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ABSTRACT

Despite recent progress on nanocatalysis, there exist several critical challenges in
simple and readily controllable nanocatalyst synthesisiding the unpredictable
particle growth, deactivation of catalytic activity, cumbersome catalyst recovery
and lack of imsitu reaction monitoring. In this dissertation, two novel approaches
are presented for the fabrication of vitamplated palladim (Pd) nanocatalysts,

and their catalytic activities for dichromate reduction reaction and Suzuki

CouplingReaction were thoroughly studied.

In the first approach, viral template based botigmassembly is employed for
the Pd nanocatalyst synthesis irclip-based format. Specifically, genetically
displayed cysteine residues on each coat protein of Tobacco Mosaic Virus (TMV)
templates provide precisely spaced thiol functionalities for readily controllable
surface assembly and enhanced formation ofytatally active Pd nanopatrticles.
Catalysts with the chipased format allow for simple separation anekitn
monitoring of the reaction extent. Examination of synthsSisctureactivity
relationship of Pd nanoparticles formed on surfaaesembled vitatemplates
shows thatthe synthesis conditions of virdmplated Pd nanocatalysts have
effect on thePd nanoparticle sizecatalystloading densityand the catalytic
activity for dichromate reduction.The virattemplated Pd nanocatalysts with

optimizedsynthesis conditiamare shown to have higher catalytic activity per unit



Pd mass than the commercial Pd/C catalysts for dichromate reduction.
Furthermore, tunable and selective surface assembly of TMV biotemplates is
exploited to control the loading detysand location of Pd nanocatalysts on solid

substrates via preferential electroless deposition.

In addition, the catalytic activities of surfaassembled TMMemplated Pd
nanocatalysts were also investigated for the liga@el Suzuki Coupling reacin

under mild reaction conditions. The clbpsed format enables simple catalyst
separation and reuse as well as facile product recovery. Reaction condition
studies show that the solvent ratio played an important role in the selectivity of
the Suzuki reetion, and that a higher water/acetonitrile ratio significantly
facilitated the crossoupling pathway. Meanwhile, ddepth characterizations
including Atomic Force Microscopy (AFM), Grazing Incidence Small Angle X
ray Scattering (GISAXS), Inductively Cpled Plasma Optical Emission
Spectrometry (ICFOES) and Xray Photoelectron Spectroscopy (XPS) were

carried out for these chipased viratemplated Pd nanocatalysts.

In the second approach, catalytically activdV -templated Pd nanoparticles are
encapsudted in readily exploited polymeric microparticle formats. Specifically,
small (1~2 nm), uniform and highly crystalline palladium (Pd) nanoparticles are
spontaneously formed along (TMV) biotemplates without external reducing
agents. The agrepared PAMV complexes are integrated into the hybrid

poly(ethylene glycol)(PEGhased microparticles via replica molding (RM)



technique in a simple, robust and highly reproducible manner. ThEvVIRd
complex structure was characterized Byansmission Electron Microspy
(TEM). The hybrid PErMV-PEG microparticles are examined to have high
catalytic activity, recyclability and stability through dichromate reduction.
Combined these findings represent a significant step toward simple, robust,
scalable synthesis and bfécation of efficient biotemplateupported Pd
nanocatalysts in readily deployable polymeric formats with high capacity in a
well-controlled manner. These two simple, robust and readily controllable
approaches for the fabrication of vitaimplated Pd naatalysts, in both chip
based and hydrogeincapsulated formats, can be readily extended to a variety of

other nanebio hybrid material synthesis in other catalytic reaction systems.
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1.) 1 OOI AOGAOEIT 1

The objective of the work presented in this dissertati@s to examine the
fabrication of novel viratemplated palladium (Pd) nanocatalysts by two readily
controllable approaches (cHiased surface assembly format and hydrogel
microparticle encapsulation format), and to investigate their catalytic activity fo
liquid phase catalytic reactions. A variety of methods have been established for
the nanocatalyst synthesis based on different suppoBespite these advances,
there still exists a critical need for robust, simple and readihtrollable routes

to fabricate highly active, diée and recyclable nanocatalystsOne major
drawback in the heterogeneous liquid phase casayis relatively rapid
deactivation of the catalystsderoperating conditionamainly due to poisoning,
sintering or leaching.Although supports have some atvages, including the
ability to impart new selectivities as well as keeping the catalysts dispersed and
stable, the reaction activity and selectivity can be interfered or even inhibited by
supports. Furthermore, heterogeneous catalyst synthesis isentiper
unpredictable due to harsh preparation conditiand artifacts from supports.
Secondhomogeneous catalysts are difficult to sepairate reaction producter

to recover for repeated use without further generating polldtanténother

catalytic system based on welikpersed colloidahanoparticles, soalled semi



heterogeneous systems, is one of the most attractive alternatives. While
combining the advantages of both homogeneous and heterogeneous catalysts,

these systems also suffer from lack of stability arsitun reaction monitorig.

The focus of this dissertation is to harness the unique physical and chemical
properties of tobacco mosaic virus (TMV) as templates for the synthesis of novel
metal nanocatalysts that possess advantages of both homogeneous and
heterogeneous catalystsicluding controllable particle size, location, loading

density, catalytic activity and recyclability.

The synthesis of nanocatalysts with controllable particle size and recyclability is a
challenge. TMV templates allow for readily controllable surfassembly and

size controllable metal particle formation on the outer surface. In this dissertation,
| examined a novel catalyst synthesis approach, which isbased bottorup

TMV assembly followed by metal decoration along TMV. This approach
provides an alternative way for the fabrication of promising nanocatalysts.

(Chapter 2)

The indepth studies of reaction mechanism and kinetics for most reactions are
challenging. The nanocatalysts in surfassembled format allows for re@he
in-situ monitorirg of reaction extents, fast screening of reaction conditions, and

simple catalyst and product recovery. All the above advantages make the kinetics



study of dichromate reduction feasible. The study of catalyst syntasisure
activity relationship isalso a challenge. By tuning the concentrations of Pd
precursor and reducing agent during the synthesis procedure ebagded Pd

TMV catalysts, the Pd nanopatrticle size and loading density is controllable, which

leads to the control of catalytic actieis. (Chapter 3)

The routes to control the loading and location of metal or inorganic catalysts in
smaltlength scale of close systems, such as micro reactors, are still lacking.
TMVOs surface assembly propertieth provide
the catalyst loading density and precise location by facile routes under mild

aqueous conditions. (Chapter 4)

The design of ligandree, green, recyclable catalysts for Suzuki Coupling
reaction under aqueous solution and the mechanistic examinatioarafture of
the real active species in Pd catalyzed Suzuki reaat®mig challenges. In this
dissertation, chitpased ParMV catalysts allow for the easy separation from the
reaction system without product contamination and-tiee# monitoring of
reaction extent. Meanwhile, the simple separation of-blaiped catalysts enables

the study of the real mechanism of Suzuki reaction. (Chapter 5)

Integration of nanoscale functional materials into a robust and readily deployable

format/platform/scaffold s needed in order to be able to harness such



functionalities.Packaging functionalized viral nanotemplates in a robust, highly
reproducible format provides opportunities for improved kinetics and reactivity
with the components of interest, such as metabparticles. The challenge arises,

in part, from aggregation and stability issues with metal and viral nanoparticles.
In this dissertation, this challenge is addressed by embedding functionalized TMV
nanotemplates in hydrogel microparticles with replio®lding technique

(Chapter 6).

The potential application of chipased viratemplated nanocatalyst synthesis
approach can be readily extended to other viral biotemplates, metals for a variety
of inorganic or organic reactions under mild conditions. Méele, the
hydrogel encapsulated virs@mplated nanocatalyst synthesis approach presented
in this work can be extended to other polymeric hydrogel systems with- multi

functionalities.

1.1.Palladium Nanocatalysts

Palladium (Pd) is one of the most importatgments in transition metal catalysis,

and has been extensively used in a wide array of reactions both in homogeneous
and heterogeneous systems. Importantly, a series of palladium catah@ed C
crosscoupling reactiorf§’ have been studied, anepresent an ongoing interest in

economical and environmentally benign synthetic routes to 2zlded



chemicals. Another important group of-Patalyzed reactions include selective
glycerol oxidatiofi® for valueadded chemical synthesis from renewable sources
and detoxification of chemicals for environmental cleanup, notably reduction of
dichromate (Cr(V1)) to less toxic chromate (Cr(Ill)) for waste sreatmerif**

and dehalogenation of halogenated aromatic hydrocdbdrer groundwater

cleanup.

Generally, the Pd catalysts are in two types, either homogeneous or heterogeneous,
depending on whether a catalyst exists in the same phase as the reaction system.
First, homogeneous or colloidal systems suffer from stabilityesgu real world
situations and arduous recovery of the expensive precious metal catalysts
Second, traditional heterogeneous catalysts are relatively inactive due-to non
uniform particle size, and their reactivity strongly depends on supports,
hampering efforts to understand molecular mecharitsfasIn the development

of catalysis, the use of nanoparticles has built up a bridge between homogeneous
and heterogeneous catalysi€. Meal particles in nanscale have higher
activities under mild conditions because of relatively large sutf@gelume

ratio, which makes them attractive catalysts. On one hand, nanoparticles can be
soluble and thus act homogendgushen nanoparticles are synthesized by the
bottomup approach from molecular precursors including a metal salt, a

macromolecular stabilizer, and a reducing atfentTypical macromolecular



stabilizer can be polymers(P¥p, dendrimer¥, ligand$®#, and surictant&*?,

On the other hand, Pd nanoparticles can be stabilized by solid supports and act
heterogeneously. Typical solid supports include all sorts of different metal oxides
(oxides of St*, AI®, Ti?®, z@’, Zr?®) in various forms (aerogéfs solgels® and

high surface sphetd, or carbon supportscifarcod, activated carbof$ and
carbon nanotub&$™). The solid supported Pd nanoparticles have advantages
such as good retivity due to the high surface area from small nanopatrticles,

good recyclability and reusability due to the heterogeneous properties.

Despite such efforts madmaking heterogeneous catalysts possess more of the
remarkable properties of homogeneous asesill a challenge. The goal would

be to simultaneously take advantage of the advantages of organic ligands or of the
relatively rigid coordination of transition metal atoms in a solid matrix. In
principle, supported organometallic catalysts could erthis goal reality. Metal
crystallites modified by ligands, on one hand, or by attachment to a surface, on
the other hand, partially correspond to this ideal picture. Rather than electronic
interaction with the catalytically active metal, grafting, more precisely a
tethering, of organometallic molecules by one of their side chainsa(Eal
immobilization) contributes more to the great success of supported organometallic
catalysis. For most of the cases, silica is the main substrate for the aadim

the organometallic catalysts, leading to remarkable scientific developments and



useful applications. However, there are still some limitations of silica substrate,
including poor electronic interaction, lack of adequate ligand field or a rigid,
electronically active coordination.  Other supports either make tethering
impossible or destroy complexes or just add an unmodified function of the
support, to make a bifunctional catalyst. The ideal case would be that both
organic structures and atoms bejomg to the solid substrate should be involved

to cooperate in a new type of activity. The approach probably pertains to surface
science, with the difficulties inherent to the difference of techniques used for
metals and oxides, and the enormous diffictit attach elaborate structures on

surfaces.

In the following subsections, the general Pd nanocatalyst synthesis methods and
two important chemical reactions, dichromate reduction reaction and Suzuki

coupling reaction, will be further introduced.

1.1.1. Synthesis of Palladium Nanocatalysts

Generally, the preparation of supported Pd nanocatalysts generally involves
contacting a porous support with a Pd precursor solution and its subsequent
conversion into the active componentThe interaction between the solvated

precursors and the spgrt surface is often due to the electrostatic attraction.



The most commonly used positively charged Pd complex ion is PYRIH
which is stable in neutral and moderately basic environments. The ligands can
simply be removed from the loaded supportieating. The most widely utilized
negatively charged Pd precursor is RACIwhich is stable in neutral and acid
solutions, provided the CI/Pd ratio is high enough to avoid hydrdlysiSome
researchers also make use of neutral palladium complexes that interact, generally
from nan-polar environment, with specific surface sites of the supporfigost

often the acetylacetonate complex of palladium, Bd¢{O;), or simply
Pd(acac, in inert solvents like benzene and toluene is Lisédhother precursor

is Pd(GHs), dissolved in pentane. This allylic complex is highly reactive towards

water and hydroxylated surfaces

In this dissertation, N®dCl, is utilized as the Pd precursor. Usually, the
solvation of Pd cations in water leads to the formation of partially covalent bonds
between the central Pd cation and the water ligands. Charge transfer from filled
orbitals of the water ligands to the cetPd ion increases the positive charge on
the hydrogen atoms of thewordinated water molecules, which further increases
their acid character and promotes hydrolysis. The equilibrium equ&tiohs
aqueous Pd chlmte complexes are shown in Figure 1.1. The top line is due to
the autohydrolysis, while the bottom line is generally due to alkaline hydrolysis or

thermal hydrolysis.
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Figure 1.1. Equilibria of Aqueous RI Chloride Complexes®

As shown in Figure 1.1, the square planar Pcihmplexes are the most favorite
forms of the P& ion. The formation of colloidal PdO particles by hydrolysis of a
palladium precursor solution has been repoftél These findings are of great
interest for the preparatioof supported catalysts with welefined palladium

particle sizes.

The [PdCi«(H-0)]*? complexes in solution are characterized by a -spin
forbidden dd transition of squarplanar Pdcomplexes in the region between
350500 nni’. As summarized in Table 1.1 from the reported stdtf@sthe

maximum absorption of the Pd(lg-d transition band shifts to shorter

wavelengths when the chloride ligands are replaced by water ligands.

Table 1.1. Literature Values of the Pd(ll) dd Transition Band Position for

the Different Pd(ll) Chloride Complexes in Aqueous Solution

Pd(Il) chloride complex &/ nm
[PdCL]* 474
[PACk(H.0O)] 431




[PACh(H,0),] 420

[PACI(H,0)3]* 406

[Pd(H0).]** 378

The preparation methods of supportedn@doparticlehave been diversified and
currently include impregnatidfy  deposition/precipitatioi,  electroless
depositioft**?, sol gef’, sonochemicéf, microemulsior, electrochemicéf,
crosslinking® and so on. The classification is usually based on the nature of the
first step in the procedure in which the Pd precursors and the support are
combined. Among variougypes of carbos, activated carbon is still the most
commonly used adsorbent and catalyst support, because of its high surface area
(5001 1200m%g) and low cost. The activated carbon contains a large range of
elements, such as hydrogen, oxygen and sulfur. As an emeugaport, carbon
nanofiber&® show great potential related to tailoring of surface properties,
accessibility and mecharal strength. For carbon supported catalysts, the thermal
treatment often is the most important factor in determining the Pd dispersion.
Thermal treatment in an inert atmosphere prior to the reduction is essential in
obtaining high Pd dispersibh The direct reduction of the Ratecursor by the
carbon support gives rise to large Pd particles. As another big group of Pd
nanocatbysts, oxidesupported Pd catalysts prepared via gel techniques give

rise to Pd particles of 1 nm at low loadthg The iorexchange and impregnation
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are most often used for oxideipported Pd catalystdn general, careful washing
following adsorption is beneficial for dispersion as well as is calcination prior to
reductiort>. High Pd dispersions call for decomposition of the precursor in an
inert atmosphere. Usually, gphase reduction leads to higher dispersions than
liquid-phase reduction. The challenge is to develop supported Pd nanocatalysts

with high dispersion and lowd loading density.

1.1.2. Removal of Hexavalent Chromium

Hexavalent Chromium Cr(VI) is prevalent in the industrial wastewater in the U.S.
(listed as the second most common inorganic contaminant in*#&xeand the
Agency for Toxic Substances and Diseases Registry (ATSDR) classifies Cr(VI)
as the top 16th hazardous substahc@he industrial sources of Cr(VI) include
leather tanning, cooling tower blowdown, plating, electroplating, anodizing baths,

rinse waters and so Un

Cr(VI) is highly mobile in the environment and is demonstrated to be hazardous
to the public health due to its mutagenic and carcinogenic properties by inducing
oxidative stress, DNA damagapoptotic cell death and altered gene expre¥sion

In contrast,Cr(lll) is less toxic than Cr(VI) and listed as an essential element, as

micronutrient, to maintain good health and helps in maintaining the normal

metabolism of glucose, cholesterol, and fat in human botids addition, Cr(lll)

11



is nearly nsoluble at neutral pHi  Therefore, the reduction of Cr(VI) to Cr(lll)
serves as a key process for remediation of Crfdhtamirated water and

wastewater.

Techniques reported for the Cr(VI) removal include adsorptidriosorptior®,
reductiort’, photoreductio®, filtration reverse osmosis, iexchange, foam
flotation, and electrolysi8®.  Conventionally, the removal of Cr(VI) includes
chemical reduction of Cr(VI) to Cr(lll) followed by precipitation. Commonly
used inorganic reducing agents for the Cr(VI) reductreferrous iori°, nano
sized zerovalention®, sulphité&’, and ferrous sulfaté An area of expanding
research toward Cr(VI) reduction is the catalytic reduction of Cr(VI) with organic
reductants by applying metal catalysts, such as oXi@&©,>*, aluminum oxide
2-Al,0', g o e-FeDOH)enardsized mixed metallic particl&$ palladium
nanoparticle®'!, mesoporous ADs-supported’ or TiO,-supported® Pd

nanoparticles as catalysts.

Pd is a particularly important metal catalyst for the Cr(VI) reducti@mole et
al'®! used colbidal Pd nanopartices as catalyst and formic acid as a reducing

agent to achieve arfficient reduction of Cr(VI) to Cr(lll). Dandapat et®alused

thick Pd nanopartleencorporated mesoporousAl,Os films as reusable catalysts

for CrVl)reduction in the presencéirecehtly formic a

demonstrated the catalytic reduction of Cr(VI) using Pd immobilededtrospun
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polyethyleneimine (PEIl)/polyvinyl alcohol (PVA) nanofibersThese studies
clearly suggesthat Pd nanoparticles could be used #Hicient catalysts for
Cr(VIl) reduction. As described previously, the development of various
supporting materials that are able tfi @ently immobilize and disperse small
amount of Pd nanoparticles and retain their catalytic actiwityghly demanded

for practical environmental remediation applications.  Therefore, in this
dissertation project, a novel synthesis approach for thecédlann of viral
templated Pd nanocatalysts has been developed and applied for dichromate

reduction.

1.1.3. Suzuki Cross-coupling Reaction

One of the most useful cressupling reactions in organic chemistry is Suzuki
Miyaura crosscoupling reaction since it isistovered. The Suzuki reaction is

the crosscoupling of an aryl or vinyboronic acid with arylor vinyl-halides. Pd

is the most commonly used catalyst, and the general catalytic icyabes
oxidative additioAransmetalatiomeductive elimination sequences, whidch
shown in Figurel.?* ®. Oxidative addition is often the ratketermining step in a
catalytic cycle. The relative reactivity decreases in the order dafiflates(OTf)

> Br >> CT. Aryl and1-alkenyl halides activated by the proximity of electron
withdrawing groups are more reactive to the oxidative addition than those with

donating groups
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Figure 1.2. The Typical Pd Catalytic Cycle of Suzuki Reactioff

In the past few decades, various forms of palladium have been utilized as
precatalysts for the Suzuki coupling reactions.  All ferof palladiun®,
including discrete soluble palladium complexes, ssligported metal ligand
complexes, spported palladium naroand macroparticles, soluble palladium
nanoparticles, soluble ligarfdee palladium, and palladiexchanged oxides
have been used. Conventionallyosh Pd catalysts are in homogeneous

form?®®®’® which provides excellent activity and selectivity, and allows for the
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establishment of structwativity relationships and land selectioff. For
example phosphine liganthased Pd catalysts such ad(PPh)s, PACh(PPh),,
Pd(OAc) plus PPB, are most commonly used for Suzuki coupling reaction.
However, homogeneous Pd catalysts suffer from many drawbacks lying in the
removal, reuse of the catalyst and the contamination of pré8lucsrom these
perspectives, heterogeneous Pd catalysts immobilized on supports are necessary
due to the easy removal and filtration. hetpast few decades, there have
emerged a number of reports regarding Pd nanoparticles immobilized on various
supports, including organic (mainly organic polyni&end carbon material),
inorganic (silicd®, zeolited®, metal oxide¥, etc.) and hybrid organitorganic
supports (maily grafted silicd®) . These catal ystfree ar e

catalgrstsgdreer. catal ystso

Although a lot of achievements have been made about the Suzuki reaction
catalyzed by supporteldd catalysts, many unsolved issues remain to be tackled.
One of the biggest concerns is the nature ofélaéactive species in Pd catalyzed
Suzuki reactiorhomogeneous or heterogeneous catdy$  Historically,
researchers described different forms of Pd used as active catalytic species.
Nowadays, reerachers start taarrow the scope of types of Pd that can be
considered true Afcatal ystso I n t hese

precatalysts undergo transformations during or before the catalytic reaction.
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Several methods can be utilized to assi® real active Pd species, including
kinetic studiesfiltration tests andselective poisoning for cataly8ts For most
socal | ed Aheterogeneous catal ystso,
considered to follow Pd leaching mechanism, whieeoxidative addition of the

aryl iodide to the Pd(0) surface release soluble Pd(Il) species into solliien.
cumulative evidence to this point indicates that most supported forms of Pd(0)
metal particles are in fact precursors for soluble palladipeties that are the real

catalysts in &C coupling reactions.

Due to the unsolved problems existing for Suzedaipling reaction, the search

for simple, reliable and environmentally friendly catalyst synthesis methods
would open up doors for gaining deeper insights into real catalytic reaction
mechanisms at the nano or molecular level. Second, the developmeetrgy e
efficient and environmentally benign protocols, such as using water as solvent,
will be beneficial for the dowastream treatment. Finally, the exploration of novel
solid supports for active Pd nanoparticles will be a key point in the context of
sushinable chemistry. Future progress in this area for Suzuki coupling reaction
will focus on finding controllable, recyclable and active catalysts under mild

agueous heterogeneous conditions.

16

gerl



1.2. Hydrogel Microparticles
1.2.1. Radical Chain Photopolymerizatio n

Radical chain polymerization is a chain reaction consisting of a sequence of four
events: initiation, propagation, inhibition and termination. When an inhibitor is
present, such as oxygen, an inhibition event should be considered. Photoinitiated
polymeization reactions occur when radicals are produced by UV light
irradiation of the reaction systéin A general reaction mechanism illustrating
these four sequences of events with photoinitiator, I, radical species, R, monomer
or prepolymer, M, and inhibitor, Z, is shown in Figure 1.3. Each initiator

molecule forms two radical spesi following exposure to UV light.

The initiation event involves two reactions. The first initiation reaction forms two
radical species via photolysis. The second initiation reaction involves the addition
of a radical species to the first monomer cegomlymer molecule to produce the
chainrinitiating radical, MA. During propagation, successive additions of
monomer or prepolymer molecules form growing polymer chains identical to the
previous one, but larger by one monomer unit. At termination, thgagating
polymer chain stops growing. Bimolecular termination may occur by coupling, to
form one chain or disproportionation, to form two chains. For coupling,

propagating radical chains react with each other. For termination, a hydrogen
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radical that$ beta to one radical center is transferred to another radical center to
form two polymer molecules, one saturated and one unsat{iratéd second
termination mechanism is primary radical termination, where a primary radical

reacts with a growing polymer chain to form dead polymer.

Initiation
[ 52R"
R*+M—L5 M,
M +M— Mo

M +M, —E M

n+m

® o Kk,
R*"+M, ——> M,

M +Z—% M 7

Figure 1.3. General Reaction Mechanism for Photoinitiated Radical Chain
Polymerization’.

The main advantages of photoinitiated polymerization include: (1) rapid
polymerization rates (2) intense illumination (3) spatial resolution of the

polymerization (4) the ability to control the initiation rates through thecgoof
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radicals, light intensity, and temperature in addition to the reffionsThe basic
polymeization mechanism for each of the three microparticle fabrication
techniques presented in this dissertation is radical chain photopolymerization. In
Chapter 6 of this dissertation, photoinitiated chain polymerization was used for

the hydrogel micropaxtle fabrication.

The prepolymer solution components used for each of the hydrogel microparticle
fabrication strategies presented are poly (ethylene glycol) (PEG), which is well
known for its hydrophilic, biocompatible, and rtouling characteristiés. In its
prepolymer form at a molecular weight (MW) of 700, and with two double bonds
per molecule, poly (ethylene glycol) diacrylate (RE®) crosslinked to form the
hydrogel micropsicles in the presence of the photoinitiator Darocur 1173.-Non
reactive PEG at a MW of 200 was also used in some of the prepolymer solutions,
in part, to assist with the solubility of the photoinitiator and help disperse viral

templated metal nanostructu
1.2.2. Applications of Hydrogels in Catalysis

Hydrogels are crosslinked materials capable of absorbing a large amount of water
without dissolving. They have tunable degrees of swelling by changing the ionic
strength, pH, pressure, temperature, light, tate@and magnetic fields in their

environmerf. The highly porous 3D sicture of hydrogel microparticles can
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improve molecular interactions and offer a hydrophilic environment with more
favorable solution kinetics. The ability to customize specific microparticle
features, such as magnetic capabiff®s provide an alternative means for
separation from bulk solution, patterning, or sedfembly. Due to the above
mentioned advantagebydrogels have been used for a variety of applications,
including water purification and separaffdnactive agent delivery vehicles
(drugs, protein, and geri8) artificial organs chemical or biosensors and
actuator®’ and catalyst carri&®®*°’.,  Among various hydrogel?EG is a
nondegradable, hydrophilic polymer with attractive biocompatibility pitgpso
PEGhydrogels have been widely usedbiology and medicine for many years in
biosensor¥, drug delivery®, tissue engineering applicatidfis The
polymerization of acrylated PEGs with different molecular weight yields highly
crosslinked hydrogel network. The physical properties of Ri&Sed hydrogels
can eatty be controlled by varying the molecular weight of the PEG used, and the
transparent nature of PEG hydrogels makes them suitable for various detection

schemes in biosensing applications.

In recent yearshydrogels have also been used as a stabiliiatjorm for viral
or metal nanoparticles, which tend to suffer from stability and aggregation
problem&®. Hydrogels serve as effective templates for ithsitu synthesis of

metal nanoparticles and even used as a reactor for chemical reaciahmer et
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al*® synthesized 500 nm Ni nanoparticles inside poly&2rylamide2-methyt
1-propansulfonic acid) (p(AMPS)) hydrogel and applied for &d 4
nitrophenols(4NP) reduction. Lu et & chemically entrapped 35 nm Ag
nanoparticles on the surface of poly(vinyl alcohol) based composite hydrogel for
4-NP reduction.Mohan et af® fabricated smaller size (3 nm) silver nanoparticles

in chemically crosslinked poli-isopropylacrylamideco-(sodium acrylate)]
hydrogels and tailored the size and features of silver particles in the hydrogel
network architecture. Butun et af? reported the synthesis of Co, Ni, Cu and Ag
nanoparticles based on acrylamidoghcacid (AAGA) hydrogel template, and

the use of Aéhydrogel as reactor vessel for theN® reduction. Despite the
above studies on the polymeric hydrogel application in catalysis, there are limited
reports on the nanopartiencapsulated PEG based togkls for catalysis
application. Polyethyleneglycol (PEGJ)ith large chain length has been emerging

as both reducer and stabilizer for the synthesis of Pd nanoparticles in the studies
of aerobic alcohol oxidati6h®’, selective hydrogenation reactiif and Heck
reactio®. Meanwhile,PEG is the most commonly used, relatively inexpensive,
nonvolatile, nontoxic and environmentally benign polymer. Therefoeeein

this dissertation (Chapter 6), PEG based hydrogel was used to encapsulate the
catalytically active viratemplated metal nanoparticles to prevent aggregation of

metal nanostructure and meanwhile provide recyclability.
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1.2.3. Replica Molding (RM) Technique

There are a variety of methods established for the fabrication of hydrogel
microparticles bearing unique, and mostly customizable features, such as
chemical anisotropy, complex shapes, core/shell structures, magnetic capabilities,
or thermosensitiviti*'%.  The methods range from batch formats, such as
photolithography or templateased printing to continuous formats, such as
microfluidics’®*'%*. Despite these advances, there still exists a critical need for

rapid and wellcontrolled routes to fabricate multifunctional microparticles.

Replica Molding (RMj?!1%1% s an efficient soft lithography for the duplication

of shape from the surface of a mold. Replica molding of an organic polymer
against an elastomeric master (eg: poly(dimethylsiloxane) (PDM@)j)e that
master is deformed, provides a strategy for the fabrication of complex
micropatterns on staces. As shown in Figure 1°4'%%%7 Replica Molding
(RM) consists of three steps: i) creating a topographically patterned master
(usually by conventional techniques, such as dlibbgraphy or
micromachining) ; ii) transferring the pattern of this master into PDMS by replica
molding; and iii) fabricating a replica of the original master by solidifying a liquid
precursor against the PDMS mold. Another very similar techniqueapmaby
Whitesi desd gr o tApsistedsMicronaoldihge(BAMIMY Wwhich n t
uses an elastomeric mold and an appropriate solvent to emboss polymer films.

22



(A) RM (B) SAMIM

Substrate

O—Potymor

Wet interface with solvent

lﬂo'dmw
| I Place mold onto polymer film

Substrate

Curo remove mold

|

Evaporate solvent
Remove mold

1 ) 4 : J |

Figure 1.4. Replica Molding and SolventAssistedMicromolding

The value of replica molding is as a replication method: it allows duplication of
threedimensional topologies in a single step; it also enables reliable duplication
of complex structures in the master in multiple copies with nanometer tiesolu

in a simple, reliable, and inexpensive way. Due to the above advantages, Replica
molding has been used for the massduction of a variety of structured surfaces
such as compact disks (CDs), diffraction gratings, holograms, and-taals?®.

The capability of RM has been expanded by molding against elastomeric PDMS
molds rather than against rigid molds; the uselaktomers makes it easier to
release small and fragile structures. In this dissertation, the RM technique with
PDMS mold was applied for the PEG hydrogel microparticle fabrication (Chapter

6).
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1.3. Viral -based Nanomaterial Synthesis

Biological macro/supraniecules (e.g., DN&®, 198199 nentides''® or proteins

Hi2 - hacteria 3114 offer various chemical, structural, and genetic
functionalities for the synthesis of novel nanomaterials. Particularlyses and
virus-like protein assemblies have attracted substantial attention as biotemplates
for nanomaterial synthesis in the past two decades. As shown in the schematic
drawings of Figure 1.5, a variety ofruses have been used as platforms for
nanonaterial synthesis. All of these viruses are composed of a proteinaceous
shell that encapsulates viral genomic material and accessory structural and

replication proteins. These viruses are generally in three forms: icosahedral,

filamentous and reghape.

Current Opinion in Chemical Biology
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Figure 1.5. Structures of a Selection of Viruses used for Nanotechnology

(a) Tobacco mosaic virus (TMV) intermediates;nt8 in diameter and variable in
length;(b) cowpea chlorotic mottle virus (CCMV) 28n in diameter(c) interior

view of a CCMV VLP; (d) swollen form of CCMV;(e) cowpea mosaic virus
(CPMV) 31nm in diameter{f) canine parvovirus (CPV) 2&m in diameter(Q)
bacteriophage MS2 2@m in diameter(h) Sulfolobusturreted icosahedral virus
(STIV) 70nm in diameter. Note not drawn to scale. All structures were rendered
using Chimera or Viper, except in the case of SFV.

There exists a wide range of viral based materials and related applications,
including metal and metal oxide nanopaes and nanowires for catalysis and
nanoelectronics, high surface area electrodes for energy applications, and sensing/
or tissue engineering scaffolds for biomedical applicatfSfs. Although most

early studies were limited to the demonstration of the concepts, an increasing
number of recent developments show performances and capabilities that are
beyond or impossible to achieve by traditional materials,dtmpn approaches,

and inaganic devices. The unique advantages that viral template can offer should
be fully understood and better manipulated. First, unlike inorganic ommaae
nanoscale species such as nanoparticles and carbon nanotubes, the dimensions
and structures of virahssemblies are precisely controlled. Second, due to their
inherent protein capsidased nature, diverse chemical functionalities (i.e., amino
acid side chains) are precisely spaced and can be readily manipulated under mild

reaction conditions. Last bubt the least, genetic functionalities can be readily
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added for a broader application of viral templates, which is one of the most
unique advantages of viral assemblies over -made nanomaterials.
Specifically, efforts to confer precisely spaced chemitaictionalitied? by
introduction of amino acids and/or peptide screening (a.k.a. biopanning) have led
to drastic expansions and new possibilities. In the following subsections, the
application of three types of virus in the field of nhanomatesyathesis will be

introduced.

1.3.1. Icosahedral Viruses

Spheroidal plant viruses are one class of virus, where two widely listed viruses are
Cowpea Mosaic Virus (CPMV) and Cowpea Chlorotic Mottle Virus (CCMV).
The most unique feature of this spheabidiruses or protein cages is their inner
cavity, which have been harnessed for the synthesis of precisely controlled

nanoparticles.

CPMV is an icosahedral virus with a diameter of 28 nm. The structure of CPMV
is composed of a single strand posisazse RNA enclosed by two types of coat
protein subunits. Each CPMV particle consists of 60 of each type of coat protein.
CPMV viral particles are stable over the pH range & &nd maintain their
structural integrity when heated to 60 °C for an hourhe exterior of genetically

mutated CPMV was utilized as a biological template for the synthesis of silica
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nanoparticl&® In the study, the insertion of a 12 amino acid peptide sequence
previously was determined to initiate the nucleation of silica ralization. The

formed silica nanoparticles were fairly monodisperse and exhibited a diameter of
D32 nm, suggesting that the layer of silica deposited on the viral particles was

about 2 nm.

Another icosahedral plant virus used as a viral template is CGh¢h has a
diameter of 28.6 nm and is comprised of a coat protein shell encapsulating a
single strand of positiveense RNA. Different from CPMV, CCMV particles are
stable at pH 5 but swell up to 10% in size when the pH is increased to 7. Trevor
Douglas and Mark Young have employed CCMV as a host to encapsulate
inorganic, metallic precursor ions at pH vala€s5, followed by lowering the pH

to achieve the crystallization of either paratungstate or decavanadate within the
interior of the CCMV particlés®. The resulting metallic nanoparticles were only
observed in the presence of CCMV and exhibited the sampodisperse
diameter as the CCMV particles. In another study done by Douglas and
coworkers, titania nanoparticles as well as amorphous fitamée synthesized

by using anionic titanium salts in conjunction with the-gépendent gang
mechanism of CCMV. b-TiO2 composite formed within CCMV possessed the
same diameter of the viral capsid and showed photocatalytic activity in the

presence of methylene bfle However, the Ti® nanoparticles show low
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catalytic aawity and apparent aggregation after the photocatalytic reaction due to

the instability of CCMV capsid.

1.3.2. Filamentous Viruses

Another group of bacterial virus is in filament shape. The utilization of
filamentous M13 bacteriophage has revolutionittezlfield of biotemplatdéased
materials synthesis. AngelBelcher and coworkers have made a series of
endeavors to the M13 based nanomaterial synthesis and application. As shown in
Figure 1.6%° M13 is composed of a single strand circular DNA with 6400
nucleotides encapsulated by a coat protein shell. The diameter of the phage is 6
nm, while the length of the phage is dependent upon the length of its DNA and
measure®l e m f or t h ef MAi3a Fivevoems sftcaatgiioteins and five
copies of each are present on the phase. P+sotamd proteir® (pVII and plX)

exist at one end of the phage while protgiand proteirt (plll and pVI) exist at

the other end.

C DNA D}
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Figure 1.6. Schematic Diagram of the M13 Structure

The location and population of each coat protein subunit is shown to encapsulate
a single circular strand of DNX°
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Belcher and coworkers have selected a sequeinpeptides that selectively bind

to semiconductor single crystals with high affinity by employing combinatorial
phage display stratetfy. Five differentsinglecrystal semiconductors:
GaAs(100), GaAs(111)A, GaAs(111)B, InP(100) and Si(10@rewutilized.
Depending on the crystallographic orientation and compositionsingle
discriminatory peptide sequence was determined for each =ng@l
semiconductor. This work has yielded the basis for binding organic peptides on
the surface of th#113 phage virus to inorganic semiconductors for the synthesis

of nanomaterials using a botteup approach.

Belcher and coworkers have also exploited the M13 phage as a biotemplate to
synthesize quantum dot nanoesr?. Specifically, genetically engineered M13
phage were employed to display a previously determined peptide sequence in the
pVIIl M13 coat protein that specifically facilitates the nucleation and growth of
ZnS or CdS nanocrystals. dditionally, they also demonstrated the versatility of
M13 phage to display more than one genetically engineered peptide sequence to
nucleate two different quantum dots for the construction of multicomponent
materials. Furthermore, Belcher and coworkeagehsynthesized annealed ZnS

and CdS nanowires by increasing the temperature of the system to disintegrate the

virus'?,  For each distinct nanowire fabricated, the crystals comprising the
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nanowires retained their preferred crystallographic alignment. In order to
demonstrate the versdttyl of genetically engineered M13 phage for nanomaterial
synthesis, a photochemical catalyst was constructeddinle lightdriven water
oxidation®”. Genetically mutated M13 phage displaying a peptide sequence
exhibits selective binding for iridium oxide in conjunction with tbieemical
attachment of zinc porphyrins to the phage coat protein to act as photosensitizers.
In another work done by Belcher and cowork&smagneticallyrecoverable
metal naowire catalystsvere synthesized by utilizing native M13 phage particles
as biotemplates The surface exposed anionic carboxylate functionalities on
native M13 phage interact with cationic metal species to facilitate the phage
templated synthesis of rubion, ruthenium, and palladium nanowires. Indeed,
pVIll coat protein region of the M13 phage facilitated the formation of the
metallic nanowires, while plll located at the tip of the phage was modified for the
binding of an additional material, such as metic FgO,. Constructing phage
particles with modified plll coat proteins allowed for the synthesis of a
multicomponent system with both magnetic field and catalytic activity. Despite
the great screening utility, M13 is not robust or stable, which apenusly

degraden water after 23 days
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1.3.3. Rod-Shaped Viruses? Tobacco Mossaic Virus (TMV)

As the first discovered virus, Tobacco Mossaic Virus (TMV) is a typical rod

shaped virus. TMV has served as the main model system for nucleic@atein

and virushost interaction studies for many decdd®$®. TMV has teen

extensively studied for its assembly/disassembly mechanism, chemical

modification and bienanomaterial synthesis in the broad biology fields. The in

depth understanding of TMVO6s attractive p

widely employed for TMVbased nanomaterial synthesis.

1.3.3.1. Structure of TMV

As shown in Figure 2.1(a)the length of wild type TMV is 300 nm and the
diameter is 18 nM°. TMV is composed of &.4 kb positive strand mRNA
enclosed around 2130 identical coat proteins with three riddsdinding to the
inner groove of each protein subunit. The RNA is helically arranged along the
entire length of the virus forming an inner RNMnding channel, whose diameter

iS4 nm.

As shown inFigure 1.7, at basic pH and low ionic environmematcprotein
exists in the forms of monomers or dimer, trimer, termed 4S-profein. The
second from is in disk shape rising from the transition of coat protein monomers

into aggregation of 38 coat protein subunits, termed 20S disk. The third form of
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coat protein is the virioike structure from the arrangement of coat protein
monomers in the cylindrical shape of the fully assembled virus but without the

presence of RNA.

Monomer

T

Dimer/trimer Short helix
45/A protein

Figure 1.7. Different Forms of TMV Coat Protein'*

1.3.3.2.Physical and Chemical Properties

TMV also possesses several unique properties as nanotemplates such as
extraordinary stabilit’®  well-defined structuré®*! and simple mass

productiort®, For example, TMV6s structure is
range of conditions including high temperature (up to 90 °C), broad pH values

(2~10) and een in noRraqueous solvents such as 80 % ethanol, methanol and
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DMSO"%3  Furthermore, compared to inorganic nanotulmsall genetic
modification can be routinely employed to confer precisely spaced functionalities
on TMV surfaces via insertion of additional amino acids or peptitf&d For
example, several amio acid side chains have been targeted for chemical
modification, such as the side chains of tyrosine and glutamic acid, as well as
genetically inserted cysteifds The Francis group has synthetically introduced
functional groups to the interior and/or exterior of TMV by covalently attaching
small molecules and demonstrated the exploitation of these chemical conjugated
TMV in a broad range of applications, from chromophores to artificial -light
harvesting system$. In addition, TMV is norinfectious to mammalian cells

and can be magwoduced. All the above mentioned unique physical and
chemical attributes make TMV become an attractive nanotemplate for the

nanoparticle and nanowire synthesis towardimber of other applicatiori§™*

1.3.3.3. TMV Assembly

TMV has been playing an important role in the field of biological template
technology. Hlady and coworkéf&first reported the adsorption of TMV in the
form of selfassembled and LangmuBlodgett monolayers on various substrates.
They found that positively charged and hydrophobic surfaces have simitikzir
rates of TMV adsorption. Knez and coworKéfsfurther investigated that

adsorption behavior of the tobacco mosaic virus (TMV) on-defined inorganic
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surfaces, such as metal (gold (111)) as well as hydroxyl containing surfaces (mica,
glass and silicon wafer). Wangds group
TMV surface assembly. The saésembly of TMV in the oil/water interface has

been examinéd® and they found that the rods were oriented paralletho

interface at low TMV concentration, while the rods were oriented normal to the

interface at high TMV concentrations. Furthermore, the fabrication of two
dimensional films of welbrdered, dispersed, oriented TMV has also been
investigated 9> Especial ly, WanragsénsblygifMMup report
in a glass capillary tube and on flat glass surface via controlled evapbtdfion

Furthermore, TMV surface has beatecorated by polymers to form one

dimensional conducting polyaniline and polypyrrole nanowires via a hierarchical

assembly proce§$'** By adjusting the pH value, the arrangement of
polymerized polyaniline on the virus was tunable to be in either nonconductive,

brarched oligoaniline or conductive PANi nanowires. Initial preparation of the
TMV-templated PANi nanowires at neutral pH resulted in the arrangement of

viral particles endo-end to form nanofibers longer than the 300 nm length of the

TMV.
1.3.3.4. Metal or Metal Oxide Formation with TMV Biotemplates

The surface of TMV coat protein has abundant charged amino acid side chains

with uniform intervals, which could serve as potential nucleation sites for the
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controlled synthesis of metallic nanoparticles. Mant emworkers first utilized
TMV as a template for the synthesis ofoiganicorganic nanotubd®. The
incubation of wildtype TMV with metakalt solutions yield evenlgispersed
coating of CdS, PbS dfe oxidenanocrystals on the exterior of TMV. In this
study, the synthesis of metallic nanoparticle was restricted to the exterior surface
of the TMV because of the preferential electrostatieraction between the metal

ion precursor and the charged functionalities displayed on the TMV external
surface. Building upon these initial findings, Mann and coworkers further
explored various conditions for the preferential synthesis of metallic agiges

on the exterior or interior of the TM{~. By adjusting pH of the reaction
conditions, the interior or exterior electrostatic charge was reegliyrolled due

to the difference in lga value of the exposed amino acid functionalities within the
interior channel or on the exterior of TMV. Then the metal nanoparticle
deposition was chemically and selectively distinguished between interior or
exterior surface of TMV. The amino acid sidgains on the surface of TMV are
positively charged at acidic pH, so discrete platinum and gold nanoparticles form
on the exterior surface of native TMV from reaction with negatively charged
metal salt precursor. Similarly, at neutral or slightly alkalipid, silver

nanoparticles were observed in the inside channel of TMV owing to the
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preferential interaction between the negatively charged inner channel and the

positively charged silver cation precursor.

Kern and coworkers also have done a few studiethercontrollable, uniform
metal deposition on TMV biotemplates. After activation of TMV with the desired
metal ions, chemical reduction or electroless plating produce metal nanoparticles.
By employing this electroless deposition approach, nickel, silwed cobalt
nanoclusters were selectively formed on the interior or exterior of the virus by
controlling the pH and metal precursor used in the redéfionMeanwhile, Kern

and coworkers have also exploited the nucleation sites present within the inside
channel of TMV to construct continuous Nickel, Cobalt and Copper
nanowire$***>. 3 nm Nickle nanowire was synthesized in the interior of TMV
biotemplates by electroless deposition using metal activation complexes together

with the reductant dimethylamine borane (DMAB).

In order to further increase the mebahding affinity of TMV, Culver and
coworkeré? have engineered a mutated form of TMV, termed TMV2cys, to
display two additional cysteine residues at théehininus of the coat protein.
Theydemonstrated impr@d palladium coating density on TMV2cys over TMV
wildtype. The additional sulfhydryl groups on the TMV2cys enhanced the ion
uptake of the virus and provided a significant portion of the potential metal
loading onto the TMV surfade®’®’. In addition,TMV2cys efficiently enhanced
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the formation of silver and gold nanopartiéfes Metal or alloy nanoparticles
were also successfully deposited on another genetically modified TMV1cys by
the biosorption of Au(lll) and Pd(ll) precursoand the reduction of the Au(lll)

and Pd(Il) to their respective metals or metal alloy. Manocchi ét’dave also
exploited the increased metfainding affinity of TMV1cys to synthesize size
controllable palladium nanoparticles by adjusting the concentration of the reducer

sodium hypophosphite.

By far, most strategies for the metal particle formation requires the addition of
reducing agent, such as dimethylamine borane (DM&B$odium borohydride
(NaBH,) **! and sodium hypophosphitéNaPH0,)'*%. In 2010, Lim et af*®
reported a new synthetic strategy enabling highly controlled aque@ase
palladium crystallization on TMV without the addition of external reducing
agents.  The TMVZ2cys biotemplate effectively produced the formation of
palladium coating with thickness of 33.4 + 1.1 nm, which is thicker than on
TMV -wildtype. The thicker Pd coating is due to the significant improvement of
the palladium precursor uptakend mineralization on the mutant TMV in
comparison to TMWvildtype. Meanwhile, they also found that the surface

palladium oxide layer can be readily reduced by room temperature hydrogenation.

Our group has also done a few studies on the Pd metallizatiosurface
assembled TMV biotemplates and their thermal stability. Manocchi ét°al.
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carried out irsitu grazing incidence smadihgle Xray scattering (GISAXS) to

examine the thermal stability of viraBnoparticlecomplexes composed of TMV

and Pd nanoparticle, and found that the stability of the Pd nanoparticles
synthesized on TMV is significantly enhanced in comparison to Pd nanoparticles

formed on the solid substrate surface. Specifically, the degradation sturper

of the Pd nanoparticles increased from 214 °C on gold chips to 240 and 279 °C

for small and large Pd particles formed on TMV, respectively. Furthermore, the
agglomeration of Pd nanoparticles and TMV degradation is coupled and occur
simultaneously. In order to increase the bitoe mp|l at eds stability,

o162 yretreated TMV with aniline before coating a uniform silica layer

coworke
with thickness of >20nm. These silica shells not only enhanced the stability of
TMV, but also promoted the deposition of various metal nanoparticles through

conventional silica minatization chemistries.
1.4. Viral Template -based Nanocatalysts

There are only a few reports1 the fabrication and application of nanocatalysts

17125 or protein cage§®. Douglas and cowork¥r

based on virus templafé
were the first to develop a synthetic technique involving complexed Ti(IV) ion
which undergo conversion to photocatalytically active titani®@fInanoparticles

inside a chemically crosslinked cowpea chlorotic mottle virus (CCMV) capsid.

The size and shape of Ti@anoparticlesre constrained by theterior surface of
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the CCMV viral capsid Although the resultant T®&CCMV nanostructure
showed effectiveness in the photobleachingnethyleneblue (MB), they lack

stability showing the apparent agglomeration through the photocatalytic reaction.

Recombinant rotavirus VP6 nanotubes were utilizesca$folds for the synthesis

of siliver, gold, platinum and palladium nanoparticles on VP6 outer surface
through strong (sodium borohydride) or mild (sodium citrate) chemical reduction.
Those PVP6 and PeVP6 nanobiomaterialeere demonstrated to havetagtic
activity for the glucoseoxidationinto gluconic acid”. In their studiesPt and

Pd functionalized VP6 nanotubes as catalysts result in 34% and 40% conversion
of glucose respectively after 180 min, whereas the Pt and Pd nanoparticles

without VP6 templates only shoid% and 29% glucose conversion.

M13 bacteriophage was also employed for the synthesis of metal nanopatrticles for
the catalytic reactions. For example, Ruthenium nanoparticles on M13
bacteriophage catalyzed a complete conversion of styrene to ethesiigeatter 1
hour'®. Belcher and coworkéf* reported the synthesis of small nanocrystalline
materials 1% R/10% Ni@CeQ as catalysts to enhance the performance in the
oxidative steam reforming of ethanol into hydrogen gas, achieving 100%
conversion of ethanol at 300 °C with 60% I the product stream. Those
biotemplated catalysts showed improved activitg atability for the ethanol
reformation reaction.
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Anot her wor k b eBpoyed h genetically engireeerqrl M13 as
template to ceassemble zinc porphyrins (photosensitizer) and iridium oxide
hydrosol clusters (catalyst), and integrated the nanostructure into porgasepol

microgels as an immobilization matrix for visible ligihtiven water oxidation.

All the above reports only stay preliminary exploratiorstage, especially in the
catalytic reaction part. There exists lack of thorough catalytic reaction studies,
swch as reaction kinetics, reaction mechanism, metal surface characterization,
recyclability, or synthesistructureactivity correlation. In addition, the
demonstration of potential benefits of using viruses for nanocatalysts synthesis,
such as improved talytic activity has not been reported. For example, the
special viral surface assembly properties either on inorganic surface or organic
materials are highly attractive. The genetic modification of TMV coat protein
provides improved metal decorationlIn this dissertation, | present two novel
nanocatal yst synthesis approaches by

which will be introduced in detailed in the following chapters.
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2.1. Introducti on

Chromium is prevalent in industrial waste solutions in the U.S. (listed as the
second most common inorganic contaminant in w&t&), and the Agency for
Toxic Substances and Diseases Registry (ATSDR) classifies Cr(VI) as the top
16th hazardous substanteCr(VI) hasbeen demonstrated to be hazardous to the
public health due to its mutagenic and carcinogenic properties by inducing
oxidative stress, DNA damage, apoptotic cell death and altered gene exptession
Catalytic reductiorof hexavalent chromium (Cr(VI)Y*'®° provides a promising
alternative to the existing negatalytic treatments such as adsorptlmosorption,

membrane filtration, ion exchange, and electrochemical treafthent

Novel nanocatalysts have been applied for the waaterwlearup processes due

to the advantages of high reaction efficiency and selectivity, lowtraasfer
restrictions, low cost, and environmentally benign procedtifé¥. There have
been many reports on the catalytic reduction of Cr(VI) by organic reductants by
applying oxide® (TiO,**, al umi n uwALO:G x | g @e FHOOKYE U

nanosized zerevalent iroff°, nanesized mixed metallic particlé$ palladium
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nanoparticle¥'!, mesoporous ADs-supported’ or TiO,-supported® Pd
nanoparticles. Palladium (Pd) nanocatalygsts particularly important catalysts

for the reduction of heavy metal pollutahts®,

While catalytic methods for waste stream treatta@e welHknown and numerous
installations are in operatidf, there remain several technical challenges towards
facile catalytic remediation of environmental hazards. First, heterogeneous
catalyst synthesis faces sevediawbacks in both catalyst preparation and
reaction processing“*®°. A major drawback of heterogeneous catisis rapid
deactivation of the catalyshainly due to poisoning, sintering or leachinglso,

the reaction activity and selectivity is apparently interfered by supports.
Furthermore, heterogeneous catalysis synthesis is inherently unpredictable due to
harsh preparation conditiorad artifacts from supports. Secortthpmogeneous
catalystsare difficult to separatéom reaction productsr recover for repeated

use without further generating pollutaits Another catalytic system based on
well-dispersed colloidal nanoparticles,-called semiheterogeneous systems, is
one of the most attractive alternatives. While combining the advanthdexh
homogeneous and heterogeneous catalysts, these systems also suffer from lack of

stability and irsitu reaction monitoring®*"%"%,

Biological macro/supramolecules (e.g. DNE®® peptides® or proteins*****?,

13114

bacteria'**'** and viruses*®!"?1" offer alternative templating materials toward
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addressing these challenges inherent to inorganic synthesis procedures. Notably,
a range of icosahedral viruses and protein cages have been employed to
syrthesize catalytic nanoparticfé$®**’2  Tubular viral nanotemplates were
exploited for high density synthesis of catalytically active nanoparticles.
Specifically, precisely spaced thiol functionality from genelycainodified
tobacco mosaic virus (TMV) is harnessed to provide facile surface assembly and
enhanced palladium nanoparticle synthesis in high density. As shown in the
Chimera model drawing of Figure 2.1(a), TMV is a naturally occurring rigid
nanotube with300 nm length, 18 nm diameter and 4 nm inner chatfi&i®

This simple and robust structure is defined by 2130 identical coat proteins
helically wrapped around a 6.4 kb single stranded genomic mRNA
Importantly, TMV possesses many gque physical and chemical attributes that
can be harnessed for facile nanoc-atal yst
defined and remarkably stable in a wide range of conditions including high
temperature (up to 90 °C), broad pH values (2~10) amoh én noRaqueous
solvents such as 80 % ethanol, methanol and DN88®. Recognizing these
attributes, wildtype TMV hs been extensively enlisted for nanoparticle and
nanowire synthesis toward a number of applicatf§%$° such as nanoelectronics.
Second, small genetic modification can be routinely employed to confer precisely

spaced functionalities on TMV surfaces via insertion of additional amino acids or
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134137 particularly, | tilized precisely spaced (horizontal spacing 1.8

peptides
nm, vertical 2.3 nm§*° thiol groups displayed on the outer surface of each coat
protein of TMV1cys (red dots ifFigure 2.1(a))***"#*® for simple surfae
assembly and enhanced, preferential metal nanoparticle formation. Combined
with safety (infectious to a handful of plants only), simple mass production and
extensive knowledge, TMV thus provides attractive and unique advantages that

can be harnessed astemplating material for synthesis of nanostructured metal

catalysts.

In this chapter, | examine the catalytic activity of TMaMmplated palladium
nanoparticles for dichromate reduction for the first time. As shown in the
schematic diagram of Figure 2}, | first assembled TMV templates on gold
surfaces by simply dipping geltbated chips in TMV1cys solution. AFM image

of Figure 2.1(e) clearly show that this simple dipping procedure yields dense
nearmonolayer TMV coverage. Next, these TMV chips @xposed to aqueous

Pd precursor solution containing mild reducing agent to form Pd nanopatrticles on
TMV templates (PErMV chip). AFM image of Figure 2.1(f) clearly shows that
the Pd nanoparticles preferentially form on TMV templates with high surface
densty, while Figure 2.1(g) shows that Pd nanoparticle formation on gold surface
is minimal in the absence of TMV templates. As shown in the schematic diagram

of Figure 2.1(c) and the photograph of Figure 2.1(d), thes&MPd chips are
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then directly immersedn dichromate solution for catalytic reduction, and the
reaction kinetics is examined real time;situ via UV/vis spectrophotometry.
These reaction kinetics studies provide strong evidence of catalytic activity,
optimal reaction conditions and stahiliof the PdATMV nanocatalyswiral
complexes over several recycle reactions. Furthedepth characterization via
Grazing Incidence Small Angle-May Scattering (GISAXS) show uniform -IIP

nm diameter particles on TMV templates with minimal alteratipanucatalytic
reactions. Meanwhile, Xay Photoelectron Spectroscopy (XPS) further provided
chemical evidence for the presence, oxidation state and dense loading of
palladium on the surface. Combined these results demonstrate a novel and facile
strategyfor nanostructured Pd catalyst synthesis based on sta$seenbled viral
templates. | envision that this simple approach for nanocatalyst synthesis could

be readily applicable to other catalysis systems.
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Figure 2.1. Schematic Diagram of TM\\templated Pd Nanocatalysts for
Dichromate Reduction.

(a) Chimera model drawing of genetically modified Tobacco Mosaic Virus
(TMV1cys). Red dots represent genetically inserted cysteine groups on the outer
surface okach coat protein. (b) Schematic diagram of FM¥hplated Pd
Nanocatalysis. (c) Schematic diagram showing in situ monitoring of dichromate
reduction in a quartz cuvette with UV/vis spectroscopy. (d) Photograph of
dichromate reaction solutions beforedafter reaction showing the color change.
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(e-g) AFM images of TMV assembled on clean gold surface (e),N?d
complex on gold surface (f) and Pd chip without TMV templates (Q).

2.2. Materials and Methods

2.2.1. Materials

Genetically modified TMV1cys wagenerously provided by Dr. James Culver, at
the University of Maryland Biotechnology Institute, Center for Biosystems
Research. Goldoated silicon wafers with 1000 A Au were purchased from
Platypus Technologies (Madison, WI). Acetone, isopropanol attianol were
used for gold chip surface cleaning (all in HPLC grade, Fisher Scientific, Fair
Lawn, NJ). Sodium tetrachlofmalladate (II) (NaPdCly) (99.998 %, Aldrich, St.
Louis, MO) was used as the Pd precursor for Pd nanoparticle formation.
Precursorreduction was conducted using sodium hypophosphite (MapH
(SigmaAldrich, St. Louis, MO) Potassium dichromate ,Q£07) (99.5%,
SigmaAldrich) and sodium formate (HCOONa) (99 %, Fisher Scientific) were

used in the dichromate reduction study.

2.2.2. §nthesis of TMV-templated Pd Nanocatalysts

(1)TMV1cys Surface Assembly on Gold Chips

The TMV drawing shown in Figure 2.1(a) were produced using the UCSF

Chimera package(http://www.cgl.ucsf.edu/chimeyafrom the Resource for
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Biocomputing, Visualization, and Informatics at the University of California, San
Francisco™. The TMV structure (PDB ID: 2tmv}®* was obtained from the
Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB

PDB, http://www.pdb.ory 83,

Gold-coated silicon wafers were cut into small chips (about 0.7 cmx2 cm) and
sequentially cleaned with acetone, isopropanol and methanol each for 20 minutes,
with thorough rinsingwith deionized water between steps. After this organic
solvent cleaning, the chips were dried under a stream of ultrapure nitrogen gas
and then etched with plasma (Ernest F. Fullam Inc., Clifton Park, NY).
Immediately after etching, the chips were indeblain 100 pg/ml TMV1cys in

0.01 M sodium phosphate buffer (pH 7) overnight at room temperature. After this
TMV1cys binding, the chips (TMV chips) were thoroughly rinsed with deionized
water, dried with N gas again and stored at room temperature fohdurt

metallization.

(2) Palladium Nanoparticle Formation on TMV1cys Templates

For the formation of Pd nanoparticles, TM¥sembled gold chips were
immersed in freshly prepared aqueous solution containing 0.5 mjRdS4a

precursor and 15 mM NaR@&, in dark for 20 min. The chips are thoroughly
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rinsed in deionized water, dried with, §as, and stored at room temperature for

catalytic reactions (R@IMV chips).
2.2.3. Catalytic Activity for Dichromate Reduction
(1) Reaction Conditions

Potassium dichromate was the source of Cr(VI), while formic acid acted as the
electron donor for dichromate reduction in an acidic environment. The coupled
redox reactions are enumerated in Equations (2.1) and®(2.2As shown in
Figure 2.1(c) and (d), dichromate reduction rems in 1 ml agqueous solutions
containing KCr,O; (0.1 mM) and HCOONa (100 mM) were carried out in quartz
cuvettes in the presence of chips fixed on the inner side walls and stirring at 600
rpm with a micro magnetic stirring bar (5 mmx2 mm, Fisher ScieptiiThe pH

of reaction solution was adjusted to 3 by adding concentrated sulfuric acid.
Dichromate reduction reactions with stirring speeds higher than 600 rpm show the
same conversion ratess 600 rpm which rule out thepresenceof external
diffusion limitation under 600 rpm stirring speed conditi@s shown irSection

A3 of the Appendix The reaction was monitored-situ by Evolutioi™ 300
UV/vis Spectrophotometer (Thermo scientifitfaltham, MA every minute by

taking the full absorbance spect2bQ nm450 nm).
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Cr,0,” +14H,0" +6e @2 2Cr* +21H,0 Equation (2.1)

HCOOH+2H,02 CO, +2H,0" +2¢€ Equation (2.2)

(2) Determination of Cr(VI) Conversion and Apparénst-Order Rate Constant

Cr(VI) ConversionThe characteristic absorption maximum of Cr(VI) at 350 nm

was used to calculate Cr(VI) concentration, through correlating to a calibration
curve constructed with absorbance of standard solutidhe calibration curve is
shown inSection A2 ofthe Appendix. The extent of the catalytic reduction was
expressed as conversion in percentage, which was calculated as Equation (2.3)
shows.

Conversior® = (ICr(VD1, - ICTVDD) 5 4 g0 Equation (2.3)
[Cr(VD],

[Cr(VD)] ,: initial concentrabn

[Cr(VI)] : concentration at certain time point.

Apparent Rate ConstantsTo examine whether the dichromate reduction with

excess amount of formic acid follows fiustder kinetics behavior (Equation

(2.4)), a linear regression dfn([Cr(V1)J/[Cr(M)] ,) vs. reaction time (as shown

in Equation (2.5) was carried out. The rate constant can be obtained from the
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slope of the linear regression.With the elimination of external diffusion
limitation, the observed firstrder behavior iiéects the kinetics behavior.

__d[Cr(v)] _

™ k,[Cr(VI)] Equation (2.4)

et

[Crov], Equation (2.5)

(3) Control and Recycle Study

For the comparison of catalytic activity, several controls were utilized, which are
Agol d chi pso, ATMV chipso, APd chipso.
chips thoroughly cleaned by organic solvents and plasma etchiigMV c hi ps 0
represent the samples after TMV surface assembly on gold chips and before Pd
metal lization. APd chipso are prepared

step on gold chips without surfaaesembled TMV.

To examine the stability of the tedysts, PATMV chips were recycled for two
more catalytic reactions by simply immersing the used chips in the fresh reaction
mixtures upon thorough rinsing by deionized water and drying without any

further regeneration treatment.
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2.2.4. Characterization of Pd Nanoparticles
(1) Atomic Force Microscopy (AFM)

AFM images were acquired using a Dimension 3100 series Scanning Probe
Microscope (SPM) (Veeco, Woodbury, NY) in tapping mode with 3450
AFM tips (Budget Sensors, Sofia, Bulgaria), and the images amalyzed using

NanoScope software®.”
(2) Grazing Incidence Smalingle X-ray Scattering (GISAXS)

(In this chapter, the samples were prepared by me, but the data analysis was

conducted by Amy K. Manocchi)

GISAXS measurements wereonducted at the Advanced Photon Source
(Argonne National Lab, Argonne, IL) BESSRC/XOR 12 -@D beamline.
Samples were mounted on a goniometer, and the beam irradiated on the sample at
an i nci dgof0.7 assigorein Kigure 3(a). The scaitieXerays were
collected on a CCD detector (Rayonix, Marl65), with a sample to detector
distance of approximately 2 m. Strong scattering and incident beam reflections in

t h edirddtion were blocked using a vertically mounted beamstop between the

sample ad detector. The beam energy was 8 keV.
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For all GISAXS measurements, the scattering pattern was analyzed in terms of

the scattering vector,g™®®. In these experiments, it was assumed that all Pd
nanoparticles were spherical and dilute (meaning that the positions of individual
particles are separated enough for scattering tocdresidered the sum of

individual particle scattering). The relationship for scattered intensityy) Plor

a single spherical particle of radius R,

Equation (2.6Y°°.

9(si R)- gR R))?
P(q,)=4%v° (5in(@,R)- aRcos(g,R)) Equation (2.6)

(@,R)°

and scattering intensity, kg of particles with size distribution, n(R), reads

e- R.)’@
|(qu):;2V28Xp: (qu g) l:IZI_87

) Equation (2.7)
e 3

n(R) was calculated with Irena data fitting software, where the scattering curves

were fit using the Maximum Entropy Method.
(3) X-ray Photoelectron Spectroscopy (XPS)

The XPS analysis was performed with XPS ESCA 888 machine at the
Center for Nanoscale Systems (CNS) of Harvard University (Cambridge, MA).

The measur ement was perf or memy sarce,h a Al
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focusedto a 600 pm diameter beam for high resolution spectra. For the
individual peak energy regions, pass energy of 100 eV across the hemispheres
was used. The chip samples were mounted on an aluminum cups prior to
insertion into the ultrahigh vacuum chamband the pressure in the analysis
chamber was in the range of 321Torr during data collection. The peaks were
fitted by a nodinear least square fitting program using a properly weighted sum

of Lorentzian and Gaussian component cufies

2.3. Catalytic Activity and Control Study

As shown in Figure 2.2, | first demonstrate catalytic activity and simp$gun
reaction monitoring of TMMemplated Pd nanocatalysts for the dichromate
reduction. For this, TMMassembled gold chips (TMV chips) were coated with
Pd nanopatrticles via rediion of Pd precursor. The PdMV chips were then
immersed in reactant solution to catalyze dichromate reduction with formic acid

and the reaction wasonitored by a UV/vis spectrophotometer every minute.

First, Figure 2.2(a) shows typical UV/vis absiop spectra of the reaction
mixtureduring dichromate reduction reaction in the presence efN#d chips.
Rapid decline of the Cr(VI) absorbance at 350 nm clearly indicates that reaction
times of the order of 20 min ensured neamplete depletion of C¥() due to the

catalytic activity of PTMV chips. Importantly, this result clearly illustrates
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simple, real time irsitu reaction monitoring unlike in other systems where the
catalysts interfere with Cr(VI) absorption spettraThus, one of the advantages
of this catalyst synthesiapproach is that the surface asseridlyed format

enables irsitu monitoring.

Next, the catalytic performance of H#V chips were further examined and
confirmed by comparing with several negative controls, as shown in Figure 2.2(b).
The changesinCO(l ) 6s characteristic absorption ma:
to calculate conversion. As shown in the top curve with solid square symbol, the

conversion of 0.2 mM Cr(VI) to Cr(lll) was as high as 99.3 % after 20 min in the

presence of RIMV chips; 91 %, vas reduced within the first 10 min. The curve

with round symbols beneath the-PMV curve represents the reaction with Pd

chips prepared in the absence of TMV templates (AFM image of Figure 2.1(Q)).

Reaction in this case is clearly much slower; the cawe only reaches 40 %

after 20 min. The Aapparent 6cTMYViafdf er ence i
Pd chips is clearly reflected in this difference in catalytic activity. The other

negative controls (TMV only chips and gold chips, represented by teiaamgl

upsidedown triangle symbol curves, respectively) which contain no Pd, show

even smaller conversion rates thHeh chips. Finally, the bottogurve (with stars)

shows no catalytic activity in the absence of chips; this continued to be the case
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for several months (data not shown). Overall this clear difference in the

conversion rate indicates the catalytic activity of IV chips.

To further gain quantitativanderstandingnd to explore the mechanism, linear
regression analysis of the relationshigiiieen Ln(C/@) and reaction time was
conducted; the results are plotted in Figure 2.2(c). The slopes represent-the first
order rate constants (see Theoretical Background). From the consistently’ high R
values for all the five cases (over 0.995), fosder reaction kinetics are clearly
followed. Notably, the difference in the conversion rate betweenhNPd chips

and all the negative controls is more obvious in Figure 2.2(c). Specifically, Pd
TMV chips have the highest rate constant, 0.25 mimile Pd chips show only

0.02 mir', or 12 fold lower than that of PEMV chips. TMV only chips and

gold chipsalso showed very lowate constant, only 02 min“and 0.01 mift

respectively.

56



(a)

Absorbance

250 300 350 400 450

(b) 100+
804 —a— Pd-TMV chips
—a— Pd chips
— —a— TMV chips
2 god Au chips
~— —*— No chips
c
[=]
2 40
S i
=
c
[=]
O 204
04

0 5 10 15 20
Reaction time (min)

(c)

Pd-TMV chips
Pd chips
TMV chips
Au chips

Na chips

Ln(C/C,)

Reaction time (min)

Figure 2.2. Dichromate Reduction Reaction by PETMV Chips and Control
Studies

(a) UV/Vis absorption spectra of dichromate reduction solution over time. (b)
Comparison of catalytic activity between-PMV chips and negative controls
(Pd chips, TMV chips, Au chipsd no chips). (c) Ln(C/§ vs. reaction time
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(symbols: experimental data; solid lines: Eqn. 2.5 with rate constant determined
by results linear regression).

Both the conversion curves comparison and rate constant analysis shown in
Figure 2.2 amply demonsrate the catalytic activity and several advantages of
utilizing surfaceassembled TMV template for Pd nanocgtal synthesis.
Combined these results clearly indicate that catalytic activity of Jibtiplated

Pd nanoparticles is substantially higher teay negative controls examined

2.4. Recycle Studies for Pd-TMV Chip and Pd Chip

Next to further examine the stability and reusabilityttedsePdTMV catalysts

for dichromate reductiorl,conducted recycle study as shown in Fig2i& For
this, thoraughly rinsed PefTMV or Pd chipswere directly utilized for the next
reaction cyclafter each batch reactiavithout any other regeneration treatments.
The three top curves with solid symbols in FigRr&a) represent recycle results
of PATMV chips, indcating that Pd nanoparticles on TMV templates retained
most catalyticactivity throughout three reaction cycles. All three cycles went to
nearcompletion within 20 min reaction period, and the conversion rate remained
almost the same. In contrasihyee nearstraight conversion lines with empty
symbols at the bottom of Figu&3(a) showmuch slower reduction rate by Pd
chips, which further decreases substantially upon repeated use twafreiaction

cycles, the conversion after 20 min was only 24.5Pérthermore, conversion of
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the third cycle was even as low as 18.8 %, similar to the gold chips (without any

Pd) case.
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Figure 2.3. Recyclability Study

(a) Dichromate reduction conversion from threact®mn cycles with PAMV

chip and Pd chip. (b) Linear regression plot.
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In order to gain further quantitative understanding on the reaction rates, linear
regression analysis was carried out again, as shown in Figure 2.3(b). Importantly,
all three curvesrbm PdTMV chips strictly follow first-order batch reaction
kinetics again. The rate constants of three cycles were shown to be very close,
where the second and third cycles decreased slightly comfmatied first cycle,

from 0.25 to 0.22nin™. This reention of 88 % in the reaction rate upon three
batch reactions without any regeneration treatment clearly illustrates the high
stability of PATMV complexes for dichromate reduction under the conditions
employed. Lee et dP’ also found that introduction of thiol groups onto TMV
surface can help enhance its metal binding ability and stability. On the contrary,
the rate constant from Rihips decreased rapidly from 0.02 fiim first cycle to
0.01min?, a factor of two lowerin third cycle. This suggests that the Pd on gold

without TMV templaing is unstable.
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2.5. Grazing Incidence Small-Angle X-ray Scattering (GISAXS)

(For the results presentednithis section, | prepared samplesd Amy K.

Manocchi carried out the sample measurement and data analysis).

As shown in Figur& .4, an indepth characterization of the H#V chips was
carried out via Grazing Incidence Smaligle X-ray Scattering (GISAXS) to
further examine the Pd particle size andTRdV complex structures. For this,
thoroughly rinsed and dried TMV chips as well as Pd chips ar@iMAd chips
before and after the dichromate reduction were examined with GISAXS at the
Advanced Photon Source of Argonne National Laboratory. As shown in the
schematic diagram of GISAXS in Figu2el(a), a 8 keV Xray beam is irradiated
onto the sampl e at ;=8.1) samaHe |scatiering patteenn t
recorded at;;<2)maa 2D CE&D detector. (The scattering patterns
are analyzed by making a lho&it of the scattering pattern in the-ptane
direction, as shown by a solid line in Figwd(d) and plotting the intensity (I) as

a function of g, (both in log scale).A data analysis is conducted on each-tne

to provide a statistically meaningful estimate of the particle size and its

distribution due to the large sample area exposed to-tiag 3¢>186187
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Figure 2.4. Particle Size and Distribution Analysis by GFSAXS.

(a) Schematic diagram of GISAXS. - X ray scattering pattern of TMV only

chip(b),Pd chip(c) and RIMV chip(d). (e) Linecut plots of scattering intensity
vs. gxy for PATMV chip before and after reaction, TMV only chip and Pd chip

without TMV templates. (f) Pd particle size distribution plot for MV chip
before and after reactio
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As shown in Figure2.4(b-d), the chip samples examined via GISAXS produced
substantially different scattering patterns indicating several important aspects.
First, Figure 2.4(b) shows that surfaeassembled TMV1lcys shows strong
scatteringinthe otdf-p | ane direction (at 2d=0), <charac
TMV'. In contast, Figure2.4(c) for the Pd only chip shows strong isotropic
scattering in a wider area, rising from spherical Pd nanoparticles. Finally,the Pd
TMV chip in Figure2.4(d) also shows strong isotropic scattering characteristic of
spherical Pchanopatrticles in addition to strong enftplane (vertical) scattering
characteristic of TMV nanotubes. In contrast to the Pd only chip, the isotropic
scattering in Figure2.4(d) exhibits intensity oscillations in the eof-plane
direction, indicating eistence of a layer composed of-PMV complex with
thickness of about 30 nm calculated from the period of the oscillafibn
Importantly, this scatteringgttern indicates that the Pd nanoparticle scattering is
significant, and can be distinguished from the TMV scattering for particle size
calculations. In summary, these three scattering patterns attest to the utility of
GISAXS in the indepth characterizin of these Pd-TMV nanocomplex

structures.

As shown in Figur@.4(e), these findings are more clearly confirmed via-toe
plots of intensity vs. . The two top curves show lifeits for a PErMV chip
before (dash curve) and a-FPtV chip after (dah dot curve) the dichromate
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reduction, while the third TMV curve shows oscillation at highgr \glues,
typical of the monodisperse TMV nanotubds First, the two top curves look
nearly identical, and exhibit a distinct Guinier knee (a sudden rise then fall in
intensity) at similar g, locations, arising from Pd nanoparticles wstilar sizes.

As calculated through a size analysis, the average Pd particle diameter was
approximately 11.5 nm before reaction, and 12.7 nm after reaction. This indicates
minimal change in the Pd particle size as well as the stability efNPd
complees upon the catalytic reaction. The sligifterencein average particle

size may be within a sampling error: minor differences in the two chips arising
from two different PATMV chips for GISAXS analysis. Importantly, the clear
difference in the lineut curves between the TMV chip (dot curve) andTRtV

chip (dash curve and dash dot curve) illustrates the presence and retention of Pd
nanoparticles upon Pd nanoparticle formation and catalytic reactions respectively.
Finally, the bottom curve (solidre) representing the Pd chip shows highly
polydisperse (no distinct Guinier knee) and significantly fewer and larger Pd
nanoparticles, as evident by ~20 fold less initial scattering intensity as compared

to the PATMV chip (result not shown).

Figure 2.4(f) shows normalized particle volume distributions on theTRY/
chips for before and after the dichromate reduction shown in the top two curves of

Figure 2.4(e). For this, only high g region 4g= 0.030.09 AY of scattering
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curves were analyzed, andetlsmall g region where the power law scattering

appears is neglected because the power law scattering rise from a hierarchical

structure of Pd particle assembly, or a shape of TMV. These distribution curves

show that Pd particles are quite uniform in ftle nm diameter range, and the

overall average size doesnot change signi
Combined these GISAXS results clearly show the substantial amount, retention

and particle size distributions of palladium nanocatalysts on TMltess.

2.6. X-ray Photoelectron Spectroscopy

As shown in Figure.5, | further examind the presence and oxidation states of
TMV-templated Pd nanocatalysts via XPS before and after the dichromate
reaction. For this, four types of chips (Au, Pd, TMV andTR&V chips) were

thoroughly rinsed, dried arekamined with ESCA SSX00 XPS.

First, Hgure 2.5(a) displays XPS spectra in the range of 361~322 eV binding
energy in high resolution. The top curve represents the spectrum of the gold chip
(sample (1)) that shows two typical Au #idand Au 4d;, peaks with binding
energy at 352.36 and 334.4Y respectively. No Pd was observed for this gold
chip only case. The second spectrum is from TMV chip (sample (1)), which
shows very similar peak pattern and position with strong gold peaks. However,

slightly lower intensity of gold peaks for TMV ghimplies that there may be a
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thin layerof TMV1cys exists over gold chip surface. The other two spectra show
Pd 3d core level feature from HMV chips before and after reaction (sample (lII)
and (1V)). In contrast to the top two spectra for the gold ehd TMV chip, both
PdTMV chip spectra show apparent Pggeak with binding energy at about

341 eV, clearly showing the presence of Pd substance. The Pd 3d spectra of Pd
TMV chips before and after dichromate reduction appear quite similar.
Particdarly, the position of Pd 3¢ peak shows no significant shift after the
reaction, which indicates no meaningful changes in the chemical state under the
reaction conditions employed. This minimal change in the Pd peak position
further suggests the stabjl of PdTMV chips during the catalytic reactions. In
addition, the intensity of Au 4@ peak from PelMV chips is clearly much
weaker than that of the gold only case for many samples examined. This suggests
that the gold surface is covered with a 30 fim of PdTMV complex, since X

ray can only penetrate through the top 1~10 nm surface.
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Figure 2.5. XPS Analysis of Gold Chip, TMV Chip and PdTMV Chips
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Next, in order to further examine palladiu

palladium amount based on gold, peak fitting analysis was carried out. Figure
2.5(b) and (c) show the peak fitting results forRdV chips before and after the
reaction in the bottom two curves shown in Figure 2.5(a). Slightly asymmetric Pd
3ds2 peak indicates the coexistence of metallic Pd and PdO. Thus the,Pd3d
peak was split into peaks for Pd and PdO by-lnmear fitting to estimte the
metallic Pd percentadd’. Similarly, the Pd3¢g.peak is heavily overlapped with
Au4dds, peak at 335 eV binding energy, so Pg3tbr both metallic Pd and PdO

and also Au4g, were involved for the peak fitting analysis. The surface atomic

concentration of Pd was obtained from peak area ratio of Pd/(Pd+Au).

Table 2.1. XPS Pd3d and Au4d binding energies (eV) and XPS derived

Pd/(Au+Pd) atomic percentage for PATMV chips before and after reaction

Binding Energy, e\ Pd/Pd+PdQ, % Pd/Pd+AuU), %

Before After Before  After Before  After
Reaction Reaction Reaction Reaction Reaction Reaction

Pd Pd3d, 340.52 340.39
PdO Pd 3¢, 342.18 341.62
Pd Pd3d, 335.18 335.05
PdO Pd 3¢, 337.27 335.98
Au Au4d, 333.95 334.09
Au_Au4dy, 3527 35247

Name

69 65 60 59
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Table 2.1 summarizes the binding energies of Pd3d and Au4d, corresponding
metallic Pd percentage and surface atomic Pd concentration. The peak fitting
results show that metallic Pd/(Pd+PdO) percentage ofiNPd chips before and

after reaction are more than 65 %, suggesting that Pd is mostly at the metallic
state. Furthermore, the metallic Pd % after dichromate reduction (65 %) is
slightly lower than that of chip before reaction (69 %), showing only a minimal
changein the oxidatimm state. Meanwhile, the surface atomic Pd concentration
Pd/(Pd+Au) after reaction (59 %) remained almost the same as before reaction
(60 %), indicating that most Pd substance stayed on the surface of TMV
assembled on the gold chip, without significantateposition of the PAMV
complex or leaching of Pd nanoparticles into the reaction solution. Combined
these XPS results provide strong chemical evidence for the presence of palladium
substance, chemical states as well as the stability ohdPdparticleson the

TMV -assembled gold chips upon the catalytic reaction.

2.7. Conclusions

In this chapter, the catalytic activity of TMémplated palladium nanocatalysts

for dichromate reduction wasxaming. This surfacessembly based format
enables simple isitu real time monitoring of the catalytic dichromate reduction,
allowing for rapid screening of reaction conditions. Reaction kinetics studies
clearly demonstrated substantial catalytic activity over any other negative controls
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examined. Moreover, TMMenplated palladium nanocatalysts retained
significant catalytic activity in the recycle study, indicating the stability of viral
metal nanoparticle complexes under the reaction conditions employed in this
study. Atomic force Atomic Force Microscopy (AFM)dairazing Incidence
SmaltAngle X-ray Scattering (GISAXS) were utilized to probe Pd nanoparticle
size and distribution, which further indicated the stability ofTR& complexes

upon catalytic reactions. Meanwhile, XPS provided chemical evidence for the
presence of Pd and its oxidation statels the following chapter, thkinetics of

Pd catalyzed dichromate reduction under a wide range of reaction conditions, the

synthesisstructureactivity relationship will be further examined.
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3.1. Introduction

In Chapter 2the catalytic activity, recyclability and stability @MV -templated
palladium nanocatalysts for dichromate reducti@asreportedfor the first time.

Only one synthesis condition and one reaction condition was examined in Chapter
2. The systematic reaction kinetics study of the Pd catalyzed dichromate
reduction by formate still remains abserAdditional experiments were
undertaken to develop further understanding of the catalyst syn#tasiture
activity relation, and the reaction kinetics, and to identifytimal reaction

conditions and processes

In this chapter] aim atthe surface catalyzed reaction mechanistuty, kinetics
and the catalyst synthesstructureactivity relationship for dichromate reduction.
The resultssuggest thaPd catalyzed dichromate reduction folloevdangmuir
Hinshelwood surface reaction mechanismith a formic acid binding constant
subgantially greater tharthat of dichromate ioii~263 times) Furthermore, (1)

with synthesis condibns optimized,viral-templated Pd nanocatalysts show 68%
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higherspecificcatalytic activity(per unit Pd masshancommercially available 5%
Pd/C catalyst. @) Pd nanoparticle size, loading density and catalytic activity of
viral-templated Pd nanocatalysts daentunedby changingchemical composition

(e.g. Pd and reducer concentrations) during synthesis under mild aqueous
conditions. At the same timejarger Pd particlesxhibited higher catalytic
activity for dichromate reduction with formic acigher unit Pd surface area,

suggesting sizeependent behaviaf Pd catalgt for dichromate reduction.

3.2. Materials and Methods

3.2.1. Materials

The sameasin section 2.2.1.

3.2.2. Synthesis of TMVtemplated Pd Catalysts

The synthesis method for the -FMV catalyst chips is similar tgection2.2.2
with minor modification. Briefly, clean gold chips were incubated in aqueous 100
pg/ml TMV1cys solution forsurface assembly, which yields consistently dense
nearmonolayer surface coverage. These TsBsembled chips were then
exposed to variousoncentrations daPdCl, precursor solutions in the presence

of various concentrations dflaPHO, as reducer for 20 min under ambient
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conditions. These F@MV chips were then thoroughly rinsed with deionized

water, dried, and stored for the reaction and characterization studies.
3.2.3.Comparison with Commercial Pd/C Catalysts

For directcomparisonwith PdTMV chip catalysts,0.0@23 g commercial5%
Pd/C catalystswere immersed in40 ml of the standarddichromatesolution
(containing 0.1 mM KCr,O; and 100 mM NaCOOH, and with the pH adjusted to
3). The reaction rate wabenclosely monitored. At each time point (every one
minute),a small volume othe reaction solution wagmovedand filteredwith a
syringe filter (Pore size=0.22 pm, Diameter=13 mm, Polypropylene Housing,

VWR); the absorbancef thesuperratantat 350 nmwvas measured.

For the study of dichromate reduction catalyzed byTRY/ chip catalysts, 1 ml

of 0.1 mM K,Cr,O; and 100 mM NaCOOHh waterwere carried out in quartz
cuvettes in the presence of -PMV chips under vigorous stirringstirring
speed=600 rpin the same condition as described in Section 2hg TMV-
templated Pd nanocatalysts have Pd nanopatrticles with diameter of 3.6 + 0.4 nm
and Pd loading of 4.0 pug Pd/g chipThe reaction was monitored-gitu by
Evolution™ 300 UV/vis Spectrophotometasvery minute by taking the full

absorbance spectra (250 %50 nm).
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For comparison purposeshet dichromate reduction rateatalyzed by both
catalyst system$% Pd/Cand PdTMV chips, were eachnormalized by thdd
metal conterd (surface area accordngly, apparent firsbrder rate constants,

k fp are expressed inunitsdf/( g Pd T mi n)

Experiments were undertaken at 5, 15, 25 and 351°@rder to determine the
activation enengs E, (kJ/mol) for dichromate reductions catalyzed these two
Pd catalyst systems As discussedn section 2.2.3under the aforementioned
conditions,the reactiorappears to followpseudo firsiorder kinetics(see Figure
2.2). Activation energies werebtainedby fitting the Arrhenius Equatiol* to

curves oL n 4K W8 1/T (see Figure3.0), i.e.:
L n ap 6E&/RT + INA Equation 8.1)

where A is thepre-exponential factgrand R is the universal gas constant 8.314

J/ (mol TK) .
3.2.4.Effect of Catalyst Synthesis Conditions onthe Catalytic Activity

In order to examine the effect of catalyst synthesis conditions on the catalyst
properties, the Pd metallization of TMV biotemplates with various concentrations

of precursor NgPdCl, (0.25,0.5, 2 and 5 mM) and reducer Naf@H (5, 15, 30,
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45 and 55 mM) were carried out. Three groups of Pd metallization conditions

were employed for the synthesis, as shown in Fig(ag

The reactivity of catalysts from various synthesis conditions wadiestuby
measuring thenitial dichromate reductiorreaction rates, (mmol/(m?min)),
which was obtained from the slope of the dichromate conversion vs. time plots
during the initial reaction perio(Figure 2.2 Figure A3 in the Append)x and
further normalized bythe total surface arg#®\) of Pd nanoparticleacquired via
GISAXS andICP measurementsThe total surface area d?d nanoparticles on

PdTMV chip catalystss calculatecaccording tdEquation 3.2

5 ™Y Equation (3.2)

(A: total Pd surface aremy:Pdmass |} : densi t R:dianfetermePdal | i ¢ Pd

nanoparticlesthe Pd nanoparticles aapproximated aspherical)

Pd paticle sizes (R) were characterized by Grazing Incidence Small Angdy X
Scattering (GISAXS) and the Pd loadiagnount from each samplgn) was
determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP

OES).
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For thesesynthesis condition effedtudies, the reactions weadl carried outin
the standard dichromate reduction reaction conditioh (WM K,Cr,O; and 100

mM NaCOOH, at pH 3 and 25 jC

3.2.5.Grazing Incidence Small Angle Xray Scattering (GISAXS)

The measurement and data analysis in this chapter are the same as section 2.2.4.

3.2.6.Inductively Coupled Plasma Optical Emission Spectrometry (ICFOES)

The exact amount of Pd loading on TM&mplated Pd nanocatalysts was
measured by high performan¢d€P-OES. For this, the RAMV chips were
dipped into 1 ml aqua regia solution (HCI : HN@:v) = 4:1) for acid digestion.
After complete dissolution of F@MV complex for about 5min, the acid
digested solutions were further diluted by adding 2 ml deeshwater. The
samples were analyzed by Perkin Elmer 7300-G@EHS (PerkinElmerinc.,

Waltham, MA).
3.2.7. Kinetics Modeling

This sectionfocuses onthe kinetics of Rl-catalyzeddichromate reduction by

formic acid. The overall catalytic redox reactioartbe expressed &slows:

Cr,0,” +8H,0" +3HCOOH® 3CQ, +2Cr* +15H,0 Equation (33)
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It is assumed here thdig elementary steps ateose that follow([A] represents
[Cr,O0/*], [B] represents [HCOSH], [*] represent theconcentration ofvacant
active chemisorptiositeson the solid catalysts surfad€*], [D*] and [P*] are
those ofreaction intermediage and [P] represents the product Cr(lll) ipn It
should be notethat the pH value of all reaction conditions studied is set as the
same,pH=3. Thus the effect of pH [H30"]) on the initial reaction rate was not

examined.

(1) ! zP 1 z (stepl: quasequilibrated adsorption of A)

(2)" zP " z (step2: quasequilibrated adsorption of B)

(3)!z "zP #z z (step3: surface reactiorgte determining step)

@#z "zP $z z (stepd: Subsequent surface reaction)

(5)%$2z " zP ¢ ( (step5: Subsequent surface reaction)

(6)0zP 0 z (step6: Desorption of product)

Based on different elementary steps as rate determining steps, the overall rate
expressions were derived, as showrbection Al of theAppendix After fitting

the experimental dataith several derived kinetic expressiotise one based on
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the assumptiorthat step 3is rate determining step (RDSYor which the
derivation is detailedelow) was found to be the most suitable ofbe fittings
over other kinetic expressions based on other assumptgdhsr obtain
unreasonable parameters (negative value) or lowerale as shown irSection

Al of the Appendix.The derivation will bentroduced in detail below.

Since step 3 is assumed to be rate determining step (RDS), equilibrium steps (4)

(6) can be combined, as shown below.

H#Hz C"ZP CO oz

The overall number density of adsorption sites is represented gywhjch
includes both vacant ([*]) and occupied ([A*] or [B*]) adsorption sitestloa

catalyst surface, as shown below.

[z]0 z 0z 0z z OV O 2 v O 2

Iz z d 0! 2z —/—m8— Equation (34)
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"z z dg 0" 72 @ —— Equation (%)

whered, ,d; (theta A and theta B) are the surface coverage oLt (A) and

[HCOOH] (B) respectively. Kand K; are the adsorption equilibrium constants

for [Cr,0;*] and [HCOOH].

The overall reaction rate, which is equal to the forward rate of the rate

determining step (step 3), can be expressed as below:

dK.CLOT oy, v,
dt '
0z dd,
foR: Equation (3b)

r is the dichromate reduction reaction rate (=

2.
ﬂcrzf—7], mmol / (LTmin)),

[A] and [B] are the concentrations pEr,0;%] and[HCOOH respectively. [*}

represents the number density of all adsorption sites (vacant and occuptiee) on
catalyst surface.The initial concentrations of both [A] and [B] are independent
variables in the model fitting procedure. There are three unknown pararfeters:

P2and P3
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The TMV-templated Pd catalysts were synthesized with 0.25 mpPdGEl, and

15 mM NaPHO,, with 20 min metallization. In the first series of experiments
(Figure 3.2(a)), thénitial NaCOOH concentration was varied in the rang200

mM with initial K,Cr,O; concentrations as constants (0.05, 0.1 and 0.3 mM). Ina
second series (Figure 83)), the NaC@H concentration was fixed at 30, 50 and
120 mM; and that of KCr,O; was varied in the range@5 mM. The initial pH

was measured by pH meter. At pH 3, the concentration of [HCOOH] was
calcul ated byHatslsel hldénc hér £qgmnu afCOG®H ,
J/[HCOOH]). Thus, [HCOOH]=0.85%([HCOOH]+[COOH under pH 3
condition. Initial reaction rates r were obtained from the slope of the dichromate

concentration vs. time plots during the initial reaction period (i.e. initial rate

- L
r= g )
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3.3. Chip Removal Study: Heterogeneous Surface Reaction
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Figure 3.1. Surface Reaction Confirmation by Simple Chip Removal Study

The TMV-templated PcCatalysts synthesis condition: 0.5 mM Na2PdCl4, 15 mM
NaPHO,, 20min metallization. The dichromate reaction condition: 0.1 mM
K2Cr,0;, 100mM NaCOOH, pH=3, at 25 °C.

As part of the study of catalytic kinetics, vitaimplated palladium (Pd)
nanoparticleschips were removecdat 3 minute from dichromate reduction
experiments; see Figure 3.1, which compares results with and without chip
removal Absorbance at 350 nif the reaction solutiowas measured minute by

minute.

The data in Figure 3.1 make it clehat dichromate reduction ceased upon chip
removal; when the RIMV chip was present throughout experiment, the reaction

proceeded to completion. This clearly confirms that the reaction takes place on
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the surface of the virdemplated Pd nanoparticles. ofdbly, this is in direct
contrast to the results of the study of the Suzuki coupling reaction (see Chapter 5),
which continued subsequent to chip removal, consistent with the generally
accepted leachingased reaction mechani®n In addition, cease of dichromate
reduction upon chip removal here confirms that: (1}TR&YV complexes are
robust and highly stablender the acidic reaction environment; (2) the surface
assembled format enables simple catalyst recovery and reaction mechanism study,
and further confirms the validity of the chip removal study for the Suzuki reaction.
In summary, this simple chip remalv study clearly indicates the surface
originated heterogeneous nature of the dichromate reduction bytermplated

Pd nanocatalysts.

3.4. Kinetics Modeling

Next, the reaction kinetics of dichromate reduction catalyzed by-teingplated
Pd chipswas studied more extensively; results are shown in Figure 2.
described in sectioB.2.7,a few series of reactions were carried out witRTR&V
chips possessing identical particle diameter (d=12.4 nm) and surface Pd loading

(4.7 pg Pd/g chip).
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Figure 3.2. Langmuir-Hinshelwood Kinetics of Dichromate Reduction.

(a). Dependence of the initial reaction ratem the initial concentration of
NaCOOH with fixed KCr,O; concentration. (b) Dependencetloé p on the

initial concentration of KCr,O; with fixed NaCOOH concentrationc) Rate
constants and adsorption equilibrium constants of both reactants. (d) The initial
rate r, (mmol/(0min)), is plotted againgfads according to the Eqgn. (9)The

catalyst synthesis condition: 0.25 mM MaICl,, 15 mM NaPHO,, 20min
metallization.

As shown n Figure 3.2(a) and (b), the point symbols represent experimental data
and solid lines were derived based using Equation(3.6) andthree unknown
parametergk, K; andK>) fit to the experimental dataBoth Figure 3.2(a) and (b)
show that the initial reaction rate depends on the concentration of both reactants.
All curves in Figure 3.2(a) show that the increase in [HCOOH] leads to the
saturation of the reactiomate. High [HCOOH] concentration results in nearly full
coverage of active sites on the palladium surface. This inhibits the adsorption of
[Cr,0/*] to start the surface reaction; this same trend is also observed in Figure
3.2(b). The obtained parameters (listed in table of Figure 3.2

(c)) were chosen to provide the best fit overall to the calculated initial reaction

rates r of all of the experiments

Next, | employed these obtained parameters to develop the predicted reaction
kinetics as shown in Figar3.3 below. For all the reaction conditions shown in
Figure 3.2, the concentration of formic acid ([B]) is 30 times larger than

dichromate ion ([A]), thus [B] is considered to be constant value throughout the
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entire reaction time course. When the valoé«k, K;, K; and initial [B] are
plugged into equation 3.6, the theoretical [A] concentration changes over reaction
time t can be predicted and compared to the experimental [A] changes over time.
As shown in Figure 3.3 (&J), when the ratio between [Bhd [A] is larger than

100 fold, the predicted [A] obtained from the model fitting by using three
parameters (k, Kand K) are in good agreement with the experimental values of
[A]. However, when the ratio between [B] and [A] is lower than 100, the
expeimental data deviated from the predicted [A], especially as the reaction
proceeds for longer time, as shown in Figure 3.3 (e) and (f). Specifically, the
conversion rates in these cases were slower than the -prediédted values.

This disagreement of perimental data with the model may be due to the over
simplification during the derivation procedure. Another rate expression
derivation based on the pseusteadystate hypothesis is shown in Section A1.3

of the Appendix. In that detailed derivationetteverse reaction of step 3 is also
taken into account. The neglection of the reverse reaction of step 3 is only valid
when the concentration of [B] is high and/eBKs low, i.e’ Q0 " ™Q . On

the other hand, when the concentration of [B] is relatively small (with [B]/[A]
ratio< 100) and/or the reverse reaction rafi& high, the reverse reaction of step

3 cannot be neglected, thus the real experimental reaction rate may become lower

than the prediction based on the derived model equation (3.6).
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Figure 3.3. Comparison of Predicted [A] with the Experimental [A] over the

Time Course
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From the model fitting analysis shown in Figure &2d 3.3, the Langmuir
Hinshelwood mechanism was found todpplicableto predict thanitial reaction

rate ofdichromate reductionDeng and Stor?é®* demonstrated that metal oxide
catalyzed Cr(VI) reduction by naturalgccurring organic compounds is
subjected to surface catalysis and follows Langmsathermtype behavior.
However, © our knowledge, there is lack dfinetics study and reaction
mechaism of Pd catalyzed Cr(VI) reduction with formic acid as the electron
donor. The adsorption and oxidation of formic acid over palladium nanocatalysts
have been widely studied for the hydrogen productidhémlean energy fietd*

194 Indeed, Pd has be reported in the literatu® to be the most active
transition metal catalyst for the formic acid oxidation. The adsorption of Cr(VI)
on various substrat&s>!*® simulated by Langmuir Adsorption Isothetras also
beenstudied. Previous reports provide solid support in different aspects for our
LangmuirHinshelwood study for the Pd-catalyzeddichromate reductiorwith
formic acidas the electron donorAs shown in Section 3.2.7, the experimental
data were fit tothe LangmuirHinshelwood model and evaluate the theoretical
support behind it. Tree results show that(1) the model equation is bn
applicable foithe predicton of the initial reaction ratg2) the adsorption constant

of dichromate ion issubstantiallylarger than that of formic aci263 times

according to our results)3) the obtained model equation can predict the [A]

87



changeover reaction time well for large [B]/[A] ratio conditiondHowever, the
model does not predict the whole reaction time course well for small [B]/[A] ratio

197 all utilized much

conditions This furtherexplains why previous studi&
more formic acid than dichromate for the catalytic dichromate reduction reaction.
Through the model fitting studyeported in this dissertation, the reaction
mechanism and kinetican thus béetterunderstoodor the palladiuracatalyzed

heterogeneous dichromate reduction by formic acid.

Overall, the reaction kinetics at the initial reaction stage can be represented in
terms of the LangmuiHinshelwood mechanism that involves surface adsorption

of dichromate and formic acid on the active Pd surface to start the surface reaction.
Notably, these results clearly indicate that dichromate has much stronger

adsorption than formic acid onto the active sites.

3.5. Comparison with Commercial 5% Pd/C Catalysts

Next to gain further quantitative understanding of the catalytic activity of the
TMV -tenplated Pd nanocatalysts,carried outa direct comparison study with
commercially available 5% Pd/C catalysts. To examine the dichromate
conversion for Pd/C catalysts, a small volume of the reaction solution was taken
out and filtered by 0.22 um membraatdifferent time points and the absorbance

was measured at 350 nniriplicate dichromate reductiaeactionswith different
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catalyst charges were carried out and the reaacttesnormalized byPd mass

within the kinetics controlled region were obtaine

The normalized reaction rate catalyzed by 5% Pd/C was determined to be 0.0164
+0.0002 (mol/(g Pd-min)), while the highest rate that can be achieved by TMV
templated Pd nanocatalysts (Pd diameteg)(B3.6 + 0.4 nm, Pd loading=4.0 ug
Pd/g chip) was fond to be 0.0275+0.0019 mol/(g Pd-min), which is 68 % higher
than that of Pd/C. The POMV chip catalysts prepared under other metallization
conditions also show comparable catalytic activity (per unit Pd mass) as the
commercial Pd/C catalysts. In cast, Pd/C has shown to possess much broader
size distribution inmy own examination: average size 3.18 nm with minimum
size 1 nm and maximum size 10 nas (shown InTEM imagesin Figure 34),

with certain degree of Pd particle aggregation on the carboposup The
measuredPd particle size distribution is shown in Fig®. From the size
distribution, the specific surface argee( unitof mas$ was calculated to be0.7

m?/g, by usingEquation 37.
VY =B B Equation(3.7)

SSA: specific surface argeer unit of massay, i: surface area of Pd nanoparticles
with size m; w,;: volume of Pd nanoparticles with size m; iFFrequency of Pd

nanoparticles with sizem | densi)ty of Pd met al
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Figure 3.4. TEM Images of Commercial 5% Pd/C Catalysts

0.5

5% Pd/C
0.4 A

0.3 A

0.2 A
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1-2nm 2-3nm 3-4 nm 4-5nm 5-8 nm 10-12 nm
Pd particle diameter, nm

Figure 3.5. Pd Patrticle Size Distribution of Commercial 5%Pd/C Catalyst
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Furthermorethe specific reaction rate (per Pd surface area) of commercial 5%
Pd/C was calculated to be 8.ehmol/( nf-min), which is lower than that of Pd
TMV chip catalysts (0.65 mmol/(frmin)) prepared with optimized synthesis
condition. The differencen reaction rate may be due to siependent effect
(shown in Section 3.8) or the support effetherefore theseviral-templated Pd
catalysts are shown to be more efficieatalysts than thed/C due to the narrow
particle size distribution, absence of any deactivating surfactants or capping

agents combined with pristine synthesis conditions.

Next,in order to understand the Pd catalyzed dichromate reduction, the activation
energy & of both PATMV and Pd/C catalyst systems was investigated as shown
in Figure 36. For this, the apparent dichromate reduction rate constants at
different temperatures were measured for both catalytic systems, angwias E
obtained fr omgdvérsus 14Tl dhe &or dichrorhate reklustion
catalyzed by PAMV chip (Dp=11.4 nm, 11.8 pg Pd/g chip) is determined to be
27.3 kd/mol, while the Hrom commercial Pd/C catalyst system is 25.7 kJ/mol.
This nearly identical Ea from the two catalyst systémigcates similar catalytic
mechanism in the presence of Pd nanopatrticles. Generally, catalysts speed up
chemical reactions by providing an alternative reaction pathway involving
different transition states with lower activation energy. Without using an

catalysts, the activation energy of Cr(VI) reduction by vitamin C is 63.5 k3ol
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by Soil Humic Substances (SHA) is 121.8 + 2.8 kJ/bland by Soil Fulvic

Acid (SFA) is 111.1 + 1.4 kJ/mdP.

In

the presenceof chitosanFe’

nanoparticles, the Hor dichromate reduction was reported to be 33 kJfhol

Therefore, Pd is an efficient catalyst faclttomate reduction.

(a)

a5 | W PdTMV chip
r==0.9827

r==0.97

-Ink=3280/T-15.52

& Commerdal 5% Pd/C
40 A -Ink=3095T-15.46

45

-Ink

50

55

6.0

0.0032 0.0033

(b)

0.0034

1/T,

0.0035 0.0036

K-1

Pd-TMV
chip

5% Pd/C

Activation
energy Ea,
KJ/mol

27.3

25.7

Figure 3.6. The Activation Energy of P-TMV Chip and Pd/C Catalysts

Arrhenius pl ot

of

t he

Pdp(ddt(al YdtTami s19 6 c iafnid

the inverse temperature 1/TtK The synthesis condition for FdMV chip is
0.5 mM NaPdCl;, 15 mM NaPHO,, 20min metallization. The reaction condition:
0.1 mM KxCr,0O7, 100mM NaCOOH, pH=3, at 25 °C.

92



3.7. Effect of Synthesis Conditions on the Particle Size and Surface

Loading

This viral-templated nanocatalyst synthesis approach enables facile control of
both particle siz€® and surface loading densit§ by simply tuning synthesis
parameters. Building aime unique €ature othis bottomup assembly approach,

| examined the effect of such synthesis conditions on the nanopatrticle size and the
Pd loading density vigAtomic Force Microscopy (AFM)Grazing Incidence
Small Angle Xray Scattering (GISAXS) and Inductively Qaed Plasma (ICP)

respectivelyand on the catalytic activity.

First, Figure 37 shows the effect of synthesis conditions on the Pd particle size
and surface loading density. For this, | employed Pd precursor concentrations
ranging from 0.25 to 5 mM arithe reducer (NaP#D,) from 5 to 55 mM*®, as
shown in the table of FigureZa). The agprepared PAMV catalyst chips were

then examined via GISAXS for Pd particle size and ICP for surfacenfpad

determination as in Figure7gb).
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Sample
number | Na,PdCl,, mM | NaPH,O,, mM
N1 0.25 15
N2 05 15
Group | N3 > 15
N4 5 15
N5 05 5
NG 05 30
Qroup.l N7 05 45
N8 05 55
N9 0.25 5
N10 0.25 30
Group il == et 0.25 45
N12 0.25 55

35 35

Q.
R R ~ ! === Pd particle diameters, nm =
p ;

g 304, Group:] | ® Pdloading density, mg Pd/g chip 30 ©
1 ()]
o 1 ! S
8 25! ! 25
[} 1 o
e : 4 1 =
& 201 i R |20 =
o ! K s o e ' Group Il ! =
) 1 r \ 1 1 c
o 151! ! Groupll ! 115 g
.<__'.> 1 1 : I : ©
b= 1 1 1 o))
g "1t ¥ ' |10 £
] ] 1 1 ©
1 1 @ hy © 1 @
o 511 le L o 1@ - 1|15 O
DD B D T
o Lt : 1 :I o o

' N1 N2 N3 N4 , ! N5 N6 N7 N8 ;! NON1ON11N12!

o ¥ U TR b L s A [ Eipt B bbb b E R 1

Sample number

Figure 3.7. Effect of Catalyst SynthesisConditions on Catalyst Properties
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(a) Table of TMV{templated Pd catalysts prepared under various synthesis
conditions. (b) The Pd particle size and loading density of fibtiplated Pd
catalysts.

First, the sample Group | (N44) in Figure3.7(b) shows that the Pd loading
density per uriimass of ParMV chip increases almost linearly with the increase

in Pd precursor concentration at the same reducer concentration, with nearly
identical particle size (12 nm diameter). This trend indicates that chips with
higher Pd loading density yet dlar particle size may have more Pd particle
coating on each TMV template. Next, both sample Groups HNB50.5 mM
NaPdCl) and Il (N9N12, 0.25 mM NgPdClL) show that smaller Pd
nanoparticles were formed by higher reducer concentration at the same P
precursor concentration. However, the data points for both Groups Il and 1l in
Figure3.7(b) show that the Pd loading density increases and then decreases along
with the increasing reducer concentration. This result indicates that the reducer
concentation has effects on both particle size and loading density, and that the
number of Pd particles on each TMV template varies with metallization
conditions. For example, sample N5 has the particle average diameter of 12 nm,
which is larger than N6 (10 nmHXowever, the Pd loading density of N5 (6.6 pg
Pd/g chip) is lower than that of N6 (10.1 pg Pd/g chip). This indicates that there
are much less yet bigger Pd particles on each TMV for sample N5 compared to
N6. Overall, the size of Pd nanoparticles fodredong TMV biotemplates under

all synthesis conditions studied can be divided into two groupsii@ and 1.4
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nm respectively. In summary, the results in Figur8.7 show that the
concentrations of the Pd precursor and reducer in the simple and nalgstat
synthesis procedure have effech both the Pd nanoparticles size and Pd loading

density of viraltemplated Pd nanocatalysts

3.8. AFM and GISAXS Study of Viraltemplated Pd Nanoparticles

AFM images were acquired using a Dimension 3100 seriean8zp Probe
Microscope (SPM) (Veeco, Woodbury, NY) in tapping mode with 35450

AFM tips (Budget Sensors, Sofia, Bulgaria), and the images were analyzed using
NanoScope softwate Figure3.8 shows the &M images of sample NN12,

which were prepared with various synthesis conditions. Sampldé$4Ndppear

to have similar particle size, while N4 appears to have denser coverage. From
sample N5N8, the Pd particle sizes seem to become smaller. Similzat tse
observed for sample N912. These AFM images provide an initial observation

of the Pd nanopatrticle size difference between sampl@&l2Jiwhich is further

confirmed and determined by GISAXS analysis.

Grazing Incidence Small Angle-Kay Scattering GISAXS) was applied for the
in-depth examination of the particle size under varying synthesis conditions as
well as stability under reaction conditions, as shown in Fig@e 3o further

examination of the average Pd particle diameter, Guinier anaff&f®’ was
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employed. For this, scattering curves were first created by making a horizontal
line-cut of intensity (shown by the red line in the scattering pattern in Figure
3.9(a)). The intensy I(qxy) was then plotted versitse scattering vectar,,. The
scattering curves from several selected samples before and after the dichromate

reduction reaction are shown in Figuré(B).

Figure 3.8. AFM Images of PATMV C hips
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q,y A"

® (o] N1before_12.4 nm, 4.7 pg Pd/g chip
@ N1after_12.4 nm, 4.7 ug Pd/g chip

@ A N3before_11.5 nm, 22.0 pg Pd/g chip
@ A N3after_11.5 nm, 22.0 pg Pd/g chip
® o N6before_10.1 nm, 10.1 pg Pd/g chip
® Né6after_10.1 nm, 10.1 ug Pd/g chip
@ v N8before_3.6 nm, 5.0 pg Pd/g chip
@ N8after_3.6 nm, 5.0 ug Pd/g chip

Figure 3.9. GISAXS Study of TMV -templated PdNanoparticles

(a) Schematic diagram of the GISAXS setup. (b) GISAXS scattering cu(gay) (
vsgxy) of PAT MV s ampl es before reaction and after
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The four downward arrows marked on the scattering curves in FigBfe) 3.
indicate bump locations (a.k.a. Guinier knees), which are inversely proportional to
nanoparticle siZ&% e.g. Guinier knee at lowerygindicates larger particle size.
The exactaverage Pd particle sizes of different samples shown in Figdfe) 3.
were obtained via Guinier analysi$®. Most of the samples exhibit oscillation
features as shown with the small black arrows in Figl@Jg.clearly indicating

the monodisperse nae of the Pd nanoparticf@§'®’,

In addition, the Guinier
knee locations of the PAMV chips before (large dotted curves) and after (small
dotted curves) the dichromate reduction reactions are nearly identical, showing no
shift in g. This clearlyindicates that there is no apparent change in the particle
size or distribution during the reaction. Further Guinier analysis demonstrates
that the Pd particle size remains the same over catalytic reaction for all particle
size cases (Figure b)), further confirming the stability of TMMemplated Pd
nanocatalysts for dichromate reduction reaéffoin summary, results shown in
Figure 39 indicate that: (1) Pd nanoparticle sizes are readily controlled by tuning
the synthesis conditions, (2) Oscillation of scattering curves shows that Pd
nanoparticles on TMV templates are quite monodisperse, gndid3shift in

Guinier knee locations after reaction indicates the stability of fibhaplated Pd

nanoparticles for all the particle size ranges examined.
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3.9. Effect of Synthesis Conditions on the Catalytic Activity

Next, | examined the catalytic activity (based on per unit Pd surface area) over a
wide range of Pd particle sizes and surface loading densities, as shown in Figure
3.10. For this, all the samples shown in Fig8r&(a) were applied as catalysts for

the reactionwith 0.1 mM K,Cr,O; and 100 mM NaCOOH at pH 3, and the
normalized reaction rates per unit Pd surface area (mmblfim)) were plotted

against the particle size (nm) and surface

First, the comparison of the AMYV chip samples with similar Pd loading

density (~5 €g Pd/ g chi p; | ocated along bl
Figure 310(a) and 2D plot of Figure BO(b)) show that Pd nanoparticles with

larger sizeshow higher catalytic activies. This clear trenduggests the size

sensitive property of dichromate reduction by Pd nanocatalysts. This is in line

with previous reports that formic acid oxidation is a struci@esitive reaction

with Pd catalyst®*?®>.  Formic acid elecboxidation on singlerystal Pd is

affected by the crystallographic orientation of the Pd suffacen the active

intermedi ate (Al) pat@@Hy+HdPdEY+ PHCOOH Y P
CO, + 2H" + 2€), the strength oformic acidadsorption on the Pd(111) plane is

stronger than on the Pd(100) pl&feso the oxidation reaction is favorable on

Pd(111) plane. Meanwhile, the relative abamce of Pd(111) crystallographic

planes varies with the particle sie Generally, larger Pd particle size tends to
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havethermodynamicallymorestable structure witkarger Pd(111) to (0) ratio,

thus larger Pd particles with more (111) planes would be more active for the
formic acid oxidation in the Al pathwdy. In contrast,smaller particlehave
certain degree of latticdefect which maypossesdessintact (111) planes. In
addition, higher concentration of reducing agenay lead torapid formation of
small Pd nanoparticlasith amorphous structusewhichresults inlower catalytic
activities The real mechanism of this sidependent behavior needs to be further
explored. Some of the previous TEM observations by my group member Amy K.
Manocchi indicate that 10 nm Pd particles show apparent (ryddallographic
planes. Therefore, the experimental results in Figut8 f&r the Pd catalyzed
dichromate reduction by formic acid reveal size sensitive property, where larger

Pd particle size contributes to higher catalytic activity.

Furthermore, PAMV samples with similar Pd nanopatrticle size (12 nm diameter;
located along the green long dash arrow in 3D plot of Figu&&3. and 2D plot

of Figure 310(c)) show the influence of Pd surface loading density on the
catalytic activity. These clearly inghte that lower Pd loading density on chip
surface leads to higher catalytic activity based on unit Pd surface area.
Conversely, lower catalytic activity (per Pd surface area) from the high Pd
loading density case suggests that not all the Pd surfaas are accessible for

the surface adsorptelma s ed r eacti on. With the same
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chip, the Pd particles are more closely packed on the TMV surface in the higher

Pd loading density case, thus it is likely that some Pd surfaces are embedded

not readily accessible. We also hypothesize that when Pd nanoparticles form on

the TMV templates, more complex structures between the TMV and Pd patrticles

may have formed. The interaction between Pd nanoparticles and the TMV bio

templates may be esg@l to the catalyst activity. When the Pd loading density is

too high, some Pd nanoparticles may over|
sufficient contact with the TMV templates. Therefore, the Pd nanoparticles may

be more readily accessible and uglizwhen sparsely dispersed on the viral

templates. In the future, the influence of TMV biotemplates on the catalytic

activity has to be fully examined and understood.

Overall, results in Figure 3.10 show the combined effect of both Pd particle size
andPd loading density on the chip surface on the catalytic activity (per Pd surface
area) for dichromate reduction. &V chip catalysts with larger Pd particle
size and lower Pd loading density lead to higher catalytic activity per unit Pd
surface area.Pd catalyzed dichromate reduction with formic acid shows- size

dependent behavior in my study.
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Figure 3.10. Catalytic Activity (based on the surface area) vs. Pd
Nanoparticle Size andL oading Density of TMV-templated PdNanocatalysts.

The Reaction conditions: 0.1 mM K2Cr207, 100 mM NaCOOH, pH=3, at 25 °C.
(a) 3D bar chart (b) Initial reaction rate vs. Pd loading density. (c) Initial reaction
rate vs. Pd particle siz&ll data points wer@btained from triple runs of
experiments reactions.

Combined results in Figurés7 and3.10 reveal the relationship between catalyst
synthesisstructure (i.e. size/loadingctivity. Under different synthesis
conditiors (e.g. Pd precursor or reducer centration), the Pd particle size and
loading densitycan be variedleading to the control of catalytic activity. For
example, by utilizing lower concentration of Pd precursor or reducer (e.g. samples
N1 and N9), larger Pd particles sparsely form on TMutdmplates, which
contributes to higher catalytic activity. Meanwhile, samples with almost the same
Pd particle size and loading density appear to have close catalytic activity (e.g.
samples N7, N8, N11, N12). Finally, Pd precursor concentration hasfeag on

the Pd loading density (samples-N%), leading to the apparent difference in the
catalytic activity. Above all, this catalyst synthestsuctureactivity relationship
provides good guidance for the design of efficient Pd nanocatalysts for the

dichromate reduction.
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3.10. Recyclability of Pd -TMV Chips
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Figure 3.11. Recyclability Study of TMV -templated PdNanocatalysts

In order to examine the stability and reusability of-TMV catalysts for
dichromate reduction, the recycle studies for representative samples with various
Pd particle size and loading density (NX) were conducted, as shown in Figure
3.11. For these studies, the reactions were carried out with 0.1 8k0% and

100 mM NaCOOHat pH 3 and 25 °C. Thoroughly rinsed-PdV chips were
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directly utilized for the next reaction cycle after each batch reaction without any
regeneration treatments. Figure 3.11 shows that sampldd7Niave almost
identical conversion rates from fouratgs of reactions, indicating that the Pd

nanoparticles on TMV templates retained most catalytic activity.

Table 3.1 ReactionRate Constant Changes oveRecycling

Sample # N1 N2 N3 N4 N5 N6 N7

Reaction cycle

Cycle 1 0.15 0.16 0.17 0.14 0.17 0.18 0.18
Cycle 2 0.15 0.17 0.18 0.15 0.15 0.17 0.19
Cycle 3 0.15 0.19 0.20 0.15 0.15 0.19 0.19
Cycle 4 0.14 0.18 0.19 0.17 0.16 0.18 0.19
(Kapdmax) 8.6% | 16% 15% 16% 12% 11% 9.1%

Kap{Min))/kepd Max)*1009

As mentioned in Section 3.2Zhe dichromate reduction with viregmplated Pd
nanocatalysts follows pseudo fitder batch reaction kinetits under the
reaction conditions employedThe apparent reaction rate constarg@(lmin'l)
were obtained from the slope of linear regrassad Ln([Cr(VD]/[Cr(VI)o]) vs.
reaction time. Table 3.1 shows that k&, from four reaction cycles of all sample
N1-N7 are very close, with less than 16% differenddese results from Figure
3.11 and Table3.1 indicate that the TMMemplated Pd nanocdyats with
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various Pd particle size and Pd loading density all have good stability and

recyclability for at least up to 4 reaction cycles.

To further examine the changes in chemical states of thetemglated Pd

catalysts over the dichromate reducti@action, XPS was carried out for -Pd

TMV chip catalysts(Sample NIN7) bef or e and after 4 cycl es
shown in Figure8.12. The XPS analysis was performed with XPS ESCA SSX

100 machine at the Center for Nanoscale Systems (CNS) of Harvard University
(Cambridge, MA). Briefly, the chip samples were mounted on an aluminum cup

prior to insertion into the ultrahigh vacuum chambefhe measurement was
performed with an Ay sduide, focnsedto laGdmat i ¢ X
diameter beam for the high resolution spectra. For the individual peak energy

regions, pass energy of 189 across the hemispheres was used.

As shown in Figue 3.12, all the samples (N\L7) before and after reaction appear

to have the characteristic peaks at 335 eV and 341 eV, which corresponds to the
metallic Pd3ds;, and Pd3d, peak. Notably, for samples N3, N4 and N6, there
appears no apparent binding eme shift, thus no significant chemical state
changes after four reaction cycles. For samples N1, N2 and N5, thg,lpda#s

show slight shift to higher binding energy, which implies certain degree of Pd
oxidation after 4 reaction cycles. However, tleeyclability studies in Figure

3.11 show that the PEMV chip catalysts exhibit high catalytic activity after
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reuse for 3 times. These XPS results provide strong chemical evidence for the

stability of PATMV nanocatalysts with various size and loadingparties.
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Figure 3.12. X-ray Photoelectron Spectroscopy
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3.11. Conclusions

In this chapter, | studied the reaction mechanism, kinetics and the synthesis
structureactivity relationship of the viralemplaed palladium nanocatalysts for
dichromate reduction reaction. First, the surfadginated heterogeneous nature

of dichromate reduction via simple chip removal study was studied. This viral
template based Pd nanocatalyst synthesis approach enahlesdatiol of both

Pd nanoparticle size and surface loading density. The catalyst synthesis condition
study indicates that the Pd catalyzed dichromate reduction by formic acid is a size
sensitive reaction, where larger Pd particle size tends to haver lugtedytic
activity (per Pd surface area). Meanwhile, TMdMmplated Pd nanocatalysts with
lower loading density showed higher catalytic efficiency (per Pd surface area).
From these studies, | envision that this simple, controllable and robust approach
for nanocatalyst synthesis could potentially be utilized in other novel catalyst

systems and a wide range of heterogeneous surface reactions.
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4.1. Introduction

While high catalyst loading is desirable in most caeedarge scale industry
application the ability to controthe catalyst loading density and locatiisn

also veryimportant in a number of casesich as tdetter understal reaction
mechanisms or to investigate complex reaction pathways. A prime example
can be found in biocatalysis, where multiple enzymes assembled on solid
substrates can be employed for metabolic pathway optimizafomn®.
Although such controlled assembly strategies have gaimgifisant attention

in the biocatalysis field, facile routes to control the loading of metal or
inorganic catalysts are still lacking. Over the past two decades, catalytic
microreactors have emerged as viable alternatives for such control due to
severaladvantagesncluding continuous operation at smddingth scales in
closed systems, enhanced heat and mass transfer, and reactiétftateyet,

such microreactors suffer from several technical challenges such as particle
clogging, arduous fabrication and packaging procedures, and harsh synthesis

conditions that make the catatytactivity uncontrollable and unpredictable.
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Therefore, there exists a critical need for simple and facile routes to cetrol
catalyst loadinglensityand precise locations of active catalystspecially in

the small scale reactor, such as microrgagystem

(a)
OO O
|

[ l//l I 1 //1 / =

Figure 4.1. Two Facile Approaches for theControl of Pd L oading Density
and L ocation

(b)

(a) Control of Pd catalyst loadindgnsityby changing TMV concentration for
surface assembly. (€ontrol of Pd catalysts locatiama using golepatterned
chip with varying gold surface area.

In Chapter 3, | described the control of catalyst loading density by tuning the

catal yst synthesis conditions (including
corcentration). In this chapter, two facile routes are presented for the control

of both Pd | oading density and specific |o
assembly properties. Specifically, TMV surface assembly is: (1) tunable in that

the surface dengitcan be readily modulated by simply changing the TMV

solutionds concentrati oW arfd@)seleciveid chi p sur
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that TMV bindspreferentiallyonto gold and not onto a variety of other surfaces

including silicon oxidesilicon nitride or silica®®

As shown in the schematic diagrams ofufegt.1(a), tunable surface assemlof

TMV is exploited to control the viral template surface density, leading to tunable
Pd surface loading. The difference in theTMV complexdensity from AFM,

the catalytic activity in dichromate reduction as expressed in terms of apparent
first-order batch reaction rate constants, and the relative Pd amount examined by
XPS all correlate well with each other. In the second rageshown in Figure
4.1(b),a standard photolithographic patterning technique is employed to fabricate
gold-patterned lkips with varying gold surface areas for abesed catalytic
activity control. AFM images clearly show preferential TMV surface assembly
onto gold surfaces but not onto silicon nitride. The catalytic activity (expressed as
first-order rate constants)dim patterned chips with different size of gold areas
correlates well with AFM results, illustratirtge control of lgation where active

Pd catalysts are assembled. Combined these results show two facile routes for
modulating catalytic activity via tunabland selective surface assembly of viral
templates. | envision thathese two approacks exploiting bioengineered
templates and interactions can be readily extended to other biotemplates and
catalytic reaction systems where precise control of catalgdirig and location is

highly desired via various surface patterning schemes and bioengineering tools.
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4.2. Materials and Methods

4.2.1. Materials

The goldpatterned chips utilized were fabricated via standard
photolithograph$?***® which wasgenerously provided by Dr. Xiaolong Luo at
the University of Maryland. Briefly, 500 um thick silicon wafers were coated
with 2000 A silicon nitride film as the insulating layer, followed by deposition of
100 A Cr layer, and then 1000 A goldniilaccording to the desired shape and size
of pattern. As shown in Hige 4.1b), fourtypes of patterned chips (2.4 cm x0.75
cm) were fabricated, containing four sizes of gold area with varying ratios to the
whole chip as 1/2 (2.2 cm x0.41 cm), 1/4 (18 80.375 cm), 1/8 (0.85 cm
x0.265 cm) and 1/16 (0.6 cm x0.188 cm), respectiv€iher materials applied

in this chapter are as described in section 2.2.1.
4.2.2. Methods

For the surface assembly of TMV templates, silicon chips with or without
patternedgold were cut into desired sizes (2.4 cm x0.75 cm) and thoroughly
rinsed by incubating the chips in acetone, isopropanol and methanol, each for 20
min, followed by thorough rinsing with deionized water after each solvent. For
gold-patterned chips, 1 N N&H solution was utilized for complete removal of
photoresist after being rinsed by the three organic solvents above, followed by
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thorough rinsing with deionized water. These chips were then dried under a
stream of ultrapure nitrogen gas and then etcheld plasma (Ernest F. Fullam

Inc., Clifton Park, NY). Immediately after etching, the clean chips were
immersed in TMV solution in phosphate buffer (pH=7) with different
concentrations, 0, 10, 50 and 100 eg/ ml,
chipswith varying gold areas were incubated in the same concentratib@0of

e g/ ml TMV overnight at room temperature.
were thoroughly rinsed with deionized water, dried with dds and stored at

room temperature for furtherdPhanoparticle formation. The formation of Pd
nanoparticles on surfagessembled TMV templates followed the same protocol

as previouslyin section 2.2.2 Briefly, TMV-assembled gold chips were

immersed in freshly prepared mixture of 0.5 mMR@Cl, precusor and 15 mM

NaPHO; for 20 min to synthesize ~10nm diameter Pd nanoparticles on TMV
templates. These chips were cleaned, dried and then stored at room temperature

for catalytic reactions (PA@MV chips).

Dichromate reduction reactionthe rate constamtetermination, the AFM and

XPS characterization of the catalysts asedescribeth section 2.2.
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4.3. Control of Catalyst Loading Density and Reaction Rate by

Tunable TMV Surface Assembly

4.3.1. Characterization of Pd-TMV Complex Surface Density by AFM

As the first route to control Pd nanocatalyst loadingodulate the TMV surface
assembly density by simply varying the concentration as shown umeFL(a).
For this, goldcoated chips were dipped in TMV solutions with varying
concentrations forsurface assembly (Rige 42(a) to (d)), exposed to Pd
precursor with reducing agent Nafhi to form nanoparticles on the surface
assembled TMV templates (kige 42(e) to (h)), then probed via tapping mode

AFM.

First, Figure 4.2 (a) to (d) show a clgamoportional relationship between the
TMV concentration and the surface assembly density. Specifically, there are
about 0, 14, 40, 80 TMVs within 1 fngold area respectively for the case of 0,
10, 50 and 100 pg/ml TMV solution. These results indidagettinable nature of

the TMV surface assembly. In Figure 4.2 (e) to (h), AFM images of chips upon
Pd nanopatrticle formation show that most Pd nanopatrticles are uniformly formed
along TMV templates and very few on the gold surface, indicating that Pd
particles preferentially form on TMV templates. Meanwhile, the number of

tubular PATMV complex remains almost the same as before the Pd particle
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formation, suggesting the stability of TMV templates under the reducing
environment for Pd nanoparticle formationThus, more Pd particles were
obtained at higher TMV surface density. To sum up, results in Figare
illustrate a simple route to control Pd loading by simply changing the

concentration of TMV for surface assembly.

4.3.2. Dichromate Reduction Catalyed by Chips with Different PdTMV

Density

The effect on the reaction rate constants for Cr(VI) reduction from varying the Pd
loading density (Figure 4.2) is shown in Figure 4.3. For this, thR€NPd chips

were immersed in reaction solutions to catalyzehidimate reduction, and the
reaction was monitored by a UV/vis spectrophotometer every minute. The
conversion was calculated from the decrease in the absorbance at 350nm

characteristic of dichromate ion.
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TMYV surface assembly After Pd formation

. ! : 1

(a) 0 pg/mL (e) 0 pg/mL

500 nm

(b) 10 pg/ml () 10 pg/ml

500 mm

(c) 50 pg/ml

500'nm,
—

(d) 100 pg/ml (h) 100 pg/ml

Figure 4.2. AFM Images of TMV Surface Assembly

(ard) on gold chips with varying concentrations of TMV solution and upon Pd
nanoparticles formation {e).

117



(a) 100 + T e

Conversion, %

TMYV Concentration,
—&— 100 pg/ml

® 50 pg/ml
—a— 10 ug/ml
v Opg/ml
T T T T T g T T T
0 5 10 15 20
Reaction time, min
0 4 & i x-x
KX I I
L]
s XXXXXX:"VVVv
@ (] o A-a A 4 A
L] A
-14 ®e
n [}
[ ] ®
- | ®e .
“L‘JT -2— . [ ] ® e
< . .
— H 100 pg/ml . P
— ® 50pg/ml B Y
n A 10 pg/ml ™ L ]
P v 0pgml =
Linear fit of 100 pg/ml n
Linear fit of 50 pg/ml n
Linear fit of 10 pg/ml u n
-4 4 Linear fit of 0 pg/ml ]
[ ]
T T T T T ) T T T
0 5 10 15 20

Reaction time, min

Figure 4.3. Controlled Catalytic Activity of Pd-TMV Chips for Dichromate
Reduction

(a) Cr(VI) conversion catalyzed by chips with different RdV complex density.
(b) Firstorder reaction kinetics analysis for rate constants.

First, conversion curves of representative batches RakfiMV chips prepared
from four different TMV concentrations are shown in ufigg 43(a). The top

curve of with square symbol represents the catalytic performance from the chip
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prepared by 100 pg/ml TMV surface assembly, where Cr(VI) ion was rapidly
convated to neacomplete (99 %) depletion within 20 min. The next curve
shows that PAMV chips prepared from 50 pg/ml TMV had slightly lower final
conversion and lower degradation rate. The final conversions of Cr(VI) catalyzed
by the chip from 10 pg/ml TM and the chip without TMV were even smaller
after 20 min reaction time, only about 57 % and 38 %, respectively. This clear
difference in both the conversion rate and final conversion strongly indicate the
control over catalyst loading via simple tuninfjtbe TMV template assembly

density.

Next to gain further quantitative understanding of the reaction rate, a plot between

Ln(C/Cy) and reaction time was made, as shown imfeégt3(b). The slope from

linear regression represents the rate constantritofider batch reaction kinetics.

From top to bottom, the rate constants are 0.2P4, .04 and 0.02 mihin
sequence, indicating that the reaction rat
catalyst loading. In other words, by increasing the dgmdiPdTMV complex

density, the rate constant increases accordingly; this linear trend is plotted again

for further quantitative comparison in kg 4.3. Importantly,this 1 ml batch

reaction system followed firgirder batch reaction kinetics in dtlet cases studied

as indicated by consistently higli ®alues in the Ln(C/g) plot. In addition, there

was no apparent mass transfer limitation as stirring speeds higher than 600 rpm
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yielded same conversion rates (data not shown). In summary, the catalyti
conversion rate shown in kige 43 correlates well with the apparent catalyst
loading shown in Figre 42, and supportsny first simple route to control the

catalyst loading by simply tuning the viral template surface density.

4.3.3. X-ray Photoelectro n Spectroscopy Analysis

As shown in Figre4.4, XPS was then employed to obtain chemical evidence and
quantitative correlation between tlreaction rate constanfFigure 4.3 and
relative Pd loadingFigure 44(a) shows XPS spectra in the range of 362-82
binding energy (BE) for the POMV chips prepared from different
concentrations of TMV for surface assembly. Spectrum (I) at the top is from Pd
chips without TMV templates, showing two typical Au 4d3/2 and Au 4d5/2 peaks
with 352.61 and 334.47 eV Bleespectively. No peaks representing either
metallic Pd or oxidized PdO were observed here, indicating negligible amount of
Pd. Next, the other three spectra (1) (lll) (IV) from the PdV chips prepared

from three different TMV concentrations clearlyoghseveral features. First, all

the three spectra display clear Pd 3d core level features (including Pd3d3/2 and
Pd3d5/2), especially Pd3d3/2 peak at about 341 eV BE, confirming substantial
presence of Pd substance on the surface for all the cases.d Sewuolear from

these three spectra that as the original TMV concentration increases from samples
(1) to (IV), the Au4d3/2 peak intensity decreases and the intensity of Pd3d3/2
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peak increases simultaneously. Finally, the position of the overlapeaks p

rising from Au4d5/2 and Pd3d5/2 shifts towards higher BE direction (the position

of Pd3d5/2 peak) as the original TMV concentration increases from the samples

(I to (IV). These clear features strongly indicate:surfaceassembled TMV

provides predrential templating sites for Pd nanoparticle formation since the XPS

spectra show negligible Pd amount in the absence of TMV and substantial amount

of Pd in the presence of TMVk t he fAapparento Pd | oading s
images in Figre 4.2correlates wik with the actual surface coverage acquired via

XPS, and the relative catalytic activity shown Figure 4.3correlates well with

the actual surface loading of Pd as seen via XPS.

In Figure 4.4(b), to further examine quantitative relationship amongaimples,

a nonlinear least square fitting program was utilized to calculate relative Pd to
Au amount from Pd/(Pd+Au), which was plotted against the number of TMVs per
unit area (square micrometer) in along with the rate constants. First, the top line
(with square symbol, Pd/(Pd+Au),% vs. TMV #) clearly shows that there is a
linear relationship between Pd percentage from XPS and the apparent TMV
surface density from AFM. Second, the bottom line (with circle symbol, k! min
vs. TMV #) shows similar linear relationship between the-brser rate constant

(average value from 3 batches) for Cr(VI) reduction and the TMV surface density
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as well. Also, high Rvalues from the linear regression for both lines further

illustratethat any two of these three parameters follow the linear relationship well.
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Figure 4.4. High Resolution XPSSpectra from Pd-TMV Chips Prepared
with Different TMV Concentrations

(a) High resolution XPSpectra from PA'MV chips prepared by different
concentrations of TMV for surface assembly (I) no TMV (1) 10 pg/ml (1) 50
pg/ml (IV) 100 pg/ml (b) Correlation between TMV surface density, real Pd
amount from XPS and firgirder rate constants in catatyreaction.
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In summary, the XPS analys{figure 4.4(a)) and the subsequent quantitative
analyses(Figure 44(b)) provide strong evidences for the difference in the Pd
loading, which correlates well with the apparentThV complexes density
(AFM, Figure 42) and the conversion rate for dichromate reduction reaction
(Figure 43). Thus, these results demonstitatfirst route to control the catalytic
activity, or more specifically catalyst loading expressed via-érder rate

constants, by simplyhing the TMV template concentration for surface assembly.

4.4. Control of Catalyst Location and Reaction Rate by Selective

TMV Surface Assembly

4.4.1. Selective Assembly of TMV on Gold-patterned Chips

The second route exploits goefshtterned silicon d@ps to control the catalyst
loading based on gold surface area for viral template assembly, as shown in
Figure 45. Specifically, different sizes of gold patterns were fabricated onto
silicon wafers via standard photolithography and cut into individugiscko
provide varying gold surface areas. These microfabricated chips were then
i mmersed in 100 eg/ ml TMV solution f
solution for nanoparticle formation, as shown schematically iurgigtl(b).

Upon thorough rinag, the surfacassembled TMV and PEMV complexes on

gold and silicon nitride areas were examined by AFM.
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TMYV surface assembly After Pd formation
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Figure 4.5. Selective TMV Surface Assembly and Pd Nanoparticled¥mation

(a) Photograph of fabricated gepétterned silicon chips with varying gold
surface areas. (b) Tapping mode AFM images showing selective surface
assembly of TMV on golghatterned chips: on (I) gold surface, (I1) (111) silicon

nitride surface.
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First, the photograph in Figure 4.5 (a) shows microfabricated chips with
decreasing areas of gold patterns from left to right, where the ratios between gold
area and the whole chip area are 1/2, 1/4, 1/8 and 1/16, respectively. Gold area
clearly shows bright yellovzolor while the silicon nitride appears dark purple
color. Next, Figure 4.5(b) marks three representative positions on the chip for
AFM examination (red circles) and the corresponding AFM images before and
after Pd nanoparticle formation. The AFM imagk position (I) upon TMV
assembly clearly shows dense and consistent TMV coverage throughout the gold

area.

Furthermore, the AFM image on the right shows that TMVs retain the shape and
overall surface density upon Pd nanoparticle formation, and thaarBcdgs form
preferentially along TMV, consistent with the previous results. Meanwhile, much
less TMV was observed on the silicon nitride area (both positions (ll) and (lll)),
clearly indicating preferential assembly onto the gold surface. Moreover, AFM
images of position (II) and (Ill) upon Pd particle formation on the right show
negligible amount of Pd present on the silicon nitride surfaces. These images
further illustrate preferential Pd nanoparticle formation on TMV templates.
Overall, this cleadifference in the TMV and R@MV complexes surface density

between gold and silicon nitride surfaces demonstrates a potentially simple route
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for modulating the Pd nanocatalyst loading based on standard photolithegraphy

based patterning.

4.4.2. Dichromate R eduction Catalyzed by Gold-patterned Chips

As shown in Figre 46, | carried out dichromate reduction catalyzed doyd-

patterned chips with PIMV complexes assembled on the gold area.

First, Figure 4.6(a) shows representative conversion rates fol)@gduction
reaction from patterned POMV chips with the full size, 1/2,1/4, 1/8, and 1/16 of
gold area and the silicon nitride chip without any gold area (negative control),
from top to bottom. Apparently, when the gold area decreased, both final
convasion and degradation rate of Cr(VI) ion decreased as expected. The final
conversion after 20 min drops from about 99 % for the full size case to only 27 %
for 1/16 size case. In addition, silicon nitride chip without any gold area showed
finalconversim of 6 % after 20 min, which is
case shown in section 2.3. Hence, this clear tendency of conversion among chips
with varying gold surface areas illustrates the potential for controlling catalyst
loading via routine pholithographic patterning in a spatially selective manner.
Moreover, a plot of Ln(C/g} vs. reaction time in Figure 4.6(b) clearly shows that

all the cases follow firsbrder batch reaction kinetics without apparent mass

transfer limitation. The rate cetants obtained from the linear regression are 0.25,
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0.12, 0.06, 0.8, 0.8, 0.002 mift in sequence from the full size gold chip to the
silicon nitride chip without gold, apparently scaling well with the relative surface
areas. Hence, this clear difface in the rate constant among these samples

further illustrates that the conversion rate correlates well the gold surface area.

Finally, these rate constants from at least triplicate experiments are plotted against
the gold surface area in Figure 4.6(cLClearly, there is a linear relationship
between the average rate constant and the area, since most Pd nanoparticles are
preferentially formed on TMV templates, which are preferentially assembled on
the gold surfaces as shown in Figure 4.5. More imptbytathis study clearly
demonstrates the spatial control of catalysts; that is, one can control the precise
location of the catalysts via surface assembly of viral nanotemplates on patterned

substrates followed by preferential nanocatalyst formation ovitthleiemplates.
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Figure 4.6. Dichromate Reduction Catalyzed byGold-patterned Chips

(a) Cr{VI) conversion catalyzed by patterned chips with varying gold surface area.
(b) Firstorder kinetics analysis for rate constant analysis. (c) Correlation between
gold surface area and firetder rate constant.
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4.5. Conclusions

In this chapterl examnedtwo simple routes to modulate the nanostructured Pd
catalyst | oading for dichromate reduction
and selective surface assembly on gold surfaces. In the first route, by simply
varying TMV solution concentration, theurface density of TMV and the total
amount of Pd loading were modulated. The Hinster rate constant for
dichromate reduction was linearly proportional to the corresponding TMV surface
density from AFM images and the Pd loading from XPS analysis, d#mating

the feasibility of controlling Pd catalyst loading via tunable TMV surface
assembly. In the second route, by exploiting routine photolithographic patterning,
the total amount of TMV and thus Pd loading were controlled via selective TMV
assembly nto gold surfaces. The rate constants showed linearly proportional
relationship to the gold surface area, showing an alternative route for the location

control of active Pd catalysts.

| believe that the facile routes presented in thaptercan be exnded to the
catalytic activity control of other metal nanocatalysts synthesized based on other
preferential templates. Specifically, unique chemical or biological properties that
are inherent or engineered to biologically derived materials could bessatht®
provide not only templating sites but also novel routes to pattern, manipulate or

control the capacity and/or location of catalytically active nanoparticles.
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Furthermore, whild employed golepatterned chips with large dimensions (in
millimeters range) fabricated via standard photolithography in this study,
patterned assembly of biotemplates at-ltavsubmicrometer scale can be readily
achieved by a wide variety of simple and economically viable patterning
techniques and reaction schemes, incdgdsoftlithography of seHassembled

monolayers (SAM}*# direct printing technique¥®, inkjet printing®>?!’ and

nanolithographic techniqué&***°

on practically any kind of surfaces as common

as glass slides. Finally, while the current study enlisted a simple dichromate
reduction as a prafg reaction under mild agueous environmérgnvision that

such simple and tunable routes could find applications in a wide range of areas

including catalytic microreactors with tunable catalyst capacity for complex

chemical synthesis involving multipteaction steps.
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5.1. Introduction

In Chapter 2,3, 4, the TMV template Pd nanocatalysts in chip formatre
applied for inorganic reaction (dichromate reduction) successfully. In this chapter,

| aim at exploring the potential applioati of this novel catalyst foorganic
reaction. By far,Here has been no endeavor to harness catalytic activities of such
attractive materials for organic synthesis reactions of vatisded chemicals and
small molecule drugs in order to exploit the unique advantages that these potent

nanotubular templates offer.

The Pdcatalyzed SuzukMiyaura reactiofirepresents one of the most important
routes to synthesize bidrcompounds through the cressupling of aryl halides

with aryl boronic acids, as shown in the general scheme of Figure 5.1(a). These
reactions are typically carried out with phosphio@sed or phosphireee

homogeneous Pd catalySt$2?%

in organic solvents. In the past few years, a
number of ligandree heterogeneous Pd catalysts on various supports have
emerge@*’**?%.  While offering simpler catalyst recovery, these ligdrek

heterogeneous systems face a number of complications including the need to
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employ surfactants in aqueous solufféf or microwavé? to assist phase transfer.
Despite the improved conversion and yield, such additives also present obstacles,
such as product contamination, more arduous downstream purification, and

increased cost.

In this chapter, | thoroughly examine catalysis of Suzgkipling reactions by
nanostructured Pd nanoparticles templated on TMV, as shown in Figure 5.1(b).
The synthesis method of this catalyst is the same as described in section 2.2.2.
These chipsife. PATMV chips) were then simply immersed in the reaction
mixtures, containing the reactants in various ratios of acetonitrile/water mixtures,
in well-sealed vials to carry out the Suzuki reactions, and the catalytic reactivity
was then analyzed bifigh-Performance Liquid Chromatograp(PLC). The
results showigh selectivity and facile product separation with high water content
and complete conversion under mild conditions. Additionally, these catalysts
exhibit consistent stability throughout reaction and sample analysis using AFM
and GISAXS, as well as sirg catalyst recovery and reusability rising from
surfaceassembled chip format. Combined these results demonstrate the facile
fabrication of nanostructured viratetal catalytic systems for ligaficke Suzuki
coupling reactions. | believe that this vitamplated bottorup assembly

approach can be readily applied to a wide range of organic synthesis reactions and
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other noble metal or alloy catalysts where facile catalyst recovery, product

separation, and mild reaction conditions are desired.

(a)
. Pd-TMYV chip (w/ Pd 0.15 mol%)
(i) ArX + B(OH), » Ar
Base, 5 ml CH;CN/H0
0.05 mmol  0.05 mmol-0.15 mmol T=50°C
(X:halogen)

55
CHy cM

(ii) Qsmn)z + IOO -

fe07c
Na,PdCl, N| P
£ X -
Pd formation |
TMV assembled TMV templated
gold chip Pd nanocatalyst
(09 5(i) s :

Figure 5.1. Pd-TMV Nanocatalyst Catalyzed Suzuki Raction

(a) Scheme of Suzuki cresend homecoupling reactions catalyzed by
nanostructure RIMV complex. (b) Diagram of TMV templated Pd catalyst and
simple reation setup. (c) AFM images of TMV assembled gold chip (i) and Pd
formation on assembled TMV (ii)

133



5.2. Materials and Methods

5.2.1.Materials

lodoanisole (IA) (>98%), bromoanisole (99%), chloroanisole (99%), iodophenol
(>98%), iodobenzene (>98%;methoxybiphenyl (dMB) (98%), and sodium
carbonate (N#Os) were purchases from Alfa Aesar (Ward Hill, MA) and used
without further purification. Phenylboronic acid (PBA) (>95%), bromobeazen

(99%), biphenyl (BP) (99.5%).
5.2.2. Synthesis of TMVtemplated PdCatalysts

The PdATMV catalyst chips were prepared as previously describesection
2.2.2 with minor modifications. Briefly, clean gold chips were immersed in
TMV1cys solution (200 pug/ml) for surface assembly that yielded highly dense
and consistat surface loading. These TMassembled chips were then exposed
to 5 mM NaPdCl, precursor solution containing 15 mM Naf} reducer for 20
min, which provided reproducible formation of about 13 nm Pd nanoparticles
along the TMV tube$® These ParMV chips were then thoroughly rinsed with

deionized water, dried, and stored for the reaction studies.
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5.2.3.Suzuki ReactionStudies

The Suzuki reactions between iodoanisole (IA) and phenylboronic acid (PBA)
were catalyzed by gzrepared PAMV chips. Forthis, various amounts of IA,
PBA and NaCO; were dissolved in 5 ml acetonitrile/water (§ZN/H,O) solvent.
After the reaction mixture was heated to 50 °C, ond ¥ chip was added to

start the reaction with stirring at 600 rpm for 24 hours.

To study tle solvent effect, 0.05 mmol 1A (1®@M), 0.05mmol PBA (10mM)

and 0.15mmol N&CQOs; (30 mM) were dissolved in &1l CHz;CN/H,O mixture

with different volume ratio of 3:1, 3:2, 1:1 and 2:3. For the reactant ratio study,
concentration ratios of IA: PBA: N@O; (mM: mM: mM) were varied as
10:10:30, 10:15:30, 10:20:30, 10:30:30, 10:20:40, and 10:30:60 all in an
CH3CN/H,0 (2:3) mixture. Reusability studies of H#MV chips were carried

out by taking the chips out of the completed reaction mixture, rinsing with
deionized water, drying, and then immersing in a fresh reaction mixture for three
more reaction cycles without further treatments or activation steps. Suzuki
reactions between phenylboronic acid and otlayl halides, including
bromoanisole, chloroanisole, iodophenol, iodobenzene, bromobenzene, were

carried out under various reaction conditions, as described in 3.8ble
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5.2.4.High-Performance Liquid Chromatography (HPLC) Analysis

The reactants and products in the Suzuki reaction mixture were analyzed by
HPLC (Waters LC module 1 plus, Milford, MA) equipped with a UV detector at
254 nm. A reverseghase Novda k C18 col umn ( Waters,
was used with an acetonitriedter (60:40, v/v) mixture as the eluent at a flow

rate of 1 ml/min.

Calibration curves, for determining the concentration of all reactants and products,
were constructed by plotting the peak area versus the concentration of all standard
compounds. Theolutions were diluted 4 or 8 times to be within the range of
calibration curves. The product yields at each time point were calculated based
on the original concentration of the aryl halides. For example, -M8 4ield

was calculated by EquatioB.{).

Yield, 0= LMethoybienyl, , ;) Equation(5.1)
[iodoanisok],

5.2.5.Catalyst Characterization

The catalyst was characterized Apmic Force Microscopy (AFMand Grazing

Incidence Small Angle Xay Scattering (GISAXS)as described in section 2.2.4.
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5.3. Effect of Solvent Ratio on Reaction Selectivity

In Figure 5.2, lexamine the effect of the solvent ratio between acetonitrile and
water (CHCN/H,0) on the selectivity of the Suzuki coupling reaction catalyzed
by PATMV chips. For thisasprepared PAMV chipswere applied as catalysts
for reactions with 10 mM phenylboronic acid, 10 mM iodoanisole, 30 mM
sodium carbonate at 50 °C in we#aled vials Thereactants and productgere

analyzedvia HPLC.

First, Figure 5.2(a) shows that the §€HN/H,O ratiois critical to the competition

of crosscoupling against the hommupling pathway. Specifically, higher water
content (.e. CH3sCN/H,0=2:3) is beneficial for the production of crassupling
product 4methoxybiphenyl (4VB), and suppresses the productioh homo
coupling product biphenyl (BP). When the §HN/H,O ratio was changed from

3:1 to 2:3, the yield of MB increased from 23.3% to 66.9%, while the yield of

BP decreased from 20.1% to 14.4% under the reaction conditions studied. This
trend clearlyshows that water facilitates the crassipling pathway while
providing mild reaction conditions with less organic solvent. In addition, higher
or lower water content, beyond the range shown in Figure 5.2(a), did not provide

adequate solubility of N&O; or iodoanisole at 50 °C.
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Figure 5.2. The Effect of Solvent Ratio on Reaction Selectivity and Surface
Characterization by AFM

Reaction condition: iodoanisole 10 mM, phenylboronic acid 10 mM, sodium
carbaate 30 mM, 5 ml CECN/H,O mixture, temperature 5. (a) The effect
of solvent CHCN/H,O volume ratio on reaction selectivity. (b) Products
precipitation at room temperaturéc) AFM images of PAMV chip after
reaction in CHCN/H,O mixed solvent wittvolume ratio of 3:2 (i) and 2:3 (ii)
To further verify the effect of solvent ratio (@EN/H,O) on the coupling
reaction selectivity, another boronic acid compounenethoxyphenylboronic
acid (10 mM), was examined as an alternative reactant to timglpbeonic acid

for the Suzuki coupling reaction in the presence of iodobenzene (10 mM) and one
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PdTMV chip. As shown in Table 5.1, the reactions were carried out under two
different solventconditions with identical reaction time and temperature. In
CHsCN:H,0=3:2, the final yields of 4nethoxybiphenyl (crossoupling) and

4 |, -dirbethoxyl , -Giphenyl (homecoupling) are 32.7% and 10.8%,
respectively. When the GBN/H,O ratio was changed to 2:3, the yield of cross
coupling product increased to 51.2%, lghthe homecoupling product yield
decreased to 8.2% under the same reaction conditions. This clear difference in
the reaction selectivity under different solvent ratios is consistent with the one
with phenylboronic acid, and shows that higher water cdneads to higher
selectivity towards the crosoupling pathway. Therefore, the selectivity from

the solvent effect appears to be general and not limited to phenylboronic acid.

Table 5.1 SolventRatio Effect on Selectivity of Coupling Reaction

Yield of .
Reactants ratio (mM) Yield of
crosscoupling homa-coupling produd
Entry| ICeH5 : Solvent product piing p
CH;0OCH4B(OH);, :
NaCO, (Cats -y
CeH,OCH), % CeH.OCH), %
1 10:10:30 CH;CN:H,0=3:Z 32.7 10.8
2 10:10:30 CH;CN:H,0=2:3 51.2 8.2

Reaction time:24hReaction temperature:50 °C; Stirring speed: 600 rpm
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To further confirm the effect of water content on the hamopling pathway,
reactions with only phenylboronic acid in the absence of iodoanisole were also
carried out under two types of solvent mixtu(€$;CN/H,0=2:3 and 3:2). As
shown in Table 5.2, the yield of biphenyl decreased from 31.1% to 16.8% when
the CHCN/H,O solvent ratio changed from 3:2 to 2:3. Apparently, in this case,
higher water content in the solvent mixture also inhibited the hampling
pathway even in the absence of the other reactant iodoanisole, which is consistent

with the trend found in the presence of iodoanisole (Figure 5.2(a)).

Table 5.2 SolventRatio Effect on Homo-coupling Reaction

Reactants ratio (Mm) Yield of
Entry Solvent
CeHsB(OH), : Na,CO;4 homao-coupling product (gHs-CgHs), %
1 10:30 CH3;CN/H,0=3:2 31.1
2 10:30 CH3;CN/H,0=2:3 16.8

Reaction time: 24h; Reaction temperature: 50 °C; Stirring speed: 600 rpm.

Therehasbeen limited number of studies with contradictory conclusions on the
effect of water on the selectivity of Suzuki reactiéff? Theresults inFigure 52

(a) and table 5.1 and 5ghowthat aCH3;CN/H,O mixture with the appropriate
ratio is crucial in directing crossvs. homecoupling pathways, leading to
efficient selectivity control. kdepth studies on the mechanism of this striking

effect of water content on the selectivity are currentigierway.
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Importantly, no catalytic conversion was observed for several negative controls
(e.g. no chip, gold chip and TM&ssembled gold chip) examined under the same
reaction conditions (0% conversion for allThis clear difference in conversion
demamstrates the catalytic activity of TMi¥émplated palladium nanopatrticles in

the Suzuki coupling reaction.

Next, the photograph of Fige 52(b) shows that both-MB and BP products

were precipitated as white flocculates while cooling the reaction misdu@om
temperature due to their relatively low solubility in §&HN/H,O (2:3) mixture.

The products can thus be separated by centrifuge or sedimentation upon
completion of the reaction, highlighting an additional advantage of the high water
content condion enlisted here. Importantly, this result illustrates the facile and
robust nature othis chip-based catalyst format that enables the simple separation
of both catalysts and products upon reactions without additional steps such as

centrifugation or ftration, as compared to homogeneous Pd catdly&ts.

Next, to qualitatively evaluate the surface morphology and stability ©fNPd

chip under the conditions employed, theips were simply taken out of the
reaction mixture and analyzed by AFM, as shown iufé®.2(c). Compared to

the AFM image of the RIMV chip before the catalytic reaction (kige 51(c)

(i), chips after the reaction in various gEN/H,O ratios (Figire 52(c)) show

no apparent changes in the Pd loading density or particle size. This preliminary
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examination indicates that the surfaassembled RTMV complexes were stable
under the range of reaction conditions studied. Combined, the resultsune Fig
5.2 show clear reactivity and selectivity, stability of the nanostructuredNPd
catalyst chips, along with facile catalysts and products separation for the Suzuki

coupling reaction.

5.4. Surface Characterization by GISAXS

As shown in Figre 5.3, | nex employed grazing incidence small angleray

scattering (GISAXS) to further examine the stability of MV chips in the

Suzuki reaction. First, the schematic diagram olufggh3(a) shows a typical

GISAXS setup where the incidentrdy strikes the staice of the PAIMV chip

and the scattered rays are recorded at low angles (less than 2°) on a 2D CCD

detector’®® Figure 53(b) shows scattering images of various samples as a
function of the scattering angnhnthes 2d i n t
vertical direction. First, the TMV1lcyassembled gold chip (i) shows strong
scattering inthe owtf-p| ane direction (at 2d=0), char a
TMV. Second, the RIMV chips before (i) and after (iii and iv) reactions all

show nearly identical isotropic scattering, rising from abundant spherical Pd

particles. This result clearly indicates that most Pd particles ardM®d

complexes were ®ll-preserved after completion of the Suzuki reactions under

different solvent ratios (C4€N/H,0=2:3 and 3:2) at 50 °C.
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3186187 yas employed to further examine the average Pd

Next, a Guinier analysi
particle diameters. For this, scattering curves were first created by making a
horizontal linecut of intensity (shown by the red line in Figure 5.3(p) and
plotting intendty vs. the scattering vector,,q The table in Figure 5.3(c) shows
that the average Pd particle diameter did not change significantly under all the

reaction conditions examined, with slight variations rising from different My

chips for theexsitu GISAXS analysis.
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Figure 5.3. Pd Particle Size Distribution of Pd-TMV Catalyst Examined by
GISAXS

(a) Schematic diagram of GISAXS. (b) Scattering patterns of -gdM chip (i),
PdTMV chip before reactiolGii), Pd-TMV after reaction in CBCN/H,O solvent
with ratio of 2:3 (iii) and 3:2 (iv) (c) Summary of average Pd particle size on Pd
TMV chip before and after reactiofd) Pd particle size distribution of PEMV
chips before and after reactionsaXisrepresents normalized number density of
Pd nanoparticles n(R)
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Finally, normalized particle volume distributions of-PMYV chips before and
after reactions under different reaction conditions were examined by simulating
size distributions from the scatfitey curves using Irena software. The Irena
software utilizes the Maximum Entropy Method (MEM) with a 15% error
allowance to simulate particle size distributidffs.As shown in Figre 53(d),

the aveage Pd patrticle size remained nearly identical upon completion of the
reactions in all three solvent ratios examined, which further confirms the results in
Figure 53(c) acquired from Guiniesinalysis While the particle size distribution

for all three smples appears to broaden upon reactionpte that theexsitu
GISAXS measurements without direct comparison to the sameg@cgon chips

may not provide reliable means to examine the change in particle size distribution.
The reaction mechanism of tfszuki reaction is generally considered to occur
by a small number of molecular Pd species that leach out into the bulk solution,
which then redeposit rapidly onto suppof8. Theseconsistent particle size
retention results in Fige 53 show no apparent disappearance of the original
particles or increase of larger size particles (through Ostwald ripening) that may

lead to different size distributions and larger average particle sizes.

5.5. Batch Reaction Profile

Figure 54 shows theeactants conversion and products yield curves at 50 °C. For
this, Suzuki reaction of 10 mM iodoanisol with 15 mM phenylboronic acid was
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carried out in the presence of-FPMV chips in 5 ml CHCN/H,O (2:3) mixture
for 24 hours. Samples were taken at ¢ertaervals and analyzed with HPLC as

described above.

15 -
—e— phenylboronic acid
—O— iodoanisole
= 12 4 —¥— 4d-methoxybiphenyl
E —&— biphenyl
=
o 9 -
= v
©
| -
€ 6|
(43}
o
o
O 3]
—IE%
D o

0 4 8 12 16 20 24
Reaction time, h

Figure 5.4. Concentration of Reactants andProducts vs. Reaction Tme

Reaction condition: iodoanisole 10 mM, phenylboronic acid 15 mM, sodium
carborate 30 mM, 5 ml CECN/H,O mixture solvent with ratio of 2:3,
tempeature 50 °C

The concentration of both reactants (iodoanisole and phenylboronic acid)
decreased rapidly in the first 2 hours, and then decreased slowly until the end of
the reaction. Meanwlle, the target product-MB started forming rapidly in the

first 0.5 hours and kept increasing steadily until tAddur. After 5 hours, the-4

MB concentration reached t he maxi mum valu
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significantly until the end of the retion. A similar trend was observed for the

formation of BP. The curves show that the majority of both produdi$B4nd

BP) were formed within the first 5 hours, which is sufficient for reanplete

conversion of IA at 50 °C. In addition, thereantiot i me di dnodt affect t
selectivity. Meanwhile, further #depth Inductively Coupled Plasma Optical

Emission Spectrometry (ICBES) experiments revealed the total Pd amount per

chip to be 8.3 pg, which leads to the Pd catalyst ratio of 0.15 rbalééd on
iodoanisole (0.05 mmol per bat ch) . Furth
within the first 5 hours was determined t

amount of Pd employed for each batch reaction

Meanwhile, Suzuki reactions at lower reaonttemperatures (25 and 40 °C) were
also examined and yielded much slower reaction rates (data not shown).
Therefore, a moderately high temperature clearly facilitated thd MRd

catalyzed Suzuki reaction.

5.6. Effect of Reactant Ratio on the Reaction Conversion

To further investigate the effect of reactant ratio (iodoanisole (IA):phenylboronic
acid (PBA):base) on the product yields,carried out Suzuki reactions with
different reactant concentrations in §HN/H,O (2:3) mixture, as shown in

Figure 55.
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| first studied the influence of PBA amount on the product yields by keeping IA
and base concentration constant (Entrieg.1In Entry 1,equivalent amount of
two reactants 1A and PBA (both 10 mM) resulted in only 68.6% vyield-\dB4
WhenPBA concentration was increased from 10 mbl20 mM from Entry 1 to 3,
both 4methoxybiphenyl (4MB) and biphenyl (BP) vyields increased
simultaneously. Entry 3 shows that tfadd higher concentration of PSB than 1A
leads to 100% vyield of-MB and 29.6% of BP. Msnwhile, further addition of
PBA up to 30 mM (Entry 4) didndot have
conversion or selectivity. The mass balance analysis based on HPLC
quantification indicated that all BP was formed from the h@wmapling of PBA.
These results indicate that more PBA content than IA is needed to complete the
crosscoupling reaction, since a certain amount of PBA follows the homo

coupling pathway catalyzed by B#?* or Au*?®as previously reported.
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Figure 5.5. Effect of ReactantsRatios onProduct Yields

Reactions were carried out with-Fd1V chips at solvent ratio of
CH3CN/H,0=2:3 and temperature 50 °C.

Next, the effect of base (MaOs) amount was investigated (Entries 5 and 6).
Compared to Entry 3, 33% higher base concentration (Entry 5) yielded similar
final product amounts. A twinld higher base amount (Entry 6, 6M) yielded

8% more byproduct (BP) than Entry 4, showingjatively lower reaction
selectivity. It is well known that base could activate phenylboronic acid in the
Suzuki coupling reactigff® the results shown here indicate that excess base may
lead tomore homecouplingbyproducts while certain amount of base is required
to complete the crossoupling reaction. Overall, the results in Giig 55
demonstrate thatrpper reactant ratio plays an important role on both reaction

conversion and selectivity.
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5.7. Reusability of Pd -TMV Catalysts

As shown in Figre 56, | further conducted recycle reaction studies to examine
the reusability othesePdTMV catalysts basedn the clear stability shown via
GISAXS in Figure 5.3. For this, PATMV chips were thoroughly rinsed with
deionized water and applied to three more batch reaction cycles without any
regeneration treatments. The reactions were carried out in the optimize
conditions as described above, with 10 mM IA, 20 mM PBA and 30 mM base in
CH3CN/H,0O (2:3) solvent at 50 °C for 24 h. The results inuFég56 show a

small decrease in the catalytic activity of-PeIV chip in the second cycle: the
yield of 4MB decrease from 100% (first run) to 91.7% (second run) and BP
decreased from 29.6% to 28.8%. However, the third and fourth batches did not
show a further decrease in activity, as shown in the fourth reuse of catalysts: the
yield of 4MB was maintained at 91.4%. h&se results are consistent witly
findings in the dichromate reduction reactfSf£*® and clearly demonstrate the
stability and reusability of RIMV catalysts for the Suzuki reaction under the
conditions studied. More importantly, the surfaassembled TMMemplated
format enables the significantly simpler recovery and repeated use of the catalysts
(i.e. mechanical removal of the chip from the reaction mixture) with minimal loss

of catalytic activity wihout arduous separation and/or regeneration procedures.
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Figure 5.6. RecyclingTest of PATMV Chip Catalyzed SuzukiReaction of
|l odoanisole vith Phenylboronic Acid

5.8. Catalytic Suzuki Reaction of Other Aryl Halides with

Phenylboronic Acid

Finally, 1 further examined the conversion and selectivity of theTWW
catalyzed Suzuki reaction for a range of aryl halides as summarized in5Table
Entries 1 and 2 show that HMV catalysts are active for theasscoupling of
PBA with bromoanisole, but not chloroanisole. This result is consistent with
previous reports, where the relative croesipling reactivity decreased in the

order of | > Br >> CI*®® Next, Entries 3 show the Suzuki retion of 4
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iodophenol with PBA, where the solvent ratio also played a significant role on the
reactivity. Higher water content (Entry 3 vs. 4) produced more of the-cross
coupling product 4henylphenol (80%) and less biphenyl (14%), which is
consistent wi the trend shown in Fige 5.2 for iodoanisole. Contrary to other

reports?*

iodophenol is only slightly soluble in water, thus no product was
observed in aqueous solution (Entry 6). Meanwhile, the commoséd u
dimethylacetamide (DMA)/water (1:1) mixtdfé? (Entry 5) did not vyield
significant conversion for this catalytic reaction. Next, Suzuki reactions using
benzene halides were also studidéht(fies 7 and 8). The reaction with
iodobenzene (Entry 7) led to 133.7% vyield (vs. initial iodobenzene) of biphenyl,
most likely from both the crossoupling (between iodobenzene and PBA) and the
homacoupling reactions (between two moles of PBA). Thactien with

bromobenzene in Entry 8 showed a much lower conversion, as expected from the

lower reactivity of bromides.

Considering the unoptimized reaction conditions for each reactant case shown in
Table 5.3, higher product yields could be expected dpdher examination of
parameters (e.g. solvent ratio, base addition amount, reactants ratio). Overall,
these studies show that these T&vnplated Pd catalysts are active with several
different reactants examined, further confirming the general catagtivity for

Suzuki coupling reactions.
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Table 5.3.Pd-TMV Chip Catalyzed SuzukiReaction of Aryl Halides with

Phenylboronic Acid

o Pd-TMV chip, Base
ArX + \ / B(OH); ——————————————= Ar —+ (X:halogen)
50°C

Concentration (mM) Yield of Yield of

a
Entry ArX Solvent Base ATX: CoH:B(OH)y: Base  Ar-CgHs, % CoHs-CeHe, %
4- g A .

1 Brcsioch,  CHONH023  NeCos 10:30:60 308 299
2 4CCHOCH, CHONH0-23  NaCO, 103060 0 109
3 41C,H,OH CHONH,0=13  NaCO, 102030 800° 140
4 41CH,OH CH.CNH,0=23  Na,CO, 10:20:30 68 4t 305
5 41CH,OH DMAH,0=1:1 K,CO, 10-10:30 0 0

6 41CH,0H H,0 K,CO, 10-10:30 0 0

7 ICH, CHONH0=11  NaCO, 102030 / 1337 ¢
8 BICH, CH.CNH,0=11  NaCO, 10:20:30 / 53.0

aSolvent ratios are all based on volume ratio

bThe yield of Ar-CgHs is calculated from the conversion of ICgH,OH on a
basis of mass balance.

¢Byproduct from homo-coupling of CgH:B(OH), is the same as cross-
coupling product, so the yield of biphenyl based on iodobenzene is
higher than 100 %.

5.9. Preliminary Sudy of the Reaction Mechanism via Chip

Removal during Reactions

Due to the surfacassembled format, the HAdMV catalyst chips are good
candidates to examine the nature and role of potential active species in Suzuki
coupling reaction by simply removing the chips in the middle of the reaction and
continuing the reactiomonitoring. To identify the catalytically active species,

coupling reaction of iodoanisole with phenylboronic acid with different
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experimental designs were carried out as shown inr€i§.7 For this, three
individual experiments were conducted: (i) tine presence of PEGMV chip
throughout the reaction, (ii) taking the-FPtV chip out of the reaction solution
after 1 h, (iii) taking the RIMV chip out after 2 h, as shown in kig 5.7a).
After the first reaction cycle, these chips were thorougkmyednl, then reused for
the next reaction cycle without any regeneration treatment urd=ig. {b) under
three conditions; (i) without taking the Hd@MV chip out, (ii) taking out the chip
at 0.5 h, (iii) taking out the chip at 1 h. The reaction products ten closely

monitored for 8 hours.

Cycle 1 Cycle 2

N
"
N

- Methoxybiphenyl, taking out chip at 1h —&— Methoxybiphenyl, taking out chip at 0.5h
1 | —¥— Methoxybiphenyl, taking out chip at 2h ut chip at 1h
—O— Biphenyl, without taking out chip .

—w— Methoxybij

5

it chip
-
—— Biphenyl, taking out chip at 1h - —{3— Biphenyl, taking oull c:wp at 0.5h -
—— Biphenyl, taking out chip at 2h L ¥ ing out chip a

—o— Biphenyl, tak

‘+ Methoxybiphenyl, without taking out chip —@— Methoxybiphenyl. without taking out chip

Products concentration, mM
(=2}
Products concentration, mM

Reaction time, h Reaction time, h

(a) Fird use of PATMV chip (b) Reuse of PAMV chip

Figure 5.7. Mechanism Investigation of Suzuki Reaction

lodoanisole Phenylboronic acid : Sodium carbonate=10 mM: 20mM:30mM,
Acetonitrile/Water=2:3, Reaction temperature: 50 °C, Reaction time: 24h, Stirring
speed: 600 rpm.
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As shown in Figre 5.7a), the Suzuki reaction continued after the TR&V

chips were removed fronthe reaction mixture after 1 hour (case (ii)) or 2
hours(case (iii)), and both the cressupling and homaoupling products
continued increasing for 8 hours examined. The product conversion curves from
the cases (ii) and (iii) are very close to the aashe presence of POMV chips
throughout the reaction (case (i)). Similarly, for the second reaction cycle, the
Suzuki coupling reactions upon the removal of TRV chips also proceeded

with equivalent reaction rate as in the first case, as showmgyime=p.7{b). These
results suggest that the coupling reaction may be catalyzed largely by Pd species
in the reaction solution (presumably leached Pd molecular species or small
clusters), instead of Pd nanoparticles on the chips. Importamitychip-based
catalyst format enabled these mechanistic studies in a drastically simple manner
(i.e. mechanical removal of the chips from the reaction mixture) without arduous

catalysts separation procedures.

Based on these findings, ISBPES was employed again dmetreaction mixtures

in order to further confirm the presence of Pd in the reaction solution, as shown in
Table5.4. For this, the reaction mixtures were evaporated until completely dry,
and then treated with aqua regia solution for 1 hour and dilutedabgr, as

described above.
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Table 5.4. Leached PdAmount Determined by ICP

Experiment methods Pd inurge/z;?lti(opr;);c))lutio
Case (i) | without taking out chip 0.07
Reaction cycle | Case (ii)| taking out chip at 1h 0.09
Case (iii)| taking outchip at 2h 0.05
Case (i) | without taking out chip 0.05
Reaction cycle ] Case (ii) | taking out chip at 0.5h 0.002 Below DL
Case (iii)| taking out chip at 1h 0.001 Below DL

First, Table5.4 shows that the Pd concentrations in the solution at the end of
reaction cycle 1 from three different cases were consistently low-000@5ppm),
within the same order of magnitude as the Pd detection limit (0.044 ppm) of the
ICP-OES equipment. In the @end reaction cycle, the Pd concentrations at the
end of reaction are even less (in the ppb level), with the cases (ii) and (iii) being
below the detection limit (only-2 ppb). While being inconclusive due to the low
concentrations close to the detectianit, these ICP results suggest that such
trace amounts of Pd may exist in the reaction mixtures, consistent with the chip
removal results shown in Rige 5.7 Several studies have shown that trace
amounts of Pd in the ppm or ppb level are responsdrl¢he catalytic activity,

and sufficient to catalyze Suzuki coupling reactit?é?® The chip removal and

ICP results shown here thus suggest thaPdTMV chip-based Suzuki reaction
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may be catalyzed largely by the soluble Pd active spasi@sother nanoparticle

based systentf§?*® Based on these previous findings, we speculate that Pd atoms

may be released/leached from the surface of Pd nanoparticles, leading to the
formation of Pd(ll) or Pd(0) moleculapecies that subsequently react with aryl

halides’®*° The Pd nanoparticles formed on TMi¢sembled chip here can
therefore be considereadnt afyaofdheservoir,
catalytically active species in the reaction solution. Finally, we caution that very

small number of loosely bound Pd nanoparticles ohatgach from the chips and

interfere with these experiments, despite the clear overall stability confirmed via

bothGISAXS and XPS in this study.

5.10. Conclusions

In this chapter, | examinedhe catalytic activity of TMWtemplated Pd
nanoparticles forhe Suzuki coupling reaction toward valaéded chemical
synthesidor the first time The surfaceassembled chip based format allowed for
simple catalyst and product separation as well as simple catalysts recycling for
several reaction batches. Over 90%the initial catalytic activity was retained

for four reaction cycles. In depth reaction condition studies indicated that the
solvent ratio played an important role in the selectivity of the Suzuki reaction, and

that a higher water content is beneficilmr the crosscoupling pathway.
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Importantly, these results suggest that the viral templased bottorup

assembly approach may lead to facile catalyst synthesis and separation.
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6.1. Introduction

Metal nanoparticles play an important role in catalysis due to their irregular
surfaces, high surface area to volume ratio anddsgpendent properties, which

can be tuned to optimezcatalytic activity and selectivity. Palladium (Pd) is an
important precious metal catalyst for a wide range of chemical redéfeffe’

The synthesis of small, uniformyell-dispersed and catalytically active Pd
nanoparticles under mild conditions in a predictable and controlled manner is an
unmet challenge, despite recent developments in the dispersion and stabilization
of Pd nanoparticlé&?°24293133  Meanwhile, logical supramolecules such as

¢%0172175 and protein cage$*****have gained substantial attention as

viruse
alternative template materials for the controlled synthesis of metal and metal
oxide nanoparticledue to their weldefined structure, monodispersed nature, and
abundant surface functionalities that can b¢éher modified via chemical and/or
genetic modifications. Particularly, Tobacco Mosaic Virus (TMV) has been

extensively utilized due to their robust tubular structure and stability in a wide

range of conditions (e.g. pH between 2 and 10, temperature 9p°® and
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organic solvents such as 80% ethanol) as well as safety and simple mass

productiort#+143144157.236

Furthermore, genetically displayed cysteines on TMV
coat proteins have been shown to improve Pd nanopamicteafion rising from
the enhanced biosorption of the precurddta®*". However, the use of reducing
agents (e.g. dimethylamineborane (DMAB), sodium borohydride (MNpBld¢ads

to large and often uncontrollalfRe nanoparticle formation, with a few exceptions

ar$?02203238 ragylting in inefficient use of

such ason surfaceassembled form
the expensive metal precursors for potential applications such as catalysis.
Recently, Lim et at®®*?®* reported the controlée synthesis of Pd coatings with
thickness of 285 nm on TMV biotemplates in the absence of external reducer.
While these studies present potential for the controlled synthesis of functional
nanomaterials, substantially smaller and wdedpersed nanopactes are required

for catalytic applications. For example, compared with larger nanoparties, 1

nm Pd nanoparticles supported in large pores of mesocellular foam with lower

metal loading showed higher selectivity and reactifdtyamine racemizatic’.

In the meantime, seamless integration of novel nanocatalysts with robust
platforms that confer stability, scalable production, and ease of separation and
recovery while allowing ready access of the reactants remains a formidable
challenge. Polymeric supger especially in the form of porous 3D hydrogel

microparticle formats, should provide improved molecular interactions and offer a
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hydrophilic environment with more favorable solution kinéfits The #ility to
customize specific microparticle features, such as controlled dimensions,
anisotropic shapes and added functionalities (e.g. magnetic prop&fiiesould
further enhance the utility of the catalysts integrated in such hybrid matasal
alternative means for separation from bulk solution, patterning, cass#mbly.
Recently, polymeritiydrogels have been used as stabilizing platforms for viral or
metal nanoparticles, and even served effective templates for then-situ

synthess of metal nanocatalysts (such @s, Ni, Cu, Ag 82889091

. Paticularly,
polyethylenglycol (PEG)with large chain length has been emerging as both
reducer and stabilizer for the synthesis of Pd nanoparticles in the studies of
aerobic alcohol oxidaticf?’, selective hydrogenation reacti6h® and Heck
reaction®. PEG is relatively inexpensive, nenlatile, nontoxic and
environmentally benign.In addition, the physical properties (e.g. mesh size) of
PEGhbased hydrogels can be readily controlled simply by varying the molecular
weight (M,) and structure (linear vs. branched) of the PEG{$edhus, PEG

based hydrogels present significant potential as stabilizers or matrixes for the

fabrication of functional materials with catalytic activities.
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STEP 1
Pd-TMV1cys

TMV1cys complex

Na,PdCl,

—_—

Incubation 5
‘without reducer %

>
%-

Monomer Pre-particle
solution solution

STEP 2 '

Loading of pre-particle
solution

PDMS coated
Glass

Pd-TMV-PEG
hydrogel microparticles

UV-induced
photopolymerization

Figure 6.1. Synthesis of PATMV EncapsulatedPEG Micropatrticles by
ReplicaMolding(RM)

Step 1: Spontaneous Pd nanoparticle formation without reducing agent.
Step 2: Microparticle fabrication via replica molding technique
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In this Chaper, | presenta simple approach for the synthesis of smatiform

and highly active Pd nanocatalysts on TMV biotemplatesT{RY) in the
absence of reducing agentsalsopresenthat these novel nadmo materials can

be readily integrated into PEG hydrogel microparticle platforms via simple and
robust replicamolding (RM)based fabrication technique. As shown in the
schematic diagram of Figul, this synthesidabrication procedure consists of

t wo steps. First, simple mixing of TMV
half an hour leads to spontaneous formation of small (in), uniform, wel
dispersed and highly crystalline Pd nanoparticles gul@iMV biotemplates
without externally added reducer in aqueous solution under mild conditions (Step
1). Indepth analysis vidransmission Electron Microscogf EM) shows that

the concentrations of both Pd precursor and TMV as well as the ratio between
these two are important factors for the uniform and exclusive coating of Pd
nanoparticles along TMV biotemplates. Second, theregared PAMV
complexes are readily integrated into PEG polymeric hydrogel microparticles via
simple and robust replica moldjr{RM) technique (Step 2). Specifically, the-Pd
TMV complexes are mixed withgby(ethylene glycol) diacrylate (PEGA) and
photoinitiator to yield preparticle solution, then placed on PDMS micromolds.
Brief irradiation of UV light inducesradical chain plymerization to form

crosslinked PE&ased hydrogel microparticles containing the -TR&V
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complexes integrated into the polymeric networks in a stable manner (Step 2).
These hybrid microparticles, named -PdIV-PEG microparticles, are then
utilized for the catalytic reduction of hexavalent chromate ion, a prevalent
industrial waste pollutant in drinking watér The catalytic reaction stydf Pd
TMV-PEG microparticles shows-féld higher activity than commercial Pd/C
catalysts per Pd mass. Furtnere, the results show that the reaction rate is
linearly proportional to the Pd loading density inside TRtV -PEG hydrogel
microparticles witin the diffusion limitatioafree regime. Compared to
microfluidic particle fabrication technique¥*'%*'?* RM allows for simple,
robust, scalable and inexpensive integration and manufacturing. In addition, RM
technique enables the encapsulation of TRtV complexes in PEG hydrogel
microparticles with high Pd loading capacity without cloggimgrecipitatiorf*®
commonly found in the microfluidic procedures. Combined these results
illustrate a facile synthesfabrication strategy for robust, highly uniform and
catalytically active nandio-polymeric hybrid materials in a controlled manneér.
envision that the results and methods presentatiisnChaptercan be readily
expanded to a variety of other systems for facile fabrication of multifunctional

materials with novel nanbio components.
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6.2. Materials and Methods
6.2.1. Materials

Genetically modified Tobacco Mosaic Virus (TMV1cys) was extracted from
infectedtobacco leaves with phosphate extraction buffer, followedhbgroform
phase separation, PEG8000 sedimentation and sucrose dradieSodium
tetrachloropalladate (1) (NRdCL, SigmaAldrich, St. Louis, MO) was used as
the prearsor for the Pd nanoparticle formatioRoly(ethylene glycol) diacrylate
(PEGDA, M,=700), PEG (M=200), and zhydroxy-2-methylpropiophenone
(Darocuf® 1173, photoinitiator (P1) were purchased from Sighhdrich (St.
Louis, MO). 0.5%Tween 20 solution waused for microparticle storage.
Potassium dichromate {Kr,0O;) (99.5%, SigmBAldrich) and sodium formate
(HCOONa) (99%, Fisher Scientifi&)altham, MA were used in the study of
dichromate reduction.All of these materials were used as received without

further purification.

6.2.2. Spontaneous Formation of Pd Nanoparticles on TMV

Biotemplates and Preparticle Solution Preparation

To form Pd nanoparticles on TMV biotemplates, the TMV stock solution was
added into the N®dCl, solution, then incubated at 50 °6rf30 min. Various

concentrations daPdCl, and TMV were studied for thgpontaneous formation
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of Pd nanoparticles on TM\as shown in Tablé.1 and Figure5.3(d). For the

catalytic activity study, the PAMV complexes were all synthesized with the

condition of sample S6 (0.6 mg/ml TMV, 10 mM JRaCl;). The mixed solution

was centrifuged at 10,000 rpm for 5 min with a Microfuge 22R centrifuge

(Beckman Coulter, Brea, CA). The supernatant was discarded and the collected

brown PdTMV complex pellets wr e resuspended in 55 ¢l d

After 5 min sonication, the FEMV sol uti on was mi xed with 1

make solutiorl. To make solutio2, 25 ¢ | PEGDA was thoroughl
5 ¢l PI. 1Buad® Vieere sremteduviith Sormnssor@ton. Next, solution
1 was added into solutioat o have 100 ¢l preparticle sol

ratio of PATMV solution/ PEGDA/PEG200/PI1 as 55/25/15/5. In order to make

preparticle solutions with TMV final concentration of 0.3, 0.6, 1.2, 2di 48

mg/ ml , 50, 100, 2 0 0 -TM\sOl@ionsa (0.6 mgdnd DMV | of the
10 mM NaPdCl ) were centrifuged, and the collected pellets were resuspended

in 55 ¢l DI water, mixed wWittoh oPE@2 M0 ,10t0h en

total volume ofpreparticle solutions..

Table 6.1. The Synthesis Conditions of Pd Spontaneous Formation on TMV

Biotemplates

Sample numbej NaPdClL, mM | TMV1cys, mg/ml|Ratio between Pd/TM

S1 2 1.565 1.3

166



S2 2 0.125 16
S3 5 0.6 8.3
S4 10 1.56 6.4
S5 10 1.2 8.3
S6 10 0.6 16.7
S7 10 0.3 33.3
S8 15 0.6 25
S9 20 1.565 12.8
S10 20 0.125 160

6.2.3. Fabrication of Pd -TMV-PEG Microparticles via Replica Molding

The four major steps of soft lithography, as described by dthensere followed

to prepare th microparticles. Briefly, AutoCAD was used to design the shaped
patterns.  Highresolution printing was used to generate photomasks on
transparency films for the fabrication of silicon masters via photolithography.
PDMS elastomeric micromolds were forthaith Sylgard 184 (Dow Corning,
Midland, MI) following a 24 h cure at 65 °C. Finally, microparticles were

fabricated from the PDMS elastomeric micromolds via replica molding (RM).

As shown in Figures.1 , prepolymer solution (100

surface of the PDMS micromolds (2080 wells per 2 cm x 2 cm mold). Each
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crossshape microparticle has arms of length £06h, d elpGem a@afnd t ot al
width of 300 &m. T h enolitero [Themiebulbles inettec h  we | |
microwells were removed by rubbing plastic pipette tips against the PDMS molds.

After the removal of the excess prepatrticle solyttbe filled PDMS micromolds

were then sealed in a humitg)iwithyagadsa mber (O
slide coated with a thin layer of PDMS obtained via smmating for 30 s at 1000

rom. A square section (same size as the microwell square region within the
micromold) of PDMS of this slide had been removed from the glass slide to

provide a small gap between the glass surface and the top portion of the
microwells. The sealed micromolds were then placed on an aluminum mirror
(Thorlabs, Newton, NJ) and exposed to 365 nm UV light with an 8 W handheld

UV lamp (Spectronics Corp., Westbury, Ny 15 min. The polymerized PEG
microparticles with  encapsulated -FP¥MV complexes (ParMV-PEG

microparticles) were collected from the microwells by first physically bentthag

mold, then placing water containing 0.5% (v/v) Tween 20 on the mold surface.

The micropatrticles were collected by pipetting up and down a few times before
transferring into a storage vial. This particle removal with water was repeated

several times for the complete collection of microparticles. The prepared Pd
TMV-PEG micropartiles are stored in 0.5% (v/v) Tween 20 solution at room

temperature until catalytic reaction studies.
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6.2.4. High-resolution Transmission Electron Microscopy (HRTEM)

Characterization

The samples for the HRTEM characterizati on
well-dispersed PAMV solution was placed onto 300 mesh copper grid carbon

TEM grids (FCF3068Cu, EMS Sciences, Hatfield, PA), and left to dry before

examination. The TEM analigswas carried out on a JEOL 2100 TEM at 200 kV

at the Center for Nanoscale Systems (CNS) at Harvard University (Cambridge,

MA).

6.2.5. Imaging Analysis

The PATMV-PEG microparticles were visualized with an Olympus BX51
microscope (Chroma Technology Corp., Ragkam, VT), and the brightfield

micrographs were captured with a DP70 microscope digital camera.

6.2.6. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP -

OES)

The Pd loading densities of the-PMV-PEG hydrogel microparticles containing
various TMV concentrations were determined by {OES. For this, before
hydrogel encapsulation, centrifuged-PolV complex pellets were mixed with

aqua regia solution (HCI : HNCv:v) = 4:1) for acid digestion. After complete
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dissolution of ParMV complexes for abat 5 min, the acidligested solutions
were analyzed by Perkin Elmer 7300 KOES (PerkinElmeinc., Waltham, MA).
As shown in Table6.2, the Pd loading densities of the -P®IV-PEG
microparticles with various concentrations of TMV were determined bas#ton

Pd amounts added into the prepatrticle solutions.

Table 6.2. The Pd Loading Densities of PAMV -PEG Micropatrticles with

Various TMV Concentrations

TMV concert
i nside mic O 0.3 O0.6] 1.2/ 2.4 4. 8
mg / ml

Pd | oadi ggg
P&Lmi cr opa

6.2.7. Catalytic Activity Examination of Pd -TMV-PEGMicroparticles

Dichromate reduction was employed to examine the catalytic activity of Pd
TMV-PEG microparticles. For this, microparticles (total volume=5)pwas
added into 1 ml reaction solution containing 0.1 mM potassium dichromate and
100 mM sodium formate at pH 3.The reaction was monitored-gitu with
Evolution™ 300 UV/vis Spectrophotometer (Thermo scientific, Waltham, MA)
every minute at 350 nm, tloharacteristic absorption maximum of the dichromate
ion. The absorbance at 350 nm was used to calculate Cr(VI) ion concentration,

using a calibration curve derived from standard solutions. The conversion of
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Cr(VI) was calculated from ([Cr(Vd)-[Cr(VI)])/Cr(VI)¢x100%, where [Cr(Vi)

is the original concentration before reaction and [Cr(VI)] is the concentration at
each timepoint. The reaction can be considered to follow pseudodidsr
kinetics under the reaction conditions in this study. Fraanlittear regression of
Ln([Cr(VDJ/[Cr(V]) o]) vs. reaction time, the obtained slope represents the

apparent firsorder rate constafit.

6.3. Spontaneous Formation of Palladium Nanoparticles along

TMV Biotemplates

As shown in Figures.2, small, welldispersed and highly crystalline palladium
(Pd) nanoparticles form on tobacco mosaic virus (TMV) biotemplates in the
absence of reducing agent. First, macroscopic andVIdVabsorbance
observations over 30 min incubation period in Figar2 clearly indicate the
conversion of Pd precursors into -PMV complexes that can be readily
separated via lovgpeed centrifugation. For this, 10 mMJRdCl, (Pd precursor)
was mixed with 0.6 mg/ml TMV1cys in deionized (DI) water and incubated at

50 °C for30 min.
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Figure 6.2. Spontaneous Pd Nanoparticle Formation on TMV Biotemplates

(a) Photographs of PAMV solution over incubation time at fixed temperature
50 °C. (b) U\vis absorbance of NBACl, solution after mixing with TMV at

50 °C over time (0.1 cm path depth cell). (c) A372 nm vs incubation time. {d) Pd
Red dash circle highlights the collected Pd
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As shown in the photographs of Figure 6.2 (a),dbler of the solution quickly

turned from light yellow into golden yellow within 10 seconds, then into darker
brown yellow slowly over time during the incubation. Next, the UV absorbance
spectra in Figure 6.2(b) imply the formation ofPEIV complexes.At time zero

(solid black line), the UV spectrum of Pd precursor solution shows characteristic
absorbance peaks at 320 nm and 430 nm (marked with solid triangle), which are
due to the charg#ansfer and dl transition of PdG(H.O). Meanwhile, the
spectum also shows very strong absorbance below 300 nm and a small shoulder
peak at around 475 nm (marked with solid star), which are due to the presence of
PdCJ,>39244, The spectrum of TMV solution
typical absorbance at 2680 nm (aromatic proteins and RNA)After Pd
precursor solution was mixed with TMV, those characteristic absorbance peaks of
PdCL* and PdGi(H,0) ~ become indistinguishable as the incubation proceeds,
and are replaced by an increased absorbance over a broad wavelength range. We
tracked his change in the spectra by taking the absorbance values at the initial
minimum at 372 nm over time, as shown in Figure 6.2(c). This plot suggests that
the conversion of the precursor proceeds rapidly within the first five minutes then
gradually reachea plateau under the condition employed in this study. Potential
causes of this behavior could be the changes in pH of the sofitanthe

thermodynamic equilibrium in which TMV biotemplates may have reached
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maximum capacity for the spontaneous folioratof Pd nanoparticles. But this
behavior is unlikely due to the exhaustion of the Pd precursor as indicated by the
remaining Pd precursor in the supernatant solution (shown in thevi$JV

absorbance curve in Figure 6.2(b)).

Finally, the photographs of Figu2(d) show that the REMV complexes are
readily centrifuged at low speed (10000 rpm) to yield brown pellets (highlighted
with red dash circle) in contrast to TMV solutions that show no pelletting. The
UV-Vis spectrum b the collected supernatant (degbi-dot line pointed with

short arrow) upon 30 min incubation shows similar yet lower absorbance
compared to the initial Pd precursor solution, while the resuspended pellets (black
dotted line) show apparent shift of aldlsamnce peak into lower wavelength range
along with the absence of the 430 nm R{&IO) peak, indicating the formation

of PATMV complexes®. Combined these results in Figuse indicate that the

PdTMV complexes form mostly within the first five minutes.

6.4. TEM Characterization

Next, | thoroughly examined the synthesis conditions and the structures of
palladium nanoparticles on TMV biotemplates via TEM as shown in FigGre

For this, TMV was exposed to the Pd precursorBd&l;) solution and incubated
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at 50 °C for 30 min. The collezd pellets were suspended in DI water then placed

on the TEM grids.

First, the TEM images of Figure 6.3(a) show minimal number of Pd particles for
samples prepared with low Pd precursor concentrations (S1: 2 aRtiQkR 1.6
mg/ml TMV). Next, Figure 6.) shows that the sample with higher Pd
precursor concentrations (S6: 10 mM,RdCl, 0.6 mg/ml TMV) exhibits the
formation of interlocking networks as well as abundant and small Pd
nanoparticles formed exclusively on TMV biotemplates. Importantly, the
histogram of the Pd nanopatrticle sizes based on 100 particles shown in the inset of
Figure 6.3(b) reflects narrow size distribution of 1.2+0.3 nm diameter with about
82 % of the Pd patrticles in the size range of 0% nm. Finally, sample with
even higherPd precursor ratio (S7: 10 mM pRACl, and 0.3 mg/ml TMV) in
Figure 6.3(c) shows large flowdtke Pd aggregates outside the TMV
biotemplates, while many Pd particles also form on TMV biotemplates with
uniform particle size and narrow distribution (Fig.&). These results indicate
that: (1) certain threshold concentration of Pd precursor is needed for the
spontaneous formation of nanoparticles along TMV biotemplates, (2) good

dispersion of uniform Pd nanoparticles requires adequate amount of TMV

bioterp| at es as support, and (3) extra amount

increase in Pd nanoparticle size on TMV biotemplates.
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Figure 6.3. TEM Images of PdNanoparticles SpontaneouslyFormed along
TMV Biotemplates

(a) Sample S1 (2 mM N#&dCly and 1.6 mg/ml TMV). (bample S6 (10 mM
NaPdCl, and 0.6 mg/ml TMV) (cample S7 (10 mM N#&dCl, and 0.3 mg/ml
TMV) (d) The effect of TMV and N#&dCl, concentrations on Pd nanoparticle
formation along TMV biotemplates. (e) Crystal structure of Pd nanoparticles
(prepared with S6 condition)
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Figure 6.4. TEM Images of Pd Nanoparticles Spontaneously Formealong
TMV Biotemplates under Various Synthesis Conditions
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The behavior of Pd nanoparticle formation on TMV biotemplates under various
NaPdCl,and TMV concentrations is summarized in Fig6rg(d). First, when

the NaPdCl concentration is as low asm@M, no visible Pd nanoparticles were
formed on the TMV biotemplates (samples S1 and S2, marked as cross symbols).
Second, under certain conditions with adequate concentration and proper ratio of
NaPdCl, and TMV, small Pd nanoparticles form only on TM\bt@implates in a
uniform and weHldispersed manner (samples S3, S4, S5, S6 and S9, marked as
red round circles). The TEM images of additional samples (S3, S4, S5 and S9)
are shown in Figuré.4, and the average sizes of Pd nanoparticles for those
samples e all measured to be betweef? Inm with narrow size distribution
(Figure 6.5. Sample S3 and S5 synthesized with the same ratio $dT4a/

TMV (8.3 mmol Pd/g TMV) exhibit nearly the same particle size distribution and
average size of 1.7 nm, as showrFigure6.5. In addition, in comparison with
sample S6 (N&#dCl/ TMV=16.6 mmol Pd/g TMV), the decrease in the
NaPdClL/TMV ratio (sample S3 and S5) results in aboutfbl8 decrease in the

number of Pd nanoparticles per unit surface area of TMV.

Third, when the TMV concentration is relatively low, large aggregates of Pd
particles are found outside TMV biotemplates (samples S7, S8, S10, and S11,
marked as triangles in Figure 6.3(d)). The TEM images of samples S8, S10, and

S11 are also shown in kie 6.4. Combined, the results summarized in Figure
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6.3(d) indicate that the concentrations of bothP¢ECl, and TMV, and the ratio
between NgPdCl, and TMV play important roles for the formation of small and
uniform Pd nanoparticles along TMV biotemptevith the optimal ratio of

NaPdCl/TMV(mmol Pd/g TMV) between 6.25 and 17.
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Figure 6.5. Pd Nanoparticle Size Distribution of Samples Prepared with
Various SynthesisConditions
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Figure 6.6. Effect of Incubation Time on the Pd Formation on TMV

(a) 1 hour incubation (b) 2 hour incubation. 10mMMR&Cl, 0.6mg/ml
TMV1cys. Incubation temperature=50 °C

Figure 6.7. Effect of Incubation Temperature on the Pd Formation on TMV
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Incubation temperature=80 °C. 10mMJRdCL, 0.6mg/ml TMV1cys.
Incubation time= 30 miM\ote: The PATMV solution looks very cloudy before
centrifuge

In addition, the effects of incubation time and temperature were also studied as
shown in the TEM images of Figurés and6.7. | found that longer incubation
time does not lead to changes in Pd particle size or distribution, yet causes certain

degree ofTMV degradation.  Higher incubation temperature (80 °C) shows

apparent particle aggregation and does not lead to the increase in Pd patrticle size.

Thus, variation of preparation parameters has minor influence on the Pd size
distribution in the presencef TMV, similar to the studies on the formation of

colloidal Pd particles in the presence of PVP by Wolf and coworRers

Finally, the high resolution TEM image of a randomly selected area (FégR(e)

shows that most Pd nanoparticles formed on TMV biotemplates are highly
crystalline. The Pd particle in the inset shows 0.22 nm spacing, which
corresponds to the (111) interplanar distance of the face centered cubic (fcc)

structure of metallic Pd crystals.

The results in Figuré.3 exhibit several benefits of TMV as biotemplates for the
metal nanoparticle formation. First, TMV providebundant bieadsorption,
nucleation and particle growth sit€%s°518%3¢ for the formation of small (2 nm)

Pd nanoparticles with narrow size distribution under mild aqueous conditions

without externally added reducer .
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structure keeps the Pd nanoparticles adipersed *%'**  throughout
centrifugation and resuspension, while the TMV rods form stable networks
without aggregation upon Pd metal formation under proper incubation conditions.
This network formation of R@MV complexes further facilitates simple

separatia via centrifugation.

Lim et al.** demonstrated the formation of polycrystalline palladium layers with
thickness of 285 nm on the outer surface of TMV in the absence of reducer via
several repeated coating cycles. the study shown here, ~20 foldigher
concentrations of both NRdClL and TMV (with proper concentration and ratio)
and only one incubation cycle leads to a completely different behavior, where
uniform 12 nm Pd nanoparticles are formed in a consistent manner. This
spontaneous formation of Pd nanoparticles on TMV may viollmcomplex
formation and selmineralization mechanism, where P&(E,0)y precursors are
complexed on the TMV surface functionalities (thiol and hydroxyl groups) and
self-mineralized by oxidizing Cko release HCI&®. This study here along with
previous reports®3%2% indicates that the absence of reducing agent in the
process leads to slow nanoparticle growth with more uniform clipstal
structures From our observation of the U¥s absorbance spectra, the formation
of PdTMV complexes takes as long as 20 min for ~ 95% of completion. In

another report by Lim et af®, the incubation time for the Pd adsorption and
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mineralization without reducer was also 20 min. In contrast, applying remhucer
the TMV solutionleads to more rapid and uncontrolled Pd particle formation with
some largemulticrystalline palladium aggregates outside THyt1431°6178236

In the Smallangle %ray Scattering (SAXS) study reported by Monacchi et3l.

the Pd growth on TMV with sodium hypophosphite as the reducer was complete
within only 33 seconds, leading to relatively large (up to 5 nm) Pd particles.
Therefore, the reducdree procedure shown here representsngple and low

cost approaciior the controlled formation of uniform and small Pd nanoparticles

along TMV biotemplates.

In summary, results in Figur6.3 demonstrate that: (1) small-21nm) and
uniform Pd nanoparticles are spontaneously formed along TMV biotemplates
without reducing agents, (2) most Pd nanoparticles observed are highly crystalline
with (111) facets, and (3) both concentration and ratio betwegRdd4 and
TMV are importantfactors for the formation of uniform and welispersed Pd

TMV complexes.
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6.5. Fabrication of Hybrid Hydrogel Microparticles with

Encapsulated Pd-TMV Complexes via Replica Molding

PEGDA
Hz

0 n Replica Moldiig
PEG200
UV exposure
H ke H Photoinitiator

Figure 6.8. Microphotographs of PATMV -PEG Microparticles

(a) Brief schematic diagram of FdMV encapsulated PEG microparticle
fabrication. (b) Preparticle solutions; (c)-PMV encapsulated PEG
microparticles. (d) Micrographs of FdMV -PEG microparticles containing
variousconcentration of TMV. PEGDA: PEG200: PI:-FtV(Volume ratio ) =
25:15:5:55.

Next, the agprepared PAMV complexes can be readily integrated into hon
spherical polymeric microparticle formats via simple replica molding (RM)

technique, as shown in Figue8. As shown in the schematic diagram of Figure
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6.8(a), the preparticle solution composed of the-TRY complexes,
poly(ethylene glycol) diacrylate (PEGDA), PEG200, and photoinitiator (PI) is
poured into the PDM®ased micromolds. The volume ratio @ PMV solution/
PEGDA/PEG200/PI is set as 55/25/15/5, while the final TMV concentration in
the microparticles are varied, as shown in Figure 6.8(d) Upon irradiation
with UV light, the preparticle solution undergoes phiotduced radical

polymerizatia to form crosslinked polymeric netwofks?°.

First, the photographs in Figuée8(b) show that the preparticle solutions are clear
and uniform with final TMV concentration up to 4.8 mg/ml, with increasingly
brown color for higher PAMV contents. Negt, the photographs of the AdMV
embedded PEG microparticles in Figé.&c) show increasingly dark color with
increasing PIMV contents, indicating that the PdMV complexes are
successfully embedded in the PEG hydrogels. Finally, the photomicrogrbphs
the PATMV-PEG microparticles in Figure.8(d)-(h) show uniform color and
shape for all the RIMV contents examined up to 4.8 mg/ml TMV concentration
without any apparent aggregation or deformation, with highly consistent
di mensi ons ofh 3a0n0d €ln® Oi ne nwiidnt t hi ckness.
Figure6.11further confirm the uniformity of the fabricated microparticles and the
smoothness of microparticle surfaces. Various preparticle compositions were

also studied for the microparticle fabricatidhe microphotographs in Figuré<9
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and 6.10clearly show that insufficient concentrations of PEGBAS%) and PI
(2%) result in the incomplete photopolymerization, qumiform microparticles or

weak mechanical strength.

Figure 6.9. Effect of PEGDA% (v/v) on Particle Fabrication

Volume ratio of PEGDA: PEG200: PI: PIdMV is (a) 10:30:5:55 (b) 30:10:5:55
(c) 40:0:5:55.

Figure 6.10. Effects of Photoinitiator (PI) Concentration on Particle
Fabrication

PEGDA PEG200: PI: PAAMV=15:25:2:58
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Figure 6.11. Scanning Electron Microscope (SEM) of critical point dried Pd
TMV -PEGDA microparticles

Fabricaion composition PEGDA:PEG200:PI:FdMV solution =25:15:5:55.
Microparticle contains 0.6 mg/ml TM¥?d complex inside.

Compared to microfluidic techniques for the microparticle fabrichtiprihe
results in Figure6.8 shows many inherent advantages of the RM technique,
including smple, robust, and inexpensive procedures as well as scalability and
reliable duplication of complex structuréS. First, the RM procedure is simple
due to the usage of a hahdld UV lamp for photopolymerization rather than a
high-intensity UV soure requiring delicate control for the photolithographic or

microfluidic fabrication procedur&¥?*.

Second, the RM procedure is robus
due to the tunable fabrication parameters not limited by needs to maintain
consistent flows, the viscosity and phase separation. Third, all the silicon master
molds, PDMS micromolds, and excess prepatrticle solution can be fully recycled,
making the RM échnique a costfficient procedure. Fourth, RM leads to the

fabrication of 100% uniform and clean microparticles due to the absence of any

continuous phase (e.g. oil and unreacted monomer outside of the objecti@ light)
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or deformed particles that often arise at the onset and end of each microfluidic
procedure. In conclusion, these results cleanlgicate that the PdrMV
complexes can be readily integrated into polgmenicroparticle formats in a

simple and highly reproducible manner via RM technique.

6.6. Catalytic Activity Examination

Next, as shown in Figure 6.12he catalytic activity of the RAMV-PEG

hydrogel microparticles for Pd nanoparticiatalyzed dichromate reduction

reaction was examined For this, PATMV-PEG mi croparticl es (F
microparticles for each reaction batch) encapsulating various amountsidVPd

complexes (Figuré.12 were added to, and vigorously stirred in the 1 ml reaction

mixtures containing 0.1 mM &r,0; and 100 mM NaCOOH at pH 3. The
conversion was monitoredviaWi s spectrophotometry at the

characteristic absorption maximum at 350 nm.
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Figure 6.12. Catalytic Activities of Pd-TMV -PEG Micropatrticles
Encapsulatingvarious Amounts of PATMV Complexes

(a) Conversion curves of dichromate reduction catalyzed byNPd-PEG
microparticles with various Pd loading densities. (b) Pd loading densities in Pd
Note: the Pd

TMV-PEG micropaticles versus apparent reaction rate constants.
loading amount is measured by ICP measurem®@mneparticle solution
composition PEGDA: PEG200: PI: AdMV (v/v/viv)=25:15:5:55.
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First as shown in Figuré.12(a), the bottom corersion curve with star symbol is
from the microparticles containing only TMV without Pd coating, which shows
no dichromate conversion. Meanwhile, all the other PEG microparticles
containing PdTMV complexes show good catalytic activities with the
conversons reaching neartompletion within the 20 min period. The-F¥V -

PEG microparticles containing higher Pd loading density clearly show higher

conversion rates.

Under the reaction conditions applied, the reaction follows apparenbirust
kinetic€®, and the apparent rate constantg, Kmin™) of all batches were
obtained from the slope of lar regression of Ln([Cr(VI))/[Cr(V4]) vs. reaction

time, where Cr(VI) and Cr(V§)represent the dichromate concentration at time t
and O respectively. As shown in Figu8el2(b), triplicate reaction experiments
were carried out for each Pd loading dgnsondition, and the averaggpkwas
plotted against the Pd loading density of the microparticles. The small error bars
for each condition indicate the high consistency and reproducibility of this
synthesidabrication procedure. Furthermore, thgyks proportional to the Pd

| oading density when Pd l oading density
microparticles. In this linear region, the observed reaction rate is equal to the
intrinsic reaction rate catalyzed by-FPWV-PEG microparticles fabricated it
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composition of PEGDA: PEG200: PI: AMV(v/viviv)=25:15:5:55, which is
calculated to be 98.7 mmol/(g Pd-min) from the first four data points in Figure
6.12(b). Importantly, this observed catalytic activity (normalized by Pd amount)

is ~6 folds higher thn the commercial Pd/C cataly&hapter 3)likely due to
pristine, small, uniform, weltlispersed and highly crystalline Pd nanoparticles.
The apparent rate constants in the Ilinear
indicate that: (1) all the Pd naparticles embedded in the PEG hydrogel network
structure are accessible to the reactants for the reaction, (2) {hBI\PPEG
microparticles containing uniform and welispersed 2 nm Pd nanoparticles
have good catalytic activity, (3) there appearbemo apparent internal diffusion
limitation from these particles containing different-PdV complex amounts,

and (4) The PEG porous hydrogel network structure provides a good matrix for
the encapsulation of catalytically active Pd nanoparticles whdeialg sufficient

mass transfer of the small molecule reactants and products under the fabrication

conditions enlisted.

When the Pd loading densi$ in the microparticlesasreabove 0. 282 ¢g Pd/
microparticles, the apparent rate constantg &art becoming lower than the

expected ideal rate constants (the dash line). This indicates that not all the Pd
nanoparticles in the hydrogel microparticles are utilized in the catalytic reaction.

One explanation is that certain degree of internal siiffu limitation occurs in the
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higher PATMV loading density cases. According to the molecular dynamics
(MD) simulations by Wu et al**® and the Amsden thed®, the diffusion
coefficient Qi of ions through PEG700 (n=16) hydrogel is about 0.5xd@’/s.

Thus, the estimation of Weisz modulus (Mw) of theTV -PEG microparticles

with Pd loading density of 0.282 and 0.56&4 PdEl microparticles are ajut

0.26 and 0.35, respectively. These values of the Weisz modulus are within the
range of slight diffusion limitatioi. The presence of FEMV complex in
crosslinked PEG hydrogel network structure may change the dynamic properties
of the hydrogels (such as average mesh size or overall hydrogel structure), thus
small degree of internal diffusion limitation may occur for P&TMV-PEG
microparticles with higher Pd loading densities. With robust replica molding
technique reported here, these results indicate that the catalyst loading density in
hydrogel microparticles can be readily controlled to be in the optimal ranges
within the kinetic controlled region simply by changing the loading density of the

PdTMV complexes in the preparticle solution.
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Figure 6.13. Effect of PEGDA% (v/v) on the Microparticle Fabrication

(a) Photographs of PIMV -PEGDA microparticles fabricated with different
PEGDA% in preparticle composition. 0.6 mg/mFPeIV. The micrographs of
microparticles made with preparticle solution composition PEGDA: PEG200: PI:
PdTMV(viviviv)=(b) 15:25:5:55 ad (c) 35:5:5:55. (d) The apparent rate
constant of dichromate reduction catalyzed by various PEGDA%(V/v).
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In addition, the catalytic activity studies in Figure 6.13 show that microparticles
fabricated with decreasing concentration of PEGDA in the agtiegfe
composition exhibit higher apparent rate constant for dichromate reduction.
Engberg et at>°?** found that decreasing the initial PEGDA% acts to increase the
spacing of crosslink pctions and to form polymer networks with looser
structures. Similarly, the usage of PEG prepolymers with higher molecular
weight could lead to larger hydrogel mesh size, resulting in higher diffusion
coefficient and thus less internal diffusion limitati@f reactants through the

hydrogel matrix*®.

Combined results in Figuré.11 demonstrate high catalytic activity of the PEG
hydrogel microparticles encapsulai®d TMV nanostructures. Furthermore, the
reaction rate catalyzed by H#MV-PEG microparticles is linearly proportional to
the Pd loading density inside hydrogels within the diffusion limitatiee region.
Next, the porous network structure of the PE@Irogels with 23 nm mesh
sizé* enables suftiient diffusion of small reactant molecules through the matrix.
Last, PATMV-PEG hydrogel microparticles as catalysts allow for simple
separation from the reaction solution by tepeed centrifugation under mild
conditions. Therefore, the simple replicaolding for fabrication of PEG

hydrogel microparticles to encapsulate RdV complex as catalysts presents a
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robust strategy that could be readily extended to other hybrid nanostructures or

functionalities.

6.7. Recyclability and Stability of Pd -TMV-PEGMicroparticles

In order to further examine the stability of the-PdV-PEG microparticles|

next carried out five reaction cycles catalyzed by microparticles (total
vol ume=10. 4 el ) eq €dtlt microparticlgs withod 7ady
regeneration treatme&n as shown in Figuré.14 The conversion of the
dichromate reached neaompletion for all the five runs (Figurelgl(a)) with the
apparent rate constants being 0.75, 0.77, 0.72, 0.69, and 0.80resipectively.
Considering loss of certain numbef microparticles at each recycling (i.e.
removal of reaction mixtures), the 20% decrease in the rate constant after 5
reaction cycles indicates stability and recyclability of these hydrogel
microparticles. Furthermore, the photomicrqurs of the micropaicles upon5

cycle reactions in Figure.B4(b) clearly show that the shape, structure and size
remain identical to the beforeaction state. Overall, the results in Figurki@)

and (b) show that the POMV nanostructures remain entrapped in the €ros
linked PEG hydrogel network structure through catalytic reaction conditions in a
stable manner. Notably, the good stability and recyclability efrepared Pd
TMV-PEG hydrogel microparticles as catalysts are mainly due to the relative
dimensions of Pchanoparticles ((Bnm) vs. PdTMV complexes/network (up to
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micrometers) vs. hydrogel mesh size3(2m) vs. small molecule reactants and
products (angstroms). On one hand, the integration2hin Pd nanoparticles
with TMV nanostructures (in length of 300n) allows Pd nanopatrticles to stay
well-dispersed and entrapped inside the hydrogel networks through catalytic
reaction conditions. On the other hand, tH& r2n mesh size of hydrogel allows

the minimal mass transfer limitation of small molecule reastand products (a
few angstroms hydrodynamic radi us)
characteristic length examined in this study. Hence, the presence of TMV helps
stabilize and disperse small Pd nanoparticles within the PEG hydrogel network
structure Furthermore, the microparticle size and mesh size can be readily
controlled and manipulated for optimal payload of Pd nanoparticles and catalytic

performance.

196

t hr ou



—f——"
80 Ll
2
S o0
2
() —%— Reaction cycle 1
é 40 1 @  Reaction cycle 2
(e} ¥~ Reaction cycle 3
O 4| A Reaction cycle 4
—#l— Reaction cycle 5
0 T - : . .
0 1 2 3 4 5 6

(c) 100
v
ov ’ .
v
80 - - @
X v
< 60 -
o
g @
v
E 40 P
o
o v
201 @ ® Storage time: 0 day
v  Storage time: 14 days
0®

o0 2 4 6 8 10 12 14 16
Reaction time, min

Figure 6.14. Stability Study of Pd-TMV -PEGDA Microparticles asCatalysts
for Dichromate Reduction

(a) Recycling study (b) Microphotographs of microparticles after 5 cycles of
dichromate reduction. (c) Stability upon 14 days storage
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Finally, | further examined the catalytic activity of the -PMV-PEG
microparticles upon long term storage, as shown in Figufed. The
conversion rate upon iday storage (triangle symbols) at room temperature was
identical to the one from freshly prepared samples (circle symbols). This result
clearly indicateshtat the PATMV-PEG microparticles are stable under ambient
conditions, and that the PEG hydrogel network provides stable matrix for the Pd
TMV nancbio complexes without any leaching over extended storage.
Combined, results shown in Figurel® demonstra that this novel hybrid
catalysts embedded in the polymeric hydrogel format possess stability upon

catalytic reaction conditions and long term storage.

6.8. Conclusions

In this Chapter, | thoroughly examined a facile synth&sisication procedure to
create a novel nadpmio complexes with small and catalytically active Pd
nanoparticles seamlessly integrated in robust polymeric hydrogel microparticle
formats. First, UWis absorbance observations showed rapid formation of Pd
TMV complexes that can be readily separated and processed. Further, TEM
characterization confirmed the spontaneous and exclusive formation of siBall (1

nm), uniform and highly crystalline Pd(111)anmoparticles along TMV
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biotemplates. Both concentration and ratio betweesP8@a, and TMV were
found to be important factors for the formation of uniform and-disibersed Pd

TMV complexes.  Second, we presented a simple and highly reproducible
fabricaion procedure for the integration of H#MV complexes into uniform
PEGbased polymeric microparticles via replica molding technique. Third, this
novel nanebio-polymeric hybrid material was demonstrated to possess readily
controllable Pd loading densityigh catalytic activity and good stability for
dichromate reduction. Combined these results not only indicate facile routes to
harness the unique advantages of biotemplates for the controlled synthesis of
functional nanomaterials, but also suggest rofaisication strategies to integrate
additional functionalities in a stable, robust and highly reproducible forméats.
expectthat this novel synthesfabrication procedure can be readily extended into
the fabrication of other nandmo-polymeric hybrid materials with
multifunctionalities based on various metal nanoparticles or polymer formats for

catalysis or energy application.
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7Conclusions and Future Prospect

In chapter 21 describd a novelbottomup assembly synthesis approach for the
fabrication ofviral-templated Pd nanocatalyasndexaminedhe catalytic activity,
recyclability and stabilitjor dichromate reductionHere, goldcoated silicahips

were utilized for the TMV surface assdiy. Considering the economic
efficiency, otherinorganic materia can be employed as alternasve For
example Qi an Wango6s gr oudynadicselfassesnbly ¢f TMVd t h e
on piranha washedglass slides via controlled evaporafiyn ~ Meanwhile,

although TMV is remarkably stable in a wide range of conditions including high
temperature (up to 90 °C), broad pH values (2~10) and even HaquEous

solvents the application of TMMtemplated Pd nanocatalyst for other reactions

wi t h har sher conditions beyond TMVOs bear
Therefore, further stabilization of PdMV complex structuravithout damaging

the chemical properties of Pdragarticles will be the next stepOne potential

solution is to further coating POMV-gold chip sirface with thin layes of
mesoporous silica by sgkel process, followed bgalcinationto further increase

the mechanicaland thermalstability.  In addtion, this facile strategy for
nanostructured Pd catalyst synthesis based on statseenbled viral templates

could be readily extended to the synthesis of othetal nanaatalysts such as

platinum or goldwhich can be applied for otheatalyticreacton systems.
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In chapter 3, the synthesssructureactivity relationship of PAMV chip
catalysts for dichromate reduction was thoroughly examined jtawds found

that Pd catalyzed dichromate reduction witihmic acid shows sizedependent
behavior where larger Pd particles with more (111) planes would be more active
for the formic acid oxidation.However, considering both catalytic activity and
economic efficiency, Pd nanoparticles with small size and high catalytic activity
is highly demanded. lohapter 6, the Pd nanoparticles formed by slow nucleation
without additional reducing ageist show both small size and higtatalytic
activity (per surface area) In future stugks further examination othe metal
crystal structureand chemical state clmgesof Pd nanoparticleare required to

better understand the catalytic behavior.

In chapter 4, Ipresentedwo simple routes to modulate the nanostructured Pd
catalyst | oading for dichromate reduction
and selective surface assembly on gold surfdoethis study,| employed gold

patterned chips with millimeter dimensions fabricated via standard
photolithography The patterned assembly of biotemplates at-sutrometer

scale can be readily achieved by a wide variety of simple and economically viable
patterning techniques, including stithography of selHassembled monojars

(SAM) %% direct printing techniques'’®, inkjet printing>**" and
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nanolithographic techniqué on practically any kind of surfaces as common

andcostefficientas glass slides.

In chapter 6] presentedhe spontaneous formation of2lnm Pd nanoparticles
along TMV templates without adding reducing agent and the successful
encapsulation of RIMV complex insidePEG hydrogel microparticles fabricated
by replica molding technique. Althoudghd TMV-PEG hydogel microparticles
show promising resutif high catalytic activityit is also important to consider the
stability of the PE@yased microparticles with regard to the desired application.
PEG is known for its hydrophilic, biocompatible, and +iouling properties.
Theseproperties are beneficial fwosensing applicatianyet PEG hydrogemay

not be perfectly suitable fdrarsh chemicaleactionswith extreme temperature or
pressure conditions Therefore, alternative mononseor prepolymes that are
known to withstand harsh environmental conditions can be exanasethe
stabilizer to encapsulatbesehighly active PETMV bio-nanohybrid materials
Meanwhile, replica molding technique enables simple, robust and -shape
controllable fabrication of microparticles containing readily exploitable Pd
nanoparticles in a 3D formatln the future, thedbricationtechniqueof Janus
multifunctional particles containingboth PdTMV catalysts and magnetic
nanoparticlescould be futher explored For making consistent, uniform Janus

microparticles by RM technique,any different factors, including UV exposure
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time, UV source intensity, the preparticle compositmm the molecular weight

of PEGDA prepolymer, should be carefully omied and examined.
Furthermorejnstead of applying hydrogel microparticle encapsulation technique,
solgel synthesis could be another why the further stabilization of highly
catalytially active nanebio hybrid nanostructure a synthesize supported
nanocatalystsFor example, th€dTMV complexcould be further encapsulated
inside eitherporousorganic gel (such as carbon gels by polycondensation of
hydroxylated benzene and aldehyd®) inorganic gel (such as Si@ Al,O3
xerogel oraerogel). In tls synthesis approachMV acts as biotemplasdor the
synthesis of uniform and wetlispersedPd nanoparticleswhile the organic or
inorganic gels act as theghly porous supportinghatrix. Since high porosity is a
key property for an efficient hetegeneous catalyst, it is crucial to maintain such
porosity as high as possible in the dried gel. Thus, the drying of wet gel will be a
very importantfollow-up process step.In order to eliminate the liquidapor
interface and the accompanying capillarggsure, supercritical drying and free
crying are two powerful methods to keep the porous struckeepect that the
combination of both viral anghorous polymericmaterialswould leadto the
desired properties of novel catalysts, including high activity, high selectivity,

chemical, themal andmechanicalstability,andrapid mass and heat transfers.
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AlDeri vati on of Kinetics Model

As mentioned in Section 3.2.7 and 3the reaction kinetics of dichromate

reduction reaction catalyzed by-FMV chip catalysts are studied.

Different model equations are derived and the experimental data wededithe

model equations to understand the reaction kinetics.
The overall reaoon equation is showbelow.
Cr,0,” +8H,0" +3HCOOH2 3CQO, +2Cr* +15H,0 Egn. (A1)

If the adsorption of both reactants exists, reaction rate expressions can be derived
based on different rate determining step assumptions. For this, the elementary
steps are written as belowCr,0;*] is represented by [A], [COOH is
represented by [B][C*] and [D*] represent the reaction intermedmtand [P]

represents the product (Cr(lll) ion)

Step (1)! zP 1 z

Step (2)) P "z
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Step(3) z "zP #z =z

Step (4)#2 " zP $z z

Step (5)$z "zP Qz z

Step (60zP 0 =z

Al.l. Step (1) is the Rate Determining Step (RDS)

In this assumption, step (1) is the rate determining step (RD8)he other steps

are in equilibrium.

The overall reaction rate

O E! 2z

The adsorptiof B on the Pd surface is in equilibrium

0z
0 z

Because all other surface reaction steps (stefofgre in equilibrium, they can

be combined, as shown below.

lz g"zP 0 12
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Since step (1) is assumed to be the RDS, the rate of A* production is relatively
slow compared to other steps. As a result, once A* is produced, it will be
consumed rapidly in the following steps. Therefore, there is minimal amount of
A* remaining on thecatalyst surface. Instead, [B*] is the most abundant reaction

intermediate (MARY).

The overall active sites [§Jare showrbelow.

z z 0z
z L O 2
z
Z t
P L O
i Q2 Eqn. A2)

If the reaction kinetics follows this mechanism, r should be always proportional to
[A] at any concentration of [B]. However, the experimental data in Figure 3.2(b)

donot foll ow this mechani sm.

206



Al1.2. Step (2) is theRate Determining Step (RDS)

In this assumption, step (2) is the rate determining step (RDS), the overall

reaction rate

i Q6 z

0z

Because all other equations are in equilibrium, stefgB8fan be combined, as

shown below.

Similar to 2.1, [B*] is negligible, and [A*] is the MARI.

2 z Oz ([B*] is not included in this [*})
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Egn. A3)

r should be proportional to [B] at any concentration of [A], but the experimental

data shown in Figure 3.2d)ondét f ol |l ow t his mechani sm.

A1.3. Step (3) is the Rate Determining Step (RDS)

In addition tothe derivation described in Section 3.2.7, another derivation of
overall rate expressioimcluding the reverse reaction ratgis carried oubased

on the pseudsteadystate hypothesis this sectionasshown below.

Since reaction step 3 is thegatetermining step

The overall reaction rate r is equal to the rate of elementary reaction step 3:
r = r5= ks[A*][B*] -ks[C*][*] Eqn. (Ad)

Assume C* is a shotived intermediate and apply éhpseudesteadystate

hypothesis:

,Qéz N \ 7, © ” 7, [ -, [%3 ” ~, ’
9% [ | Q0zZ 02 Q 0z z Qo0zZ 02 Q 0Oz z

S0 0¢
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Assume elementary reaction steps 1, 2, 5, 6 are fast and thenstarganeously

in equilibrium:
| z L ! z
noz l') n z

v "z $z 0z

0z v 0z
z
So 0z —_—
n * n z
0 z $z (SI0) z $z
So $¢
~ - z
Qo ! zp " 2 Q 0 z
‘, vV o "
OZ T ats n
Q z Qu z
z z 0z 6z oz Oz 0z
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Qo 0 " ———— ?
z 0 0z U 06 2 = ~U.UU
Q Qu "
0 z 0 2
O Vo " v
So z i Eqn. (A5)

In the initial reaction stage, the concentration of product P is nearly zero, i.e.

0 Tt

Therefore, Eqn. (A5)can be simplified into

z Egn. (A6)

Thus the overall reaction rate rz =ks[A*][B*] -k3[C*][*]

=(EVOD 0 6 z Eqgn. (A7)

At the initial r &mdgA7)canie sanplifieglmto: [ P] a4 0,
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r=rs=EO0ULVL 0 0

=( Eqn. (A8)

If Qv " "Q , Eqn. (A8)can be simplified into:

i = Eqn. (A9)

(P1I£00 2z NO¢g OUNOo U p —)

Apparently, based on the assumption that the reversible reaction step 3 is
negligible, the obtained rate expression in Equation (A9) is similar to the
expression of Equatior3(6). As shown irFigure Al the point symbols represent

the experimental data, while the solid lines were derived based on using Equation
(A9) and three unknown parameters (P1, P2 and P3) fit to the experimental data
by Matlab and Polymath softwareAs shown in Table Algbtainedvalues of P1,

P2 and P3 are 5600 L/(mol min), 1474.7 L/mol and 5.6 L/mol, respectiVélg.

R? value of the overall fitting is as high as 0.975, which indicates a suitable model

fitting compared tdhefittingsto other model equation
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Figure A1. TheModel Fitting of Dichromate Reduction.

(a). Dependence of the initial reaction ratem the initial concentration of
NaCOOH with fixed KCr,O; concentration. (b) Dependence of then the
initial concentration of KCr,O; with fixed NaCOOHconcentration. The catalyst
synthesis condition: 0.25 mM BRACl, 15 mM NaPHO,, 20min metallization.
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