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ABSTRACT OF THE DISSERTATION

Biological Assembly and Synthesis of Inorganic Nanostructures

by

Joun Lee

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2009
Dr. Nosang V. Myung, Chairperson

Science technologies have been in pursuit of smaller, faster angl efficient
devices and enormous efforts made by myriad numbers of scidmstsprovided us
with electronics in reduced volumes with improved performances.amimzation of
electronic circuits down to micrometer scale has been wed#idped as industrial
processes and it is easy to witness electronic products contameyyated circuits
consisted of microstructures in our everyday life. However, mirnzation of circuit
components down to nanometer scale has revealed new challenges riot difficult
handling of diminutive structures but also for unusual physical properie
nanomaterials.

Countless numbers of conventional chemical and physical studies have been
dedicated to exploit the benefit of the unique properties of nants&ady developing

efficient techniques for controlled synthesis and assembly rstiaictures. However,

Vi



environmental concerns of using toxic solvent systems and high ecmmgyming
processes, and pursuit of highly selective molecular interactiondid@ly precise
assemblies have averted the eyes of scientists to bidlagmi®rials. Biorecognition
properties of biological materials are attractive for achigyprogrammed self-assembly
of nanostructures and biomolecules with metal-reducing abilityvarg inviting for
developments of environmentally-acceptable synthesis processes.

In the light of above discussion, this thesis takes the advantageslo§idal
approaches to assemble and synthesize inorganic nanostructuremntnodec manner.
DNA was used for the assembly processes due to their &xiltf sequence
programming and chemical modifications. Spatially controlled assermblynulti-
segmented Au/Pd/Au nanowires across gold electrodes has been tetadngsing
thiolated DNA strands functionalized on the gold surface of nanowindselectrodes.
Electron transport properties of DNA-assisted assembled nanomaresdemonstrated
showing negligible blocking effect by DNA layers hybridizedwss#n nanowires and
electrodes. The assembled Au/Pd/Au nanowire was used for hydrayeing
manifesting the applicability of DNA-assisted assembly to build fundtimenraodevices.

Amino acids are essential as building blocks for proteins and foabwoletms.
Recently, amino acids have been given another important role dsangeand capping
agent for the synthesis of gold nanostructures. Amino acid-medigtéldesis of gold
nanostructures has been demonstrated showing the capability ofidabkygproaches to
synthesize single crystalline gold nanostructures in 0-D, dn® 2-D dimensions by

manipulating the reaction environment. Structural changes of goldtnactases due to

Vil



the speciation of gold complexes were systematically demaatstist altering solvent
conditions. The effect of the side chains of amino acids on thetwstalifeatures of gold
nanostructures was systematically demonstrated. Distinguishectroel transport
properties were observed for single crystalline nanoribbons shoesiggivity lower by
an order of magnitude than polycrystalline counterparts. Rapid releersoom

temperature b5 gas sensor was fabricated using AC aligned gold nanoparticle arrays.
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Chapter 1: Biological Assembly and Synthesis of GdINanostructures

1.1 Nanomaterials and Nanostructures: An Overview
Nanotechnology is a term that includes various fields of studyindeabith

nanomaterials and nanostructures. Nanomaterials and nanostructudesarbed as the
materials and architectures with at least one dimension fatlifge nanometer range.
Typical nanomaterials and nanostructures of different dimensioristac in table 1.1.
The interest in nanomaterials and nanostructures has elevapadt ad the pursuit of
miniaturization of electronic devices. However unique physical pregerof
nanomaterials have distinctively differentiated those from madderlarger than
micrometer ranges and showed that the creation of nanomatgaalsot just about

continuation of miniaturization.

Table 1.1Examples of typical nanomaterials and nanostructures.

Dimension Structures Material Size (approx.)

Nanoparticles
Nanocrystals Metals, semiconductors, metal oxides,

0-D Nanocubes carbon Diam. <100nm
Quantum dots
Nanowires . .
1-D Nanotubes Metals, semiconductors, metal oxides, Diam. <200nm
: carbon
Nanoribbons
Nanoplatelets Thickness <100nm
2-D Nanosheet Metals, carbon
Thin film Thickness <1000nm

The unique properties of nanomaterials are due to the significgatriio of surface

atoms to the total number of atoms, which increases the role @fcsufdr various



physical and chemical properties. Nanomaterials have lowdinmedoints than bulk
materials as large as 10@because of the significant role of surface energy in tlerm
stability *. An inert material at bulk scale, such as gold, exhibits extedatalytic
properties at low temperatures when the size of materiatlicced to nanometer scéle
Moreover, electrical and optical properties of nanomaterials alssiderably differ from
their bulk counterparts. Electrical and optical properties of nanoialateare often
explained by the quantum confinement effect which describes the pbeological
results by electrons trapped in small dimensions. The behavioeaifals remains free
when the confining dimension is larger compared to the wavelengtilarice electrons
that maintains the bandgap of the structure at its original edergyo continuous energy
state. However, as the confining dimension reaches a certairmatimanometer scale, the
energy spectrum turns discrete thereby the bandgap becomesmreleht. Thus, as the
sizes of nanoparticles become smaller, a blue shift can bevetsén optical
illumination. Electrons are confined in all three dimensions in-dam@nsional (0-D)
nanomaterials such as nanoparticles and quantum dots. One-dimensiebal (
nanomaterials such as nanowires and nanoribbons confine electrere dimtensions,
and two-dimensional (2-D) nanomaterials such as thin films and naglepdaconfine
electrons in one dimension. Most of the properties of nanomaterialsb@elspreviously
are dependent on the shape of nanomaterials as well as sz&ickl properties of
nanomaterials are especially difficult to be explained withloaitdefinition of structural

shape. However, in general, electron scattering by surfaces raimd lgpundaries of



nanomaterials become significant contributions to the resistithigreby augmenting

resistivity values of nanomaterials above those of bulk materials.

Such unique properties of nanomaterials and nanostructures have beed studi
extensively and applied for the development of various kinds of nanodevites wi
improved performance. The key challenge that the current technologiedatad for
the fabrication of nanodevices is the creation and arrangememdnoimaterials with
precise controllability because the small dimensions that make gheictures interesting
also impart a new degree of difficulty in maneuverability. thar reason, a number of
techniques have been developed to efficiently synthesize nanomatetialsontrolled
shape and size, and precisely assemble nanomaterials on siheciésaed location. In
this chapter, reviews on biological approaches for assembly ohdrbDstructures and
synthesis of nanostructures are summarized with brief introductiocomfentional

efforts towards controlled synthesis and assembly of nanomaterials.



1.2 Assembly of 1-D Nanostructures
1.2.1 Introduction

As the size of electronic devices have become smaller, the oredevieloping novel
techniques to precisely and efficiently synthesize and assenribleahostructures has
grown to encompass electronic, optical and sensor devices in nanacets. One-
dimensional nanostructures play critical roles in various kindsewicds as electronic
interconnects, waveguides and transducers. One-dimensional nanostrbaueesigh
surface-to-volume ratios, which enables much more sensitive chamgedectron
transport properties than those of thin films. An array of 1-Dost@ucture provides
unparalleled precision for nanoscale waveguides and polarizers, aldolecomprising
the wires that address functional elements in nanodevices. Toée cd@ainutive
nanodevices, rational positioning of 1-D nanostructures on programmedsstdical in
exploiting nanostructures and improving manufacturability of nanodevmavedtional
fabrication processes of nanostructures which often include both syrahdsassembly
processes can be divided into two major categories, top-down and hgitapproaches.
Top-down approaches start with patterns made on a large scaleduae its lateral
dimensions before forming nanostructures. Top-down techniques is boomdbosed of
photolithographic methods and non-photolithographic methods. Photolithography is a
mature technique that has been used for manufacturing microalecthips. It has
accurate control on positioning patterns on specific locations; howkvieas faced
difficulties scaling down to sub-100nm scales due to the limitatodroptical diffraction

and the opacity of the materials used for making lenses or suppphstomasks. Non-



lithographic methods, such as electron-beam lithography, dip{pegraphy, scanning
tunneling microscope lithography, soft lithography, can overcomscdie limitations of
photolithography and scale down to 20~30nm. Recently, inkjet printing of nagroasat
has also been developed for accurate placement of nanocrystatsstate$®. However

the construction of arbitrary three-dimensional objects is Vieajlenging for these top-

down approache<s®

Bottom-up techniques begin with atoms or molecules to build up nanosésiciir
some cases through smart use of self-organization. Bottom-up elppscare best suited
for assembly and establishing short-range order at nanoscalesthme while top-down
approaches are good for producing structures with long-range orderolamdaking
macroscopic connections. Bottom-up techniques are attractive belcaysed amenable
to achieving assemblies of diminutive nanostructures. However @reorsrol of the
assembled structure is still a hurdle since the manipulatiomoktracture positioning is
difficult at such small scales. Although there have been a numtedfoofs to develop
physical and chemical techniques to assemble nanostructures| spatrol of such
small structures is still difficult to be realized by picg$ or chemical approaches. Thus
the interest in biomolecules, which have self-recognition propentiesh can realize
selective “automatic positioning” of nanostructures by theiunahtfeatures (ref) and
along with its environmentally benign properties, has considerablggechas a potential
candidate for assembly of nanostructurbise feature of self recognition may provide
more intricate control on nanostructure assemblages even on a scal&fitiat Bratures

created by physical and chemical forces cannot reach. Akeetian of these interests in



bio-facilitated nanostructure organization, conventional chemical angsicah
approaches to assemble nanostructures were overviewed and biolagseshbly

techniques with its experimental progresses were reviewed in detail
1.2.2 Conventional Assembly Techniques

A number of research activities have arranged nanowires in an dmareer with
different levels of hierarchy by use of microfluidics, LangnBlodgett films, focused
laser beam, electric field and magnetic field. Recentlyitinasd top-down lithographic
approaches for the synthesis of 1-D nanostructures have also been tdeeohris

fabricate nanowire-based devices.

Microfluidic alignment is one of the first techniques that sudadgsdemonstrated
the long range of ordered nanowire networks utilizing shear fanested by fluidic
movements. Use of continuous flow, evaporating droplet, dip coating and blowre bubbl
has been demonstrated as efficient techniques to align nanowirageénsicale. Flow
assembly was demonstrated by use of continuous flow of liquid ircrchannel, poly
(dimethylsiloxane) (PDMS) mold, on a flat substtaithe movement of meniscus due to
the evaporation of a droplet was capable of aligning nanowiresformndirectionality®
and the same principle was applied in larger sale using dimgoathod". A blown
bubble from nanowire/epoxy suspension transferred nanowires in uniforctiahiegdity

on a large surface of silicon wafers and plastic sheets with curtfature

Langmuir Blodgett (LB) technique is a proven and robust techniquaskambling

large arrays of nanowirEs LB technique utilizes the arrangements of amphiphilic



molecules interacting with air at air-water interface. Fonalization of the nanowire
surfaces with amphiphilic molecules which are usually composedhytrophilic head
and a hydrophobic tail enables arrangements of nanowires to theaivateterface
because of the favorable partition of hydrophobic tail to air andopyiic head to
water. According to the level of pressure applied to the surfadesh changes the
directional capillary forces and van der Waals forces on thecsgtfdhe nanowires
would be aligned isotropically side-by-side, forming nano-raftsndfea of aligned
nanowires on the surface of water onto a substrate createlelpamays of nanowire in

large scale.

A method to achieve fine manipulation of a single nanowire in floiddrenment has
been studied by the use of optical trapping. Optical manipulationoofanic material
uses a focused laser beam to trap, transfer and assemble indivahawires®.
Individual nanowires can be aligned in fluid environment by pickingnogying and
positioning nanowires using a single-beam optical trap. Nanowappdd in the optical
trap can be assembled on a substrate with high precision witlntile kser. Optical
manipulation has great potential for fabricating a single nanodesgece with high
precision however the concurrent operating of tens or hundreds of imsergiired to

achieve the alignment.

Use of alternating electrical field to polarize and assemble nanastsdietween pre
determined pads was first demonstrated by Mallouk and cowbtkéFke alignment of

nanowires within an electric field, which creates dielectrophofetce on the nanowire



in the direction of the electric field, is dependent on its polaozawithin the
surrounding dielectric medium. The induced dipoles align the nanowiradep&n the
electric field while the localized coulombic attractive farae simultaneously created
between adjacent nanowires by the induced dipoles, resulting in thatitomrof chained
or branched interactions among the nanowires. Pre-aligned nanpasii®ned on the
top of electrodes experience an enhanced electric field, thdoebyng branched
structures by attracting other nanowires in solution along tialrdirection. Selective
alignment of nanowires directed to microwells was also denaiadtby Keating’s group

by creating programmed and spatially confined electric'field

In a similar principle to electric field-assisted aligmhemagnetic field has great
potential to create nanowire arrays with controlled directipnalagnetically polarized
nanowires can be manipulated with external magnetic fieldsgni@agnetic substrates
and neighboring magnetic nanowires. Magnetic interactions asaaing of nanowire
manipulation were first investigated by Tanase and cowdrkdrsey demonstrated the
proportional increase in the velocity of the end-to-end nanowire adighaccording to
the increase of attractive forces and according to the decdathe viscous drag in
solution. They have later demonstrated an entrapment of a multesegmPt/Ni/Pt
nanowire between two Ni pads by an exposure of the system to a 4@etic field.
Myung’'s group demonstrated individually addressable magnetic atignmof multi-
segmented Ni/Bi/Ni and Ni/Au/Ni nanowires by applying a loweenal magnetic field

of 200 Oe. They also demonstrated the angular manipulation fréno4E3% on Ni



electrodes and the high-density arrays achieved with multipdenaénts of a dilute

suspension®*®

Controlled growth of a single nanowire between microfabricatedretkrs was
electrochemically demonstrated by Myung’s group as an eftorfabricate single-
nanowire-based nanodevié&sLithographically patterned nanowire electrodeposition
(LPNE) can create inorganic nanoribbons with extremely high sutéagolume ratio in
controlled shape and sizes which is an ideal technique if the morphabgy

electrodeposited nanoribbon can be impréted

Physical or chemical strategies for the nanowire algmmntroduced above have
received considerable attention. However, lack of spatial manipulatidnindividual
addressability of nanowires, limited material selection antd mgestment costs have
restricted the application of these methods. To overcome the iongabf previous
assembly techniques, biomaterials have been in the limelightodtleeir biospecific
recognition properties, low costs of synthesis, and facility totimmalize on inorganic

materials.

1.2.3 Biological Assembly Techniques

As the scale of device systems has decreased down to nanometer ranges, conventiona
fabrication processes have faced technical difficulties to gelciassemble 1-D
nanostructures on programmed sites while achieving fast asseatéty As discussed
previously, conventional techniques can provide precise positioning of 1-D

nanostructures or fast rate of assembly; however, none of the conventionajuestoan



satisfy both of the prerequisites. Thus, to achieve a fast progbalmrassembly for the
fabrication processes of nanometer scale device systems, biorecognitonssiyas been
recognized as having great potential to realize “rapid autonpasdioning” of 1-D
nanostructures. Biomolecules with biorecognition properties havefispaan-covalent
interaction, such as hydrogen bonds, electrostatic bonds, Van der Weads &and
hydrophobic bonds, between a pair of complementary bioconjugates wieicalked by
the shape of proteins or the sequence of nucleic acids for geléatiding. Binding
reactions of bioconjugates are by their nature reversible giraeaction occurs via non-
covalent bonds, which is also addressed as one of the advantages of usigigabiol
approaches. Here, various kinds of methodologies for biological assearbl
summarized based on the enabling biomaterial.
1.2.3.1 Deoxyribonucleic acid (DNA) Hybridization

DNA has been one of the most frequently used biomaterials fonbhksg various
kinds of nanostructures because of its highly selective biorecaymitoperties and the
relatively easier, cheaper methodologies to synthesize and nidhi#y Assembly of
nanowires on a planar gold surface with a DNA biorecognitionesysivas first
demonstrated by Jeremiah and coworerhey used a pair of complementary single
stranded DNAs (ssDNA) modified with thiol tags to functionalgeld surfaces of
nanowires and substrates with DNA. Functionalization and hybtiolizafficiencies
were systematically demonstrated by varying the featuresDMA strands and
experimental conditions, which ascribe the improvement of orienteNAsidsorption

to gold-thiol linkages and the increase in hybridization efficyeto longer ssDNA with
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repeat base sequences and to a mercaptohexanol (MCH) treatmemirebents
interactions between adsorbed ssDNA and gold surfaces. Sit@espawctionalization
of ssDNA on nanowires was also demonstrated for controlled entdtassembly of
nanowires. Localized DNA-functionalization on the tips of gold nanowares on the
gold segments of Au/Pt/Au multi-segmented nanowires was owgdirby hybridizing
rhodamine labeled complementary ssDNA that fluoresced only dipghand the gold

segments.

Stoermer and Keating demonstrated a similar study for DiM&cted assembly of
nanowires on a glass substrate instead of gold suffada this study, avidin-biotin
linkages were used to functionalize ssDNA to the surface ofs glabstrates and
nanowires. For the functionalization of ssDNA on glass substra@strAVidin was
silanized on the surface of glass substrate and provided linkagesDiNAsmodified
with biotin. Similarly, electrochemically grown Au and Au/AglAnanowires were
coated with NeutrAvidin and then functionalized with complementary gsBixough
avidin/biotin interaction. The authors elucidated competitive attactsn@nbanowires
with different base pairs and concluded that 5.6% of nanowires attached on glass
substrates via non-specific binding which was similar to thosettachements on gold.
Successful use of glass substrates for DNA-directed asseshblys possibilities of
constructing circuitry directly on oxidized silicon wafers withouty atop-down

techniques.
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Hazani and coworkers demonstrated self assembly of singjedvearbon nanotubes
(SWNT) via DNA hybridization and electrically characterizeé assembled SWNi’s
SWNTs were aligned across two gold electrodes by hybridizasf complementary
ssDNA functionalized on gold electrodes and SWNTs. Compared to nonesosghary
alignment of SWNTSs, the currents flowing through SWNTSs, which vedigned via
complementary DNA hybridization, increased more than an ordenaghitude. This
study corroborates double-stranded DNA (dsDNA) control over lieren transport
properties of SWNT-based device. Extensive studies on SWNT-basked difect
transistors (FET) also verified the feasibility of DNA-meged assembly for SWNT
alignment®. So far, functionalization processes of ssDNA on carbon nanotubes have
been demonstrated in two different ways: wrapping of ssDNA on SWA&nd
conjugation of carboxyl groups on SWNT to amine groups on ssDNA via camibeli

mediated amidation$?®

1.2.3.2 Antibody/Antigen, Avidin/Biotin and Protein Interaction

Other than DNA hybridization, antibody/antigen and avidin/biotin icteva have
also been used to demonstrate end-to-end assembly of nanowirde:-dfrtlassemblies
of nanowires were reported by Tan’s and Searson’s group using @mermouse
antibody (IgG}° and avidin/biotif® as linker molecules to form nanowire chains. Tan's
group utilized preferential micellar binding of cetyltrimethglaonium bromide (CTAB)
on {100} longitudinal side surface of gold nanorods, thereby controlled thiactit
(TA) attachments on the tips of nanorods which was connected to aumemgG

through carbodiimide mediated amidations. Anti-mouse IgG modified nanoreds w
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able to form nanowires chains by employing mouse IgG in the @olug§imilarly,
Searson’s group used palmitic acid to passivate the surface of sezkaents, which
selectively binds to native oxide on nickel allowing Biotin and Avidm le
functionalized only on the tips of Au/Ni/Au nanowires. Based on tlesiilts, the length
of nanowire chain increased as a function of time in a mixtureotihkterminated and

avidin-terminated nanowires.

Wang and coworkers demonstrated assembly of cadmium telluride inesasing
bovine serum albumin (BSA)/anti-BSA IgG and avidin/biotin as connedttotsridge
nanowires. They found that crossbar and side-to-end connections weigaigiom
assembly fashions. Oppositely, utilizing the fact that the hititlhgs bind tightly onto
Ni surfaces, selective functionalization of elastin-like-polyjakgst (ELP) on Ni segments
of Ni/Au/Ni multi-segmented nanowires and on a specific area iorlé¢trodes was
demonstrated by Wang and coworRérSuccessful site-specific assembly of Ni/Au/Ni
nanowires on a Ni electrode with controlled directionality was ahown by an applied

magnetic field.

1.2.4 Experimental Progress in Biological Assembly Techniques

The studies on biological assembly of 1-D nanostructures haveirtsgered by the
techniques developed for biological assembly of 0-D nanostructurasngSfrom a
confirmation of the feasibility of DNA as a linker by studyithe assembly of gold
nanowires on gold surfacésbiological assembly of nanowires have been developed in a

way to accomplish crossover and end-to-side and end-to-end agsemhl-D
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nanostructures for automatic assembly of circuitry in varicusptexity. Generally,
biological assembly protocol consists of three processes: fundtiaiah of 1-D
nanostructures with biomolecules, functionalization of complementaryotecies on
substrates and hybridization of 1-D nanostructures on substrates.ccbompish
programmed self assembly of 1-D nanostructures into nanodevicesepcentrol over
the process of biofunctionalizing 1-D nanostructures and substratetsces. There have
been three different ways to site-specifically functionatiaeowires using 1) preferential
molecular bindings on the circumferential surface leaving onlytifiee of nanowires
available for biofunctionalizatiéi, 2) pre-functionalization on the tips of
electrochemically-grown nanowires embedded in an alumina &enpéfore dissolving
aluming? and 3) multi-segmented nanowires, which contain two segmensglémtive

binding to the modified functional group on biomolectA&s

Biofunctionalization processes have been demonstrated on gold andufiasratéd
using thiol-modified ssDNA and NeutrAvidih respectively. Site-specific
functionalization on substrates would be ideal to assemble mangedifieglements on a
single substrate. However, in the case of 1-D nanostructure @&ignto create
interconnects, the studies on DNA-directed assembly of SWNTs shewambsstul
alignment of SWNT across two gold electrodes, which were gnfiractionalized with
ssDNA implicating another way of controlling self assembly byngisappropriate
configuration of substrates. The hybridization process has gsgnleealh carried out in a
freestanding solution containing two components functionalized with eongpitary

biomolecules. Although selective binding of nanowires via interactioris o
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complementary biomolecules have been demonstrated in a few %t@tliahe
directionality of assembled nanowires is not typically addres3ed.isolated report by
Wang and coworkers employed magnetic field assistance to ctmgrdirectionality of
nickel nanowires during the process of assefbBpplication of a magnetic field to the
suspension of ELP functionalized nickel nanowires allowed the narsowiarebe

assembled in a single direction across two nickel electrodes.

So far, DNA has been predominantly used to demonstrate biologicahldgsef
various kinds of nanostructures including 1-D nanostructures. Althougtechaiques
using antigen/antibody, avidin/biotin or bioengineered polypeptides praassambly
with high spatial manipulation, there have been concerns about achiseift
addressable assembly and the poor conductivity of biomaterials plae@een
nanostructures. DNA has high biospecific recognition behavior due toSéspadring
and this property provides further potential for simultaneous asseofldpntrasting
nanowires by designing different base sequences for each narmmmiposition. The
problem of the insulating nature of the crossover points should be $geconsidered
when contemplating the prospects of biological assembly of electarguits. The
tunneling barrier can be reduced when DNA oligomers are used asirenonnectors,
resulting in a smaller effective separation between thenompared to proteii$®® In
fact, the improvements of electron transport properties have bpernad for SWNTs
assembled through DNA hybridizatfSnhowever the effect of a layer of dsDNA in a

crossover junction of low-resistance inorganic nanowires has not been demowstrated
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There are still several protracted challenges that have hthdeeguration of
programmed biological assembly of 1-D nanostructures. Efficietiaspad directional
control of the assembled 1-D nanostructures has to be presentedytoealize an
“automatic assembly” of nanodevices. Additionally, the effect of biemdés on
electron transport properties and the functionality of biologicabsembled 1-D
nanostructures as nanodevices must be validated for further applscati biological

assembly techniques to fabricate nanodevices with increased complexity.
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1.3 Synthesis of Gold Nanomaterials
1.3.1 Introduction

The first scientific approach to synthesize nanomaterialsreasted by Faraday in
1857. He synthesized colloidal gold by reduction of gold chloride ysnegphorus and
investigated optical properties of colloidal gold prepared as thin dnd as aqueous
suspensioff. In spite of the early discovery of colloidal gold, in which thee si#
nanoparticles was less than 100nm, limitations in observation techhiguegostponed
extensive studies until the microscopic technologies improved tolizsusanoscale
materials. Therefore, interests on the synthesis of nanontatéiaae dramatically
increased in the past decades because of the development of mamotechniques for

characterization and manipulation available for nanomaterials.

Since the first chemical approaches made by Faraday to deeellopdal gold,
chemical and physical approaches have led nanotechnology in develsmingyithesis
techniques to create gold nanomaterials in controlled shape andvisizedesired
features. Current studies in nanotechnology categorize fabricadicdmiques for
nanomaterials into top-down and bottom-up approaches. Top-down approaches
predominately utilize photolithography to transfer pre-designedrpatiento substrate
followed by deposition of inorganic materials. Gold is one of the rineguiently used
materials to fabricate lithographical patterns for use edreldes. Even though, state-of-
the-art lithographic patterning methods are able to pattern sub-1@€atunes using UV
light sources, they require clean environments with very complex expensive

equipments with high-energy consumption. Alternative top down methodb, @s
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electron-beam lithography, dip-pen lithography, scanning tunneling oscigpe
lithography, soft lithography, can overcome the scale limitatioqhofolithography and
scale down to 20~30nm. However, the structures prepared by top downchiesrteck
precise control over morphological features and contain significaamhpunt of
impurities and structural defects. Moreover, when the targeosithe structure falls into
a few nanometer range, the tools currently available for top-dgpnoaches have not

been established.

Bottom-up approaches are typical wet chemical synthetic technigiish have
been used in industries for more than a century. Typical synthetiwads build gold
nanostructures by homogeneous or heterogeneous growth of ciydiglsd phase for
large-scale productions of well-defined nanostructures. Bottom-up appsoatan
provide structures with more pristine compositions and higher ciygtatht lower cost
of operations than top-down approaches. The syntheses of gold nanomhtereabeen
successfully demonstrated by chemical, hydrothermal, and photochesyitheses
using chemical reducing agents, and UV lights as electron saiargegduce gold ions.
Electrochemical synthesis has also been widely studied t@ ¢héatfilms on conductive
surface and nanowires grown in templates. Employment of sonic amd wawes in
chemical synthesis process has been studied to create gold temmaith improved
uniformity. Regardless of the advantages of chemical approdchéke synthesis of
gold nanomaterials, environmental concerns on the toxic solventmsysdaad high
temperature operating conditions have increased the need ofattermon-toxic

synthesis methods with lower energy consumption and minimal equipmetst cos
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Biological approaches to synthesize gold nanomaterials havevedceignificant

attention recently due to non-toxic solvent systems with reactioosrring at ambient
conditions. In the same manner as chemical methods, biological sgnki@ss been
employed to successfully create gold nanostructures with egbasfageometries. Many
studies have biosynthesized gold nanostructures using a single biolegtitsl and

manipulation of a few reaction conditions to vary shape. Here, symthethods for gold
nanomaterials are summarized, with respect to particletstelicbased on detailed

analysis of experimental conditions.

1.3.2 Conventional Synthesis Techniques

Methodologies to synthesize various kinds of gold nanostructures havevioksiy
studied and developed for electrochemical and chemical meanstroEfemical
techniques are widely used to create thin films on conductive siglssérad to synthesize
nanowires through a template such as porous aluminum oxide menibranes
Electrochemical techniques are capable of creating gold nartasésievith controlled
shapes, sizes, and purity. However, templates with well-defined pstaugures are
essential for electrochemical synthesis and preparation dinvgoelectrodes would not
be facile with soft templates. Wet chemical syntheses of mahdstructures have been

studied in myriads of ways to create various kinds of O-, 1-, and 2-D nanostructures.

The solvent system of wet chemical synthesis is generallyistedsof three
components: reducing agent, capping agent and assistance of phgsoeal The

reducing agent is an electron donor, which oxidizes and provideseaketdr reduce gold
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&% alcoholé® and

ions. Sodium borohydrid® sodium citrat&, hydraziné®*!, amine
polymeré’ have been used for reduction of gold ions in various kinds of methods. A few
studies demonstrated methods using UV-irradiéfjon-irradiatior®>° and heat->* for

reduction of gold ions instead of chemical reducing agents.

Capping agents bind to specific orientations of nanocrystals and tieegtowth of
crystals into certain orientations where the capping agent isad&bdrbed, thereby
determining the structure of products. Alkanethfols alkylamine§**>* and
polymerd”>>*°have been used as capping agents in many studies. Many studigsdrepor
use of separate reducing and capping agent for the synthesis pram@sser single
chemicals that can perform both tasks of reducing and capping agerideavesported
frequently in the case of amifé4® and polymer¥. Surfactants are also reported as
effective materials to control the shape of gold nanostructuresgdtine synthesis

proces®>t

Assistance of physical forces can be described as an additraniable that
significantly affects the synthesis process. So farofisenicwavé’>® microwave®®
and UV-irradiatioi*®® have been reported as an effective outsource to improve the
morphology and monodispersity of synthesized gold nanostructures. Sucicaphys
assistance changes the reduction chemistry in the solventmsystnsequently
redirecting the reduction process to generate morphological ehamghe products. The
addition of seeds to promote controlled growth of gold nanostructuralsasa well

known technique to synthesize uniform structures.
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So far, numerous kinds of gold nanostructures have been synthesized through
chemical approaches by many different combinations of reducappirey agents and
physical assistance methods. Zero-dimensional gold nanostructurtbe an®st widely
studied structures since the history of colloidal gold synthesisbbas the longest
amongst any kinds of nanomaterials. The gold nanostructures thabdmvaynthesized
by chemical synthetic techniques can be listed as 0-D nanostgjctuch as spherical
nanoparticles, faceted nanoparticles, nanocubes and nanorings, 1-Dagogiructures,
such as nanowir@$®® nanoribbon¥®® and nanotub&% and 2-D gold nanostructures
which are mostly in shape of nanoplat€fet§ Amongst such diversity in structure,
interestingly, the studies on gold nanowires and nanoribbons often reporystadlinity
of synthesized structures as single crystalline grown &bhtj} orientation, especially
in the case of nanoribbons. Similarly, chemically synthesized galoptetelets are
hexagonal and triangular with single crystalline structuresnted along {111} planes.
Recently, such single crystalline nanostructures have been reeddor its improved
electrical properties in nanometer scales compared to polylinstaanostructurés.
However, increasing environmental concerns on toxic and high-enengwming
synthesis methodologies promoted development of environmentally acceptathietic
techniques, which can create various kinds of nanostructures in thefasiman as
chemical approaches. Biological materials have been studied asfotiee best
candidates for environmentally acceptable synthetic techniques anchplaility of
biological materials as reducing and capping agent to synthesimais kinds of gold

nanostructures has been ascribed in a number of studies. Therefovenaaw on the
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biological approaches to synthesize gold nanostructures has beantqutesih respect

to nanostructure dimensionality.

1.3.3 Biological Synthesis Techniques
1.3.3.1 Zero Dimensional Nanostructures— Nanoparticles

Biosynthesis of gold nanoparticles has been studied most freguenting the
various kinds of nanostructures. The largest entities that has bebfouskee synthesis
of gold nanoparticles are plants. The studiesAtfalfa’® and Sesbania drummondii’®
have demonstrateth vitro growth of seedlings in media containing gold chloride.
Transmission electron microscopic analysis on the roots and shobts gahts showed
gold nanoparticles smaller than 20nm loaded inside the cells, whiattriisuted to
intracellular reduction of gold. Extracellular synthesis of sphEmanoparticles was
demonstrated by using ground stems Avena sativa’®, extracts of the leaves of
lemongrassGymbopagon flexuosus)’®, andAloe vera’® whereas decahedral, icosahedral
and rod-shaped nanoparticles were synthesized by using treeteafrPelagonium
graveolens’’ incubated with gold chloride solutions. The extracts of algalofella
wulgaris® and marine algaSargassum wightii’®, Sargassum sp.2% in gold chloride
solutions also showed the capability of gold reduction into spherécaparticles under

ambient conditions.

Various kinds of fungus and bacteria have been used for the synthegadof
nanoparticles. The use of funguderticillium sp®’) and bacteriaShewanella algae®?,

Rhodococcus sp.2%) for intracellular synthesis of gold nanoparticles lead to estiaar
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synthesis demonstrating the role of biomass for bioreduction. Gold naolesart
prepared by extracellular synthesis of fung@sligtotrichum sp.””, Trichothecium sp.2%,
Fusarium oxysporum®>, and Aspergillius niger®®) exhibited a variety of shapes, such as
triangular, hexagonal and spherical shape of gold nanoparticleseashepherical
nanoparticles were dominant products in the intracellular syntasisig Trichothecium
sp.2* and Verticillium sp.®. Bacteria, Escherichia coli®’, incubated in gold chloride
solution exhibited triangular, hexagonal and spherical nanoparbdehe surface of
themselves whereas spherical nanoparticles were synthesizedllbfree extracts of
bacteria,Rhodopseudomonas capsulata®® and Pseudomonas aeruginosa®®. The study on
extracellular synthesis of nanoparticles Riyodopseudomonas capsulata® proposed an
enzymatic metal reduction process by NADH-dependant reducsaaengechanism of

bioreduction.

The research using biological elemental units, such as proteptgjggeand amino
acids, have been carried out in a parallel approach to the treiddadssusing larger
bioorganisms to develop environmentally acceptable methods to syethgsid
nanoparticles. The reducing capability of prot&inseptide¥ and amino acidad® were
confirmed in a few studies where spherical nanoparticles wen¢hesyzed after
incubation in gold chloride solutions. Among twenty amino acids, arginipartase,

lysine, tyrosine and tryptophan have been reported to synthesize gold nanoparticles.

Successful demonstration of intracellular and extracellular ssisthef gold

nanoparticles corroborates the role of biomaterials as a redathgapping agent in the
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synthesis process. It has been observed that spherical nanoparidesynthesized by
intracellular bioreduction. Extracellular synthesis processesaabéoth spherical and
faceted nanoparticles. Various kinds of bioorganisms were used to syathgold

nanoparticles. However the use of biological compounds such as prp&isles and

amino acids were also capable of synthesizing gold nanoparticles.
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Table 1.2Experimental conditions for biological synthesis of 0-D gold nanostructures.

Use of physical

Biological entity Gold salt pH Temp force Shape Size Ref
Lemongrass
(Cymbopagon HAUCI, - RT - Nanoparticles - o7
flexuosus)
Avena sativa KAuGl 2-~6 - Agitation Nanoparticles - %
Alfalfa KAUCI 5.8 RT - Nanoparticles 2~20nm 9
Blant 4 ' (25/18C)
an ;
Sesbania KAUCI, 4.8 25-28 - Nanoparticles 6~20nm 1
drummondii
Aloe vera HAUC) i RT ) Spherical nanopatrticles 101
Aggregated nanopatrticles -
Pelagonium HAUCI, i o597 Shaking at Decahedral, |cosahedrfa| and rod-20~40nm 102
graveolens 200rpm shaped nanoparticles
Alga Chlorella vulgaris HAUG! - RT - Spherical nanoparticles - 108
. we _ . . . . - 104
Marine alga Sargassum wightii HAuUGI RT Stirring Spherical nanopatrticles 8~12nm
(seaweed) Sargassum sp. HAugl 1~13  RT~250 Vigorous Particles - 108

stirring
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Table 1.2Experimental conditions for biological synthesis of 0-D gold nanostructuwesr(ae).

Use of physical

Biological entity Gold salt pH Temp force Shape Size Ref
Spherical nanopatrticles ~25nm
Mushroom Volvariella volvacea HAUE! - RT~80 - Dendrite/fractal structured 106
nanoparticles
Colletotrichum sp HAuGI - 25~27 Sgglglrrpl)%]at Spherical nanoparticles 8~40nm 197
- T e sthere 5200
Trichothecium sp. HAuGI - 27 . 108
Shaking at Spherical nanopatrticles 10~25nm

200rpm

Fungus Verticillium sp. HAUCK i o8 Shaking at Spherical (a few triangular and 20+8nm 109
200rpm hexagonal) nanopatrticles
Fusarium oxysporum HAugI - - Extracellular Spherical and triangular nantipkas 8~40nm 110
Shaking at Spherical, triangular nanoparticles and
Aspergillius niger HAuQ 3~10 4~100  120rpm and P ' 9 P 1
S nanoagglomerates

stirring

cell free extract of R. HAuUCl, 6 30 - Nanoparticle 10~20nm 12
Capsulata
Escherichia coli HAuGI - RT - triangular, hexagonal and spherical 25+8nm 113
nanoparticles
, Rhodopseudomonas HAuUCl, 4~7 RT - Nanoparticles 10~20nm
Bacteria capsulata
HAuCl, /

Shewanella algae bicabonate 25 Anaerobic Nanoparticles 10~20nm ®

buffer condition

(HrCO)

Pseudomonas HAUCI, - 37 - Nanoparticles 15~30nm 116

aeruginosa




LC

Table 1.2Experimental conditions for biological synthesis of 0-D gold nanostructuwesr(ae).

Gold

Use of physical

Biological entity salt pH Temp force Shape Size Ref
Protein AuCl;  Acidic RT - Nanoparticles (faceted) - 17
HAuCl,
. in . N 118
Peptide HEPES 7.2 - Nanoparticle 11.4~13.8nm
buffer
Tryptophan 60+5
Lysine Spherical nanoparticles 6+2
Arginine HAuCI, - RT Mild stirring 1045 119
. Spherical and rod-shaped
Tyrosine . -
nanoparticles
_ _ Aspartate HAUC) - RT - Nanoparticles - 120
Amino acid
L-tyrosine 0.7~1.5, 5~40nm
Spherical nanoparticles
Glyeyl-L- KAuBr,  10.7 RT - P P 5-30nm 12
tyrosine
L-arginine Anisotropic nanoparticles ~50nm
Aspartate HAUG - 100 Boiling Spherical nanoparticles 24+3nm 122




1.3.3.2 One Dimensional Nanostructures — Nanoribbons/Nanowires

Unlike the extensive studies on biosyntheses of 0-D and 2-D gold nartosts
which have been studied for the past decade, much less reports have doeeom
biosynthesis of 1D gold nanostructures due to a very recent developriemhethods.
Biosynthesis of gold nanowires was first reported by two gralpest simultaneously
using cell free extract of bacteri® Capsulata®® and amino acid, aspartdteas a
reducing agent. Both of the methods have incubated the mixture of klAundl
biomaterials near ambient conditions without any additives. TEMysisalon the
synthesized nanowires showed that the nanowires synthesized from bdte of
biomaterials were polycrystalline. Bonding regions of neighboriagpparticles in the
nanowires were also observed in common which supports the mechanism of
nanoparticles fusing into one another in a specific orientation andnfpmanowires.
Proteins existing in the cell free extractRfCapsulata® was assumed to have reducing
and capping ability of gold which might be the reason of havinglainstructures
synthesized by using aspartate, one of the constituents of proteins. In facar&al and
coworkers have demonstrated the role of amino acid as a capping lgexding
glutamate in a nanoparticle synthesis process using sodium badehgdra reducing
agent® In the presence of significant amounts of glutamate, nanoparticles szmthies
the beginning of the reaction formed chains of nanopatrticles in winécpdrticles were

fusing into one another to become continuous wires.

Tan and coworkers, who have demonstrated shape controlled synthesis of gold

nanostructures using aspartate, observed nanowires and nanoribbons piiesémed
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same network. However, in contrast to the polycrystalline naturéhefnanowire,
nanoribbons were single crystalline grown along {111} faces with @amgatar cross-
section. A careful HRTEM observation on the indentation of a nanoribbooatedi
crystal growth by oriented attachments, attributing the formatfosingle crystalline
nanoribbon to fusion of nanocrystals into high crystallfiityGold nanoribbons
synthesized by using cysteffi¢ also showed the same feature of having single
crystallinity along {111} planes with indented structures on the sidéehanoribbons.
The same sequence of formation starting from nanoparticles, nanepatians to

nanoribbons was observed by a time dependent studies on the synthesis process.

The results presented in the previous studies share a few coreatare$. Firstly,
the biomolecules can function not only as a reducing agent but also as a cgppingpra
shape-directing gold nanopatrticles into a chain structure. Secondly, inesnave formed
as a result of oriented attachments of nanoparticles and the fusmamaxdrystals in the
nanowires results in the formation of nanoribbons. Lastly, nanowitbscikcular cross-
section appear to be polycrystalline due to distorted orientations@nuplete fusion of
attached nanoparticles; however nanoribbons with rectangular caotgsisare single
crystalline with {111} oriented planes indicating complete fusiomarfocrystals into a

single orientation.
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Table 1.3Experimental conditions for biological synthesis of 1-D gold nanostructures

Use of physical

Biological entity Goldsalt pH Temp force Shape Size Crystallinity  Orientation Ref
Nanoparticle 10~20nm - -
; _ 112
Bacteria R. Capsulata HAuCl 6 30 Nanowie Diameter oo, ]
50~60nm y
Nanowire - Poly -
Aspartate HAUG - RT - 120
Amino Nanoribbon - Single {111}
acid
. Stirring for . Width . 124
Cysteine HAuCJ - RT 30min Nanoribbons 20~45nm Single {111}




1.3.3.3 Two Dimensional Nanostructures — Nanoplatelets

A few research groups have reported gold nanoplatelets synthesizea result of
bioreduction. The first observation of gold nanoplatelets in a biosynthesiess was
made by Brown and coworkers using proteins with specific polypeptdeeaces
secreted byEscherichia coli®’. They have showed the results of crystal formation with
varied pH, sequence of polypeptides and specific binding propefimsteins on {111}
planes. Based on the results, they elucidated the formation of theramodwally
unfavored hexagonal crystals with one pair of large (111) fecesie to the proteins
biasing the growth of crystal allowing a continuous accretion ont@etieally favorable
faces rather than the hindrance of growth on {111} planes due torttimgs of proteins
on {111} planes. Gold nanoplatelets were generally synthesized as taremiaf
nanoplatelets and nanoparticles. The products consisted of less trEmdfioplatelets

and the rest of the structures were spherical nanoparticle.

Sastry’s group has significantly increased the yield of nanopksigbeto 45% in their
products by using the extracts of leaves from lemong@gsibopagon flexuosus)”,
Tamarind® and Aloe vera’®. Similarly to Brown’s results, synthesized nanoplatelets
were single crystalline with disregard to the shapes ard sizplatelets, and they were
face centered cubic (fcc) structures grown along {111} planes. Betarhe dependent
studies on the formation of nanoplatelet showed the growth of nanoatilged from
aggregates of nanoparticles sintering into rudimentary triangttactures, triangular
platelet with corrugated edges and single crystalline platelith sharp edges.

Characterizations on the extracts of leaves and synthesizedagmidlatelets by Fourier
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transform infrared spectroscopy (FTIR) have confirmed thetexte of aldehydic or
ketonic components in the extract of lemongfaasdaloe vera’® which were assumed
as the possible reason of bioreduction. However, the same approachemarmda
extract showed an existence of tartaric acid but no aldehydietonic component&’.
IV characteristics were studied for the nanoplatelets sgiztb@ by using lemon grass
and tamarind, and a vapor sensing application for organic solvents sutetase,
benzene and methanol was demonstrated with nanoplatelets prepaled exgract of

tamarind leaves.

Lee and coworkers have studied various kinds of biological entiligs &s algae,
seaweeds, fungus and amino acids for the synthesis of gold nanopldéi@its were
made to develop a biosynthesis process to achieve high yield & shygtalline gold
nanoplatelets. In the process using seaweladgdssum sp.)*°, the optimization of
reaction conditions allowed the yield of gold nanoplatelets to ineng@ago 90%. In this
study, they have implicated proteins as the active species inwslttedhe bioreduction
process. More detailed studies on the effect of protein were deatedsin a
biosynthesis process using al@jorella vulgaris’®. A protein, which was named as the
gold shape-directing protein (GSP), was identified to have aa®la reducing and
capping agent. GSP was isolated from the extraChirella vulgaris by reversed-phase
high performance liquid chromatography (RP-HPLC) and then confitmegnthesize
single crystalline gold nanoplatelets in high yield (~90%) sffit3hey have explicated
the nanoplatelet formation with surface wrapping mechanism by i6S¥hich GSP

wraps on the surface of triangular-shaped seeds and directs thbgyafiayers on the
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edges of the structures. Enzymatic process was also reportedaytoapltole as
bioreductant to form gold nanoplatelets in a biosynthesis process Gangus,
Aspergillius niger®. Interestingly, spiral nanoplatelets in hexagonal geometry were
synthesized as well as regular nanoplatelets. The nanoplatgletsesszed by
Sargassum sp., Chlorella vulgaris and Aspergillius niger were single crystalline with

{111} oriented planes including spiral nanoplatelet structures.

In the mean time, biosynthesis of gold nanoplatelets was also deated by
additional species of bacteri&hpdopseudomonas capsulate)®®, mushroom Yolvariella
volvacea)*?® and chitosalf’. The results of biosynthesis usirRhodopseudomonas
capsulate has shown another possible mechanism of enzymatic bioreduction by NADH
dependent reductase. In the studyMalvariella volvacea, binding of amine groups on
gold nanoparticles was found by FTIR analysis indicating protein ri@gndn gold
surfaces through amine groups. In these three methods, hexagomaulaétiaand
truncated triangular nanoplatelets were synthesized and weyle srystalline oriented

along {111} faces.

Amino acids, elemental constituents for peptides and proteins, wetk fase
nanoplatelet synthesis by Dong and coworkKesmong twenty amino acids, aspartate
was the only amino acid reported to synthesize gold nanoplateletuséss. For shape
controlled synthesis of gold nanostructures, Lee and coworkers have t@teons

extensive studies using aspartate as reducing and capping rdeshbaved the synthesis
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of various kinds of gold nanostructures. They reasoned the formation of nanoplatelets to a

specific adsorption of aspartate on {111} planes.

So far, the studies on biosynthesis of gold nanoplatelets haverethse same kind
of single crystalline nanoplatelets in hexagonal, triangular tamadcated triangular
geometries with {111} oriented planes. Many hypotheses were nma@tutidate the
mechanism of nanoplatelet formation by enzymes, proteins and amdw However,
the process of nanoplatelets formation within the same feahyresrious kinds of

different biomaterials still remains indeterminate.
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Table 1.4Experimental conditions for biological synthesis of 2-D gold nanostructures

Use of physical

Biological entity Gold salt pH Temp force Shape Size Crystallinitrientation Ref
Lemongrass .
(Cymbopagon HAUCI, ) RT ) Hexaggnal, truncated triangular and 8-18nm o7
triangular nanoplatelets
Plant flexuosus)
Aloe vera HAuCl - RT - Nanotriangles Height 2.7~7.9nm 101
. Hexagonal, truncated triangular and Height 9~20nm, 103
Alga Chiorelia vulgaris HAUGI RT triangular nanoplatelets width 0.02~2.2um
Seaweed Sargassum sp. HALCIL~13 RT-250 Vlgorous Hexaggnal, truncated triangular and ) 105
stirring triangular nanoplatelets
Hexagonal, truncated triangular and , .
- ) - . ) thickness ~20nm / 111
fungus Aspergillius niger HAug!l 3~10 4~100 Stirring triangular nanoplatelets & Spiral width 100 ~ 300nm
nanoplates
Bacteria Rhodopseudomonas HAUCL  4~7 RT i Truncated triangular and trlgngular 50~400nm / 114
capsulata nanoplatelets / nanoparticles 10~50nm
. Polysaccharide Hexagonal, truncated triangular and
Chitosan yes HAUCL - 40~100 - g 9 - 128
chitosan triangular nanoplatelets
Protein AuC} Acidic RT - Truncated triangular nanoplatelets - “7
Aspartate HAuCl - RT Mild stirring Hexagonal nanoplatelets 30nrwa micron e
Amino
acid Aspartate HAUC ) RT ) Hexagonal, truncated triangular and ) 120

triangular nanoplatelets




1.3.4 Experimental Progress in Biological Synthesis Techniques

Starting from the synthesis of spherical nanoparticles by useprofeing?,
biosyntheses of various kinds of gold nanostructures have been developed by a number of
studies. Brown and coworkers have first demonstrated biosynthesislaiayoparticles
and nanoplatelets using proteins secretedEsherichia coli and proposed a growth
mechanism for the formation of thermodynamically unfavored hexaganplatelets.
Extracellular and intracellular synthesis of gold nanopartiti@se been extensively

studied using plant§™ fruits™® algad®, fungi’’®18*85129 pacterigd? s 89.90.129

0

actinomycete¥"*° peptide¥ and amino acidg®®3!1%

to demonstrate the use of

biomaterials for reduction and stabilization of gold.

Dong’s group was able to synthesize gold nanoparticles and singitallong
nanoplatelets using amino acldsAmong natural L-amino acids, aspartate showed
capability of reducing and shape-directing gold crystal to foanoplatelets whereas
arginine, lysine, tryptophan, and tyrosine showed capability of redgailligions to form
spherical nanoparticles. Sastry and coworkers were able to deatensteparate
synthesis of nanoparticles and nanoplatelets by using differetibfraf lemongrass leaf

extracts separated by column chromatography

More studies on biosynthesis using led%&S, mushroon?®, algaé® seaweet,

94124 showed the versatility of

fungi®®, bacterid®®° chitosa’’ and amino acid
biomaterials for the synthesis of gold nanostructures including nanepdatel

nanoribbons, nanowires and nanoparticles, and proposed a few possible mechanisms
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bioreduction and platelet formation. The synthetic chemistry af gahoparticles using
plant, algae, fungus and bacteria has considerable complexignpngschallenges to
investigating the mechanism of bioreduction due to various kinds of bialagements,
such as cell walls, proteins and enzymes, existing in living amsms. In fact, Xie and
coworkers have made efforts to narrow down the reason of bioreductiansingle
element existing in algal extract and found that proteins egisti the algal extract had
ability to reduce gold ions and shape-direct the growth of nantgitatéHowever,
employing amino acids to the synthesis process of gold nanostructatesnly
eliminated various factors in the biomass or extracts of bisraktédut also reduced
efforts to find complicated sequences of specific peptided®'?* Shape-controlled
synthesis of gold nanostructures using aspartate showed thash#dpe of gold
nanostructures is more dependent on the reaction environment rathenttienkind of

biomaterial&*,

Biosynthesis processes of gold nanostructures in previous sthdigssnilarities in
the reaction conditions and resulting products. In common, the reacilatioss
consisted of aqueous gold chloride and a fraction of biological entifles reaction
condition was mostly in ambient condition except a few studies sigothie effect of
temperature and pH. Gold nanoplatelets share very similarésaof shape (hexagon,
triangular) and crystallinity (single, {111} oriented plane) in all the swthat have been
reported for biosynthesis and also for chemical synthesis. Evenhtlomlyg few reports
are available for biosynthesis of 1D gold nanostructures, the satneefe for nanowires

(polycrystalline) and nanoribbons (single crystalline, {111} oriented) gnowth
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mechanism could be found in the reported st{@iiés?? A clear reason for observing
such similar gold nanostructures in many studies has not bemond&ated yet.
However, systematic approaches to analyze and clarify common péeoonof the
biosynthetic processes should lead closer to the core of contrgildesis of gold

nanostructures.
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1.4 Research Objectives

In light of the above discussion, the overall objective of the detsmr is to
contribute toward improving fabrication processes of devices comsidt@anometer
scale components by developing efficient and non-toxic methodolagi¢isef assembly

and synthesis of inorganic nanostructures via biological approaches.

The specific objectives of my work include:

1) Development of a highly selective assembly process of 1-D nants®&s via
base-sequence-specific DNA hybridization for fabrication of namshased
devices.

2) Development of a simple and non-toxic synthesis process by wsaind acids
to create gold nanomaterials of controlled shapes and invedtigaeffects of
variables on the synthesis processes to understand the mechanisnpesf sha
controlled synthesis of gold nanomaterials.

3) Investigate the chemical, physical and electrical propedes validate the
efficacy of biologically assembled and synthesized nanomatersaksinctional

elements in gas sensing devices.

1.5 Dissertation Organization

Chapter 1 introduces conventional and biological approaches for thab&ssnd
synthesis of nanostructures with experimental progresses frogtaitieg point of those

techniques to present. Chapter 2 presents DNA-assisted assenmlyltiesegmented
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nanowires with characterization of the electron transport propestiegee assembled
nanowires and application of the structures for gas sensing. CBaguter4 demonstrate
amino acid-mediated synthesis of gold nanostructures. Chapter &visted to

understanding the effect of variables on the synthesis processidoihgnostructures
using glycine. Chemical, physical and electrical charaetoz of synthesized gold
nanostructures, transient kinetics, electrochemical analysisobfent system and
application of gold nanostructures for gas sensing have also been ttatedns chapter
3. Chapter 4 elucidates the effect of side chains of amino acidseoformation of

different kinds of gold nanostructures.
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Chapter 2: DNA-assisted Assembly of Multi-segmented Nanowires

2.1. Introduction

One-dimensional nanostructures including nanowires and nanotubescarsirize
increasingly important as building blocks of nano devices, becauskewnf unique
electronic, physical, and optical properties that can be predsetyolled by controlling
their shapes and siZésHowever, exploiting the full potential of nanostructures and their
characteristics has been limited by the inability to spgtabnipulate and address these
nano-entities Efficiently controlled assembly of nanostructures into more complex
structures is necessary for realizing applications such as laatmosics, spintronics,
optoelectronics, sensors, and thermoelectric devices.

There have been several methods for assembling the nanostruotwesplex
architectures, which include during- and post-growth electeid fassisted alignmet,
Langmuir-Blodgett method$, microfluidic technique$ and magnetic assembiy
Biorecognition-directed assembly is an attractive method terdsenanostructures into
functional devices because of the highly specific nature offerdaddnyolecules such as
proteins and deoxyribonucleic acid (DNA). DNA is particularlyaaitive because the
interaction between complementary DNA is very specific and s@ler enabling highly
controlled assembly of nanostructures. DNA can be easily syrgdewiizh different
lengths, sequences, and functional groups. In addition, the sequence seleicDNA
hybridization provides a way to create complex structures by pocating multiple

different sequence pairs. These properties in concert with thespsitéfic DNA
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adsorption and the reversibility of the hybridization have been ¢egltr the assembly

of Au nanoparticles functionalized with thiolated single-strandBlA IsSDNA) onto a
pre-patterned surfat®'® Selective assembly of gold nanoparticles on a defined gold
pattern was demonstrated by passivating the rest of the suxifttePEG-silan¥.
Recently, the direct assembly of gold nanowires on complemesigigces has been
reported. It is easy to envision that even multi-segmented nanowires cimgtajold
segments at each end can be selectively assembled using thadsiN#ed assembly
method.

In this chapter, we demonstrate a facile way to assefmhbd¢éional multi-segmented
nanowires in a spatially controlled manner using DNA hybridizatidimis assembly
technique was exploited for bridging multi-segmented Au/Pd/Au nanowaoesss two
gold electrodes by the selective DNA hybridization. Measutamperature dependent
electrical property and sensing performance toward hydrogentigetesl the properties

of the nanowires.
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2.2. Experimental Details
2.2.1. Nanowire Fabrication

Nanowires with diameter of approximately 200 nm were synthesigied template-
directed electrodeposition. Anodized alumina (Anoti$8 from Waterman, Inc. with a
nominal pore diameter of 200 nm) was used as a scaffold. A goldvétyrea thickness
of approximately 500 nm was sputtered on one side of the templs¢evi® as the seed
layer. The template was fixed to a glass support with the sger face down using
double-sided conductive copper tape. The conductive copper tape was dlss adead
to the glass support. The entire sample, except for the middle whiptate and the end

of the copper tape lead, was masked with an insulator (Microstop, PyramidsPlastic

The Au/Pd/Au multi-segmented nanowires were synthesized by mdedque
electrodeposition of gold, palladium, and gold under potentiostatic conditidnsstiag
deposition times at fixed deposition potentials controlled the lengthsliffgfrent
segments. Platinum-coated titanium bars and saturated calomiebads (SCE) were
used as anodes and reference electrodes, respectively, forpaflite. The gold
segments were electrodeposited from ready-to-use cyanelgditd electrolytes (RTU-
25, Technic, Inc.) at 68C. The deposition potential was fixed at -0.5 V vs. SCE, which
resulted in an average current density of 1.2 mA.crithe pH of the electrolyte was
maintained at 7.25. The -current efficiency of the gold electrodeposiwas
approximately 100 %. The palladium segments were electrodepositeom
temperature from alkaline chloride electrolytes with ammonioms ias complexing

agents. The electrolyte solution had a composition of 0.047 M Ry@Glkiand 0.1 M
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NH4CI at pH of 7.02. The deposition potential was fixed at -0.8 V vs. S@ich
resulted in an average current density of 3.2 mA.cAt this deposition potential and
temperature, the current efficiency of palladium electrodeposiem approximately 30
%. For all depositions, electrolyte solutions were magnetiegitated using 1 inch stir
bar at 200 rpm in 100 ml beaker, and deposition potentials were contiglled

multichannel EG&G PAR VMP2 potentio/galvanostat.

After electrodeposition, the nanowire-embedded template was renimmadthe
substrate followed by mechanical removal of the gold seed layer. nEinowire-
embedded template was sonicated in acetone to remove the adksestzsed by the
copper tape. The adhesives on the template surface could hindersibiatidis of the
alumina template and also remained in the final nanowire solutioar@aaminants. The
nanowire embedded template was then immersed in 5 M NaOH for. 24 60°C for
selective removal of template. The suspended nanowires were thorevagilgd with
nanopure water for three times. Finally, the nanowires weredsin 1 ml of nanopure

water.

2.2.2. Microfabrication of Gold Electrodes

The gold electrodes were microfabricated on silicon substuging standard
lithographic patterning. Using chemical vapor deposition (CVD),maimeen thick SiQ
film was first deposited on a (100) oriented silicon wafer to insulze substrate. After

photo lithographically defining the electrode area, a Cr adhesien &md a ~3000 A-
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thick Au layer were e-beam evaporated. Finally, the electnodes defined using lift-off

techniques. The gap distance between electrodes was fixed at 3 um.

| I Si
SH Au electrode functionalized with DNA,
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Figure 2.1 Schematic illustration of DNA assisted assembly of nanowires.

The upper part of the schematic illustrates the DNA functicetadiz of gold
electrodes with DNA and the lower part of the schematic illustrates the DNA
functionalization of the nanowires with complimentary DNA. Aftdne t DNA

functionalization, the nanowires are assembled across the gold electrodes.

2.2.3. DNA Functionalization
Figure 1 shows the schematic illustration of DNA functicraion and assembly of

mutli-segmented nanowires on microfabricated gold electrodes. dhacpis for DNA
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functionalization were adopted in part from Pagiral. for passivating the silicon dioxide
surface with PEG silane, and from Kanretral. for functionalizing the nanowires and
gold electrodes with DNAS # The base sequences of the complementary DNAs (i.e.

DNA; and DNA) used for this study were:

DNA1: 5- SH-G-TTTTTTTTTTTTTTTTTTTT AAT ATT GAT AAG GAT

DNA,: 5- SH-G-TTTTTTTTTTTTTTTTTTTT ATC CTT ATC AAT ATT

DNA; and DNA were used to functionalize the nanowires and the gold electrode
surface, respectively. The first 20 bases from 5’ end funcBospacers and the rest 15

bases as linkers that hybridize to the complementary base sequences.

The thiolated DNAs (Integrated DNA Technologies) were dissolaetiOluL of a
0.1 M dithiothreitol (DTT) solution, and kept at room temperature fondi#s in order
to reduce the disulfide bonds. The solution was diluted to a final volumé With
nanopure water, and ran through a NAP-10 column (GE Healthcare Bioc&s AB) to
remove the DTT from the DNA solution. The final volume and the aunaon of the
DNA solutions after being eluted were approximately, 1.5 mL andubM)Orespectively.

The DNA solutions were kept frozen to prevent the formation of disulfide bonds.

A silicon chip with patterned gold electrodes was first cleaned wigmPRa (70 vol %
sulfuric acid and 9 vol % hydrogen peroxide in water) for 20 minties.chip was then
washed three times in nanopure water and dried & 30r 10 minutes. A PEG-toluene

solution consisting of 0.2 vol % PEG-silane + 0.08 vol % HCI + 99.97 vidldene was
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sonicated in medium power for 10 minutes and transferred to a desssbgpaker. The
chip was placed in the PEG-toluene solution for 1 hour and washed oonbgeimet once
in ethanol and finally in nanopure water. 20 of DNA; solution was added to cover on
the gold electrodes for 12 hours. The chip was rinsed with 0.1 vol Yonf2@eéllowed
by nanopure water, and placed in 1mM mercaptohexanol (MCH) for 1 h@lid wWhs
used to assist the single-stranded DNAs (ssDNA) to stand albrtien the surface.

Finally, the chip was washed with nanopure water for 2 minutes.

The nanowires were suspended in 2000f a 14.7 mM phosphine ligand solution
and incubated for 12 hours on a rotator. 1@00of DNA; solution was added to the
nanowire suspension and incubated for another 12 hours. NaCl was addesdlattbe
to a final concentration of 50 mM to aid the oligonucleotides to stariitaley on the
nanowire surfaces. After the functionalization, the solution wagiiteygd at 14,000
rpm for 10 minutes and the supernatant containing the unreacted ssixs$Asmoved.
The DNA functionalized nanowires were re-suspended in 800f 10 mM phosphate

buffer (PB) and 0.3 M NaCl solution.

2.2.4. DNA Hybridization

The ssDNA-functionalized chip was incubated in a solution of theowiaes
conjugated to the complementary oligonucleotides for 12 hours to allowlthdihation
between complementary ssDNAs. After the hybridization, the claip washed for 2
minutes with 0.1 vol % Tween-20 in 10 mM PB and 0.3M NaCl solutions, fotidwe

10 mM PB and 0.3 M NaCl solution.
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2.2.5. Morphology, Electrical Propertiesand Hydrogen Gas Sensing :

The morphology of Au/Pd/Au nanowires was examined by high resolutiocabpt
video microscope (KH-3000, Hirox, Inc.) and scanning electron micros@@pyips
model # XL30-FEG). The crystal structure of Au/Pd/Au nanowires dedermined using
X-ray diffractometer (D8 Advance Diffractometer by BrukeingsCu K, radiation). The
temperature dependent electrical properties of Au/Pd/Au nanowines characterized
using Physical Property Measurement System (PPMS). Theclhfacteristics of
Au/Pd/Au nanowires were analyzed using semiconductor parametgzem@iP model
# 4155A).

The gold electrodes with assembled Au/Pd/Au nanowires werebairéed to a chip
carrier. 1.3 cmisealed glass chamber with inlet and outlet ports for gastAmugh was
positioned over the sensor chip. The circuits were connected to &osennting
parameter analyzer to continuously monitor the voltage change@atstant current of
200 pA. The electrical resistance of the sensor was determipepplying Ohm’s law
based on the measured voltages. The gas flow rates of hydaogenry air were
regulated using mass flow controllers (Alicat Scientificomporated, Tucson, AZ). All
experiments were conducted at room temperature with hydrogeny{p20i998 %)

diluted in dry air (purity: 99.998%) at a flow rate of 150 std® omn>.
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2.3. Resultsand Discussion
2.3.1 Electrochemically Grown M ulti-segmented Nanowires

Figure 2 shows the optical cross-sectional images of Au/Pd/Au m&sow he
lengths of segments were 2.8/2.6/2.6 um, respectively. Presetwe different metal
segments was clearly indicated by the two distinct colors.|dingth of each segment
was designed to match the microgap distance between the tdginrielectrodes.
Electrodeposition was controlled at a relatively low cathodic patentvhich
consequently applied low current density (-1.24 mAZ?dor gold, -3.2mA crif for
palladium), to ensure the length uniformity of nanowires. Figure B&8wvs single
Au/Pd/Au nanowires well dispersed in nanopure water after the aigsolof alumina

template with sodium hydroxide.

S pm

Figure 2.2 Optical images of multi-segmented Au/Pd/Au nanowires embedded in
alumina template (A) and dispersed nanowires (B).

Figure 3 shows the X-ray diffraction pattern of Au/Pd/Au nanowires dif¢eremoval

of alumina template. The nanowires were polycrystalline and shosvdantered cubic
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(FCC) structure. The intensity ratio ofidl.go for gold segments was 2.4, which
indicated that the gold segments have preferred the orientédiog [A11] direction. The
palladium segments have also preferred the orientation along [1EL}iakr. Using
Debye-Scherrer's equation, the mean grain sizes of gold aratlipall segments were

determined to be 28.5 and 34.3 nm, respectively.
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Figure 2.3 X-ray diffraction pattern of Au/Pd/Au nanowires.
2.3.2 DNA-assisted Assembly of Nanowires

To verify that the DNA-assisted assembly can be extended tt-segmented
nanowires, the ability to deposit Au/Pd/Au segmented nanowires ontogpldisurfaces
was studied. On the same chip, one gold surface was functionalize®MA&, and the
other gold surface was not functionalized as a control. The golacssrivere incubated
with a drop of the Au/Pd/Au nanowire solution that was functionalizéd RBNA;. After

washing the gold surfaces, observable nanowires deposition was deiatteon the
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gold surface functionalized with DNAfigure 4A and B). The PEG groups presented on

the silicon dioxide surfaces prevent any non-specific binding of nanéfires

’

25 um

- [ AL RN
v
I} ll

Figure 2.4 Assembly of nanowires on gold electrodes (A) unfunctionalized gjaidce
incubated with DNA functionalized nanowires (control), (B) DNAunctionalized gold
surface incubated with DNA functionalized nanowires, (C) unfunctionalized
interdigitated gold electrodes with DNAunctionalized nanowires (control) and (D)
DNA; functionalized interdigitated electrodes with DNiinctionalized nanowires.

Previously Mbindyoet al. have demonstrated the DNA hybridization of gold
nanowires on gold surfac8sThe group investigated surface coverage pi6long gold
nanowires with a diameter of 200 nm. They achieved a surface deh¢ay 2) x 16
NWs cm? by using a 36mer DNA oligo pair functionalized on the nanowires and

surfaces. The surface coverage of our Au/Pd/Au segmented nanawirels were 8um
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in length and 200 nm in diameter, was 3.2 X NI&Vs cmi®>. This result indicates that the
non DNA-binding palladium middle segment has no adverse effect on DNA

hybridization and the same order of magnitude of nanowire coverage could be achieved.

Similar hybridization experiments were performed on a fourdig@ated gold
electrode to further investigate the directed positioning of nangwiceoss electrodes.
Using the same strategy of hybridization on two different dig@ated gold electrodes,
we confirmed the same results showing no nanowires on the nomhaled electrode
(figure 4C), and many nanowires were deposited across DNAidnatized electrodes
(figure 4D). In accordance with our design of the nanowire, thrdygold segments were
interacting with the gold electrodes via DNA hybridization letthe palladium segment
remained in the middle of the micro-gap (figure 5A). Line scanafrtge EDAX (figure
5B) confirmed that the palladium segment is located in the mididie micro-gap,

which indicated that gold segments were interacting with the gold elestrode

20

(B) Gold

Intensity (a. u)

Figure 2.5 SEM image (A) and EDX line scan (B) of an assembled Au/Pdéxiowire
between electrodes.
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2.3.3 Electron Transport Properties of Assembled Nanowires

The room temperature |-V characteristic of assembled AulPai@nowires was
measured by sweeping the voltage from -10 mV to 10 mV. 66 % of obsessembled
nanowires showed ohmic behavior, with resistance ranging fromo 888Q at room
temperature (Figure 6B). Since the double-stranded DNA (dsDaler between the
electrodes and the nanowire is thinnerl( nm) and soft, the ohmic contact between
nanowire and electrodes might be attributed to direct contact betives. The lowest
resistivity of single assembled nanowire was approximately 12&nm which was
greater than bulk palladium (10.5Qum). Higher electrical resistivity of assembled

nanowires might be attributed to greater electron scattetitige wire surfaces and the

grain boundarieé?®

Current [mA |
[—]
=
=
Counts (Count)

|
-10 -5 0 5 10 0 90 110 130 150 170 Infinite
Potential [mV] Resistance (Q)

Figure 2.6 Room temperature |-V characteristic of a single Au/Pd/Awonére bridging
microfabricated gold electrodes. The gap distance betweenodiestwas approximately
3 microns. Inset: optical image of the assembled nanowire.
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Temperature dependent electrical resistance of Au/Pd/Au nanaasemeasured
from 10 to 320 K in increasing step. As the temperature was getethe resistance of
nanowire monotonically increased. For a detailed analysis, the tatugecoefficient of

resistance (TCR) was calculated using

Tcr= + ARZR)
Ro A(T _To)

Eq. (1),
where R is the resistance at temperatlir@ndR, is the resistance b, which is 300 K.
Since, gold segments are assembled on top of electrodes, and haveweratidctrical
resistivity than the palladium segment, the majority of alsdtresistance is expected to
come from the palladium segment. Figure 7 shows the comparisthre aformalized
resistance of multi-segmented nanowires versus bulk polycrystallirae jpai, and DNA
templated palladium nanowifés The diameter of DNA templated palladium nanowires
was approximately 60 nm. The TCR of the multi-segmented namawes 0.0027 K
compared to 0.0007 Kand 0.0034 K for the DNA templated Pd nanowire and bulk
palladium, respectively, at 290 K. As expected, the TCR of mudtnsated nanowires
(200 nm in diameter) lies between that of the DNA templated Rdwiee (60 nm in
diameter) and bulk palladium. Lower TCR of nanowire compared to thecbuliterpart

is caused by an increase in the volume fraction of interfagdesag sites with a

decrease of nanowire diaméfer
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Figure 2.7 Normalized resistance of Au/Pd/Au nanowire3, (bulk palladium ¢), and
DNA templated palladium nanowf& A) as a function of temperature.

2.3.4 Gas Sensing Properties of Assembled Nanowires

The functionality of the DNA-assisted assembled nanowiresdeasonstrated by
utilizing the palladium middle segment for hydrogen sensing, dimeeresistance of
palladium increases when it is exposed to hydrogen. The sensifagnmnce of
nanowire was characterized as a function of hydrogen congéentaatroom temperature.
Figure 8 shows that the sensor resistance increases rapiddgpgonse to hydrogen
injection, and returns to the baseline resistance upon purging withirdiijne inset of
figure 8 shows the sensitivity of the sensor, which was defineldealative resistance
change over the initial resistance. The assembled nanowires redponalydrogen with

a detection limit of 0.5 vol.% at room temperature. The sensitixi®/R) of assembled
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nanowires increased linearly with an increase in hydrogen otaten, and was

comparable to previously reported restit®
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Figure 2.8 Resistance versus time in the presence of various hydrogeargamtrations
(3%, 1%, and 0.5 vol. %). Inset: the hydrogen sensitivity of assembleolwire as a
function of hydrogen concentration. The arrows indicate the exposure to hydrogen.

2.4. Conclusions

In summary, we demonstrated a facile method of site-speaggembling of
Au/Pd/Au nanowires on microfabricated gold electrodes using DNA dhightion. The
surface coverage of multi-segmented nanowires was similgoltb nanowires, which
indicates that the non DNA-binding palladium middle segment has nosadetect on
DNA hybridization. The assembled nanowires show ohmic contact mvithmum
contact resistance. The temperature dependent electricalamess show that the

majority of electron scattering occurred at the surface gwain boundaries. The
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assembled Au/Pd/Au nanowires were sensitive toward hydrogen agasoom

temperature, with the detection limit of 0.5 %.
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Chapter 3: Glycine-mediated Synthesis of Gold Nanostructures

3.1. Introduction

With the recent advancement of nanotechnology and rising environmentainsonce
of nanomaterial manufacturing, there have been growing needs aevetpment of
clean synthetic procedures for nanostructures with controlled morphatogstraictural
architectures. Compare to chemical routes, which often involve smhent-chemical
systems and energy consuming operation conditions, biological apprdachnegerial
synthesis are ideal in the respect of realizing “Green processes”.

In the past decade, the utilization of biological systems fosyhéhesis of inorganic
structures has spurred as a result of environmental concerns. Mandsf biological
systems were reported utilizing living micro-organisms, eidra€ plants, and sub units
of bio-organisms for the synthesis of inorganic nanostructures. Iitaceand
extracellular production of metals (Aand Ad), sulfides (Cd%* PbS and zn$) and
magnetité were elucidated as a result of bioreductions by bacteria, famgjiyeasts.
Numbers of studies showed the use of plants, such a$Hiaaigaé’ and seaweéd

15 and amino acidé'’ to

and constituents of biomolecules, such as prdteipsptide
synthesize silver and gold nanostructures.
Synthesis of gold nanostructures has been studied by many hegeawps for the

versatility of gold nanostructures resulted by their unique properti@anoscale. Gold

nanostructures can be produced in numbers of different geometry Bdumton:
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sphere¥, wires’, ribbond?® and platelets® Amongst the gold nanostructures, gold
nanoplatelets and nanoribbons were identified as single crystalline in tndigss

Single crystalline gold nanostructures have been attractive in atka of
nanoelectronics for their higher conductivity and failure currentnanoscale than
polycrystalline nanostructur€s As described in the previous paragraph, wide ranges of
biomaterials were employed in numbers of studies for the segheof gold
nanoplatelets, nanoribbons, nanowires and nanoparticles starting framg i
microorganisms to amino acids. Biological synthesis of gold nandeartand single
crystalline nanoplatelets was first demonstrated by Brown amdockers by using
proteing®. Later, Xie and the co-workers, who studied the alga-mediated simibie
gold nanostructures by usirghlorella vulgari, have identified the gold shape-directing
proteins (GSP) claiming that it played the major role for Isgsizing single crystalline
gold nanoplateletd The synthesis of gold nanostructures by using amino acids was
reported by Dong’s group with a motivation of exploring the influeoicamino acid
moieties on the synthesis of single crystalline gold nanostructures wtlitah constituent
units for peptides and larger biomolectfedhey claimed that among natural L-amino
acids, aspartic acid showed a distinct capability to form lesirggystalline gold
nanoplatelets while other amino acids, such as lysine, tryptophannargimi tyrosine,
form nanoparticles. Extended investigations on the synthesis pespeftaspartic acid
studied by Wang's group showed that single crystalline gold naetgikatand
nanoribbons could be synthesized by controlling the ratio of the cortcamdraof

aspartic acid and hydrochloroauric acid (HA)E!
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Even though the biomaterials used for the synthesis process iferendj similar
gold nanostructures could be found in many different studies. Margrclasgroups have
synthesized single crystalline gold nanoplatelets as products ghtsiesis which were
in hexagonal, truncated triangular and triangular geometry groamg gl111} faces.
Gold nanoribbon structures have variations in their length, width and thickness depending
on the synthesis conditions; however the single crystallinetstascdominated by {111}
faces still remains in common in many studies. Interestirtgly gold nanoplatelet and
nanoribbon structures with the same geometries and crystallognaqaperties could
also be found in the studies of wet chemical synthesis where doeows
tetrachloroaurate solvent system was used in corfffibn

Until now, most of the research was focused on the roles of variousdineiducing
and capping agents rather than on the solvent systems to contr@otietges of the
gold nanostructures. A few groups have briefly demonstrated the morpabloganges
of gold nanostructures in different pH or solvéhtd?* however the prevailing variable,
that determines the geometries of the gold nanostructures eno$ghe use of different
reducing and capping agents, still remains undiscovered. Thus, in thterglsystematic
approaches to understand the role of aqueous HAs@Vent system to the synthesis
process of single crystalline gold nanostructures were demonstrated.

Numbers of researches showed the eligibility of biomateioalthe synthesis of gold
nanostructures. Few groups found the cause of bioreduction on the pepistieg @x
the biomasS, whereas direct approaches to the use of elemental unit, amid® ac

towards the synthesis of gold nanostructures were demonstratexthbey research
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groups®*® Here in this chapter, the assumption was made to consider thenegi®f
proteins, peptides and amino acids as the cause of bioreduction. Thegbfonee,
which is in the simplest structure among amino acids, wastedlas reducing and
capping agents in this study, and its effect on the synthessgle crystalline gold
nanostructures was demonstrated.

Many novel biomaterials to synthesize single crystalline golibstauctures have
been discovered by many groups; however the electron transport mepartd
applications of the single crystalline gold nanostructures haviy tegen studied so far.
Thus, the characterization of electron transport properties, and dppkcaf single

crystalline nanoribbons to gas sensing were demonstrated.
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3.2. Experimental Details
3.2.1. Materials

Hydrochloroauric acid (HAuG) was purchased from Sigma Aldrich. Glycine (G),
sodium chloride (NaCl), sodium hydroxide (NaOH), and hydrochlorid @¢Cl) were
purchased from Fisher Chemicals. Nanopure water was preparecthyMikirQ system

and was sterilized before use.

3.2.2. Synthesis of Gold Nanostructures

The reaction volume of the solution was 1ml, where the final coratemtr of
HAuCl, and glycine were 0.5 and 0.18mM for standard experiments. The pHWEIHA
solutions were adjusted to 4, 5, 7, and 10 with 5M of NaOH and 5M of HClebefor
adding glycine to the solutions. Concentration of 0.1, 0.3, 0.5 and 1mM were ¢biosen
HAuClI, for the set of experiments where the concentration of HAw@k a variable,
and similarly, 0.036, 0.18 and 0.9mM were chosen for concentration of glycine. The
reaction solution was placed in dark environment &C3for three days without any
disturbance.

After the reaction, the solution was centrifuged at 12,000rpm for 30@sintat
separate the synthesized structures from the reaction solutiosupématant was used
for analyzing the amount of synthesized gold nanostructures, agdltheanostructures
remained in the bottom of the microcentrifuge tube were dispémnsednopure water.
Centrifugation and dispersion of gold nanostructures were repeateldrder ttmes to

remove the gold ions from the solution.
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3.2.3. Spectrophotometric Analysis

The supernatant of the reaction solution was diluted in 10% of HClthemdthe
concentration of the remaining gold ions was analyzed with atorbgorgtion
spectrophotometer (AAnalyst800, Perkin Elmer, Inc.) at flame mdte. measured
concentration of remaining gold ions was subtracted from the initial gold conmenth
the reaction solution to calculate the amount of synthesized gold.

The optical properties of the gold nanostructures dispersed in naneptmewere
measured with UV-Vis spectrophotometer (DU800, Beckman Coult), imthe range

of wavelength from 400 to 1100nm.

3.2.4. Structural Characterization

Structural characteristics of the gold nanostructures wereesdtuni using optical
microscopy (KH-3000, Hirox, Inc.), scanning electron microscopy (HHEMnsmission
electron microscopy (TEM) and atomic force microscopy (AFMhe gold
nanostructures were prepared on a silicon wafer and were obsethe8Ed (XL30-

FEG, Royal Philips Electronics, Inc.) at 15kV of accelerating voltage.

For TEM imaging, the gold nanostructures dispersed in nanopure waier
deposited onto carbon-coated Cu support grids and dried in ambient condition. The
structures were observed with TEM (JEM-2100F, JEOL, Ltd.) acaslerating voltage
of 200kV. Selected area electron diffraction (SAED) was utlize study the

crystallographic orientation of the gold nanostructures.
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Atomic force microscopy (AFM) was used to study the morphodbgharacteristics
of the gold nanostructure$he gold nanostructures were prepared on mica (Ted Pella,

Inc.) for observation in tapping mode with Innova SPM (Veeco Instruments, Inc.).

3.2.5. Microfabrication of Gold Electrodes

The gold electrodes were microfabricated on silicon substuateg standard
lithographic patterning. Using chemical vapor deposition (CVD),,Silth was first
deposited on a (100) oriented silicon wafer in the thickness of 300nm ulatenghe
substrate. After photo-lithographically defining the electrode, &e@adhesion layer and
Au layer were e-beam evaporated in the thickness of 100 and 30Gpactreely. In the

end of the process, the electrodes were defined using lift-off techniques.

3.2.6. Electron Transport Property M easurements

Alternating current electric field was employed for the alignmof the gold
nanostructures across microfabricated gold electfotfesNanoribbons and nanowires
were aligned by placing a droplet of a suspension in volumglafrthe gap of the gold
electrode while applying alternating current of,3,\60 kHz and stayed for 30seconds.
The droplet on the electrode was gently removed by a flow ofgeitrocand then 10 of
nanopure water was added and removed in the same way to clean ocesithes.
Nanoparticles were aligned in the same way atplaGW the frequency range of

0.1~1MHz for 100 seconds.
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Room temperature resistivity was measured in four probe coafignrto correct the
contact resistance using a Delta mode system (Keithley 622D@ Current Source and
2182A Nanovoltmeter, Keithley Instruments, Inc.) with applied current 2A%.
Temperature dependent electrical properties of the gold nanostsictere measured
from 300K to 10K with the Delta Mode system, and a cold-finggogenic system

(CCS-350SH, Janis Research Company, Inc.).

3.2.7. Gas Sensing M easur ements

Interdigitated gold electrodes with AC aligned gold nanoribbon wéeslvonded to
a chip carrier. A sealed glass chamber in volume of 1%3aéth inlet and outlet ports for
gas flow-through were positioned over the gold electrode located ahifhearrier. The
circuits were connected to Keithley 2631 (Keithley Instruments) bac continuously
monitor the current change at a constant voltage of 0.5mV. Theieécgsistance of
the sensor was determined by applying Ohm'’s law based on thereckasirrents. The
gas flow rates of b6 and dry air were regulated using mass flow controllers giAlic
Scientific, Inc.). All experiments were conducted at room teatpee with HS

(100ppm) diluted in dry air (purity: 99.998%) at a flow rate of 200 std.noim*.

3.2.8. Electrochemical Analysis
Solutions in volume of 3ml of HAuglin different concentrations and pH with and
without 0.9mM of glycine were purged with nitrogen in a sealedsgtell (CH222, CH

Instruments, Inc.) for 30 minutes before linear sweep voltamme®Y)(measurements.
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Platinum wire (CHI221, CH Instruments, Inc.) was used as a coeietgrode, Ag/AgCl
(Saturated KCI, CHI111, CH Instruments, Inc.) electrode aseaer&fe electrode, and a
circular gold electrode in diameter of 2mm (CHI101, CH Instmis\dnc.) was used as a
working electrode. The potential was swept from 1.5V to -0.5V iraa sgte of 2mV/sec
which was controlled by a potentiostat (CHI1202A, CH Instruments). It between
measurements, the gold electrode was polished with aluminum oxtadepsuspensions

in the order of gm and O0.pm to mirror smoothness, and then rinsed in water with

ultrasonic for 5 minutes.
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3.3. Resultsand Discussion
3.3.1. Effect of pH

The primary variable in the reaction condition was the pH for diffeisets of
samples, where the concentration of HAu@hd glycine were 0.5mM and 0.18mM,
respectively. The initial color of 0.5mM HAugkolution is light yellow at low pH
whereas the solution becomes transparent as the pH increasethamofe As is clear
from figure 3.1(a), the color of the gold nanostructure suspension friferedi pH
solutions varies as transparent with existence of shining producssl(jidd 4.0), dark
blue (pH5.0), purple (pH6.5) and pink (pH9.5) after 72hours of incubatiorf@t S$uich
differences in the color transitions at each pH indicate the afitonms of gold

nanostructures in different sizes and shapes.
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Figure 3.1 The photograph (a) and UV-Vis spectra (b) of as-prepared gold
nanostructures dispersed in water. The gold nanostructures were iggithby
incubation of 0.5mM HAuGlwith 0.18mM glycine at pH 3.1, 4.0, 5.0, 6.5 and 9.5 for

3days at 37C.
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Gold nanostructures have optical properties strongly dependent orsittesrand
shapes. Small spherical gold nanoparticles exhibit a singlaceuplasmon resonance
(SPR) band in the range around 520nm or in longer wave lengthsrder laarticle
size$®. Anisotropic nanostructures exhibit two SPR bands for short and losgfttie
structures which are known as transverse and longitudinal plasmorf®.bdine
transverse plasmon band appears in the range around 520nm andvislyefegensitive
to changes in the aspect ratio of the nanostructure, whereas the longitudimairptzand
appears in longer wavelengths as the aspect ratio of the namastrincreasé$*: The
UV-Vis spectra in figure 3.1(b) show different locations and sha&behe bands for the
gold nanostructures synthesized at different pH. The gold nanostsicymthesized at
pH3.1 shows a band at 1012nm, Near-Infrared (NIR) region, which coulciieeasto
the longitudinal plasmon band. The bands at lower wavelengths weilditb be
distinguished from the noise due to the low absorbance. Observed bylgEdituctures
synthesized at pH3.1 were confirmed to be hexagonal, truncated taaagdltriangular
nanoplatelets that are shown in figure 3.2(a). The UV-Vistspet gold nanostructures
synthesized at pH 4.1 and pH5.0 show similar trends to the spectraraf 2D gold
nanostructures, such as nanowires, nanobelts and naffokit@e absorption bands are
broadly increasing into the NIR region that could be ascribédet@olydispersity in the
width, length and thickness of the nanostructures as observed in figure 3.2(b) and (c). The
structures synthesized at pH4.1 were partially in hexagonal geoarel serrate ribbon
structures. On the other hand, the structures synthesized at pH5.68loveyated serrate

ribbons without any large hexagonal platelets. The gold nanostructymédsesized at

76



pH6.5 and 9.5 show clear bands located at 566 and 527nm, respectively, which shapes
can be qualitatively related to the nature of nanoparticles. Braagand red-shifting of

the absorption band could be the indication of wide size distribution cegagpn of the
nanoparticle®“° The results from the UV-Vis spectra and the SEM images stawen
correlative relations between the optical properties and thesbapee synthesized gold
nanostructures. It was observed that nanoplatelets were the majoctpetdpH3.1,
nanokites and nanoplatelets at pH 4.1, nanowires and nanoribbons at pH 5.0 and

nanoparticles at pH 6.5 and 9.5.

Figure 3.2 SEM images of gold nanostructures synthesized by incubation of 0.5mM
HAuCI, with 0.18mM glycine at pH 3.1 (a), 4.0 (b), 5.0 (c), 6.5 (d) and 9.5 (days
at 37C. Inset scale bar: 100nm.

The AFM topographies were taken to define the surface morphotabtheckness of
the gold nanostructures (figure 3.3). The thickness of the nanotdditikd in the range
of 20~60nm and the size of the platelets ranged from a few mia®@® microns. The
topography and the height profile of the gold nanoplatelet in figura)3sBow that the
surface was not smooth, but rough due to many nanoparticles remaitterisamface of
the platelet. The nanokites also showed similar range of thigkttesianoplatelets

varying from 20~60nm. The surface from the plate-like head structuhe ttail structure

s



was fairly smooth in the height profile in figure 3.3(b), which did not show any imaficat

of two different structures sitting together, or merging to eztbler. The height of the

nanoribbons varied from 10~50nm whereas the height remained uniform thiglrsame

structure.
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Figure 3.3 AFM topographies and height profiles of the gold nanoplatelet (a), rianoki

(b) and a narrow nanoribbon (c).

Crystallographic orientation and phase analysis by TEM and S&&Pcarried out

for the nanoplatelets, nanokites and nanoribbons. The nanoplatelets in figajen@e

in hexagonal and truncated triangular geometries with very smooth. gslgag with
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nanoplatelets, nanoparticles of 5~8nm in diameter were also observadddoy the
nanoplatelets which corroborates the observation of nanoparticles omti@atelet by
AFM in figure 3.3(a). The nanokite in figure 3.4(b) was partiatlyhexagon and in
serrate ribbon structure whereas the nanoribbons were just irsdtette ribbon
structures. The diffracted spots of the SAED patterns for the thtructures were in
hexagonal symmetry which suggests face-centered cubic (fagle ssnystal growing

along the (111) plane.

Figure 3.4 TEM images and the corresponding SAED patterns of the gold nanefdatel
nanokites and nanoribbons. The SAED patterns were obtained by dirdetitngrebeam
perpendicularly to the flat surface of each structure. The regptas indexed to {220}
and {422} are marked in squares and triangles, respectively.

The amount of synthesized gold after three days of incubation wasnoete by
measuring the remaining gold ion concentrations in the solutions taétesynthesis
processes. The correlation of the amount of synthesized gold to gidws in figure

3.5(a). The highest amount of synthesized gold was observed in the g#d aaB~5,
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where relatively larger structures, such as nanoplatelet, nanokiteamoribbons, were
synthesized. The amount of synthesized gold gradually decreades @s increases to
10.4, and only the nanoparticles were synthesized at this rapde dfo reduction was

observed in the rage of pH lower than 1.7.
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Figure 3.5 (a) The total amount of synthesized gold after three daysobation carried
out at 0.5mM HAuC] at different initial pH with 0.18mM of glycine at 3Z. (b) The
concentration of different species of gold complexes in 0.5mM HAafh function of
pH which was calculated with the equilibrium constants reported by Nechegk.€c)
The titration curve of glycine which shows the equivalent of hydrqggetonated and
unprotonated from glycine as a function of‘gH

Thus far, considerable structural and quantitative changes of titleesized gold
nanostructures caused by the changes of pH were observed. Themretgtzgation has
carried out to find the reason of such changes with resppét.tm the reaction solution,
there are two components, HAuGInd glycine, which chemical structures are sensitive
to the change of the pH. Two components were considered in the focus tbie (1)
formation of different chlorohydroxyaurate (Ay{@H),) complexes, in different pH,

and (2) zwitterionic behavior of glycine.
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Previous studies have shown that the gold ions from HA@@2m different
complexes with chloride (Gland hydroxide (OH depending on the concentration of Cl
and the pH of the soluti6h The gold complexes remain as AkGh acidic condition.
However, as the pH increases, the gold complexes gradually hxelralyd finally
become Au(OH) in basic condition as a result of complete replacement ‘afoGDH
(Eq. 1~4). The concentration of each complex species as a functionvedpEhalculated
I

with their equilibrium constants, which were reported by Nechayal.", and plotted in

figure 3.5(b).
AuCl; + OH <> Au(OH)Cls" + CI Eq. (1),
Au(OH)Cl3" + OH <> Au(OH)CI; + CI Eq. (2),
Au(OH),Cl,” + OH <> Au(OH)CI + CI Eq. (3),
AUu(OH):CI" + OH <> Au(OH), + CI Eq. (4),

Correlating figure 3.5(a) and (b), the range of pH where the s$tigh@mount of
synthesized gold was observed was related to the gold complersspé®@uCl and
Au(OH)CIl;. The amount of synthesized gold was gradually reduced as thesspere
transformed to AuG(OH),’, AuCI(OH);" and Au(OH).

Glycine is known to exist predominantly as a zwitterion in aqueolusi@n near its
isoelectric point (pl), pH 6.0. The amino group in glycine is protonatédsy) and the
carboxyl group is unprotonated (-CQ@t pH 6.0, thus the net charge becomes zero. In

acidic solution, the carboxyl group protonates as a result of buffacingn. At the pK
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of a-carboxyl group, pH2.4, the half of the carboxyl group protonates, and thehather
ionizes as described in figure 3.5(c). Similadamino group unprotonates in basic
condition, and the half of the amino group unprotonates when the pH readseska,
pH9.6. The experimental results presented in figure 3.5(a) showhéehaverall amount
of synthesized gold was higher in the carboxyl-protonated pH ramgetktle amino-
unprotonated pH range except the pH below 1.7. The higher amount of szedhgsid
at lower pH could be related to the electrostatic attractiagheoprotonated amine group
towards the negatively charged gold complé%&s In contrast, the advantage of
electrostatic interaction decreases due to the unprotonated gmuop as the pH
increases. The reason of large drop of the amount of synthesized gold below pHd..7 ¢
not be explained clearly. However, it can be assumed thantér@action of AuCj and
glycine (H3N-CH,-COQOH), or the reactivities of the reactants are adversfgtad by

the high concentration of'H

3.3.2. Effect of Chloride Concentration

The addition of excessive amount of chloride into HAu€blution causes the
replacement of OHon the gold complexes with Cthereby the numbers of chloride (
in Au(OH);Cly increases up to 4 depending on the amount of chloride and the pH of the
solutiorf®. If the speciation of gold complexes, rather than the pH itselfhé major
variable to synthesize gold nanostructures in different shapesieetgpe of structures

would be expected from the solutions with similar speciation of gmitplexes even at a

different pH. Thus, to study how the chloride affects the speciatlerelly the

82



synthesized gold nanostructures, 0.5M of NaCl was added to 0.5mM of H#al@ions
at different pH with 0.18mM of glycine and then incubated 4€C3dr three days. In the
range of pH4.7~5.8 with excessive amount of chloride, nanoplateletusésicivere
observed as majority with small amount of rod and particle stegtiNanokite-like
structures were observed in the range of pH 6.6~7.5, and uneven shapesparticle
structures were observed at pH10.1. Comparing the structuresssgathrom the same
range of pH without additional chloride, which is shown in figure 8i6tinguishing
differences could be noticed. Nanoribbon structures were the main {gadube range
of pH4.7~5.1, uneven nanoparticle structures were synthesized in the range of pH6.6~7.3,
and uniform nanopatrticle structures could be observed in the range &0 % Swithout
excessive amount of chloride. The observation by SEM of the strecsh@ved that
there were major structural changes in the synthesized gold nerosts after the
addition of 0.5M NaCl. The structures that could be found at low pH witkadition of
chloride was observed in higher ranges of pH in 0.5M NaCl solutidn agproximate

interval of 2.5~3.

Figure 3.6 SEM images of gold nanostructures synthesized at pH4.7, 5.8, 6.6, 7.5 and
10.1 of 0.5mM HAuC{ with 0.18mM of glycine and addition of 0.5M NacCl to increase
the chloride concentrations.
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The amount of synthesized gold as a function of pH plotted in figure) 3gavs the
disparity of the trends between the sets of experiments widssixe amount of chloride
and the one without additional chloride. The trend of the amount of syretiegid with
no additional chloride was demonstrated in section 3.5(a) with diorelaf the highest
amount of synthesized gold in the range of pH3~6, where AwDd AuC(OH)
complex species exist as the majority. In the case of tle ddeexperiments with
excessive amount of chloride, the amount of synthesized gold redehbadybhest value
after pH 6 which is the most distinctive difference. However digrrease of the amount
of synthesized gold was not observed with excessive amount of chioritte range

below pH10.
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Figure 3.7 (a) The total amount of synthesized gold after three days of incubation of
0.5mM HAuUCl, 0.18mM glycine with ¢) and without &) 0.5M of NaCl at different
initial pH at 37C. (b) The concentration of different species of gold compleres i
0.5mM HAuUCI, and 0.5M NaCl as a function of pH.
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The diagram of the concentration of gold species in the solution of 08&NCI,,
0.5M NacCl as a function of pH was calculated and plotted in figure 3.7(b). It iealolec
that the locations of the curves of gold complexes were shifteghermiange of pH than
they were in figure 3.5(a), where there were no addition ofrideloCorrelating the
location of the curves of gold complexes to the amount of synthegateédthe pH of the
solution with 0.5M NaCl, where the amount of synthesized gold stast@tctease in
figure 3.7(a), can be found in the range of pH in figure 3.5(a) whet€l;Aand
Au(OH)Cls are the majority in the solution. This correlation of the trend of the amount of
synthesized gold with the composition of the gold complexes coineutdsthose
observed in figure 3.5. The amount of synthesized gold in 0.5M NaCl wee in
overall than that without NaCl which might be considered as tleeteby reduced
electrostatic attraction of the unprotonated amino group in glyowarts gold complex
at high pH, and the interaction of glycine with sodium chloride. Howéwerreasons
have not been clearly concluded due to the lack of information. Mordedetnd
systematic studies can be carried out to find the effebla@fl on the reduction of gold

by glycine at high pH.

3.3.3. Effect of HAuCl, Concentration

The speciation of gold complexes changes with respect to the oaticentof
HAuUCL,*°. The changes in the speciation of gold complexes can result Birthogural
changes of synthesized gold nanostructures. Thus, to demonstratéfetiieot the

concentration of HAuGlon the synthesized gold structures, the concentration of HAuCI
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was varied as 0.1, 0.3 and 0.5mM while keeping the same condition for tardpthe
concentration of glycine. After three days of incubation of the isoisitof 0.1, 0.3 and
0.5mM of HAuCl,with 0.18mM of glycine at pH3.1, many structural differences of the
gold nanostructures were observed in figure 3.8. The structures siyathet 0.5mM
HAuCl, were nanoplatelets as reported previously, whereas the strusyutbssized at
0.1 and 0.3mM of HAuGl resembled aggregated nanowires and nanoribbons,

respectively.

Figure 3.8 SEM images of gold nanostructures synthesized at 0.1 (a), 0.3 (b) arid 0.5m
(c) of HAUCL, with 0.18mM of glycine at 3T for three days.

The amount of synthesized gold at different concentration of HAplGlted in figure
3.9(a) shows the amount gradually increasing until 0.5mM, and thehimgato the
plateau value after 0.5mM, which relates to the maximum amount dftgat can be
reduced by 0.18mM of glycine at ®7 in three days. The diagram of relative
concentrations of Au@l Au(OH)Ck™ and Au(OH)CI, plotted as a function of pH in

figure 3.9(b) shows the relative concentrations of the gold complexéslj 0.3 and
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0.5mM of HAuCl. Shifting of the curves towards lower pH could be found as the
concentration of HAuGldecreases from 0.5 to 0.1mM. It is apparent that the relative
concentration of AuGl decreases at the vertical line located at pH 3.1, indicdtan@H

of the solutions, while the relative concentrations of Au(OK)@hd Au(OH)CI,
increase as the concentration of HAuGécreases. Such changes in the composition of
gold complexes could be ascribed as the cause of the formationfefewkf gold
nanostructures at 0.1 and 0.3mM of HAyYChis result supports the previous results
which show the correlation of the gold complex species and the sésictdirthe

synthesized gold nanostructures.
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Figure 3.9 (a) Amount of synthesized gold at different concentrations of HAu@h
0.18mM of glycine at 3 for three days. (b) Relative equilibrium concentrations of the
gold species of AuGl (black), Au(OH)C} (red) and Au(OHXCI, (blue) at function of
the pH of the solution at the concentration of HAL&t 0.1 (dotted line), 0.3 (dash line)
and 0.5mM (solid line).

Amount of synthesized gold @

3.3.4. Effect of Glycine Concentration
The concentrations of each component in the solution are important vautiattee

synthesis process of gold nanostructures. Since glycine takes asrobxucing and
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capping agent, the amount and the structural shape of the syrdhgsidecould be
found different with respect to the concentration of glycine. Thexetbe effect of the
concentration of glycine on the synthesis of gold nanostructures nsamviestigated by
decreasing and increasing the concentration of glycine by @r fat6 from the initial
concentration of 0.18mM. As shown in figure 3.10(a) and (c), the diffeddats of the
gold nanostructure suspensions indicate different shapes and sies ®fnthesized
structures. The suspensions incubated with 0.036mM of glycine show temtspalor at

pH 3.1 and a little amount of shining products at pH4.0. The color was othserggeen

at pH5.0, grey at pH6.6 and pink at pH9.6. The longitudinal bands were only diteerva
for the structures from pH 3.1 and 4.0, which were located at 965 and 1020nm,
respectively. The UV-Vis spectrum of the gold nanostructures fobth.0 shows a
transverse band at 525nm and a clear longitudinal band at 917nm, whidiesasc
relatively more uniform widths and lengths of the nanostructuresttieae from the
synthesis with 0.18mM of glycine. The wide band located at 556nm for the
nanostructures from pH6.6 shows characteristics of nanoparticles width size
distribution or aggregatidfi*®. The spectrum of the nanostructures from pH9.6 shows a
narrow band at 545nm indicating nanoparticles in uniform sizes and sid@eSEM
image in figure 3.11(a) confirms the structures from pH3.1 as naalgitaivhere the
majority of the nanoplatelets were in incomplete polygon structlitess structures from

pH 4.0 were in shapes of nanokites, but distinctively smaller coohparthe nanokites
synthesized with 0.18mM of glycine at the same pH. Nanoribbon stesctwere

observed from pH5.0 as shown in figure 3.11(c). The structures observedeiér\pete
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small nanostructures with uneven sizes and shapes, and relativety more uniform

nanoparticles were observed for pH9.6, as ascribed from the UV-Vis spectrum.
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Figure 3.10 The photograph (a, ¢) and UV-Vis spectra (b, d) of as-preparatl gol
nanostructures dispersed in water. The gold nanostructures were iggithéy
incubation of 0.5mM HAuGIwith 0.036mM (a, b) and 0.9mM (c, d) of glycine at pH 3.1,
4.0, 5.0, 6.5 and 9.5 for 3days atG7

The suspensions synthesized with 0.9mM of glycine showed much maretdist
colors than those from 0.036 or 0.18mM of glycine. The suspensions from ptdi3410a
in figure 3.10(c) showed transparent color with shining products like thersotn

different glycine concentrations. The suspension colors were fpegi4.9, pink for
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pH6.4 and violet for pH9.5. No distinct bands for the suspensions of pH3.1 and pH4.0
were observed which might be due to the structures that quidklly sethe bottom of
the glass bottle. The UV-Vis spectrum of gold nanostructurehesiaed at pH 4.1
shows similar trend to the spectra of 1 and 2D gold nanostructuceseased in other
counterparts at the same pH. The absorption bands were broadlyingiatsthe NIR
region which ascribes the polydispersity in the width, length d&mckriess of the
nanostructures as observed in figure 3.11&)arp bands were observed for pH 6.4 and
pH9.5 which indicates the presence of uniform nanoparticles. Thei®Ble in figure
3.11(f) shows the nanoplatelets synthesized at pH3.1 where mahg athoplatelets
had kink structures grown towards the center of the nanoplateletstiTiceures from
pH4.0 showed in figure 3.11(g) had irregular platelet-like structurés ewistence of
aggregated nanoparticles which is different from the previous sesdiltnanokite
structures at the same pH. Nanoribbons with branches in random shapéisections
were observed from the suspension of pH 4.9. The nanoparticle struoumdsiom the
suspension of pH6.4 were fairly uniform in shapes and sizes thalatemesll with the
sharp band in the UV-Vis spectrum. The structures from pH 9.5 wsoe uaiform
nanoparticles, which was consistent with other conditions with difterglycine

concentrations at the same pH.
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Figure 3.11 SEM images of gold nanostructures synthesized by incubation of 0.5mM
HAuCl, at pH 3.1, 4.0, 5.0£0.1, 6.5+0.1 and 9.5£0.1 with 0.036mM (a ~ €) and 0.9mM (f
~ j) of glycine for 3days at 3T. Inset scale bar: 100nm.

The correlations of the amount of synthesized gold to pH for thrderatfit
concentrations of glycine are shown in figure 3.12. The trend of hakimdighest
amount of synthesized gold in the range of pH 3~5, and the graduahskofet in the
range of pH 7~10 prevails for all of the glycine concentrations. évewthe amount of
synthesized gold had higher values for the sets of experimenthiglit#r concentration
of glycine indicating the capability of glycine as reducingragwith respect to its

concentration.
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Figure 3.12 (a) The total amount of synthesized gold after three days of incubation of
0.5mM HAuCl at different initial pH with 0.18mM of glycine at 32Z. (b) The
concentration of different species of gold complexes in 0.5mM HAafh function of

pH.

Overall, it was observed that there were changes in the shagdése amounts of the
synthesized gold depending on the concentration of glycine excethtefsange of pH
above 9.5. The nanoplatelets, nanoribbons and nanoparticles synthesized at4o8 3.1,
and 6.6, respectively, had the same basic structures at every catoertf glycine, but
additional structures grown as kinks or branches on and by the bagtures. The
structure of the nanokites showed consistencies in the basic shapes for 0.036 and 0.18mM
of glycine. However, the structures became more like platelettstes with no distinct
shapes at 0.9mM of glycine. Uniform nanoparticle structures weréstamtty observed
at pH 9.5, but the average sizes of the nanoparticles were obseriretelase as the

concentration of glycine increased from 0.036 to 0.9mM.

92



O pH5.1 ®

0.10 [ '
§o)
° ®
2 008
go)
7]
N 5
g __ 006 P
E g @)
S, © 0.04 ks
o £ 5
Y— T
o e
- 0.02} ¥
c T
=] |
3 .
E 0.00 1 1 1 1 1 1 1 1 1
< 0.0 01 02 03 04 05 06 07 0.8 0.9

Concentration of Glycine [mM]

Figure 3.13 The glycine concentration dependence of the amount of synthesized gold
after three days of incubation of 0.5mM HAyGit pH 3.1 and 5.1 with glycine
concentration varied from 0.009 to 0.9mM atG7

With particular interest on the nanoribbon structures, which showedigemrsianges
to the concentration of glycine, the structural changes relatédet@oncentration of
glycine, was studied in detail. The amount of synthesized gold &«&mM HAuCl,
solutions at pH 5.1 with glycine which concentration was varied 6d@@9 to 0.9mM is
shown in figure 3.13. The amount of synthesized gold linearly increasé®.18mM of
glycine, and then reaches to the point of full reduction of gold @f6@anM. The trend of
the amount of synthesized gold reaching to the plateau after 0.6nglWonrie can be
explained by insufficient amount of gold complex ions compare to tle@nof glycine
in the solution. Since glycine has role as reducing agent in trensgyiste increase in the

amount of glycine indicates the increase in the numbers of elecxaisble for the
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reduction. Thus, linear increase of the amount of synthesized golccasmnable in the

synthesis process.

Figure 3.14 Nanoribbon structures synthesized at 0.036 (a), 0.06 (b), 0.12 (c) and
0.18mM (d) of glycine in 0.5mM HAuGlat pH4.8. Scale bar: 1um.

The nanoribbon structures observed with SEM (figure 3.14), and the awvedibe
and the width distribution of the nanoribbons synthesized with different anodunt
glycine (figure 3.15) show that the width and the shape of the nanoribboame more

irregular and random as the concentration of glycine increases.
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Figure 3.15 Average widths (a) and the histograms (b) of the nanoribbons syeithediz
0.5mM HAuCl, at pH4.8, 37C for three days with 0.036, 0.06, 0.12 and 0.18mM of
glycine.
3.3.5. Effect of Temperature

The effect of the temperature on the synthesis of gold nanostsugtagestudied in
the range of 4 to 9C for 0.5mM HAUC}, 0.18mM Glycine at pH3.1. As shown in figure
3.16, the amount of synthesized gold is closely related to the tenmgeoithe synthesis
process. The amount of synthesized gold increases as the tengpeisies, but the gold
complex ions in the controls with no glycine also start to re@dutiee temperature range
higher than 5 (figure 3.16(a)). The reduction of gold without reducing agentsgin hi
temperatures supports the hydrothermal reaction in agueous solvent lvalsidbeen
widely studied for the synthesis of gold nanostructfiteldowever, the synthesis of gold
nanostructures in such high temperatures is not very encouraginusa aethe control
of the shapes of the nanostructures. The optical images of the athemld
nanoplatelets at 50 and 90 are shown in figure 3.16(b) and (c). Compare to the
structures in figure 3.2(a) which was synthesized a€3ihcrease in the irregularity of
the structures could be found in the structures as the temperatwases to 5C and
90'C. Thus the synthesis of gold nanostructures in high temperasunes &ncouraging
in this study since the role of glycine, as an effecteygping agent to control the shapes,

significantly reduces.
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Figure 3.16 The amount of synthesized gold from the sets of experiments \lere
temperature was varied from 4 to°@0 The composition of the reaction solution was
0.5mM HAuC| and 0.18mM glycine at pH3.1, and no glycine was added to the controls
(a). Optical images of the synthesized gold nanoplatelets@t(BPand 90C (c).

3.3.6. Transient Kinetics

Time dependent changes in the structural and quantitative codragstaics of the
synthesized gold nanostructures were studied. The time coursdse adimount of
synthesized gold (figure3.17(a)) at pH 3.0, 4.1 and 4.8 follow a char#ctserggnoidal
shape which suggests the involvement of autocat&ly&isrevious studies of Wang’s
group showed systematic approach to the synthesis of gold nanassugsing aspartic
acid’. In their time course of UV-Vis absorbance evolution, which lmarconsidered
identical to the amount of synthesized gold as a function of time,hitnee divided the
sigmoidal curve into three regions: (a) the induction period, wiieeeamount of
synthesized gold remains low and visibly unchanged, (b) the growitdp&rhere the
amount of synthesized gold undergoes the most rapid changes, and tén)rination
period, where the amount of synthesized gold reaches to a platesu @aferall, in

figure 3.17, no induction period could be observed which could be due to theaaymeear
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of the induction region before three hours. Rapid increase in the awfosynthesized
gold was observed in the range of 3~24 hours, in figure 3.3.16a, forOpH.B.and 4.8
which suggests the growth of nanostructures, and finally reacheddapkfter 24hours
indicating the termination of the reaction. However the amount of esizéd gold for
pH 7.0 gradually increased until 72 hours of reaction which might tegallateau after a
longer period of reaction. The set of experiment for pH 10.4 rdaoh& plateau value in
the first 6 hours. The earlier termination of reaction beforgtbeth of the structures in
pH10.4 could be correlated to the nanoparticle structures synthesittad pH which

hardly involve any extensive growths.
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Figure 3.17 Amount of synthesized gold as a function of time for the sets of experiments
where the variables were the pH (a), the concentration of ngly¢b) and the
concentration of HAuGI(c).

The time courses of the amount of synthesized gold at pH 3.1 withediffemount
of glycine, in figure 3.17(b), shows a characteristic sigmoittalpe for the glycine

concentration of 0.036 and 0.18mM only with growth and termination periods as

97



described previously. In contrary, the sets of experiments vwdtar@d 0.9mM of glycine
showed sharp increases of the amount of synthesized gold starting3ftooars to
18hours of reactions which might be due to the faster growth oftrinetses in short

period of time with existence of sufficient amount of glycine in the solutions.

Time\pH 3.0 4.1 4.8 7.0 | 104

Figure 3.18 SEM images of the gold nanostructures synthesized by incubatéroM
HAuCl; with 0.18mM of glycine at pH3.0, 4.1, 4.8, 7.0 and 10.4 &C3Btructures
could be hardly observed after three hours of incubation for pH3.0 and 4.8.

Figure 3.18 shows the structures observed by SEM after 3, 6 and 12hours of
incubation of 0.5mM of HAuGland 0.18mM of glycine at different pH. The structures
in the batch of pH3.0 were grown into relatively much larger strusttivan those at

different pH. The structures from pH 4.1 showed the most structareition. Particle
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and irregular wire structures were observed after 3hours of inoabatide ribbon and
aggregated wire structures after 6hours and nanoribbon structunes switall platelet as
a head after 9hours of incubation. Aggregated wires were congistesterved from the
reactions terminated after 6 and 12hours at pH4.8, but the amount oltttares were
increased. Particles structures synthesized at pH7.0 and pH10.4dshowstructural
changes after 3, 6 and 12 hours of incubation. However, the growté patticles could

be visually confirmed.

3.3.7. Electron Transport Properties

The electron-transport properties at nanoscale are signiyicemallenged by the
scattering of electrons on the surfaces and by the iiefiecf the electrons at the grain
boundaries of the nanostructures. Accordingly, polycrystalline 1-dioreals (1D)
nanostructures have higher resistivity values than the values t@friaa in bulk.
Moreover, the current density that the polycrystalline 1D namdsires can stand is
considerably lower than bulk materials, and it precipitouslyedsas at the diameters
below 60nm as a result of electromigratfoif. Single crystalline nanostructures are
attractive candidates for nanoelectronnics in these respectssbechthe absence the
grain boundaries implying significant improvements of the conductivities in nagtscal

To understand the characteristics of metallic conduction in sorgktalline gold
nanostructures, temperature coefficient of resistivity (T@RY room temperature
resistivity were studied. Nanoribbons were in particular intedege to their versatile

utility as interconnects and as sensing elements for nanoelecttevices. Before the
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electrical measurements, gold nanoribbons in different dimensiores aligned across
microfabricated interdigitated gold electrodes, with gap widtt3-efum, using AC
electric field®. The temperature dependent electrical properties of the gold nanossucture
were measured from 300K to 10K with applied current of +2nA. Lamge of currents
was used to avoid failure current that creates gap as a resléctfomigratiort. The

TCR values of the nanostructures were calculated using

TeR= L AR-R)
I:‘)o A(T _To)

Eq. (5),
where R is the resistance at temperatliy@ndR, is the resistance ab, which was 300
K.

Theoretical predictions of the resistivity of metallic nanos/ingth rectangular cross-
sentions can be estimated by the equation derived from Fuchs-Sondfigiraed

Mayadas-Shatzka&Stheories by Steinhogl and co-workers:

1 1 1 3 1+AR A . A R
p = po{g/[g—%-F a’ —a3ln(1 +Z)] +§C(1 —p)WW}WItha = 11-R Eq. (6),
wherep is the measured wire resistivity, the temperature-dependent bulk resistivity of
the metal, d, grain diameter, w, the nanowire width, AR, the aspgotof height to

width, C, a geometrical parameter which is 1.2 for nanowires mgittangular cross-

section, andj, the electron mean free path which is 50nm at 300K. The specularity
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parameter, p, was adapted from Fuchs-Sondheimer fédwhich is the fraction of
surface scattering events preserved momentum, and R, the véftleabefficient from
Mayadas-Shatzk&stheory which is the fraction of electrons scattered bypthtential
barriers at grain boundaries.

Block-Griineisen equation was used to predict the bulk resistpgty{ metal:

x3dx

(eX—1)(1—e~%) Ean. (7),

s 2
p(T) =C [T

where® is Debye temperature of metal which is 165K in case of gold, &constant

that varies with respect to the kind of metalg,(€ 9.0 x 1 Qm™K).
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Figure 3.19 Normalized resistivity of single-crystalline gold nanowite 31.5nm x W

0.25um, L3.67um 0.0014 K, nanoribbon ¢, H 67.0nm x W 1.38pm, L6.66pm, 0.0019
K™, and bulk gold &, 0.0036K") as a function of temperature.
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Positive values of TCR were observed for a single nanoribbon andcavina in
figure3.19, which support the metallic conduction through the nanoribbon. The
normalized electrical resistivity of the nanoribbon, nanowire and dnltk show that the
disparity between the structures increases as the tempedatreases, as reported for
nanowires in previous studiés® The TCR values of the nanoribbons @NIRO019K™;

NR; 0.0014K") were distinctively smaller than the value of bulk gold (0.0036nd
considerably larger than the values of \&d NR which were reported by Penner’s
group®. Generally, such discrepancy in the TCR values associatieshei diminutive

sizes of the structures, where the electron scattering onbihenrsurfaceé>® and the
reflection of the electrons at grain boundafiesontribute to the resistivity of the
nanostructures. In our case, surface scattering of the electonhd lse the major
contribution to the resistivity since there are no grain boundaries in the nanoribbons. Thus
NR2 and NR showed significantly smaller TCR values than bulk gold due to dinaenut
dimensions of the structures, and larger TCR values tharahRNR, due to the absence

of grain boundaries. The TCR values of NdRd NR also differ from each other because

of the significant differences in their thickness and width.
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-8
indi p (107°Qm)
Source Name | Thickness x Width |Length (um) Grain diameter Crystallinity TCR (KY)|Configuration
(nm) Experimental |Calculated
CRC handbook| Bulk - - - Poly 23 - 0.0036
NRa | 20nm x 233nm 400 100-20 Poly 20.5 18.7-77.3|0.00041| 4 probe
Penner et al.
NRp | 100nm x 166nm 400 100-20 Poly 7.8 17.7-76.21 0.0010 | 4 probe
NR1 | 29.5nm x 398nm 5.51 - Single 33 3.4 - 4 probe
Our work NRz [67.0nmx 1.38um 6.66 - Single - 29 0.0019 | 4 probe
NR3 | 31.5nm x 250nm 3.67 - Single 3.2 34 0.0014 | 4 probe

Table 3.1 Compared electron transport properties for gold nanoribbons (NR) and
nanowires (NW).

The room temperature resistivity of the nanoribbon and the nanowiresweasured
in four probe configuration to correct the contact resistanBeeviously, Penner's group
has studied the electron transport properties of polycrystallod@ ganoribbons in
different dimension. Polycrystalline gold and single crystalline gold in bulk haveelitt
difference in their room temperature resistitityiowever, in such diminutive structures,
where the electron scattering on the surface and the grain bouretame the major
contribution to the resistivity, it appears that the resistivitpafcrystalline and single
crystalline have larger difference than those in bulk. Comparingad& NR which are
in comparably similar dimensions, the resistivity values shonifgignt disparity where
the resistivity value is much higher in polycrystalline gold ndnan than it in single
crystalline nanoribbon. Such disparity of the resistivity can lssamed for more
dominant contribution of the electron scattering on the grain boundariesothdhe
surface in diminutive structures, thereby the structural dimenstans much less
influence the resistivity of gold nanoribbons without the presence of goundaries.

Theoretically predicted resistivity was calculated in theesaray as the calculations of
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Penner’s grou}l using the equation derived from Fuchs-Sondhefnéand Mayadas-
Shatzke¥ theories, and Block-Griineisen equation. Theoretically calculatéstivieg

for single crystalline nanoribbon (3.4x1@m) shows similar values to experimentally
measured values (3.3, 3.2510m) indicating the reasonable prediction of the size effect

on nanostructures by the reported theories.

3.3.8. Gas Sensing Properties
3.3.8.1. Nanoribbon Based Sensor

The application of a single nanoribbon as a gas sensor has beerd dtudie
demonstrate the utility of the single crystalline nanoribbons imgeof electrical
stability. A single nanoribbon aligned across interdigitated g@dtrelde by AC electric
field was used as both sensing element and transducer for hydmalfjde (HS). It has
been reported thatJ8 strongly adsorbs on gold surface and forms gold-sulfur bonds
which lowers the surface work function of gold, thereby increases thewiggist®

Figure 3.20 shows the response of the sensoy) (R0 and 100ppm of 43 at room
temperature where 0.5mV of constant voltage was applied in 2 probeuratibg. The
resistance of the sensor increased @S Was induced and decreased as dry air was
induced for purging. The time for the recovery was much slower thanthe response,
thus the baseline could not be fully recovered during the measurem#rdugki the
sensing result of the gold nanoribbon is not as encouraging as the pisuidies using

gold nanoparticlés®® or gold-decorated conducting polyrfierthe electrical endurance
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of the gold nanoribbon as an element of a nanodevice can be a satigbacperty for
more appropriate applications.

73

72+

50 ppm
100 ppm

71

70

Resistance [Q]

69

68

67 L Il 1 L 1
0 1000 2000 3000 4000 5000
Time [second]

Figure 3.20 Sensor response to 50 and 100ppgs ldt room temperature for a single
crystalline gold nanoribbon. The dark bands indicate the exposure etiiser to the
analyte gas.

3.3.8.2. Nanoparticle Based Sensor

As a different approach to,H sensing, gold nanoparticles were used as sensing
elements and also as a transducer to demonstrate the sensingtigaropehe
nanoparticles used for this study was synthesized in 0.5mM HAOQBMM glycine at
pH10.4, 37C for three days, and the average diameter was 48+2nm. The grtddds
were 200um wide with a 3um gap in which configuration was reporteartonumbers
of nanoparticle chains in between gold electrodes with high preserdtthe individual
nanoparticle®. The alignment of the nanoparticles by electric field hassitee
dependence on the frequency of the applied electri¢fieltius the optimum frequency

for the nanoparticle alignment was studied in a range of 0.1~1EtH¥6\f, The
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frequency dependence on the alignment of nanoparticles was obssimgdSEM is
presented in figure3.21. The numbers of the nanoparticle chains igreifecantly high

in 100kHz, and dramatically reduced as the frequency was increased to 1MHz3(2dur
(a~c)). In most of the cases, parallel arrays of gold nanopactiems (figure3.21(d))
were observed which are ultimately connected through 1~2 nanopawtithesnany
nanoparticles sustaining the structure. A few cases of aligneopadicles at 1MHz
showed low ranges of resistance neaf2lkn the SEM images of these samples
(figure3.21(e)), a single nanoparticle chain was observed irebatthe electrode gap in
which the nanoparticles were fused to each other. The fusion of nanepactcrred
due to the high current flowing through one nanoparticle chain, and eventedliyed

the resistance of the chain by forming a nanowire.

Figure 3.21 SEM images of AC aligned nanoparticles at 100kHz (a), 500kHar()
1MHz (c) at low magnification. Multiple numbers of aligned nanoparticles weserved
without fusing and forming larger particles (d) while the nanaglastin a single chain
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fused into neighboring particles and formed larger particlesgldine alignment process

(e).

As a result, the ranges of the resistances for gold nanoparclesased as the
numbers of nanoparticle chains decreased due to the reduced numbers ofiaonduc
pathways (figure3.22). Based on the observed results of the frequenaydelepe of
nanoparticle alignments, the samples aligned at 1MHz with hgktaace range was
chosen for the gas sensing expecting high sensitivity towai@sitie to lesser numbers
of nanoparticle chains.
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Figure 3.22 The correlation of the resistance and the frequency on the aligoigoid
nanoparticles.

Previously, there have been many studies on the electronic trapspperties of
gold nanoparticles. Most of the studies used gold nanoparticles codted Vaiyer of

thiolated molecules to assemble and to enhance the Coulomb blockaebeffecen
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gold nanoparticlés. Such coating of thiolated molecules saturates the surface af gol
nanoparticles with Au-S bonding by forming self-assembled monol#yeneby limits
the utility of gold nanoparticles towards the detection of sutmpounds. However,
with an assistance of electric field, functionalization of gold narticpes with organic
layer was not necessary in this study. The temperature depesldetron transport
properties in figure 3.23(a) show the resistance of the nanopaiticlesasing as the
temperature decreases which is opposite to general metalleriadgat Such behavior
indicates the hopping of electron from one nanoparticle to anotheth vdgaires certain
amount of energy to occur. The activation energy of the nanopacdi@ins were
2.75meV which was calculated from the Arrhenius plot in figure 3.23(lme average
activation energy from three samples was 2.49meV with a \ariati 0.37meV. The
value of our activation energy is smaller than those of gold namdesarcoated with
thiolated molecules at least by an order of magniftfdevhich could be due to closer

distances of uncoated nanoparticles than those of thiol-coated nanopatrticles.
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Figure 3.23 Temperature dependence of resistance (a) and the Arrheniyb)pbdtthe
AC aligned nanopatrticles.
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Figure3.24 shows the electrical responses of the gold nanopartaites ¢b various
concentrations of 6 at room temperature. The resistance of the nanoparticleschai
increased immediately upon exposure b Has, and decreased instantly after purging
the system with dry air. Such dramatic changes in the nesesta the gold nanoparticle
chains indicate significantly sensitive changes in the hoppingeatrehs due to the
adsorption and desorption of,$ molecules on gold resulting in fast response and
recovery less than half a minute. The increase of the resisteackes to the sensor’'s

high detection limit after 2ppm of43 due to the saturation o8 molecules on the gold

surface.
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Figure 3.24 Resistance versus time in the presence of various concenti@i»ss0.5, 1,

2 and 10ppm) of k6 gas. The resistance ranges of the AC aligned nanopartietes w
0.4MQ (A) and 20MQ (B). The dark bands indicate the exposure ¢ kb the sensor
and dry air was purged for the rest of the time.

The sensitivity of the nanoparticle sensor has shown largeatitfe with respect to

the resistance. Higher resistance from gold nanoparticle clrainsindicate lesser
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numbers and more discrete structures of the chains without fusionthEhtesistance of
the sensor could be strongly related to the sensitivity where ldetection limit can be
expected due to more sensitive changes of electron transports sartiee amount of
analyte gas. In fact, the sensitivity of the sensor was dreatfigtincreased when the
resistance was increased from 0@Nb 20MQ which is compared in figure3.25. Such
improvement in the sensitivity encourages the development of senslora detection

limit near a few ppb if the range of the resistance for the sensor was atigséy.
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Figure 3.25 Sensor response to 50 and 100ppgH ldt room temperature for a single
crystalline gold nanoribbon. The dark bands indicate the exposule @fensor to the
analyte gas.
3.3.9. Electrochemical Analysis

The synthesis of gold nanostructures can be described as a pwitessinvolves

with electron transfer occurring between gold complexes andnglyresulting in

reductions of gold as an electrochemical reaction. The reductigoldfcomplexes by
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glycine was studied in electrochemical point of view to understamdynthesis process
of gold nanostructures. The standard reduction potentials for eadksspgisting in the
HAuCI;H,O system were calculated by Nernst equation with the valuestaofiard
reduction potential of AuGl reported by Bjerruffi, the Gibbs free energy of formation
of gold complexes reported by Machesky éPal’he Gibbs free energy of formation was
used to calculate the Gibbs free energy of reaction of gold ceegpiehich lead to the

calculation of standard reduction potentials of each gold complex using equation (8).

AG® = —nFE° Eqn. (8),
Reactions E° vs NHE 23C (V) |Reference
AuCl; + 3¢ = Al + 4CI 0.994 o8
Au(OH)CkL + 3e- = Al + OH + 3CI 0.879* e
Au(OH)Cl, + 36 = Au’ + 20H + 2CI |0.775* e
Au(OHXCI + 36 = Au’ + 30H + CI 0.678* e
Au(OH), + 3¢ = AW’ + 40H 0.591* e

Table3.2 Standard reduction potentials of gold complexes. *Calculated from @Gids
energy of formation reported by Machesky et’and the equilibrium constants reported
by Baes et af*.

The calculated reduction potentials in table3.2 and thermodynamicibequil
constants of gold complexes reported in table3.3 were adapted imst Nguation

(equation (9)) to estimate the changes of gold complex spawctbshe corresponding

reduction potentials at different range of pH.
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RT, [Red]

E=E°— Elnm Eqgn. (9),
Reactions Log K Reference
AuCl, + OH = Au(OH)Ck + CrI 8.1 3
Au(OH)Ck + OH = Au(OH)Cl, + CI  [7.17 3
Au(OH)Cl, + OH = Au(OHXCI + CI  [6.11 3
Au(OH)CI" + OH = Au(OH), + CI 5.66 43
AuCl; + Gly = AuCkGly 7.05 0
AuCLGly + Gly = AuCLGly, 3.52 0

Table3.3 Thermodynamic equilibrium constants of gold complexes reportesiby et
al.** and Farooq et &P.

As a result of the calculations with equation (9), apH diagram (figure 3.26) was
constructed for the HAuGH,O system with exclusion of Au(l) species which hardly
exists in mild condition of HAUGIH,O system’. The diagram shows the stable species
of gold complexes at different ranges of pH, which occupy domdirfairdy high
potential region. Unlike other species, Au(@Hpecomes more unstable as the pH

increases to 14.
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Figure 3.26 En-pH diagram for HAuGHH,O system at 3 and 0.5mM dissolved
species. Au(l) species are not considered.

Figure 3.27 shows voltammograms recorded at pH 3.0, 5.0, 7.0 and 10.0 of 0.5mM
HAuCI, solution with presence and absence of 0.9mM glycine. Larger amabglyicine
was used for LSV studies than the standard experimental conditidniruggevious
studies to enhance the electrochemical observation in voltammagrdarhe
voltammograms showed the appearance of the reduction waves movingstomgative
potentials as the pH of the solution was increased. The shiftifgeaketuction waves
indicates the changes of gold complex species in the solutionshioch weduction
potential decreases as the hydrolysis proceeds. The voltammanfréressolutions with

presence of glycine showed significant disparities comparetiose twith absence of
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glycine. Such disparity could be due to the formation of gold-glycingaiormation

as previously reported by Zou et“dland Farooq et &f. Refer to the positive
equilibrium constant listed in table 3.3, it could be estimatedtiieatomplex of glycine
and AuCl’ would have more negative reduction potential than Au@h fact, an
additional negative reduction wave could be observed in the voltammogtgri3.8
with presence of glycine which could be ascribed as the reductiea of gold-glycine
complex. However, the equilibrium constants and reduction potentials af gote
complexes and glycine have rarely been reported, thereby dsenrdor disparity of
voltammograms in 0.5mM HAugwith presence and absence of 0.9mM glycine could
not be concluded. The limiting currents at pH 3.0 and 10.0 showed similars value
independent of the presence of glycine. The limiting currents wdsat pH5.0 and 7.0

showed significant discrepancies in their values when the glyease added to the

solutions.
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Figure 3.27 Voltammograms (a) and limiting currents (b) observed for 0.594A4Cl,
with presence and absence of 0.9mM glycine at pH3.0, 5.0, 7.0 and 10.0.
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The voltammograms in figure 3.28 showed significant disparities ofuhees with
respect to the presence and absence of glycine. The appeardéheaexfuction waves
for every concentration was observed nearly at the sameodioctitat supports the
correlation of the gold complex species and the location of reductwasadescribed in
the previous paragraph. The limiting current was comparably iretesish presence of
glycine, and the quantitative disparity was increased proportionaktodancentration of
HAuCI,. It could be observed that glycine plays important role in thetreichemical
reduction of gold complexes resulting in major changes in the elketrocal behavior
of limiting currents. However, more information and systematic studn the
electrochemical relationship between gold complexes and glgbiméld be followed to

understand the reduction mechanism.
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Figure 3.28 Voltammograms (a) and limiting currents (b) observed for 0.5, 1@&n2a0
30mM HAuUCL, with presence and absence of 0.9mM glycine at pH3.1.
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3.4. Conclusion

The effect of the speciation of gold complex resulted by thegesaof pH, excessive
amount of chloride, and concentration of HAg®h the structural architectures was
demonstrated in biological synthetic process of using glycinediscing and capping
agents. The gold nanoplatelets were synthesized in the solvent condigoa AuCjl
was predominant, and nanokites and nanoribbons were synthesized in the gblvent
predominant species of Au(OH)}XChnd Au(OH)CI,, respectively. Gold nanoparticles
were synthesized in the solutions of predominant AugOHyand Au(OH)'. Structural
characterization confirmed the single crystallinity of the gwdshoplatelets, nanokites
and nanoribbons grown along (111) plane. The amount of synthesized gdiddr¢ae
highest in the region of predominant AyGind Au(OH)C} species, and it gradually
decreased as the gold complexes were more hydrolyzed. Reldtigalgr amount of
synthesized gold was observed in the unprotonated region of zwitterigailcegthan the
protonated zwitterionic glycine suggesting the assistanceeofrestatic interaction of
anionic gold complexes to positively charged glycine at pH below 6.

The role of glycine as reducing and capping agent was confirmeduldying the
structural changes of gold nanostructures in different concentrafigglycine. The
amount of synthesized gold increased as the concentration of ghyeiseincreased
indicating the raise of available electrons in the reaction a@ilerdger amount of glycine
induced. The primary structures of nanoplatelets, nanokites, nanoribbons and
nanoparticles synthesized at 0.036mM glycine remained very clegeatovas observed

in 0.18mM glycine. However the additional kinks and branches growth orbyarice
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primary structures could be observed for nanoplatelets, nanokite and nanor#tbons
0.9mM glycine solution. The irregular structures of nanoparticlasthegized in
Au(OH)sCI" predominant region at 0.036 and 0.18mM glycine comparably improved the
uniformity of the nanopatrticles at 0.9mM glycine.

The temperatures above°87showed reduction of gold complex even with absence
of glycine. The structures of the nanoplatelets synthesized becwre irregular at
higher temperatures indicating the loss of capping ability Ig€irge at such high
temperature and uncontrollability of the crystal growth without @mpete capping
agent.

Transient kinetic studies showed the sigmoidal characteristidsmef evolution
curves indicating autocatalytic nature of the reactions. Isereaf the glycine
concentration considerably increased the growth of structures ifirshel5 hours of
reaction. The formation of fully grown gold nanoplatelets was foutet & hours of
reaction whereas the formation of nanokites and nanoribbons took longet fyere to
observe fully grown structures. Significant growths of nanopastimbelld be observed in
the reaction time between 3 to 12 hours.

Temperature dependent resistivity of nanoribbon structures showetttdddtcrease
of their TCR values as the sizes of the structures decrdasethared to polycrystalline
gold nanoribbon in similar dimension, single crystalline gold nanoribbon showe
considerably lower resistivity and higher TCR value indicatimg tsignificant

improvement of conductivity by the absence of grain boundaries.
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The HS gas sensing studies of AC aligned single crystalling gahoribbon showed
the stable endurance with continuous applied voltage; however thevigrend the low
detection limit are not as comparable as other type of gasrseiamnoparticles were
also employed for the gas sensing application. The alignment of nackegaby AC
electric field showed strong frequency dependence of the ieldattd. Numerous
amounts of nanoparticles were aligned in between two gold elestadd®0kHz, and the
numbers of aligned nanoparticle chains was gradually decreasi@ drequency was
increased to 500kHz and 1MHz. The resistance of nanoparticles whgliest when
aligned at 1MHz and the lowest when aligned at 100kHz due toedfferumbers of
conduction pathways. The nanoparticle chains aligned at 1IMHz showed telheme
behavior for temperature dependent resistivity, and had activatiergye of
2.49+0.37meV. The %5 gas sensing results of gold nanoparticle chains show fast
response and recovery less than half a minute indicating sem$itimges in the electron
hopping. The gold nanoparticle sensors were not adequate for high cancesatof HS
above 2ppm. The sensitivity of the nanoparticle sensors shows much higher values for the
sample with higher resistance indicating more sensitive respeitis lesser numbers of
nanopatrticle chains.

The E-pH diagram was constructed to determine the potential and pH refgtba
domain of stable gold complex species. LSV studies ascertainetetative shift of
reduction potentials as the hydrolysis of gold complexes proceedge Haparity was
observed in the limiting currents with presence and absenceg@heglwhich could be

reasoned as the formation of gold-glycine complex.
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Chapter 4: Amino acid - Mediated Synthesis of Gold Nanostructures

4.1 Introduction

Amino acids have important functions as building blocks of biomoleculdsaa
nutrients in metabolism. Recently, amino acids have been given aimffgetant role as
a reducing and capping agent for the synthesis of gold nanostriictuBesfar, aspartic
acid">* argininé~, cysteing, lysine', tryptophan and tyrosin&® have been used in a few
studies ascribing the feasibility of amino acid-mediated syisthesproduce various
kinds of gold nanostructures. In the previous chapter, the effect of vawaaton
conditions in amino acid-mediated synthesis of gold nanostructuresiemagnstrated
using glycine as reducing and capping agent due to the sausionplicity. Glycine is
the smallest molecule of amino acids which can be considered as the fundéonentel
amino acids. Each amino acid has distinct chemical structures epertres from each
other, and such chemical differences might play a significantrrakee formation of gold
nanostructures. Therefore, in this chapter, the focus of studymwasmderstanding the
effect of using different amino acids on the synthesis of gold rnactstes. The effect
of various reaction conditions on the synthesis process has also beamsttated as an

effort to understand the reduction properties of each amino acid.

4.1.1 Properties of Amino Acids
Twenty amino acids are consisted of an amine group and a carbmyp in
common, and an additional side chain (R) with different chemicattstres between

different amino acids varies the characteristics of eachhaaracid. The chemical
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structures and properties of twenty amino acids are listecbie #tal and 4.2. Twenty
amino acids are often categorized into a few groups based on #rgypahd chemical
structures of the side chains. Based on the chemical struofutesside chains of amino
acids, twenty amino acids can be classified into seven groupsh vaine aliphatic,
aromatic, cyclic, carboxyl, hydroxyl, amide, amine and sulfur-comtgi functional
groups.

Aliphatic functional group includes amino acids with hydrocarbon didéns which
can be listed as glycine, alanine, valine, leucine and isoleutive amino acids with
aliphatic side chains are in nonpolar and hydrophobic nature wheregdhgphobicity
increases as the number of carbon atoms in the hydrocarbon chaas@scriéven though
glycine is generally classified as aliphatic functional grodgcige has the simplest
structure among all the amino acids which contains no side cli&iassoelectric points
of aliphatic amino acids are centered between thevaKies ofa-carboxyl ando-amino
groups which is near pH 6.00 with minute variations.

Proline is the only cyclic amino acid which is also known as imgid due to the
structural difference of the amine group @tarbon forming a cyclic structure with
carbon. Nonetheless of such structural difference from the otheraacids, proline
shares many properties with the aliphatic group. Proline is a reenpalecule with an
isoelectric point of pH 6.30 which is similar to aliphatic amino acids.

Carboxyl functional group is known as acidic amino acid group due tacitdgy of
carboxyl group. A second carboxyl group is attached on aspartic acigligacic acid

as a side chain where aspartic acid and glutamic acid catairand two methylene
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groups, respectively. Both amino acids are in polar and hydrophilic enalre
isoelectric point of aspartic acid (pH 2.85) and glutamic guiti3.15) is lower than any
other amino acids due to the contribution of ionizable carboxyl side chane
functional group is often described together with carboxyl functioraipydue to the
similarities in side chain structures where asparagine artdngine are the amides of
aspartic acid and glutamic acid, respectively. Amide functiom@ ehains are polar,
hydrophilic and not ionizable. Thus, the isoelectric points of aspeggH 5.41) and
glutamine (pH 5.65) are determined by the pKaoetarboxyl anda-amino group.
Asparagine is known to hydrolyze converting asparagine into aspaidievith ease, and
glutamine is easily converted into proline.

Hydroxyl functional group includes serine and threonine; however thgasi also
often classified as hydroxyl amino acid due to the hydroxyl grdtgcled on an
aromatic ring. Threonine contains an additional methyl group ofi-ta&bon of serine.
Structurally serine and threonine have similar structures tonaland valine except the
replacement of a hydroxyl group with a methyl group. Serine andrime are polar and
hydrophilic molecules, and the isoelectric points are pH 5.68 and 5.60, respectively.

Aliphatic, carboxyl, amide and hydroxyl amino acids have high siitidarbetween
the amino acids in the same group. The differences of each aminan aalighhatic,
carboxyl, amide and hydroxyl group can be found in the numbers of cadios at in
the structural differences of hydrocarbon chains. However, argnaatine and sulfur-
containing amino acids share similar properties, but the strucldfierences are more

than the number or structural differences of carbon atoms.
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Aromatic functional group contains amino acids incorporating side chaitis
aromatic ring in the structure®henylalanine contains a phenyl substituent onpthe
carbon of alanine which can be inferred by the name of it. Thgosontains phenol
group as a side chain which a derivative of phenylalanine hydterylan the para
position. Tryptophan is the largest amino acid containing an indole group prcénbon.
Phenylalanine and tryptophan are nonpolar, but tyrosine is polar due hydfexyl
group in the side chain. The hydrophobicity of aromatic amino acidasesan the order
of tyrosine, tryptophan and phenylalanine. The isoelectric points ofaimamino acids
also stay in the range of pH 5.50~5.90.

On the contrary of carboxyl group, amine functional group is known as dpasip
due to the basicity of amine group. Histidine has imidazole siden allich is an
aromatic heterocyclic classified as an alkaloid. Lysinecossisted of four-carbon
aliphatic chain and a-amino group as a side chain which contributes to increase the
isoelectric point due to the highly reactive nature of amino groupnifeghas three-
carbon aliphatic chain and a complex guanidinium group which is stedsof two
primary amine and one secondary amine groups. Histidine, lysine andchargre polar
and hydrophilic, and their isoelectric points, especially, thosesidy(pH 10.79) and
arginine (pH 12.48), are higher than any other amino acids.

Sulfur-containing functional group describes the amino acids containliiug suthe
structure of their side chains. Cysteine is consisted of aesgagbon aliphatic chain and
a sulfur-hydrogen thiol group whereas methionine is consisted otdvimn aliphatic

chain, a thiol ether and a methyl group. The thiol group on cysteineesmo yield
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thiolated anion and often forms a disulfide bond with another thiolated cysteine raolecul
Cysteine and methionine are generally considered to be nonpolar and hydrophebic
isoelectric point is lower for cysteine (pH 5.05) than methionine§pH) as a result of

active contribution by thiol group in cysteine.

126



Table 4.1 Chemical structures and properties phalic, cyclic, carboxyl, amide and hydroxyl amamids.

pKa
Molecular
Group Amino Acid | Abbreviation Chemical structure weight PI a-carboxyl o-amino Side chain
(g/mol) group group group
Glycine G He =] 75 6.06 235 9.78
NHz
CH;—CH-COOH
Alanine A | 89 6.01 2.35 9.87
NH,
) H4C.
Aliphatic Valine v 'CH-CH-COOH 117 6.00 2.29 9.74
HiC  NH,
HaC.
Leucine L /CH-CH,—CH-COCH 131 6.01 233 9.74
HsC NH
2
HsC—H,C,
Isoleucine 1 i C,CH CH-COOH 131 6.05 232 9.76
3 NH,
Cyclic Proline P [ﬁ -~ COOH 115 6.30 2.95 10.65
H H
Aspartic acid D HOOC-CH,~CH-COOH 132 2.85 1.99 9.90 3.90
NH,
Carboxyl
Glutamic acid E HOOC’CHTCHTE:’CDOH 146 3.15 2.10 9.47 4.07
2
Asparagine N HyN-¢-CH,—CH-COOH 133 5.41 2.10 8.84
(o] NH,
Amide
Glutamine Q LG St st CHON 146 5.65 217 9.13
o] NH2
, HO-CH,-CH-COOH
Serine S NH 105 5.68 2.19 9.21
2
Hydroxyl HAC
3 CH-CH-
Threonine T cH E’: COCH 119 5.60 2.09 9.10
2
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Table 4.2 Chemical structures and properties ahatiz, amine and sulfur-containing amino acids.

Molecular pKa
Group Amino Acid | Abbreviation Chemical structure weight Pl a-carboxyl o-amino Side chain
(g/mol) group group group
Phenylalanine F QCHZ_QH_COC’H 165 5.49 2.16 9.18
NH,
Aromatic | Tyrosine Y HO—@'CHE_E:'COOH 181 5.64 2.20 9.11 10.13
2
T CH,—CH-COCH
Tryptophan w N NH, 204 5.89 243 9.44
H
——1—CH,—CH-COOH
Histidine H HN_N: NH» 155 7.60 1.80 9.20 6.00
) HN-CH,—CH,—CH,—CH-COOH
Amine Arginine R C=NH NH; 175 10.76 1.82 8.99 12.48
NH,
Lysine K L e 147 9.60 2.16 9.18 1079
NH,
Cysteine c RS-t -2u0h 121 5.05 1.92 10.78 8.33
NHz
Sulfur-
contatin
€ o H;C-S—(CH,),—CH-COOH
Methionine M NH 149 5.74 213 9.28
2
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4.2 Experimental Details

421 Materials

Hydrochloroauric acid (HAuG) was purchased from Sigma Aldrich. Natural L form
of alanine, arginine, asparagine, aspartate, cysteine, glutaniutemgte, glycine,
histidine, isoleucine, leucine, lysine, methionine, phenylalanine, preimige, threonine,
tyrosine, tryptophan and valine, sodium chloride (NaCl), sodium hydroxi@d®K), and
hydrochloric acid (HCI) were purchased from Sigma-Aldrich amhdf Chemicals.

Nanopure water was prepared by using Milli-Q system and was s@rdefore use.

4.2.2 Synthesisof Gold Nanostructures

The reaction volume of the solution was 1ml, where the final coratemtr of
HAuCl, and amino acids were 0.5 and 0.18mM for standard experiments. The pH of
0.5mM HAUCI, solution is 3.0 initially and the pH for 4, 5, 7 and10 was adjustdd wit
5M of NaOH and 5M of HCI before adding amino acids to the solutioms.r&action
solution was placed in dark environment &t@7or three days without any disturbance.

After the reaction, the solution was centrifuged at 12,000rpm for 30@sintat
separate the synthesized structures from the reaction solutiosupématant was used
for analyzing the amount of synthesized gold nanostructures, agdltheanostructures
remained in the bottom of the microcentrifuge tube were dispénsednopure water.
Centrifugation and dispersion of gold nanostructures were repeateldrder ttmes to

remove the gold ions from the solution.
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4.2.3 Spectrophotometric Analysis

The supernatant of the reaction solution was diluted in 10% of HClthemdthe
concentration of the remaining gold ions was analyzed with atorbgorgtion
spectrophotometer (AAnalyst800, Perkin Elmer, Inc.) at flame mdte. measured
concentration of remaining gold ions was subtracted from the initial gold conmenth
the reaction solution to calculate the amount of synthesized gold.

The optical properties of the gold nanostructures dispersed in naneptmewere
measured with UV-Vis spectrophotometer (DU800, Beckman Coult), imthe range

of wavelength from 400 to 1100nm.

4.2.4 Structural Characterization

Structural characteristics of the gold nanostructures were gtigieusing optical
microscopy (KH-3000, Hirox, Inc.), scanning electron microscopy MSEand
transmission electron microscopy (TEM). The gold nanostructures pvepared on a
silicon wafer and were observed with SEM (XL30-FEG, RoyalipiElectronics, Inc.)
at 15kV of accelerating voltage.

For TEM imaging, the gold nanostructures dispersed in nanopure werterdeposited
onto carbon-coated Cu support grids and dried in ambient condition.tflickuseswere
observed with TEM (JEM-2100F, JEOL, Ltd.) at an accelerating voltdg200kV.
Selected area electron diffraction (SAED) was utilized stady the crystallographic

orientation of the goldanostructures.
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4.3 Results and discussions

In the previous chapter, among various reaction variables, the specdadtion
hydroxychloroaurate (Au(OKlsx ) showed dominant effect of determining the
structural features of gold nanostructures synthesized usingqiglythe speciation of
hydroxychloroaurate ions (figure 4.1) is highly dependent on the pH had t
concentration of chloride of the reaction solutions which was corgetatseeing such
structural changes at different pH. Herein, the effect of sliEins on amino acid-
mediated synthesis of gold nanostructures has been demonstratddrahtdiinges of
pH and concentration of chloride to observe optical, structural and redabawnges by
using different kind of amino acids. Glycine was considered asmi@ot material which
contains no side chains and was used to compare the properties of goliunaues
synthesized by the other natural amino acids to understand ¢hefrside chains on the

synthesis process.
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Figure 4.1 The concentration of different species of gold ptares in 0.5mM HAuClas a function of pH which
was calculated with the equilibrium constants regbby Nechayev etl
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4.3.1 TheEffect of Side Chainsand pH

4.3.1.1. Aliphatic and Cyclic Functional Group

In this section, aliphatic and cyclic functional groups were studigdther since
proline shares many similar properties with aliphatic amindsacihe initial color of
0.5mM HAuUCI, solution is light yellow at low pH and the color of solution becomes
transparent as the pH increases to more than 6.0. Overall, theesbsetors of as-
synthesized gold nanostructures showed a general trend and smaildritespect to the
pH of reaction solutions (figure 4.1). The colors of 0.5mM HAusHlutions at pH
3.1+0.01, which was initially light yellow, became transparent whihysgold products
settled down in the bottom after 3 days of incubation &C3%ith 0.18mM of each
amino acid. The gold nanostructures synthesized at pH 4.1+0.04 werétirbriayvn
colors in which structures were more dispersible in water thasetsynthesized at pH
3.1+0.01; however the structures easily settled down in a few minntksating
existences of large structures. The gold nanostructure suspesisommsd greenish gray
colors at pH 5.0+0.03 and blue, purple colors at pH 7.0£0.12. Pink colors could be
observed for the suspension of gold nanostructures synthesized at pH 10with.04
aliphatic amino acids, and dark red color was observed for cycliwoaacid, proline.
Such differences in the color transitions at each pH indicatdotingations of gold

nanostructures in different sizes and shapes.
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Figure 4.2 The photographs of as-synthesized gold nanostructures dispersed in water. The gold nanostructures
were synthesized by incubation of 0.5mM HAuCl, + 0.18mM aliphatic and cyclic amino acids at pH 3.1+0.01,
4.140.04, 5.040.03, 7.04£0.12 and 10.7+0.04 for 3days at 37°C.

Measurements of optical properties were challenging for thel@wtescsynthesized at
pH 3.1 and 4.1 due to the large structures which easily settled danshort time. Thus,
the optical properties were measured for the gold nanostructures siyathaet pH

5.0£0.03, 7.0£0.12 and 10.7£0.04. The UV-Vis spectra of gold nanostructures
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synthesized at pH 5.0+0.03 with aliphatic and cyclic amino acids simovarstrends to

the spectra of 1-D gold nanostructures, such as nanowires, nanotehsreokite§™°

Clear broad absorption bands from 490nm to the Near-Infrared (M{R)rr could be
commonly observed for glycine, alanine, valine, isoleucine and prolineali3wbance

of the spectrum for leucine was very low to show clear locabbrimnds, but the trend

of increase of the absorbance from 480nm to NIR region could be cedfiby
comparing the values of absorbance. The gold nanostructures synthegiEled.@ show

clear bands located near 550nm for alanine, leucine, isoleucine and,motnelatively
broader bands were observed for glycine and valine in the wavelengths of 544 and 547nm,
respectively. Similarly, structures from pH 10.7 show clearpsh@nds located near

530nm where the shapes of bands can be qualitatively related tmatbhee of

nanoparticles.
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Figure 4.3 UV-Vis spectra of gold nanostructures synthesizdalmmM HAuCJ, + 0.18mM aliphatic and cyclic amino
acids at pH 5.0 (a), 7.0 (b) and 10.7 (c) for 3sday37C.

The SEM and TEM images of synthesized gold nanostructures organized in figure 4.3

show a clear structural map of gold nanostructures which can beteaffby two
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variables of pH and side chains of amino acids. The images ticaldine shows the
structural changes due to the differences of amino acids, ahdriaental line indicates
structural changes due to the pH of the solutions. Since the Isagle @f aliphatic and
cyclic group is not ionizable and reactive, structural differemtes to side chains of
amino acids were difficult to observe. However, distinctive changekl be observed
due to the changes of pH. In general, nanoplatelets were syethesipH 3.0, nanokites
at pH 4.1, nanoribbons at pH 5.0, and nanoparticles at pH 7.0 and 10.7. Slightly more
structural variations could be observed for the structures synthedizddl 4.1 and 5.0
than those of pH 3.1, 7.0 and 10.7 which might be due to the poor strustiicaimity.
As observed in the UV-Vis spectra, structures at pH 5.0 are ndotty in 1-D
nanoribbon structures with little formation of nanoribbon networks. Nanojesrti
synthesized at pH 10.7 are more uniform in their shape and sizethdsanof pH 7.0
which corroborates the observation by UV-Vis spectra showing narrdwands for
pH10.7 than pH 7.0. Comparing to the structures synthesized with glydingh 18 an
amino acid with fundamental structures containing no side chains, nminatusal
changes were observed in the gold nanostructures synthesized vathehamino acids
in aliphatic and cyclic functional groups. This indicates that the chdéns of aliphatic
and cyclic amino acids are not in the center of the role tandete the structures of

synthesized products.
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Amino
acid

3.1+0.01 4.1+0.04 5.0+0.03 7.0£0.12 10.7+0.04

Figure 4.4 Tabulated SEM images and TEM images of gold nancstres synthesized with 0.18mM aliphatic and
cyclic amino acids in 0.5mM HAught different initial pH for three days at 7.
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The amounts of synthesized gold with respect to the changes ofepplagied in
figure 4.4 for the six amino acids in aliphatic and cyclic funcligraup. For every
amino acid, the amount of synthesized gold reaches its maximum arouh® pHhere
Au(OH),Cl,” predominantly exists. The amount of synthesized gold significantly
decreases above pH 8.0 in the case of using glycine, alanine agukiise] however,
increased amount of the synthesized gold was observed in theraagee of pH for
valine, leucine and proline. The exact reason for such discrepamdificsilt to be
explained. However, considering the speciation of hydroxychloroauoate in the
solution (figure 4.1), valine, leucine and proline might be moreantime with Au(OH)
which is the predominant species at pH above 8.0. The ratio of maxamount of
synthesized gold to initial concentration of gold at pH4.85+0.05 for aliphatino acids
were 57, 51, 55, 49, 52 and 64% for glycine, alanine, valine, leucine, isoleamne
proline, respectively. Within aliphatic group, the maximum amount ohsgized gold
decreases with an addition of aliphatic chain compared to the vauglytine. The
increased amount of synthesized gold at pH 4.8 for cyclic amino aoitheyrindicates

higher reduction capability of proline than those of aliphatic amino acids.
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Figure 4.5 The total amount of synthesized gold after thragsdof incubation carried out with 0.5mM HAuUCH
0.18mM aliphatic and cyclic amino acids af@7or different initial pH.

4.3.1.2. Carboxyl and Amide Functional Group

The colors of the gold nanostructure suspensions synthesized using tanbdxy
amide amino acids are tabulated in figure 4.6. The as-synthesizkdaubstructures
show transitions of colors from light brown, greenish gray, bluish pumlpink in
general with respect to the change of pH from 4.0 to 10.5. Lighatiars could be
observed for a few suspensions for aspartic acid and asparagirsispeasion colors of
aspartic acid and asparagine at pH 4.0 and 5.0 showed slightly moneagicedrown
colors, respectively, than those of glutamic acid and glutaminesdlbgons of 0.5mM
HAuCI, at pH 3.1 turned their color from yellow to transparent aftery3 d&incubation
at 37C with 0.18mM of each amino acid and shiny gold products could be found whic

were settled down in the bottom of reaction bottle.
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The UV-Vis spectra of gold nanostructures synthesized at pH 5.0n®.50s5 show
similar trends between aspartic acid and asparagine whil@ngc acid and glutamine
share similar spectral features. At pH5.0, the trend of UV-pextsa of glutamic acid
and glutamine are close to those of the spectra of 1-D gold nactaseés showing broad
absorption bands to the NIR regfdfl On the contrary, broad bands located near 570nm
could be observed in the UV-Vis spectra of aspartic acid and asparag pH5.0
indicating different structural properties of the gold nanostrustsymthesized with
glutamic acid and glutamine. The gold nanostructures synthesipddl @5 show clear
bands located at 524, 536, 544 and 564nm for aspartic acid, glutamic acid, asparagine and
glutamine, respectively. Clear sharp bands located near 520nm ws=evexb for the
gold nanostructures synthesized with aspartic acid, glutamic aaed asparagine at
pH10.5 indicating existence of uniform nanoparticles. Optical propertiekl not be
observed for the gold nanostructures synthesized with glutamine &0 pHlue to the

low intensity of UV-Vis spectrum.
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Figure 4.6 The photographs of as-synthesized gold nanostestlispersed in water. The gold nanostructures were
synthesized by incubation of 0.5mM HAuGt 0.18mM carboxyl and amide amino acids at pH 3.0%, 4.1+0.04,
5.0+0.03, 7.0£0.12 and 10.7+0.04 for 3days &C37

Similarly to the trends observed in aliphatic and cyclic amindsadhe SEM and
TEM images of synthesized gold nanostructures organized in figurehd\8 major
variations by the changes of pH and minor changes of structurendileg on the
changes of side chains in amino acids ascribing minor effectiseostriuctural changes
due to carboxyl and amide functional groups. Compared to the contrliahaglycine,
similar structures of nanoplatelets were synthesized at pHaBdnanoparticles were
observed at pH 6.5 and 10.7. Glutamic acid and glutamine, which contain tiwdene
groups between the-carbon and the functional groups, showed nanokite structures at pH

140



4.0 and nanoribbon structures at pH 5.0 coinciding with the structuresvetsfor
glycine at similar range of pH. Interestingly, aspartic @nd asparagine, which contain
one methylene group between thecarbon and the functional groups, showed flat
irregular ribbon like structures at pH 4.0 and round irregulae-ike structures at pH
5.0. Based on the observations by SEM and TEM, the structures wereaffemted by
the length of the hydrocarbon chains connecting the functional groups tecimon
rather than on the kind of functional group of carboxyl and amide. Nandgsrtic
synthesized at pH 6.5 and 10.5 by carboxyl and amide amino acids weremform in
their shapes and sizes than those observed for glycine; howeverdBpacttra showing
narrower bands for pH 10.5 than pH 6.5 indicates possibly more uniformitigeof t

nanoparticles synthesized at pH 10.5.
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Figure 4.7 UV-Vis spectra of gold nanostructures synthesizealzmM HAuUCI, + 0.18mM carboxyl and amide amino
acids at pH 5.0 (a, d), 6.5 (b, €) and 10.5 (forf8 days at 37C.
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Amino pH

acid

3.1+0.02 4.0+0.06 5.0+0.04 6.5+0.01 10.5+0.01

Figure 4.8 Tabulated SEM images and TEM images of gold nauncitres synthesized with 0.18mM carboxyl and
amide amino acids in 0.5mM HAuCit different initial pH for three days at 7.

The reduction behavior of amino acid-mediated synthesis of gold nactaseés was
plotted as the amount of synthesized gold versus pH. The amounts of igguigesd
reached the maximum values in the range of pH 4.0~5.0 for eveng acid in carboxyl

and amide functional group which was in the same trend as glycinerafibeof the
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maximum amount of synthesized gold to the initial concentration of wak 57% for
glycine at pH 4.8, and similarly the ratio was 59% and 54% fotagiic acid and
glutamine at pH 4.6 and 4.8 respectively. However, differently from gdyand the other
carboxyl and amide amino acids, aspartic acid and asparagine shawedhan 81%
and 94% of the gold ions reduced at pH 4.7 and 4.9, respectively. Considexing th
structural differences observed for the gold nanostructures inrtge od pH 4.0~5.0 for
aspartic acid and asparagine, such structural changes might dmtecfioy highly
increased amount of synthesized gold which resulted increased nuohbstractures

with less structural maturity.
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Figure 4.9 The total amount of synthesized gold after thregsdaf incubation carried out with 0.5mM HAuGCH
0.18mM carboxyl and amide amino acids at@7or different initial pH.
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4.3.1.3. Hydroxyl Functional Group

The suspensions of gold nanostructures synthesized using hydroxyl aomiso a
showed similar color transitions to glycine (figure 4.10). Theitsmis at pH 3.1 with
serine and threonine were transparent with shiny structuresdseébwn in the reaction
bottle after 3 days of incubation at °87 with 0.18mM of each amino acid. The
suspensions of gold nanostructures synthesized at pH 4.1, 5.0, 6.9 and 10.gwere i
brown, greenish gray, blue and dark red. The UV-Vis spectra of mg@hostructures
synthesized at pH 5.0, 6.9 and 10.6 show almost identical trends for aediniereonine
(figure 4.11). The UV-Vis spectra of pH5.0 show the charadesistf 1-D gold
nanostructures showing broad absorption bands to the NIR region. Clearcbalitibe
observed for the gold nanostructures synthesized at pH 6.9 for both aedlitiereonine
which were located near 555nm. Sharp bands located near 525nm were olusettved f

gold nanostructures synthesized at pH10.6.
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Figure 4.10 The photographs of as-synthesized gold nanostestlispersed in water. The gold nanostructures were
synthesized by incubation of 0.5mM HAuGH 0.18mM hydroxyl amino acids at pH 3.1+0.01, 414, 5.0+0.02,
6.9+0.00 and 10.6+0.04 for 3days atG7

SEM and TEM observations of the gold nanostructures synthesizedenitie and
threonine show more structural changes compare to glycine andetheusrfunctional
groups. Nanoplatelet structures were synthesized at pH 3.1 in cofonglycine, serine
and threonine; however the size of gold nanoplatelets synthesitedhveonine were
significantly smaller than those of glycine and serine. Unthe nanokite structures
observed for glycine at pH 4.1, the structures synthesized withesat pH 4.1 were
more similar to nanoribbons with irregular morphology whereas stestsynthesized
with threonine at the same pH were in irregular plate-likeicgires with random
nanowire networks. The nanoribbons synthesized with serine at pH 5.Gtwextairally
very similar to those observed for glycine; however random gold netwegre observed
at pH 5.0 for threonine. Highly uniform nanoparticles in shapes ansl wee observed

for pH 10.6 with both serine and threonine, and relatively more irneghéped
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nanoparticles were observed at pH 6.9. Serine and threonine showedcamgnifi
differences in the synthesized structures especially at pHhd.5.8 between themselves
and also compared to glycine. The region of pH 4.0~5.0 showed mortveestsuctural
changes to the changes of side chains. Methylene hydroxyl group ashaida amino
acid resulted in formation of random ribbon-like structures at pHahd,addition of
methyl group on th@-carbon of serine resulted very irregular structure formatiqgrHat
4.1 and 5.0. More extensive studies is necessary to understand thehydeoadyl group
on formation of such irregular structures; however it could be asktina¢ additional
hydroxyl group directs crystal growth into more random orientatibas other amino

acids in the range of pH 4.0~5.0.
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Figure 4.11 UV-Vis spectra of gold nanostructures synthesize@l BmM HAuC}, + 0.18mM hydroxyl amino acids at
pH 5.0 (A), 6.9 (B) and 10.6 (C) for 3 days atG7
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Amino
acid

3.1+0.01 4.1+0.01 5.0+0.02 6.9+0.00 10.6+0.04

Figure 4.12 Tabulated SEM images and TEM images of gold naucstres synthesized with 0.18mM hydroxyl
amino acids in 0.5mM HAugGht different initial pH for three days at 7.

The amount of synthesized gold showed the maximum values in the rapge of

4.0~5.0 similarly to other amino acids, and the ratios of maximum ambgghthesized

gold to initial concentration of gold for serine and threonine were ab%h 69%,
respectively, at pH 4.8 ascribing more reduction ability of seximethreonine compare

to glycine. The amount of synthesized gold decreased around pH 7 éydrancreased
amount was observed for the pH above 9.5 for both of the hydroxyl amids. The
reduction behavior of carboxyl and amide groups showed that additiontioylrgeoup
between thea-carbon and functional group resulted in decrease of the amount of
synthesized gold at the range of pH 4.0~5.0 up to 40%. Threonine showed neaifly 6%

difference from the amount of synthesized gold of serine at pH 4.8hwhight be
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related to the addition of methyl group as a similar trend weddor aliphatic functional
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Figure 4.13 The total amount of synthesized gold after thregsdaf incubation carried out with 0.5mM HAuGCH
0.18mM hydroxyl amino acids at 32 for different initial pH.

4.3.1.4. Aromatic Functional Group

As explained in the introduction, the amino acids with aromatic fundtignoaips
have larger variations in their chemical structures than thasealiphatic, carboxyl,
amide and hydroxyl groups. Reflecting such variations, the cofaise suspensions of
gold nanostructures show very distinct differences within the giti.suspension for
phenylalanine, which has phenyl group attached am-@arbon, was colorless with shiny
products at pH 3.1, light brown at pH 4.0, light green at pH 5.0, dark bj¢ &9 and
red at pH 10.5. Suspensions of tryptophan, which has indole group as functaral g
show brown color at pH 3.1, brownish gray at pH 4.0, green at pH 5.0, darkthie
6.9 and light pink at pH 10.5. Tyrosine contains phenol group as a side chain and the
suspensions of tyrosine were brown at pH 3.1, brownish gray at pH 4.0, dark brown at pH

5.0, dark blue at pH 6.9 and pink at pH 10.5. Such distinctive differences af col
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transitions between aromatic amino acids indicate the formation ofattiffstructures for

each amino acid.

. pH
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Figure 4.14 The photographs of as-synthesized gold nanostestlispersed in water. The gold nanostructures were
synthesized by incubation of 0.5mM HAuUCH 0.18mM aromatic amino acids at pH 3.1+0.06, @.02, 5.0+0.05,

6.9+0.07 and 10.5+0.14 for 3days atG7

The UV-Vis spectra of gold nanostructures synthesized using acoamaino acids
also showed large variations for the synthesized structurespasted from the large
differences observed for their suspension colors. Anisotropic nanosteuettribit two
surface plasmon resonance (SPR) bands for the short and long akes sifuctures,
which are known as transverse and longitudinal plasmon‘baf transverse plasmon
band appears in the range around 520nm and is relatively insensitikanges in the

aspect ratio of the nanostructure, whereas the longitudinal plasmonappedrs at
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longer wavelengths as the aspect ratio of the nanostructurasaéfé® For the UV-Vis
spectra of tryptophan at pH 3.1, SPR bands were located as 566, 705 and 990nm. The
band located at 566nm might indicate existence of large spheacaparticles or a
transverse SPR band of anisotropic nanostructures whereas the batet$ &¢05 and

990 nm might be considered as longitudinal SPR bands for the longef axisotropic
nanostructuré$. Existence of nanostructures with large size distributionggregations

could be assumed from the broad shape of the bands. The nanostructureszegnthes
with tyrosine at pH 3.1, showed SPR bands at 574 and 862 and 1005nm which can be
also related to the nature of anisotropic nanostructures. Optieabcteristics of the
structures synthesized with phenylalanine at pH 3.1 were diftelle analyzed due to

low absorbance; however the trend of UV-Vis spectra showimgpad band increasing

from 502nm to the NIR region resembles the characteristicsDofjdld nanostructures,

such as nanowires, nanobelts and nandkifestThe UV-Vis spectrum at pH 4.0 for
tryptophan and tyrosine show SPR bands located at 560 and 546nm which might be
related to existence of nanoparticles and to a transverse SPRfdyaadisotropic
nanostructures. The UV-Vis spectrum for tryptophan continues to secteathe NIR
region which might be due to a longitudinal SPR bands at highezlevagths than the
measurable region. The spectrum of tyrosine decreaseshaftappearance of a band at
546nm; however the spectrum shows increment after 1000nm which might be an
indication of longitudinal SPR bands above 1100nm of wavelength. At pH 5.0vhe U
Vis spectrum for phenylalanine shows a characteristic ofnlibstructures which have

been observed for many other nanostructures synthesized at rtiee pdd range.

150



Tryptophan shows broad bands centered at 561 and 747nm indicating existenc
anisotropic nanostructures in 1-D and 2-D shapes. Tyrosine shovas dahel at 544nm
which implies an existence of nanoparticle structures. The-Vi$V spectra of
phenylalanine, tryptophan and tyrosine at pH 6.9 show a broad band located &t600,
and 577nm, respectively indicating the nature of irregular and randonbutisins of
nanoparticles. A clear sharp band was observed for the strucyutbeszed at pH10.5

for phenylalanine and tyrosine at 522nm and 519nm, respectively.
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Figure 4.15 UV-Vis spectra of the gold nanostructures syntregbiat pH 3.1+0.06 (a), 4.0+0.12 (b), 5.0+£0.05 (c),
6.9+0.07 (d) and 10.5£0.14 (e) in 0.5mM HAy®@iith 0.18mM of each aromatic amino acid for thdegs at 37C.

The SEM and TEM images of gold nanostructures synthesized moitatic amino
acids tabulated in figure 4.16 show significant differences frastructures synthesized

with glycine. The structures synthesized with phenylalaninevstiose relations with
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glycine for the structures synthesized at pH 3.1, 6.9 and 10.5 whiah e shapes of
nanoplatelets, irregular-shaped nanoparticles and mono-dispersedaptaraparticles,
respectively. Considerable differences could be observed for pH 4.6.@where the
structures still follow the general shapes of those from mgydiorming head-tail
structures for pH 4.0 and nanoribbon structures for pH 5.0; however, thledl@taight
of the structures show that tadpole structures were synthesipétl 40 and very thin
ribbon structures with no indents were observed for phenylalanine. Tryptcpith
tyrosine showed irregular-shaped nanoparticles and nanoplateleurgisuof which
widths were less than 500nm for pH 3.1. Similarly, at pH 4.0, nanoparéioksmall
nanoplatelets were also observed for tryptophan and tyrosine. Dispersanhosmall
nanoplatelet structures elucidates the anisotropic charactemdiserved with UV-Vis
spectrum. Tadpole structures were observed for tryptophan at pH &r@astspherical
and faceted nanopatrticles were observed for tyrosine at thepganire spite of dramatic
differences of synthesized structures at the pH range Idvaer 5.00, tryptophan and
tyrosine show irregular-shaped nanoparticles at pH 6.9 and unifodmstyibuted
spherical nanoparticles at pH 10.5. The observations with SEM and &M that the
phenyl group as side chain had minor effect on the determinationapéshhowever
phenol and indole group significantly impacts the structural changd® range of pH

3.1~-5.0.
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Amino P

acid

3.1+0.06 4.0£0.12 5.0+0.05 6.9+0.07 10.5+0.14

Figure 4.16 Tabulated SEM images and TEM images of gold nancitres synthesized with 0.18mM aromatic amino
acids in 0.5mM HAuC] at different initial pH for three days at&7.

The general trend of reaching the maximum amount of synthesizedngible range
of pH 4.0~5.0 was observed for aromatic functional group which is sitoilprevious
functional groups (figure 4.17). However dramatic increase of the amosyghibfesized
gold could be observed for aromatic amino acids, especially, faiopigan and tyrosine
which showed the most distinctive structural changes of synthegi@thanostructures.
The amount of synthesized gold gradually decreased after pH 6.0; hqhevstalanine

and tyrosine showed large amount of synthesized gold in the range abgi¢ 9.0
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which could be found in the case of aliphatic and hydroxyl functional groups. Tdhefrat
the maximum amount of synthesized gold to initial concentratfogotd is 72% for
phenylalanine, and 99% for both tryptophan and tyrosine. As assumed folattue ref
synthesized structures and the amount of synthesized gold for hyéflroggbnal group,
such large reduction of gold ions due to amino acids might indicateolihef amino
acids more as reducing agent than as capping agent which coutd tbedyroperties of

shape-directing crystal formation, thereby result in smaller and modem structures.
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Figure 4. 17 The total amount of synthesized gold after thregsd# incubation carried out with 0.5mM HAuGCH
0.18mM aromatic amino acids at°&7for different initial pH.

4.3.1.5. Amine Functional Group
Amine functional group is consisted of three amino acids with sidashadifferent

chemical structures which share common properties of polar, hydooghid highly
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basic. The colors of the suspensions for arginine, lysine and histigireolorless at pH

3.2 (figure 4.18). Light appearance of brown, green and yellow coulddssv@d for the
suspensions of arginine, lysine and histidine at pH 4.4. At pH 5.5, thensisps for
arginine were brown color while suspensions for lysine and histidine showed bluish gree
and light green, respectively. Initially, the reaction pH was tadgat 7.0; however
addition of amine amino acids increased the solution pH significda#yto the high pK

of amine functional groups and the sensitive pH changes near ngHtralhus the
suspensions were incubated at final pH of 8.9+£0.05. The suspensions for atgsniree

and histidine showed blue and purple colors at pH 8.9, and the suspensiphis10.7

were all transparent.

Amino pH
acid |3.2+0.01 | 4.440.03 | 5.5+0.10 | 8.9+0.05 | 10.7+0.01

G colorless

R colorless

K colorless

H colorless

Figure 4.18 The photographs of as-synthesized gold nanostegtlispersed in water. The gold nanostructures were
synthesized by incubation of 0.5mM HAyYCt 0.18mM amine amino acids at pH 3.2+0.01, 4.43098.5+0.10,
8.9+0.05 and 10.7+0.01 for 3days atG7
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The UV-Vis spectra of lysine and histidine at pH 5.5 show a cteaistic of 1-D and
2-D structures as described previously (figure 4.19). Arginine showerbad band
centered at 404nm which might be a characteristic of wide distmsubf nanopatrticles.
By the shape of the UV-Vis spectrum at pH 8.9, the structureBesinéd by each amino
acid could be assumed as 1-D nanostructures and irregular-shapguhmiales for
lysine and histidine, respectively. No optical properties coulshéasured for arginine at

pH 8.0 and arginine, lysine and histidine at pH 10.7.
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Figure 4.19 UV-Vis spectra of the gold nanostructures synttesbiat pH 5.5+0.10 (a), 8.9+0.05 (b), in 0.5mM HAuCI
with 0.18mM of each aromatic amino acid for thregat 37C.

Compared to the SEM and TEM images of glycine, the structyrebesized with
arginine share no similarities in the range of pH below 5.5 @igu20). Nanoplatelets
and ribbon-like networks were observed at pH 3.2, 4.4 and 5.5 for arduomeyer the
majority of the products for arginine were spherical strustunea few hundreds of
nanometers in diameter containing gold nanoparticles with diametssthan 30nm

(insets of R at pH 3.3 and 5.5). The structures at pH 8.9 and 10.7 were in similardrends a
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glycine, which were irregular-shaped nanoparticles and mono-dispesasegbarticles.
Lysine had a few platelet structures at pH 3.2 and 4.4, but mose aftriuctures were
randomly grown irregular platelet structures with nanoparticlése structures
synthesized at pH 5.5 and 8.9 with lysine were in similar anisotetpictures with high
structural irregularity. Uniform spherical nanoparticles webserved at pH 10.7 for
lysine. Unlike the other amine amino acids, histidine showed formatiosnill
nanoplatelets and nanopatrticles at pH 3.2 and 4.4, and serrate nanoribldarestwere
observed at pH 5.5. Nanoparticles with irregular shapes were obserpéti &9 and
relatively more uniform nanoparticles were synthesized at pH 1ih7histidine. The
trend of histidine is close to those observed for aromatic amirds adpecially to
tryptophan and tyrosine. Lysine showed poor shape-directing propertemthesize
nanoplatelets or nanoribbons, and arginine showed interesting featuyatloésizing
spherical structures containing small nanoparticles inside testes. Previously, a few
studies showed the interaction of amino acids with gold nanoparacidsjemonstrated
adsorption of amino acids on gold nanoparticles through amine §rofi&ince arginine
contains three terminal amine groups, the gold binding propertiegiofree might be
larger than other amino acids with a single amine group. Moreoveg, tdmrainal amine
groups are facile to assemble nanoparticles int’3-&nhd the spherical shape formation

might be explained by the thermodynamic stability of spherical striscture
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Amino
acid

3.240.01 4.4+0.03 .510. 8.9+0.05 10.7+0.01

Figure 4.20 Tabulated SEM images and TEM images of gold nanciires synthesized with 0.18mM amine amino
acids in 0.5mM HAuC] at different initial pH for three days at&7.

The amounts of synthesized gold for amine amino acids were ratggr than any
other groups of amino acids (figure 4.21). The amount of synthesizedegmlded the
maximum value in the range near pH 5.0. Compared to the ratio cdntioeint of

synthesized gold to initial concentration of gold of glycine whies W7%, the ratios of
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arginine, lysine and histidine are 85, 94 and 99% at pH 5.1, 5.4 and 5.0, redpethe
reduction of gold ions increased up to 42% due to the amine functional gthmps
amount of synthesized gold dramatically decreased near pH 9.0 fimnargnd lysine,

and pH 7.0 for histidine.
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Figure 4.21 The total amount of synthesized gold after thregsdaf incubation carried out with 0.5mM HAuCH
0.18mM amine amino acids at°&7 for different initial pH.

4.3.1.6. Sulfur-containing Functional Group

The colors of suspensions for cysteine were red at pH 3.0, brown abfuits3.8 and
4.8, dark red color at pH 6.9 and transparent at pH 10.5 (figure 4.22nddoionine, the
colors of the suspensions were colorless with shiny gold products &0phight brown

at pH 3.8, light green color at 4.8, dark purple at pH 6.9 and light pipkld.0.5. The
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color transitions of cysteine showed significant differences frglgtine whereas

methionine shows similar colors to the suspensions of glycine.

Amino acid pH
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Ll L L L
G colorless i s
L L] - (BN
C
| 1 N -
[ ] i | [
M colorless
- —

Figure 4.22 The photographs of as-synthesized gold nanostegtlispersed in water. The gold nanostructures were
synthesized by incubation of 0.5mM HAUCH 0.18mM sulfur-containing amino acids at pH 3.@f) 3.8+0.11,
4.840.13, 6.9+0.22 and 10.5+0.08 for 3days &C37

At pH 3.0, the UV-Vis spectra of nanostructures synthesized wégteioe shows a
broad band at 552nm (figure 4.23). A broad band located at 558nm which sgmilaat
shape as the spectra for pH 3.0 was observed for the gold nanostregtihesized with
cysteine at pH 3.8. Structures synthesized with methionine webéeuaanalyze due to
low intensity of absorbance at pH 3.0 and 3.8. The UV-Vis spectrastdiog at pH 4.8
show a clean band at 553nm and a broad band centered at 801nm which naght be
longitudinal SPR band for an anisotropic structures. Structures symettiesvith
methionine at pH 4.8 showed SPR bands located at 595 and 963 nmraverseand
longitudinal SPR bands. At pH 6.9, methionine shows a single band at 53iinimisva

clear indication of the existence of spherical nanoparticles, astkiog shows a
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broadening SPR bands at 534nm which might be the optical propertieegmilar-
shaped or aggregated nanoparticles. The UV-Vis spectra were resvaille for the

structures synthesized at pH 10.5.
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Figure 4.23 UV-Vis spectra of the gold nanostructures syntregbsiat pH 3.0+0.00 (a), 3.84+0.11 (b), 4.8+0.13 &)l
6.9+0.22 (d) in 0.5mM HAuGlwith 0.18mM of each sulfur-containing amino aaid three days at 3T.

The SEM and TEM images tabulated in figure 4.24 show the disendtiferences
of the structures synthesized by cysteine and glycine. Nartgtlagtructures were
synthesized by using methionine at pH 3.0 and 3.8, and the sizes of reletplatre
observed to be smaller at pH 3.8 than those at pH 3.0. A mixturanaiparticles and
nanokite structures were observed at pH 4.8, and uniform spherical rianhepavere
observed at pH 6.9 and 10.5 for methionine. On the contrary, cysteine slaowed

formation of faceted nanoparticle structures and spherical naiotgset pH 3.0 and 3.8.
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Elongated particles structures resembling tadpole structesobserved at pH 4.8 with
cysteine, and spherical nanoparticles were synthesized at pHN&rBparticles
embedded in aggregated organic structure were observed at pH 10.5 ysieigec
Cysteine and methionine contain a thiol group and a thiol ether connectethéthyl
group, respectively, as their side chains. Thiol group on cysteinettoag $inding
properties with goftf*® and for the reason, cysteine has been proposed as an effective
stabilizer and capping agent for gold nanopartf€fés Due to such excellent binding
properties, cysteine might completely adsorb on the gold nanasgsi¢tindering further
growth of the crystal. In fact, Lan and coworkers were ableytdhsesized serrate
nanoribbon structures, which were often observed with glycine and oiieaited amino
acids, with 0.02mM of cysteife This indicates that smart adjustments of the
concentrations of cysteine might lead to synthesizing various kirgtsustures that have
been demonstrated with other amino acids. On the contrary, methi@haeds like the
simple monoamino monocarboxylic acids in a hydroxychloroaurate sqlutvbrch
differs its properties from cysteiffe Thus, structural changes by methionine were not as
dramatic as those by cysteine which might be due to no direcadation of sulfur group
with gold. The shape of side chain which affects the shape-direftionystal growtf®

and the polarizability of the molecules might resulted the straictlifferences of gold

nanostructures synthesized by methionine at pH 3.8 and 4.8 from those of glycine.
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acid

pH

3.0+£0.00

3.840.11

4.8+0.13

6.9+0.22

10.5+0.08

Figure 4.24 Tabulated SEM images and TEM images of gold nauostres synthesized with 0.18mM sulfur-
containing amino acids in 0.5mM HAuGIt different initial pH for three days at&7.

The maximum amount of synthesized gold shown in figure 4.25 was obsebed a
pH of 4.7 and 4.9 for cysteine and methionine, respectively. Cystathenathionine
reduced 98% of the gold ions during the synthesis process at pAd#479which is 41%
higher than that of glycine. In spite of large structural diffiees of the synthesized

structures, the reduction behavior of cysteine and methionine aresimitar to each

other.
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Figure 4.25 The total amount of synthesized gold after thregsdaf incubation carried out with 0.5mM HAuCH
0.18mM sulfur-containing amino acids at°&7for different initial pH.

4.3.1.7. General Structural, Reductive and Optical Trends

The structural, optical and reductive observations of gold nanostryociries were
synthesized with amino acids containing various side chains, showethénatwere
considerable changes on the synthesized structures and syntoesissps due to the
differences of side chains. The distinctive structural and reduciifferences were
tabulated in table 4.3. As glycine has been considered as the comdtefial, the
structures synthesized with glycine at different ranges oWwpke considered as control
structures to compare the structural changes due to the side chains of other mi®ino ac

The structures synthesized in the pH range near 3.0, wherg AsiGtedominantly
presented, were mostly in nanoplatelet structures irrespeftithe sizes. Arginine and
lysine which contain amine terminal groups as side chains showethtion of
significantly different structures from other amino acids fagrspherical and irregular

structures in the pH range of 3.0~5.0.

Amino acids in aliphatic, cyclic, carboxyl, amide and hydroxyl grotgrsed
nanoribbon structures in the range of pH 4.0 and 5.0 with variations of tkevetbs

thicknesses. However, aromatic, amine and sulfur-containing groupsdhbe most
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structural variations at pH 4.0 and 5.0 compared to glycine. Amonga#toogroup,
phenol and indole group side chains of tryptophan and tyrosine resultedidorrof
small nanoplatelets at pH 4.0 and tadpole at pH 5.0 in which the sésictould be
found at pH 3.0 and 4.0 for other amino acids and, similarly, histidinégicgsand
methionine also form nanoplatelets at pH near 4.0. In the studidyanfiegmediated
synthesis of gold nanostructures, the formation of nanoplatelets \atedréo AuCy
complexes. However the formation of nanoplatelets were difficuttet@onfirm in the
range of pH where only Auglexisted due to the lower reactivity of glycine and AuCI
species at low pH. Interestingly, tryptophan, tyrosine, histidipgeme and methionine
have considerably higher reduction capability of Au@lan other amino acids even at
AuCl,-rich pH region (pH<2) indicating higher reactivity of those amawids with
AuCl,; compared to the other amino acids showing nearly zero reductioa same pH

range (figure 4.17, 21, 25).

The gold nanoparticles synthesized in the range of pH 7.0~11.0 showed high
similarities for most of the amino acids except cysteinpHatl0.5. Nanoparticles with
minor structural variations were observed for all twenty amindsaat pH 7.0 and
uniform spherical nanoparticles were synthesized at pH above 10.0nighisindicate
that the nanoparticle formation is more related to the hydrolypties of gold

complexes and basic pH condition rather than to the chemical structures of side chains
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Table4.3 Tabulated structural and reductive properties ¢d ganostructures synthesized using amino acids.

Structural resemblence . .
. . . Yield of max. Reductionrate at
Functional group Aminoacid

~pH3.0 ~pH4.0 ~pH5.0 ~pH7.0 ~pH10.0  reduction rate (%) basiccondition
Glycine G Nanoplatelet Nanokite Nanoribbon Irregula?r Unlforrj'\ 57 S|**
nanoparticle nanoparticle
o Alanine A S* SD* s s s 51 N**
Aliphatic Valine v s 5 s 5 s 55 [+
Leucine L S S S S S 49 |
Isoleucine | S S S S S 52 N
Cyclic Proline P S S S S S 64 |
Asparticacid D S SD SD S S 81 N
Carboxyl i i
Glutamicacid E S S S S S 59 N
i Asparagine N S SD SD S S 94 N
Amide .
Glutamine Q S S S S 54 N
Serine S S SD S S S 75 |
Hydroxyl .
Threonine T SD SD SD S S 69 |
Phenylalanine F S SD SD S S 72 |
Aromatic Tryptophan w SD VD* VD S S 99 Sl
Tyrosine Y SD VD VD S S 99 Sl
Arginine R VD VD VD S S 85 N
Amine Lysine K VD VD VD SD S 94 N
Histidine H SD VD S S S 99 N
. Cysteine C SD VD VD S VD 98 N
Sulfur-containing .
Methionine M S VD SD S S 98 N

*S: similar, SD: slightly different, VD: very different
** S|: slightly increased, I: increased, N: no increases

The reduction behavior of twenty amino acids commonly shows the maximum
amount of synthesized gold in the pH range of 4.7~5.3 in which Auy@H)is
predominantly presented. The maximum amount of synthesized golddbatati amino
acids show smaller variations compared to the other groups of amino acuisu$tyein
the studies on oxidation of amino acids by chloroaurate, the kirsticsnechanism for
the reduction of hydroxychloroaurate complexes through complexing Witmeg and
alanine were demonstraféd® The reaction rate of alanine with hydroxychloroaurate
complexes were slower than it of glycine which might relatesmaller amount of
synthesized gold for alanine than glycine for the synthesigotd nanostructures.

Similarly, addition of aliphatic group as a side chain on amino acids could haus efiec

166



the reaction rate of hydroxychloroaurate complexes thereby ltweereduction rate of

gold.
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Figure 4.26 Diagram of predominant hydroxychloroaurate compdexéh respect to pH in 0.5mM HAug(a). The
amount of synthesized gold of twenty amino acidgmnized based on the ranges of pH near 3.1 (b§¢B.9.0 (d), 6.5
(e) and 10.5 (f).

The amounts of synthesized gold for twenty amino acids are organyzedeb
reaction pH in figure 4.26 with a predominant diagram of hydroxychloat@womplex
in 0.5mM HAuUCJ, at 37C. In general, the amino acids with cyclic, hydroxyl, aromati
amine and sulfur-containing functional groups showed large amounhtbiesyzed gold;
however, only four amino acids hydroxyl amino acids and phenylalaesenbled the
structures of glycine in this range of pH. Aspartic acid asdaragine exhibit large
numbers for the maximum amount of synthesized gold (pH 4.0~5.0) whiiagslmégh

resemblance with the structures synthesized with glycine. The maximuntioadate of
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glutamic acid and glutamine dramatically decreased compardte taspartic acid and
asparagine with the same terminal group as side chain ascifit@rguppression of the
function of terminal carboxyl and amide groups in glutamic acid and giweathie to the

increased length of carbon chains.

Nearly half of the amino acids showed increased amount of syzgdegold in the
range of pH above 9.0. Glycine, tryptophan and tyrosine showed sligbasecin basic
conditions where as valine, leucine, proline, serine, threonine and phemgashowed
large increment of the amount of synthesized gold in the samengl.r&uch increase in
basic conditions can be observed in the amino acids with aromatic eyadjs ring and

aliphatic chain with methyl terminal groups.
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Figure 4.27 The general shapes of UV-Vis spectra for variomgl&iof gold nanostructures synthesized using amino
acids.

The general shapes of UV-Vis spectra of gold nanostructuresselisarthe range of

pH 5.0~ 10.7 are organized in figure 4.27. Mixture of small nanoplatelets
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nanoparticles shows multiple SPR bands in broad ranges of wavelesgshsvan in

figure 4.27a. The UV-Vis spectra of anisotropic structures likartbet of figure 4.27b
present SPR bands between 500~600nm similar to those of non-uniform nalegpartic
however the band is broader than it of nanoparticles and the absorbhardgh
wavelength region does not decrease as it does for nanoparticiesibdan shows a
transverse band between 500~600nm and a continuous increase of absorbarmte towa
NIR region could be observed which might indicate appearance of lomgituzind in

larger wavelength (figure 4.27c). Spherical structures contasnmagll nanoparticles in

size of 10~50nm present a SPR band near 400nm and the absorbance continuously
decreases as the wavelength increases (figure 4.27d). Nanepdrtiairegular shape or

with wide size distribution show a broad band in the range of 520~58@yure(4.27e).

A sharp band located near 520nm represents the nature of unifadlmmayabparticles

(figure 4.27f).

4.3.2 TheEffect of Chloride Concentration

The addition of excessive amount of chloride into HAuGblution causes
replacements of OHn the gold complexes with Ckhereby the numbers of chloride (
in Au(OH)4xCly increases up to 4 depending on the amount of chloride and the pH of the
solutiorf>. The effect of the speciation of gold complexes was demonstreied
glycine in chapter3. The shift of speciation of gold complexes towagtter pH region
by addition of 0.5M NaCl was theoretically estimated (figure 4ahyl the gold

nanostructures synthesized at different pH showed the same mstrueatures with
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coincidence of gold complex species. The trend of the amount of Syethegold
measured at wide ranges of pH which revealed the maximum fealdel(OH)LCl, also
showed a shift to the ranges of higher pH where AugOH)was predominant. Herein,
the changes on the trends of reductive behavior of gold are demeshdiyatomparing
the amount of synthesized gold by each amino acid at different pH.

The amounts of synthesized gold are plotted for twenty amino a@dsrganized
based on the ranges of pH in figure 4.28. Compared to the predominaatrdiagrgure
4.27a with no excess amount of chloride, the curves of hydroxychloroaumanelex
species are shifted to the direction of higher pH in figure 4.28&hodifi addition of
excessive chloride in 0.5mM HAugl AuCly is predominant species in pH 3.0,
Au(OH)Cls in pH 4.0, Au(OH)CI; in pH 5.0, Au(OHJCI in pH 6.5 and Au(OH,) in
pH above 10. With addition of 0.5M NacCl, the predominant species until pH 5.0 becomes
AuCl; and Au(OH)CY, Au(OH)CI,, Au(OH)XCI and Au(OH) are predominantly
presented at pH 6.0, 7.0, 8.5 and the ranges above 11.0. In figure 4.28c, the amount of
synthesized gold is much smaller than those observed in figure 4. @&outaddition of
0.5M NaCl indicating the decreased amount of reduction rate duéetcsHift of
speciation. The reactivity of tryptophan, tyrosine, cysteine, methi@mdeéhistidine with
AuCl, at pH 3.3 are higher than any other amino acids, which is sinildretgeneral
reductive trend observed previously. The amounts of synthesizedogdldenty amino
acids continued to increase and reached the maximum values at pHh&é w
Au(OH),Cl, existed predominantly. The maximum amount of synthesized gold appear

at the same speciation of hydroxychloroaurate ascribing that speciation of
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hydroxychloroaurate plays more important role to determine the treelumehavior of

amino acids than the absolute values of pH.
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Figure 4.28 Diagram of predominant hydroxychloroaurate compsewith respect to pH in 0.5mM HAuCt 0.5M

NaCl (a). The amount of synthesized gold of tweartyino acids organized based on the ranges of pH318#b), 5.5
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7.4 (e) and 10.0 (f).
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4.4 Conclusions

The effects of the side chains of natural amino acids on the sintbiegold
nanostructures were demonstrated by using glycine as a contsslahathich does not
contain any side chains. Amino acids in aliphatic and cyclic fonati group hardly
resulted in significant differences in the characteristicsynthesized gold nanostructures.
The colors of suspensions and the UV-Vis spectra of gold nanostrusymteesized
with aliphatic and cyclic amino acids showed similar propertigis minute variations.
Carboxyl and amide amino acids formed gold nanostructures which twectusally
similar to those synthesized with glycine; however the maxiraomunt of synthesized
gold for aspartic acid and asparagine at pH 5.0 was approxyn24te87% higher than it
for glycine. Hydroxyl amino acids also formed gold nanostructureslas to the
products of glycine with small structural variations and showed 12-i§ker values
for the maximum amount of synthesized gold compared to glycirmematic, amine and
sulfur-containing group formed gold nanostructures with the largeststal differences
and maximum amount of synthesized gold.

The reason for structural variations on the formation of gold nantsteschas not
been clearly demonstrated; however, the results of structuralpdiodl characterization
show that the gold nanostructures synthesized at pH 3.0 are dominawahfatelets and
nanoparticles are synthesized irrespective of the kind of amids atthe ranges of pH
above 6.5. The structural changes due to the differences of side ahaissnsitively
observed in the pH range of 4.0~5.0 where the maximum amount of syathgsid can

be observed for all of the amino acids. Such sensitive changes mighiebt® the
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changes in chemical structures in the side chains resultingfémedt shape-directing
properties for crystal growth.

The effect of chloride concentration on the reductive behavior of hydroxychlot®aura
by amino acids was demonstrated to correlate the speciatiopdaixigchloroaurate to
the amount of synthesized gold by amino acids. The results showeatiehaaximum
amount of synthesized gold appears in the region of predominant AtHpecies

irrespective of the absolute pH values.
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Chapter 5: Conclusions and Future Outlook

5.1 Conclusions

This thesis has been made with an effort to contribute to envision 1) fabrication
processes of nanodevices with automatically assembled nano-scaled circuit components
of electrically improved properties and 2) green synthetic processes of nanostructures
which surpass conventional processes in structural controllability by taking biological
routes. Selective nature of complementary DNA has directed self-assembly of multi-
segmented nanowires across two electrodes without any physical assistance. Electrical
properties of assembled nanowires showed ohmic contact indicating negligible current
blockage effects by the layers of DNA. The gas sensing properties of multi-segmented
nanowires demonstrates the stability of DNA-assisted assembled nanowires as an

electrical and functional component in nanodevices.

Amino acids showed comparable reducing and capping ability to conventiona
reducing and capping agents forming various nanostructures of nanoplatelets, nanokites,
nanoribbons and nanoparticles. The effect of the speciation of gold complex as a consequence
of changes in pH, excessive amounts of chloride, and concentration of HAuUCI, on the structural
architectures was demonstrated in a bio-synthetic process using glycine. Gold nanoplatel ets were
synthesized in the solvent condition where AuCl, was predominant, and nanokites and
nanoribbons were synthesized in the solvent of predominant species for Au(OH)Cl; and
Au(OH),Cl,, respectively. Gold nanoparticles were synthesized in the solutions of predominant

Au(OH)sCI" and Au(OH),". Similar trends were observed for the synthesis process using the other
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amino acids with different functional group as side chains. Overall, the structural changes were
more sensitive toward the changes of pH than the differences of chemical structures of side
chains indicating dominant role of gold complex speciation for the shape determination of gold
nanostructures. A few exceptions of amino acids containing amine, aromatic and sulfur-
containing functional groups as side chains were observed showing the significant effect of amine,
aromatic and thiol groups on the synthesis process. Reduction behavior of gold complexes by
amino acids showed general trends of reaching the highest amount of synthesized gold in the
region of predominant Au(OH)Cl; and Au(OH),Cl, species, and it gradualy decreased as the
gold complexes were more hydrolyzed. Additional side chains increased the reduction rate of

gold in general except the case of diphatic functional groups.

Gold nanoplatelets, nanokites and nanoribbons synthesized with amino acids were single
crystalline grown aong (111) plane. Electron transport properties of single crystalline
nanoribbons showed significant decrease of resistivity which was lower by an order of magnitude
than polycrystalline counterparts. Gold nanoparticles array aligned in AC electric field presented
non-metallic behavior for temperature coefficient of resistivity showing 2.49eV of activation
energy. Rapid reversible room temperature H,S gas sensing properties were demonstrated using

AC aigned gold nanoparticle arrays which are more favorable to lower concentration detections.

5.2 Futur e Outlook

For actual application of DNA-assisted assembly to automatic self-assembly of nano-
components in electronic circuits, there are till large numbers of obstacles to overcome

for achieving high spatial precision. Spatially controlled functionalization of ssDNA on a
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substrate to direct limited numbers of nanowires onto the desired sites, and control of
directionality of assembled nanowires are important to truly leave the assembly process
to the nature of biorecognition. Soft lithography and dip-pen nanolithography to pattern a
substrate with ssDNA might be useful techniques for spatia control of assembled
nanowires. Assistance of magnetic field or electric field might improve the directionality
of assembled nanowires while maintaining the selective attachment of nanowires on the

surface with complementary DNA.

Green processes might be dominant in many industries in the near future for rapid
growth of environmental concerns and tremendous amount of developments going on for
green processes. Amino acid-mediated synthesis shows the potentials of biological
materials for creating various kinds of gold nanostructures without physical and chemical
assistance. The mystique of shape control for gold nanostructures was dominantly on the
speciation of gold complexes rather than on the unique properties of each amino acid.
This encourages exploring new materials for biological synthesis with careful

understandings on the solvent system.

Significantly low resistivity of single crystalline gold compared to polycrystalline
counterpart showed that electron scattering on the grain boundaries are the maor
contribution to increase resistivity of metals in nanometer scale. Use of single crystaline
gold nanostructures in integrated circuits will dramatically lower the required applied
potentials for electronic devices which is one of the magor challenges the current

technology has faced. In vision of advanced fabrication processes to create single
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crystalline nanostructures on circuits, it will be aworth venture to grow single crystaline
nanostructures using amino acid containing metal solvent similarly to the principle of

electroless deposition.
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