 in favor of the
products (Figure 3.7). As with copper this is likely caused by decreasing the rate of the reverse
reaction due to the lower concentration of free Br~. To confirm this, we added 10 mM Br- to the
initial Zn solution mixed with CEES and observed that these additional Br- ions did in fact lessen

the effect of Zn (Figure 3.8).
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Figure 3.7. Stopped-flow kinetics of CEES reactivity with Br2/Brs as a function of [Zn(BFa4)2].
The reaction is followed by the decrease of the Br2/Brs™ isosbestic absorption at 446 nm.
Conditions: 5 mM TBABr3, 103 mM CEES, in MeCN, ambient temperature (~22 °C). Varied

zinc concentration: 0 mM to 5 mM Zn(BFa4)2 (light to dark maroon respectively).
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Figure 3.8. Stopped-flow kinetics of CEES reactivity with Br2/Brs”. The reaction is followed by
the decrease of the Br2/Brs™ isosbestic absorption at 446 nm. Conditions: 5 mM TBABTr3, 103
mM CEES, 10 mM Zn(BFa)2, in MeCN, ambient temperature (~22 °C), varied concentrations of

TBABr: 0 mM (grey), 5 mM (blue), 10 mM (purple).

Interestingly, while Cu(ll), Zn(I1), and H20 all shift the initial reaction between Brz and
sulfide in favor of the bromosulfonium intermediate, only Cu shows an enhancement in the
overall rate of catalysis. For reactions containing 1 M water, the overall sulfoxidation is similar
to the rate in the absence of water. For reactions containing both copper and water, the presence
of 1 M water slows down the reaction (Figure 3.9). In the presence of 5 MM Zn(BF4)2 the
reaction is also slowed. This likely occurs as the presence of water and zinc slow the oxidation
of Brions back to Br2 which completes the catalytic cycle for Br-containing species. One of the
anticipated reduced NOx species formed during the catalytic cycle (Scheme 3.1) is nitrous acid

which is known to oxidize Br- to Br: via the following equilibria (Equations 3.6 and 3.7).4% 46
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Figure 3.9. Kinetics of CEES oxidation under full catalytic conditions with and without Cu(ll),
H20. Conditions: 5 mM TBABTr3, 10 mM p-TsOH, 10 mM TBANOs, 103 mM CEES, 70 mM
1,3-dichlorobenzene (1,3-DCB) internal standard, in MeCN, 1 atm air, ambient temperature (~22
°C). Blue curve = 1 mM Cu(CIlOa4)2, 0 M H20; red curve = 0 mM Cu(ClO4)2, 0 M H20; orange
curve =0 mM Cu(ClO4)2, 1 M H20; green curve = 1 mM Cu(ClO4)2, 1 M H20; grey curve =5

mM Zn(BFs)2, 0 M H20. These curves represent 10 turnovers based on NOs'.

HNO: + Br + H* = NOBr + H:0 (3.6)

2NOBr = 2NO + Br2 (3.7)

Stopped-flow UV-vis measurements show that increasing concentrations of water or zinc
greatly inhibit the oxidation of Br- by nitrous acid (Figures 3.10 and 3.11). In contrast, the
oxidation of Br- to Br2 proceeds similarly in the presence of Cu(ll) ions compared to the control

(Figure 3.12). This suggests that copper, unlike water or zinc, is able to shift the equilibrium of
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the initial reaction between the sulfide and Br2/Brs” without disrupting other components of the

catalytic system thereby affording a net increase in the overall rate.
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Figure 3.10. Stopped-flow kinetics of Br- oxidation to form Br2/Brs”. The reaction is followed
by the increase of the Br2/Brs™ isosbestic absorption at 446 nm. Conditions: 15 mM TBABr, 5
mM TBANO2, 5 mM p-TsOH, in MeCN at ambient temperature (~22 °C). Varied water

percentage v/v: 0% (blue), 2% (orange), 5% (grey), 10% (yellow).
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Figure 3.11. Stopped-flow UV-vis of Br- oxidation to form Br2/Brs". Syringe 1: 20 mM p-
TsOH, 10 mM TBA-NO: in acetonitrile (MeCN). Syringe 2: 10 mM TBA-Br, varied

concentrations of Zn(BF4)2. Absorbance measurements taken at 446 nm.
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Figure 3.12. Stopped-flow kinetics of Br- oxidation to form Br2/Brs". The reaction is followed
by the increase of the Br2/Brs™ isosbestic absorption at 446 nm (orange) and the decrease of
CuBrs absorption at 635 nm (green). Conditions: 5 mM TBABr, 5 mM TBANO2, 10 mM p-
TsOH, in MeCN at ambient temperature (~22 °C). Green curve = 1 mM Cu(ClOa4)226H20;

orange curve = 0 mM Cu(ClO4)2¢6H20. Absorptions were normalized for ease of comparison.

In addition to markedly improving the rate of catalysis, the use of Cu(ll) also enables the
colorimetric detection of sulfides in the system. Immediately upon exposure to CEES, the
catalytic solution undergoes a dramatic color change from pale yellow to dark green, attributable
to the formation of CuBrs (Figure 3.13).#24 Upon reaction completion, Br-ions are no longer
produced from the reaction between Br2 and CEES allowing all of the Br- ions to be oxidized re-
establishing the original Brs™ concentration (via Equations 3.6, 3.7 and 3.2). This returns the
solution to its original yellow color and thereby indicates when the sulfide (HD or simulant

CEES) has been fully decontaminated.
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Figure 3.13. Responsive color change behavior in the homogeneous Brx/NOx/Cu(ll) system.
Left: solution containing 5.0 MM TBABTr3, 5.0 mM TBANOs3, 1.7 mM Cu(ClOa4)226H20, 10 mM
p-TsOH, and 2% H20 (v/v) in MeCN. Right: the same system immediately after addition of 100

mM CEES. Solutions were at ambient temperature (22+1 °C) under 1 atm of air.

3.3.2 The solid, color-indicating, aerobic mustard (HD) oxidation catalyst

With the above solution catalytic studies in hand, we turned to formulating a solid
version of this catalyst to enable the development of protective materials (garments, masks,
coatings, etc.) for removal/colorimetric detection of HD. Informed by previous studies,?% 2" and
our own work with solution-phase reactions, we incorporated sources of acid and copper along
with tribromide and nitrate. Nafion™ was chosen for the acid as it is a chemically robust
perfluorinated polymer, and it is well tolerated by human skin. By utilizing Cu(NO3)2+3H20, we
were able to incorporate both a source of copper and nitrate. Through the use of quaternary
ammonium salts of nitrate and tribromide, the active catalytic components are stable under
ambient conditions and readily dissolve in the sulfide, providing a solid formulation that reacts
directly with live agent in the absence of solvent. The end result is a fully selective, color-
indicating solvent-free, solid catalyst (SFC) comprising a 5.0:3.3:1.7:2.3 mole ratio of TBABI3,
TBANO3, Cu(NOs)223H20 and Nafion™ polymer, respectively (moles of Nafion™ reported as

equivalents of H*).



104

To assess the effectiveness of SFC in the absence of additional solvent, liquid aliquots of
sulfide were placed directly on this solid catalyst. Upon exposure to 22 equivalents of neat
CEES (relative to the Brs™ in SFC), SFC completely and selectively catalyzes production of the
sulfoxide using only oxygen in ambient air as the terminal oxidant at ambient temperature
(Figures 3.14 and 3.15). Exposure of SFC to two common battlefield contaminants, octane (as a
surrogate for gasoline) and COz2, did not show any measurable inhibition of the reaction rate
(Figure 3.16). Significantly, selective aerobic sulfoxidation was also observed with 10
equivalents of live agent HD (Figures 3.17 and 3.18). This catalytic system thus represents a
significant advance in the development of protective materials against HD, as it is capable of
decontaminating HD selectively and catalytically upon contact. Finally, this system is also
colorimetric, immediately revealing distinct color changes from light green to dark brown in the

presence of the harmful agent/simulant (Figure 3.19).
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Figure 3.14. Kinetics of CEES oxidation catalyzed by SFC. Conditions: 50 pL (430 umol) of
neat CEES added directly to 25.3 mg of the SFC (9.6 mg TBABr3, 4.1 mg TBANO3, 1.6 mg
Cu(NO3)223H20, 10 mg Nafion™), under 1 atm of air at ambient temperature (22+1 °C). The
control was done in the absence of SFC. For the control, CEES concentration falls as a result of
evaporation, not oxidation. Measurements taken by GC in triplicate with standard deviation

error shown.
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Figure 3.15. 3C NMR of products of neat CEES reactions extracted into toluene (see above

materials and methods). Conditions for catalytic trials prior to NMR analysis: 50 uL (430 umol)
of neat CEES, 25.3 mg of SFC = 9.6 mg TBABr3, 4.1 mg TBANOs3, 1.6 mg Cu(NOs3)2¢3H20, 10
mg Nafion™, under 1 atm of air. Coaxial inserts filled with DO were used to generate the lock

signal.
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Figure 3.16. Kinetics of CEES oxidation with and without common battlefield contaminants.
Conditions: 50 pL (430 pumol) of neat CEES was added directly to 25 mg of SFC (9.6 TBABTrs3,
4.1 mg TBANOs, 1.6 mg Cu(NOz)222H20, 10 mg Nafion™), under 1 atm of air at ambient
conditions. (Black) control with no battlefield contaminants; (red) in the presence of
hydrocarbons, namely 40 pL (240 umol) octane; and (blue) with 150 puL (6 umol) COzinal:1

ratio with Cu?*.
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Figure 3.17. GC-MS spectra of live agent HD oxidation kinetics catalyzed by SFC. Conditions:
5 uL HD added directly to 5 mg SFC (10 turnovers based on Brs’). Reaction conducted in sealed
vial with 20 mL syringe filled with O2 as gas headspace at ambient temperature (~22 °C). GC-

MS measurements taken via 1.5 mL CDCI3z extraction.
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Figure 3.18. Kinetics of HD oxidation catalyzed by SFC. Conditions: 5 uL HD added directly
to 5 mg of SFC at ambient temperature (22+1 °C). Reaction conducted in sealed vial with a 20
mL syringe filled with Oz as the headspace gas. GC-MS measurements were taken via 1.5 mL

CDCl3 extraction.
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Figure 3.19. Responsive color change behavior in SFC. Left: SFC with Brx/NOx/Cu(ll)/
Nafion™ ratios of 5.0:3.3:1.7:2.3 respectively. Right: 25.3 mg of SFC exposed to 50 uL (430

umol) of neat CEES.

Further evidence to support the catalytic nature of this material in neat agent/simulant
was obtained using bromine X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectroscopies. The bromine K-edge XANES shows that
throughout the course of the reaction, the initial Brs~ (characterized by a 1s-4p pre-edge peak at
13473 eV)*"*? is consumed upon exposure to CEES and then reforms upon reaction completion
(Figure 3.20) similar to what was observed for the studies done in acetonitrile. The EXAFS
spectra (Figure 3.21) and quantitative analysis (Figure 3.22 and Table 3.1) also demonstrate
regeneration of the tribromide, as evidenced by the preservation of the average Br-Br lengths of
2.55+0.01 A and 2.54 + 0.01 A before and after CEES exposure, respectively. Finally, copper
K-edge EXAFS fitting indicates that, similar to the catalysis in acetonitrile, the coordination
environment of the Cu centers switches from O to Br upon exposure to CEES (Figures 3.23, 3.24

and Table 3.2). This is consistent with Cu complexing bromide ions, which aides in the
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formation of the reactive bromosulfonium intermediate. It also suggests that the role of copper

for catalysis in acetonitrile remains the same in neat agent/simulant.
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Figure 3.20. Bromine K-edge XANES on 30 mg of SFC exposed to 50 pL of liquid CEES
placed directly on the surface of SFC (18 turnovers based on Brz) under air in a closed glass vial
at ambient temperature (~22 °C). Aliquots of the slurry mixture were loaded in Kapton
capillaries for XANES measurements after 0 (black), 3 (red), and 76 (blue) hours. Arrows

indicate the Br K-edges (black arrow corresponds to both blue and black curves).
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Figure 3.21. Bromine K-edge EXAFS on 30 mg of SFC exposed to 50 uL of liquid CEES

under 1 atm of air in a closed glass vial at ambient temperature (22+1 °C). Aliquots of the slurry

mixture were loaded in Kapton capillaries for EXAFS measurements. Plots of both k-space (a)

and r-space (b) data after 0 (black), 3 (red), and 76 (blue) hours. The r-space data was generated

with a k-range from 3 A to 12 AL, with k?-weighting in Fourier transforms.
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Figure 3.22. Fitting of bromine K-edge EXAFS data on 30 mg of SFC exposed to 50 pL of

liquid CEES under ambient air in a closed glass vial. Aliquots of SFC were loaded in Kapton

capillaries for EXAFS measurements both before CEES exposure (a) and after 76 hours (b).
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0-hour 76-hour
AE (eV) 9+2
N 1.3+0.2 1.0+0.2
R (A) 2.55+0.01 2.54 +0.01
o2 (A2) 0.006 + 0.001 0.005 * 0.002

Table 3.1. Values for Br-Brn coordination number (N), effective Br-Br interatomic distance (R),

and mean squared bond length disorder (c?) based on analysis of bromine K-edge EXAFS on 30

mg of SFC exposed to 50 pL of liquid CEES under ambient air in a closed glass vial. The fitting

was performed in r-space, using the k-range from 3 A to 12 A1, with k?-weighting in Fourier

transforms. Aliquots of SFC were loaded in Kapton capillaries for EXAFS measurements both

before CEES exposure and after 76 hours. The energy origin correction, AE, was constrained in

the fit to be the same for the two data sets.
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Figure 3.23. Copper K-edge EXAFS on 30 mg of 1 exposed to 50 uL of liquid CEES under 1
atm of air in a closed glass vial at ambient temperature (22+1 °C). Aliquots of the slurry mixture
were loaded in Kapton capillaries for EXAFS measurements. Plots of both k-space (a) and r-
space (b) data after O (black) and 3 (red) hours. The r-space data was generated with a k-range

from 2 At to 12 AL, with k2-weighting in Fourier transforms.
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Figure 3.24. Fitting of copper K-edge EXAFS data on 30 mg of 1 exposed to 50 pL of liquid
CEES under ambient air in a closed glass vial. Aliquots of 1 were loaded in Kapton capillaries

for EXAFS measurements both before CEES exposure (a) and after 3 hours (b).
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0-hour 3-hour
No 48+0.6 -
Ro (A) 1.95 +0.01 -
520 (A?) 0.006 + 0.001 -

Nar - 3.3+0.7
Rer (A) - 2.37 £0.01
o%sr (A?) - 0.007 +0.001
Ns - 1.0+0.4
Rs (A) - 2.33+0.03
o%s (A?) - 0.007 +0.001

Table 3.2. Values for coordination number (N), effective interatomic distance (R), and mean
squared bond length disorder (5?) for Cu-O/Br/S bonds based on analysis of bromine K-edge
EXAFS on 30 mg of 1 exposed to 50 pL of liquid CEES under ambient air in a closed glass
vial. The fitting was performed in r-space, using the k-range from 3 A1 to 12 A, with k2-
weighting in Fourier transforms. Aliquots of 1 were loaded in Kapton capillaries for EXAFS
measurements both before CEES exposure and after 3 hours. The energy origin correction, AE,
for Cu-O and Cu-Br/S bonds were different variables, which were 4.1 +1.5and 0.2 + 1.1,

respectively. 6? was set to be same for Cu-Br and Cu-S bonds.

In addition to exhibiting catalytic turnover with liquid HD/CEES, a significant advantage
of this system is that it retains this activity against vapor phase agent/simulant. When SFC is
exposed to saturated CEES vapor, there is a loss of the tribromide peak in the Br K-edge XANES

spectra (Figure 3.25) demonstrating reactivity with SFC. For live agent testing, we exposed
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SFC to a vapor stream of HD, monitoring changes to the material by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). As indicated by peaks such as the one at 1300 cm™,
corresponding to the HD-based CH2 wag, there is an initial physisorption of HD over time. The
peaks at 1083 and 1041 cm-?, which also increase with time, are consistent with an S=0O bond
providing evidence for sulfoxide (HDO) product formation (Figure 3.26). Immediately
following the DRIFTS experiment, the HDO assignment was confirmed by GC-MS (Figure
3.27). Thus, the solid catalyst, SFC, clearly decontaminates both vapor and liquid HD in the

ambient environment.
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Figure 3.25. Bromine K-edge XANES of SFC exposed to saturated CEES vapor in a sealed jar.
Measurements were taken at different time intervals following initial CEES exposure. The solid
catalyst, SFC, was packed in Kapton capillaries (ID: 0.11049 cm). Grey arrows indicate the

direction of change as a function of time.
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Figure 3.26. DRIFTS spectra of HD oxidation catalyzed by SFC. Conditions: SFC placed in a

DRIFTS cup exposed to HD vapor in a gas stream of 2% relative humidity/Zero Air for 4 hours.
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Figure 3.27. GC-MS spectra immediately following the DRIFTS experiment of HD oxidation
catalyzed by SFC (Figure 3.26). Conditions: SFC placed in a DRIFTS cup exposed to HD vapor
in a gas stream of 2% relative humidity/Zero Air for 4 hours. GC-MS measurement taken via a

1.5 mL CDClI3 extraction.

3.4 Conclusion

In summary, we report the development of a highly reactive solid material for the
selective, catalytic, air-based oxidation of HD to decontaminated HDO at ambient conditions.
The design of this solvent-free catalyst was informed by mechanistic studies of the homogeneous
catalytic system in solution. Cu(ll) significantly increases the reaction rate and simultaneously
facilitates a colorimetric detection of HD. Several experiments establish that the key
intermediate in aerobic sulfoxidation, the bromosulfonium ion, is formed reversibly and that a

central role of Cu(ll) in acceleration this process is to increase the concentration of the
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bromosulfonium during catalytic turnover. These insights resulted in the development of a solid
formulation that is active against both liquid and vapor HD. For these solvent-free reactions, the
use of XAFS and DRIFTS enabled monitoring of the reaction under turnover conditions along
with comparisons to the mechanistic studies conducted in acetonitrile. Collectively, these
findings mark substantial progress toward the effective decontamination of HD, as well as our

understanding of sulfide oxidation using Bry/NOx/O2 systems.
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4.1 Introduction

One of the greatest scientific challenges facing our world today is how to keep pace with
global energy demands without continuing to damage our environment through excessive
greenhouse gas emissions. It is projected that global energy consumption will continue grow
from its present value of 13.5 Terawatts (TW), to either 27 or 40.8 TW in 2050 depending on the
model.t As of 2012, 81.7% of this energy was generated from the burning of fossil fuels.? Since
the industrial revolution, this heavy reliance on the burning of fossil fuels has driven carbon
dioxide levels from between 210-300 parts per million (ppm) over the last 420,000 years, to
412.55ppm as of September 2020.3 Based on current rates of fossil fuel consumption, and
accounting for increases in energy demand, atmospheric levels of CO2 could reach 750ppm by
the year 2050, a value probably not present on earth for the last 20 million years.! Data from the
Vostok ice cores in Antarctica show the clear correlation between temperature and CO2 levels*
indicating that global temperatures will continue to rise over the next century resulting in
numerous deleterious environmental effects. For this reason it is imperative that the scientific
community find a solution that can provide clean energy for the world.

Of the possible carbon emission free energy sources, solar energy is the most promising.
Nuclear energy, for example, is not a viable option because there is only sufficient uranium in
the earth’s crust to sustain our global energy budget for 30 years.> Energy sources such as
geothermal and wind, while effective and helpful, are not widespread enough to completely
replace the burning of fossil fuels. On the other hand, solar energy hits the earth with a power of
120,000 TW.> In just one hour enough energy from the sun hits the earth’s surface to power the

world for a year.!
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Given that terrestrial sunlight is the obvious choice for a clean energy source, the next
step is to determine the means of capturing and storing solar energy. In all cases given that solar
energy is intermittent, the means of storing the energy will be a key consideration. One method
involves the direct conversion of light energy to electrical energy through photovoltaic cells.®
Here the energy is stored as a chemical potential in batteries, however, current battery
technology is not yet sufficiently advanced to support the entire global energy demand, nor does
it possess the energy density required to power vehicles such as airplanes and large cargo ships.
Another method of solar energy capture converts light energy into thermal energy, which can be
then used to drive a conventional steam turbine.” This process is hindered by the fact that it its
difficult to store high temperature substances efficiently over long periods of time.

The last method is in theory the most promising as it uses the light energy to form new
molecules storing the energy as chemical bonds rather than as thermal, mechanical, or electrical
energy. The resulting compounds, stored under the proper conditions, are theoretically stable
indefinitely. These new molecules or “solar fuels,” can then be burned on demand to recapture
the stored energy making this a very attractive strategy. This process of capturing light energy
and storing it in the form of chemical bonds, is of course not new, as it was developed by Nature
over three billion years ago.® Like the natural process of photosynthesis, synthetic methods
require catalysts for both oxidation and reduction reactions. Study of both reactions is ongoing;
however, the remainder of this work will focus on the oxidative process. As in photosynthesis,
this is the oxidation of water.

To achieve photo-driven water oxidation, one of the components required is an efficient
light absorber and charge separator with sufficient energy to overcome the 1.23V (pH = 0) water

oxidation potential. Numerous different light absorbers have been reported including I1-VI and
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I11-V semiconductors, as well as molecular dyes.®1° The biggest problem facing such devices is
stability. While under illumination, semiconductor-based photoelectrochemical cells (PEC) can
undergo photocorrosion when in direct contact with an electrolyte solution.'**3 In the case of
molecular dyes used in dye-sensitized solar cells (DSSC), the dye can be desorbed from the
surface it is on. This desorption can be caused by many conditions including temperature, light
intensity, and pH of the electrolyte.4-16

Fortunately, in the recent literature there is growing interest in using conformal nm-scale
metal oxide layers deposited by atomic layer deposition (ALD) as a means to stabilize photo-
electrodes. Nate Lewis and co-workers at Cal Tech have shown examples of both I1-VI and I11-
V semiconductors protected by ALD deposited TiO2 driving water oxidation.!*13 At UNC
Chapel Hill, Thomas Meyer has demonstrated the use of Al2O3 ALD to stabilize ruthenium-
based dyes on TiO2 surfaces.'41

In addition to a stable and efficient light absorber photo-driven water oxidation requires
the use of an efficient catalyst. Polyoxometalates (POMSs) are a class of molecular metal oxide
compounds capable of coordinating a wide variety of redox active metal centers used for
catalysis. As such, these clusters have been examined extensively for water oxidation catalysis
due to their oxidative stability, and highly tunable properties.t’-?® Given that POMs are
polyanions, they readily bind to positively charged surfaces. This phenomenon was first
demonstrated by binding [(Fe'"'(OH2)2)3(A-r-PWs034)2]* to cationic silica/alumina
nanoparticles.? Hill and co-workers have since developed several schemes binding POM WOCs
to cationic organic ligands generating heterogeneous water oxidation systems.?> 26 While these
methods were effective, an entirely inorganic system would be preferable given the harsh

oxidative conditions required for water oxidation.
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A general material property of metal oxides is that they all exhibit surface charges that
are pH dependent. Each one has a specific pH at which the surface charge is neutral known as
the point of zero charge (PZC).?” Below this pH the surface is protonated leaving it positively
charged. In theory an anionic POM should bind directly to this positively charged surface at pH
values below the PZC.

This work proposes the generation of a novel system that incorporates a dual functioning
metal oxide coating to both mitigate the photocorrosion of a semiconductor light absorber while
also providing a positively charged surface on which to bind a POM WOC at the proper pH.
Scheme 4.1 shows the proposed system that incorporates a cadmium sulfide quantum dot film as
the light absorber coated with a metal oxide layer. The metal oxides examine are TiOz, Al20s,
and ZnO. To the metal oxide surface, the water oxidation catalyst, RbgsKz[{Rus(OH)2(H20)4} (y-
SiW10034)2], is bound. This particular POM WOC was selected because it has a very wide pH
range of stability and wide pH range of catalytic water oxidation activity. Cadmium sulfide
quantum dots (CdS QDs) are the target light absorber as they have extremely high molar
absorptivities, the absorption band edge is tunable,?® and the stability of the film can easily be

monitored via UV-vis to determine the efficacy of the protective metal oxide coating.
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Scheme 4.1. The proposed electrode scheme depicted in a cross-sectional view. The gray

shading represents the conformal metal oxide coating.

4.2 Experimental

4.2.1 Photoanode Film Preparation

Cadmium Sulfide (CdS) Colloidal Quantum Dot (QD) Synthesis: Cadmium oxide
(0.1024 g) in octadecene (24 mL) and oleic acid (12 mL) was heated to 100 °C under vacuum for
10 minutes and then backfilled with argon. The solution was then heated to 250 °C at which
point a mixture of sulfur (0.032 g) in octadecene (2 mL) was injected to initiate crystal growth.
After 20 s, the reaction was quenched by injecting the solution with room temperature
octadecene (15 mL) and subsequent placement in a water bath. The quantum dots were purified
by precipitation in ethanol and then dissolved in chloroform.

Spin Coating of CdS QDs: The spin-coating was carried out at 2000 rpm by sequentially
dripping 5% 1,2 ethanedithiol mixed in acetonitrile (2 drops), followed acetonitrile (1 drop),

followed by the CdS quantum dots dispersed in chloroform (3 drops), followed by chloroform (1
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drop) onto the center of the spinning FTO slide. These steps were repeated continuously for 20

min before placing the film in an oven at 130 °C for 1 hour.

4.2.2 Photoelectrochemical Measurements

Photoelectrochemical Cell Setup: All photoelectrochemical experiments were carried
out in a 3-neck quartz flask with a flat optical window. The flask was filled with 50mL of pH
8.5 borate buffer with 0.5M Na2SOs as the electrolyte. A platinum wire was used at the counter
electrode. The reference electrode was a Ag/AgCI electrode stored in 1M KCI. A teflon coated
stirbar was used to agitate the solution. The light source was a 405nm LED that was focused to
an area larger than the films to insure complete illumination of the film using two confocal
focusing lenses yielding a power density of 8.9 mW/cm?. This value was measured with a power
meter accounting for the aperture of the power meter. Electrochemical measurements were
obtained with a wavedriver potentiostat.

Photoelectrochemistry Experiments: Each film was subjected to the following protocol.
Between each test the cell was stirred to help remove any surface charging effects. An open
circuit potential (OCP) was measured to determine the starting potential for cyclic voltammetry
(CV). A CV scan was taken from the OCP out to 750mV vs. Ag/AgCl in the dark. The room
lights were kept out using blackout curtain. Next a bulk electrolysis (BE) experiment was run
holding the potential at 750mV for 10 minutes. This process of taking an OCP, CV and BE was

repeated only this time under illumination from the LED.

4.3 Results and Discussion

CdS QDs were synthesized following the standard procedure developed by Peng and co-

workers.?® Figure 4.1 shows an ultraviolet-visible (UV-vis) spectrum with a band edge
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absorption at 448nm. Based on a relationships developed by Peng and co-workers this
corresponds to a nanocrystal diameter of 5.2nm.3® The transmission electron microscopy image
in Figure 4.2 confirms the accuracy of this calculation. It also shows the uniform particle size
distribution. In order to maximize the absorption of visible light a balance was struck between
growing the largest dots possible without sacrificing a uniform particle size distribution. This
narrow particle size distribution ensures all quantum dots possess the same electronic

characteristics.
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Figure 4.1. UV-vis spectra of colloidal CdS quantum dots with a peak absorption at 448nm.
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Figure 4.2. 300 keV Transmission electron microscope image of CdS quantum dots.

Films were fabricated via spin-coating the CdS QDs onto conductive fluorine doped tin
oxide (FTO) glass slides. The spin coating was done while rotating the FTO slide at a speed of
2000 revolutions per minute (rpm). Spinning rates higher than 2000 rpm result in lower
absorbance indicative of less adhesion of QDs to the FTO surface. A comparison of the UV-
visible spectra of the CdS QD film with the solution shows a slight difference in the spectra as
illustrated in Figure 4.3. The increase in the baseline comes as a result of the absorption from the
FTO slide. The slight redshift in the band edge and a small change to the band structure, come
as a result of changes in the organic capping ligands on the nanocrystal surface as documented in
the literature.3! The substitution of some oleic acid capping ligands with ethanedithiol
effectively increases the radius of the QD slightly by adding extra sulfur surface sites resulting in
a redshift of the band edge. This was confirmed by measuring the UV-vis of a QD solution to
which ethanedithiol was added resulting in a band edge absorption (Figure 4.4) consistent with

the redshift observed between QDs in solution and film form (Figure 4.3).
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Figure 4.3. Comparison of the solution spectra (blue) and film bound (red) CdS quantum dots.
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Figure 4.4. UV-vis spectra of CdS QDs with oleic acid as the capping ligand (blue) and a
mixture of oleic and and ethanedithiol (red). The mixed ligand nanoparticles were generated by

adding a 5% (v/v) ethanedithiol acetonitrile solution to colloidal CdS QDs capped with oleic

acid.

Prior to protecting the QD films with a thin layer of metal oxide, a proof of concept
experiment was carried out to demonstrate the viability of immobilizing a POM WOC on metal
oxide surfaces via electrostatic attraction. Powdered TiO2 nanoparticles were added to a solution
of the robust POM WOC, [{Ru'V4(OH)2(H20)4}(y-SiW10034)2]*%, at pH 3.3. This pH is below
the TiO2 PZC (pH = 5.6), thus the surface is protonated and positively charged. The positively
charged surface should consequently bind the highly anionic POM. Figure 4.5 shows a
comparison of filtered TiO2 particles from solutions adjusted pH 3.3 and 7. The darker brown
color on the filter paper from the pH 3.3 solution qualitatively confirms that the POM is
electrostatically bound to the TiO2 surface when the pH is below the PZC. The TiO2 particles

with the attached POM were then washed with a pH 7 solution, which is above the PZC of TiOz,
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and the POM s as predicted, to go back into solution. This demonstrates the reversible nature of

the binding depending on the pH of the solution.

Figure 4.5. Powdered TiO2 nanoparticles exposed to the POM WOC,
RbsK2[{Rua(OH)2(H20)4}(y-SiW10034)2], at pH 3.3 (left) and pH 7 (right). The darker brown
color on the left results from the electrostatic binding the POM at pH values below the PZC of

TiO2 which is 5.6.

Having successfully demonstrated the ability to bind POM WOCs on TiOz, along with
the fabrication of CdS QD films, atomic layer deposition was used to create a conformal metal
oxide coating on the surface to protect the CdS QDs from photocorrosion. Initial samples were
sent to Boston College where they were coated with 2nm, 10nm, and 50nm of TiO2 at 275°C.
The coating thickness for each film was determined by ellipsometry on silicon wafers placed in
the ALD reactor with the films. Visual inspection of the films, confirmed by UV-vis,
immediately showed that the coating had damaged the films and shifted the band edge
absorption. The films, now
much darker in color and showed a much broader band edge shown in Figure 4.6. At 275°C

where the temperature is high enough to produce crystalline TiOz2,3 unfortunately, it is also high
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enough to cause the CdS nanocrytals to begin merging into bulk CdS. A second set of films was
coated with amorphous TiO2 at 150 °C shown in Figure 4.7. Under these conditions the

temperature was low enough to coat the QDs while keeping the band structure intact.
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Figure 4.6. Before and after comparison of a CdS QD film subjected to high temperature (275

°C) TiO2 ALD.
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Figure 4.7. Before and after comparison of a CdS QD film subjected to low temperature (150

°C) TiO2 ALD.

The coated films were then converted into electrodes and subjected to electrochemical
experiments to assess their stability and photoelectrochemical performance. Cyclic
voltammograms (CV) were run from the open circuit potential out to 1.49 V vs. RHE in pH 8.5
borate buffer. This value was chosen as it is significantly above the 1.23V required for water
oxidation. The CV scans of the films show that the film with a 50nm coating of TiOz2 is
stabilized and does not change over time whereas the films with thinner coatings degrade over
time resulting in irreversible scans (Figure 4.8). This conclusion is also supported by a stable
photocurrent present in the 50nm-coated film in contrast to photocurrents that decrease over time
for the films with no coatings (Figure 4.9). Following the electrochemical experiments UV-
visible spectra were taken providing additional evidence for the stability or the lack thereof by
monitoring changes in absorption and the shape of the QD band edge (Figures 4.10). While the

thickest coating best stabilized the QD films, it also acted as a barrier for hole transfer to the
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surface which resulted in the lowest photocurrent when using sodium sulfite as a hole scavenger

(Figure 4.11).
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Figure 4.8. Cyclic voltammograms (CVs) of CdS QD films with and without a 50 nm TiO2
coating. Conditions: 0.1M sodium borate buffer, pH 8.5, 0.5M Na2SO4, 405 nm LED light

source, potential varied from OCP to 1.49 V vs. RHE.
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Figure 4.9. Photocurrents generated during bulk electrolysis showing that the 50nm coated film

(red) is more stable than the uncoated film (blue). Conditions: 0.1M sodium borate buffer, pH

8.5, 0.5M NazS04, 405 nm LED light source, potential held at 1.49 V vs. RHE.
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Figure 4.10. UV-vis spectra of CdS QD films with ALD TiO2 coatings of varying thicknesses
before (blue) and after (orange) 10-minute bulk electrolysis stability studies. Bulk electrolysis
conditions: 0.1M sodium borate buffer, pH 8.5, 0.5M Naz2SOa, 405 nm LED light source,

potential held at 1.49 V vs. RHE.
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Figure 4.11. Bulk electrolysis of coated (blue: 50 nm TiO2) and uncoated (red) CdS QD films.
Conditions: 0.1M sodium borate buffer, pH 8.5, 0.5M Naz2SQO4, 0.1M Na2S0s, 405 nm LED light

source, potential held at 1.49 V vs. RHE.

The same experiments were carried out using ALD coatings of Al.0O3 and zinc ZnO
instead of TiO2. Similar trends were observed where the thickest coatings were the most
stabilizing as monitored by UV-vis (Figures 4.12 and 4.13), but also created the largest
resistance to hole transfer. In agreement with literature findings,* ZnO appeared to be the most
conductive of the metal oxides based on the average photocurrent generated on films coated with
50nm of metal oxide during a 10-minute period of bulk electrolysis. However, unlike the case of
TiO2 where the photocurrent was stable, the photocurrent generated from the ZnO-coated film

continued to decrease throughout the measurement (Figure 4.14). This suggests that while the
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QDs were protected from photocorrosion, the surface of the film is still changing. As aresult, it

likely that some of the observed photocurrent originates from some sort of parasitic pathway.
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Figure 4.12. UV-vis spectra of CdS QD films with ALD Al203 coatings of varying thicknesses
before (blue) and after (orange) 10-minute bulk electrolysis stability studies. Bulk electrolysis
conditions: 0.1M sodium borate buffer, pH 8.5, 0.5M Naz2SOa, 405 nm LED light source,

potential held at 1.49 V vs. RHE.
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Figure 4.13. UV-vis spectra of CdS QD films with ALD ZnO coatings of varying thicknesses

before (blue) and after (orange) 10-minute bulk electrolysis stability studies. Bulk electrolysis

conditions: 0.1M sodium borate buffer, pH 8.5, 0.5M Na2SOa, 405 nm LED light source,

potential held at 1.49 V vs. RHE.
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Figure 4.14. Bulk electrolysis stability studies of CdS QD films coated with 50 nm of TiO2
(blue), Al20s3 (red), and ZnO (green). Conditions: 0.1M sodium borate buffer, pH 8.5, 0.5M

Na2S0Os4, 405 nm LED light source, potential held at 1.49 V vs. RHE for 10 minutes.

4.4 Conclusion

The primary conclusion to be drawn at this stage is that atomic layer deposition (ALD) of
at least 50 nm of metal oxide stabilizes cadmium sulfide quantum dot films against
photocorrosion. In addition, the ALD procedure must be conducted at lower temperatures, such
as 150 °C, as the CdS QDs in the film will be converted to bulk CdS at higher temperatures. The
other major conclusion is that by adjusting the pH to below the PZC, POMs will electrostatically
bind to protonated, and thus positively charged, metal oxide surfaces. While this study
successfully demonstrates protection against photocorrosion, the thick metal oxide layer
significantly inhibits electron transfer. As a result, the success limiting factor lies with
improving carrier mobility within this layer or utilizing a more robust semiconductor light-

absorber. Building off of these results, and the new collaborations to conduct atomic layer
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deposition, a separate study examined the use of ALD to immobilize
RbsK2[{Rua(OH)2(H20)4} (y-SiW10034)2] on the surface of hematite. This system proved

efficient for water oxidation and is published in ACS Applied Materials & Interfaces.®*
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