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Preface

The integration of top-down lithographic techniques with synthetic organic
and inorganic technologies is a key challenge for the development of effective
nanoscale devices. In terms of assembly, nanoparticles provide an excellent tool
for bridging the gap between the resolution of electron beam lithography (~60
nm) and the molecular level. Nanoparticles possess an array of unique properties
associated with their core materials, including distinctive magnetic, photonic and
electronic behavior. This behavior can be controlled and applied through
monolayer functionalization and assembly strategies, making nanoparticles both
scaffolds and building blocks for nanotechnology.

The diverse structures and properties of nanoparticles makes them useful
tools for both fundamental studies and pragmatic applications in a range of
disciplines. This volume is intended to provide an integrated overview of the
synthesis and assembly of nanoparticles, and their applications in chemistry,
biology, and materials science.

The first three chapters focus on the creation and intrinsic properties of
nanoparticles, covering some of the myriad core materials and shapes that have
been created. The remaining chapters of the book discuss the assembly of
nanoparticles, and applications of both discrete particles and particle assemblies
in a wide range of fields, including device and sensor fabrication, catalysis,
biology, and nanoscale electronic and magnetic systems.

Of course, no single book can hope to cover the diverse array of research
encompassed by researchers making and applying nanoparticles. I hope,
however, that this book will prove useful for whetting the imagination of
researchers currently pursuing nanotechnology, as well as those contemplating
joining this uniquely multidisciplinary field.

Vincent M. Rotello

Department of Chemistry
University of Massachusetts, Amherst MA 01003
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1

Synthesis and Applications of
Magnetic Nanoparticles

Andrew K. Boal
Sandia National Labratories, Albuquerque, NM, USA

1.1. INTRODUCTION

Magnetic nanoparticles (MNPs) have been the focus of an increasing amount
of the recent literature, which has chronicled research into both the fabrication
and applications of MNPs. The explosion of research in this area is driven by the
extensive technological applications of MNPs which includes single-bit elements
in high-density magnetic data storage arrays, magneto-optical switches, and
novel photoluminescent materials. In biomedicine, MNPs serve as contrast
enhancement agents for Magnetic Resonance Imaging, selective probes for
bimolecular interactions, and cell sorters. Nanoparticles of magnetic metals are
also finding applications as catalysts, nucleators for the growth of high-aspect-
ratio nanomaterials, and toxic waste remediation. Methodologies for the synthesis
of MNPs are being developed by scientists working in fields spanning Biology,
Chemistry, and Materials Science. In the last decade, these efforts have provided
access to nanoscale magnetic materials ranging from inorganic metal clusters to
custom-built Single Molecule Magnets. The goal of this chapter is to provide
broad overviews of both the applications of MNPs and the synthetic
methodologies used in their production.'”

V. Rotello (ed.), Nanoparticles

© Springer Science+Business Media, Inc. 2004



2 CHAPTER 1

1.2.  APPLICATIONS OF MAGNETIC NANOPARTICLES

High-density magnetic data storage arrays provide a major technological
driving force for the exploration of MNPs. If a reliable data storage system based
on a single 5 nm MNP acting as an individual bit of information could be created,
storage densities of 10 Gbit/cm®> would be possible.” MNPs have also been
demonstrated to be functional elements in magneto-optical switches,® sensors
based on Giant Magnetoresistance,” and magnetically controllable Single
Electron Transistor devices® or photonic crystals.” One of the first stages in the
development these MNP-based materials is the creation of ordered 2- and 3-
dimensional arrays of MNPs.® Two dimensional arrays are typically fabricated by
the slow evaporation of highly monodisperse MNP solutions onto a substrate.’
Structural control can be achieved by the application of a magnetic field'® or
patterning using dip-pen nanolithography.'' Three dimensional nanoparticle
assemblies with complex structures can also be fabricated by the slow
evaporation technique in the presence of an applied magnetic field."> These
technological applications are all in addition to the numerous known and
developed applications of aqueous suspensions of MNPs (ferrofluids)."

Doping magnetic ions into semiconductors to produce Dilute Magnetic
Semiconductors (DMS) has long been used to alter the electronic and optical
properties of the parent materials."* Similarly, DMS nanoparticles can be
produced by including metal ions in reactions used to prepare semiconductor
nanoparticles.”” DMS nanoparticles have applications in the fabrication of novel
optical materials. For example, both Ni:ZnS and Co:ZnS DMS nanoparticles
display strong photoluminescent emission of green light.' Additionally, the
electronic properties of DMS materials are responsive to both light and magnetic
fields, making them useful in the fabrication of magneto-optical switches.'’

MNPs are also finding a multitude of biomedical applications, the most
prevalent of which is Magnetic Resonance Imaging (MRI) contrast agents."®
Recent work has involved the development of bioconjugated MNPs,"” which
facilitate specific targeting of these MRI probes to brain tumors® and enabled
real-time monitoring of both gene expression’' and T-cell? or progenitor cell”
migration. Bioconjugate MNPs are also useful as probes for in vitro detection of
bimolecular interactions using a variety of techniques, including the detection of
DNA hybridization by NMR.** Antigen-antibody interactions can be detected
using ‘either Superconducting Quantum Interference Device (SQUID)® or
magnetically induced birefringence’® based immunoassays. MNPs have also been
utilized in the purification of both cells”’ and biomacromolecules™ from complex
mixtures. In purification applications, the MNP is modified so as to specifically
bind the target cell or molecule of interest and the complex is then magnetically
purified from undesired components.

MNPs are also used as highly active catalysts which has long been
demonstrated by the use of finely divided metals in several reactions.” Recent
synthetic advances have resulted in the preparation of catalysts based on smaller
particles or matrix supported nanoparticle catalysts. Smaller particles increase the
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surface-to-area ratio and therefore the catalytic activity while supported
nanoparticle catalyst materials show enhanced stability and broader scope of
applications.” Electro-oxidation of methanol for fuel cells applications can be
catalyzed by NiPt, PtRuNi,’' and CoPt” nanoparticles. Similarly, LiCoO,” and
Li,Cu,,Fe,0,* nanoparticles have been evaluated as potential components of
lithium-ion batteries. Finally, recent reports have described the application of Co
nanoparticles in the Pauson-Khand reaction.”

MNPs can nucleate and control the growth of high aspect ratio
nanomaterials such as carbon nanotubes (CNTSs). Here, a substrate is coated with
nanoparticles and CNTs are then grown using a variety of chemical vapor
deposition (CVD) processes. Nanoparticles of Fe, Ni, Co,*® FeMo,” and iron
carbides”® have all been shown to be active in this process. In the case of Fe
nanoparticles, the diameter of the nucleating nanoparticle has been shown to
control the diameter of the resulting CNT over the range of 3-13 nm.” Iron
nanoparticles have also been used to nucleate the growth of iron nanorods.*’

Finally, iron nanoparticles have also been used as toxic waste
remediators. Bulk iron is an established waste remediator as, in aqueous
solutions, it acts as a reducing agent capable of decomposing a variety of toxic
chemicals in groundwater including halogenated alkanes’' and nitroaromatics.*
Owing to their higher surface-to-area ratio, nanoparticles are more efficient at
waste remediation, as demonstrated for FePd nanoparticles used to decompose
halogenated alkanes" and Fe nanoparticles acting to remove Cr*" and Pb*" from
aqueous solutions.*

1.3. SYNTHESIS OF SINGLE METAL MNPS

Solution phase synthesis of transition metal nanoparticles is
accomplished via two generic pathways: the reduction of a metal salt or
decomposition of an organometallic complex. Two of the largest concerns
regarding MNP synthesis are the ability to both tune the size of the nanoparticle
and control particle size dispersity. These concerns are addressed in a number of
ways and are dependent on the synthetic methodology employed. In the case of
metal ion reduction, successful strategies include conducting the reaction in a
confined environment or in the presence of a suitable capping ligand. For the case
of organometallic decomposition, size control and dispersity is usually attained
by conducting the reactions at high temperature, which ensures a high rate of
nanoparticle nucleation and growth. Capping ligands, which form a self-
assembled monolayer of the nanoparticle, can also be used to mediate particle
growth.

Water-in-oil microemulsions (w/o microemulsions) and inverse micelles
are often employed as nanoconfined reactors in the synthesis of many varieties of
nanoparticles.” For both, the size of the confined space can be defined by
varying the amounts of both surfactant and solvent, which allows for direct
control over the size of the resulting MNPs. Typically, MNP preparation in w/o
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microemulsions is achieved by mixing an emulsion containing metal salts with an
emulsion containing a suitable reducing agent (e.g. NaBH; or N,H,). This
produces surfactant capped metal nanoparticles with diameters of less than 10 nm
(Scheme 1.1). Similarly, aqueous solutions of reducing agents can be added to
inverse micellar solutions of metal salts in nonpolar solvents. Using these
methodologies, MNPs of Fe,* Co,"” and Ni** have been prepared.

SCHEME 1.1. Example of the production of Ni MNPs by HNNH, reduction of NiCl, in a w/o microemulsion
system.

Co MNPs have also been produced by the reducing CoCl, with LiBEt;H
in dioctyl ether containing oleic acid and trialkyl phosphines. In this reaction, &-
Co MNPs are produced and the size is controlled by varying the alkyl groups on
the trialkyl phosphine.” Gd MNPs, the only present example of a lanthanide
metal nanoparticle produced by a solution route, can be produced by alkalide
reduction of GdCl; under strictly anaerobic and anhydrous conditions.”

Thermal decomposition of organometallic complexes is of great interest
as many of the synthetic procedures produce highly monodisperse nanoparticles.
Metal carbonyl complexes represent the most common organometallic precursor
for this reaction Fe MNPs, for example, are produced by the thermal
decomposition of Fe(CO)s in trioctylphosphine oxide (TOPO) solutions
containing oleic acid, which acts to passivate the product nanoparticle (Scheme
1.2a). Polymer-coated Fe MNPs have also been prepared by thermal
decomposition of Fe(CO)s in the presence of poly(styrene) functionalized with
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tetracthylenepentamine.’’ Thermal decomposition of Co,(CO)s in hot toluene
solutions containing TOPO produces e-Co MNPs.*? Similar reactions carried out
in o-dichlorobenzene in the presence of various ligands allows for MNP
morphological control (Scheme 1.2b).> Co MNPs embedded in polymers have
been prepared both by H, promoted decomposition of Co(r’>-CsH;3)(COD) in
poly(vinylpyrrolidone) (PVP)** or by charging either crosslinked poly(styrene)®
or poly(dimethylsiloxane)-block-poly((3-cyannopropyl)methylsiloxane)-block-
poly(dimethylsiloxane)*® with Co,(CO); followed by heating. Ni MNPs can be
fabricated by H, induced decomposition of Ni(COD),. By varying the ligands
present in the decomposition reaction, the morphology of the resulting Ni MNPs
can be varied.”” Ni MNPs can also be prepared in PVP matrices either by the
direct decomposition of Ni(COD), at room temperature by PVP*® or by H,
promoted decomposition.”

SCHEME 1.2. (a) Thermal decomposition of Fe(CO);s in the presence of oleic acid and TOPO to produce Fe
MNPs and (b) use of varying ligands to produce Co MNPs with spherical, rod, and disk morphologies from
Cox(CO)s

Sonochemical decomposition of organometallic complexes has also been
used to produce MNPs. Sonication of Fe(CO)s either as a neat liquid or in a
noncoordinating, high boiling solvent such as decilin leads to the formation of
agglomerates of polydisperse Fe MNPs.®® Coordinating ligands or polymers that
can attach to the MNP surface prevents agglomeration and allow for better
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control over particle size dispersity.®' Sonication has also be used to produce Ni
MNPs by the decomposition of Ni(COD),.*

1.4.  SYNTHESIS OF ALLOYED METAL NANOPARTICLES

MNPs of alloyed transition metals can be prepared by reactions in which
two metal precursors are decomposed in tandem, producing solid solution
nanoparticles, or sequentially to give core-shell nanoparticles.”’ The most heavily
studied alloy MNPs are FePt and CoPt, both of which are of high interest for
applications in data storage. FePt MNPs are prepared by the simultaneous
thermal decomposition of Fe(CO)s to Fe and the polyol reduction of Pt(acac), by
1,2-dodecanediol to Pt at 250°C in solutions containing oleic acid and oleyl
amine (Scheme 1.3).* This process yields monodisperse, solid solution FePt
MNPs coated by a monolayer of oleyl amine and oleic acid that can be
exchanged for shorter or longer acids or amines after synthesis. The composition
of the MNP core can be controlled by varying the relative concentrations of the
iron and platinum precursors. Further, the diameter of these MNPs can be
adjusted between 3-10 nm.

SCHEME 1.3. Synthesis of solid solution FePt MNPs.

Variations on the tandem organometallic decomposition/polyol reduction
method allows for the synthesis of MNPs of other alloys of iron. Including either
AgAc or Co(acac), in the reaction produces [Fe49Pt51]ggAg1265 or FexCoyPtmo.x.y66
nanoparticles, respectively. Pd(acac), can be used instead of Pt(acac), to produce
MNPs of FePd.*” The simultaneous decomposition of Fe(CO)s and Mo(CO)s in
the presence of bis-2-ethylhexylamine and octanoic acid in refluxing dioctyl ether
produces FeMo MNPs whose size can be varied between 3-11 nm by changing
the amount of acid in the reaction.”’ FeAu MNPs can be prepared by reducing
w/o micelles of FeSO4 and HAuCl, with NaBH,. This procedure has been used to
prepare both FecoreAugme® and AucoreFesmaiAugm” MNPs by a stepwise reduction
process where each successive step uses larger diameter water droplets to yield
the alloyed particle (Scheme 1.4). Similarly, FeCu nanoparticles can be prepared
by the simultaneous reduction of Fe** and Cu’" in inverse micelles producing
MNPs of various FeCu ratios.”
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SCHEME 1 4. Synthesis of FecoreAugen MNPs.

CoPt MNPs can be fabricated by several different routes. Simultaneous
reaction of Co(n’-CgHs)(n*-CgH,;) and Pt,(dba); with H, in the presence of PVP
leads to the production of 1-1.5 nm diameter, polymer coated MNPs.”" The
composition of these nanoparticles can be varied between Co;Pt;, Co,Pt;, and
Co/Pt; by changing the ratio of the inorganic precursors subjected to the reaction.
Simultaneous decomposition of Coy(CO)s and reduction of Pt(acac), in the
presence of 1-adamantanecarboxylic acid and various coordinating solvents
allows for the synthesis of CoPt; MNPs with diameters controllable between 1.5-
7.2 nm.” Likewise, simultaneous decomposition of Co,(CO)s and either
Rh(acac)(COD) or Sm(acac); in hot surfactants produces solid solution RhCo”® or
SmCo’* MNPs. The simultaneous reduction of PtClg> and Co®* ions by hydrazine
in w/o microemulsions leads to the formation of 3-4 nm diameter CoPt
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nanoparticles.32 CocorePtshen MNPs can be prepared by using Co MNPs to reduce
Pt(hfac),, giving the desired nanoparticle via a transmetalation process (Scheme

1.5).” Co nanoparticles have also been used to reduce AgClOs, producing
CocoreAgshell MNPS-76

SCHEME 1.5. Synthesis of CocorePtsnen MNPs where a Co nanoparticle is used to reduce Pt(hfac),

Several nickel alloy MNPs have also been described. Simultaneous
reduction of NiSO, and Pd(Ac), by glycerol in the presence of PVP leads to the
formation of solid solution NiPd MNPs whose composition can be controlled by
varying the ratios of metal salts in the reaction.”” A stepwise variation of this
process, where H,PdCl, is first reduced in the presence of PVP followed by the
reduction of Ni(Ac), leads to the formation of PdcoeNishen MNPs. Here, shell
thickness is varied by changing the amount of Ni(Ac), added to the Pd
nanoparticles.78 Simultaneous reduction of mixtures of either NiCl, and H,PtCl
or NiCl,, H,PtCls, and RuCl; in water with NaBH, leads to the formation of
either NiPt or NiPtRu MNPs, respectivley.”’

MNPs can also be prepared by alloying magnetic metals with nonmetals such
as boron, nitrogen, and carbon. For example, Ni;B MNPs can be prepared by the
mixture of w/o microemulsion solutions of Ni(AOT), and NaBH,.” FeCuB
MNPs are likewise produced when micelle solutions of Fe** and Cu’" are reduced
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with NaBH,.** Both iron carbide (Fe;C) and iron nitride (Fe,N, x = 2-4) MNPs
have been prepared via sonochemical methods. In the case of Fe;C, Fe(CO)s is
sonicated in the presence of diphenylmethane followed by annealing at 700°C,
which yielded 20-100 nm diameter nanoparticles.®' Similarly, Fe,N nanoparticles
are prepared either by the sonication of Fe(CO)s in decane while being exposed
to a 3.5:1 mixture of NH; and H, gases, which produced Fe,.;N, or by treatment
of amorphous Fe nanoparticles at 400°C with the same mixture of gases to
produce Fe,N nanoparticles.®

1.5. SYNTHESIS OF METAL OXIDE NANOPARTICLES

Ferrofluids, aqueous suspensions of iron oxide nanoparticles, are well
known members of this class of MNPs."” The iron oxide nanoparticles that
comprise ferrofluids, typically Fe;O,, are prepared by either coprecipitation of
mixtures of Fe’’ and Fe’" ions in the presence of base or the
precipitation/oxidation of Fe** ions by the action of base and an oxidant (Scheme
1.6). Recent advances in these techniques include the use of iron precursors
which form micelles®® or synthesis within w/o microemulsions.** These reactions
produce MNPs resistant to agglomeration and allow for the synthesis of small
(<10 nm diameter) nanoparticles with controllable size. Further, when the
reaction is carried out in the presence of and appropriate surfactant, the in situ
fabrication of three-dimensional MNP assemblies occurs.®® The polyol method
used to produce metal and alloy nanoparticles can also be adapted, by the
additioszz of water to the reaction mixture, for the preparation of metal oxide
MNPs.

Fe2+

i base base, oxident .2+

Fe3+

SCHEME 1.6. Aqueous preparative methods for the synthesis of iron oxide MNPs.

Iron oxide MNPs can also be prepared using coprecipitation routes in the
presence of a variety of polymers leading to processable nanocomposites.”
Recent advances include the use of triblock copolymers as nanoreactors which
allow for particle size control by varying the polymer block composition.*®
Further, the preparation of dendrimer coated iron oxide MNPs has also been
reported.® Precipitation techniques can also be used to produce iron oxide MNPs
in solid matrices such as alumina,” silica,”’ and crosslinked copolymers.*

Nonhydrolytic procedures for the preparation of iron oxide nanoparticles
typically involve the thermal decomposition of an appropriate iron containing
precursor in hot surfactants. Injecting octylamine solutions of iron cupferon
(Fe(Cup)s3) into hot trioctylamine leads to the formation of y-Fe,O; nanoparticles
coated with an amine monolayer (Scheme 1.7a).”> The diameter of these
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nanoparticles can be varied between 5 and 10 nm by either changing the reaction
temperature or by performing multiple injections of Fe(Cup);. Refluxing Fe(CO)s
in octyl ether containing oleic acid and trimethylamine oxide (TMO) leads to the
formation of oleate coated y-Fe,O; MNPs (Scheme 1.7b), which can also be
prepared by TMO oxidation of iron MNPs.** The size of these highly
monodisperse particles is controlled between 4 to 16 nm by varying the ratio of
Fe(CO)s and oleic acid. The reaction of Fe(CO)s in DMF in the presence of
poly(vinylidene difluoride) leads either to spherical or pyramidal Fe,O;
nanoparticles, depending on the reaction temperature.” Fe;0; nanoparticles can
be prepared by the reaction of Fe(acac); in phenyl ether solution with oleic acid,
oleylamine, and 1,2-dexadecanediol at reflux, which produces oleyl-capped
nanoparticles 4 nm in diameter.”® Iron oxide MNPs can also be prepared in an
electrochemical route, which utilizes a sacrificial iron anode. The size of the
resulting nanoparticles can be controlled between 3 and 8 nm by varying the
current density.”’

SCHEME 1.7. Nonhydrolytic synthetic routes to iron oxide MNPs. (a) Thermal decomposition of Fe(Cup); in
hot surfactants producing amine coated y-Fe,0; and (b) y-Fe;O; MNPs prepared by the decomposition and
oxidation of Fe(CO)s.

Many of the procedures used in the synthesis of iron oxide MNPs can be
applied to the preparation of nanoparticles of other metal oxides. Cobalt oxide
(CoO and Co30,) MNPs have been prepared by the aerial oxidation of polymer-
protected Co nanoparticles.98 MNPs of a-Ni(OH), can be prepared by sonication
of Ni(NO;),.”> The production of Ni(OH), from NiCl, followed by heating to
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250°C produces NiO MNPs.'” Finally, MnO nanoparticles have been prepared
by thermal decomposition of Mn(CO)s at 400-450°C.""

Metal ferrite (MFe,05) and ferrite derivative MNPs are typically prepared
by variations of the coprecipitation methods used in the production of iron oxide
nanoparticles. Typically, aqueous solutions of the desired metal salts are
combined in the desired ratios, often in inverse micelles or in the presence of
polymers, and base is then added to promote the formation of the nanoparticle.
From such routes, MNPs of BaFeuolg,'O2 COF6203,]03 CoCrFeO4,104
CoLng,Fe;450; (Ln = Ce, Sm, Eu, Gd, Dy, Er),'”® GdFeO;,106 MnFe,0;,'"
NiFe,0s,'% Nig.sZno sFe,0s,'® SrFe;,0,0,''" and ZnFe,0;''! have been prepared.

Other mixed metal oxide MNPs have also been described. Magnetically
doped aluminum oxide nanoparticles, either MALO; (M=Co, Cu, Ni)'? or
Fe,05/Al,0; composite MNPs'"® have been prepared by the cohydrolysis of
precursor metal salts or complexes. MNPs of both Laj;5Cag,MnO; and
LaCo,Mn,O; have been prepared by hydrolysis of precursors metal salts with
NaOH, followed by calcination at ~500°C.""* Finally, yttrium iron garnet
(YsFesO1,) MNPs have been prepared by a gellation/calcination methodology'"®
or the basic hydrolysis of Fe(NO;); and Y(NO,); in a microemulsion system.''®

1.6. SELF-ASSEMBLED MONOLAYERS ON IRON AND
IRON OXIDE MNPS

Iron and iron oxide MNPs prepared by sonication of Fe(CO)s represent the
best-studied MNP-monolayer system. After sonication, these MNPs are
nanoparticle agglomerates which lack monolayer functionality. Reacting these
nanoparticles with a variety of functionalized alkanes, including alcohols,'"’
carboxylic acids,''® thiols,'® phosphonic or sulfonic acids,'” or silanes,'”!
produces monolayer coated MNPs (Scheme 1.8). Monolayer coated iron oxide
MNPs can be formed directly by sonicating Fe(CO)s in the presence of various
organic acids.'”

Monolayer exchange chemistry allows for the integration of diverse molecular
functionality into magnetic nanoparticles and has been described for both y-Fe,0;
and Fe;O4 MNPs. When long chain alkane alcohols or carboxylic acids are used
to modify the amine monolayer of y-Fe,O; nanoparticles prepared by the thermal
decomposition of Fe(Cup)s, the resulting nanoparticle-monolayer system rapidly
and irreversibly produces insoluble agglomerates. Stable MNP-monolayer
systems are produced by using 2,2-dialkyl-1,3-propane diol ligands, which have
both a bulky tail and multivalent bonding capabilities (Scheme 1.9a).'> Another
MNP-monolayer system where the monolayer can be modified after nanoparticle
syntheses is that of oleate coated y-Fe,O; nanoparticles. Exposure of these
nanoparticles to pyrene butyric acid incorporated the pyrene functionality into the
monolayer (Scheme 1.9b). The acid functionality is required, as pyrenes bearing
either alcohol or ester groups cannot not be inserted into the monolayer.'**
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SCHEME 1.8. Route to monolayer protected iron or iron oxide nanoparticle produced by sonication of Fe(CO)s.

SCHEME 1.9. Monolayer exchange chemistry on (a) amine coated y-Fe,O; and (b) oleate coated Fe;0, MNPs.
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1.7. PREPARATION OF BIOCONJUGATE MNPS

Many biomedical applications involve the conjugation of
biomacromolecules to iron oxide MNPs. Amino crosslinked iron oxide (CLIO-
NH,) nanoparticles, iron oxide MNPs coated with crosslinked dextran and
functionalized with amine groups, are the most common starting material for the
production of bioconjugated MNPs.'>® The amine functionality is reacted with
heterobifunctional crosslinking agents such as succinimidyl iodoacetate (Scheme
1.10a) or N-succinimidyl 3-(pyridyldithiol)propionate (Scheme 1.10b), which
then allows for the attachment of biomacromolecules. Amine functionality can
also be introduced by sol-gel coating of MNPs with 3-
aminopropyltrimethoxysilane, which can then be similarly derivitized.'”® Other
methods for the production of bioconjugated or biocompatible MNPs include
magnetoliposomes bearing functional groups in the lipid layer,?® direct adsorption
of proteins onto the nanoparticle surface,'”’ and coating the MNPs with nonionic
surfactants.'*®

SCHEME 1.10. Reaction of CLIO-NH, with heterobifunctional crosslinkers, producing nanoparticles that are
starting points for the creation of bioconjugated MNPs.
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1.8. BIOSYNTHETIC ROUTES TO MNPS

MNPs, typically iron oxide, are also common products of Nature’s
synthetic laboratories.'”® For example, several bacteria are known to produce
Fe;O, nanoparticles encapsulated in a phospholipid bilayer
(magnetoliposomes)."**"*! Synthetic magnetoliposomes can be formed by coating
iron oxide nanoparticles with lipid bilayers after synthesis of the nanoparticle
core. Here, Fe’* and Fe’* are first coprecipitated with base and stabilized by
lauric acid. These particles are then coated with dimyristoylphosphatidylcholine
(DMPC), producing the magnetoliposome (Scheme 1.11a)."”? Alternatively,
preformed liposomes can be employed as microreactors in which Fe** is first
sequestered inside of the liposome followed by the addition of base to produce
iron oxide MNPs (Scheme 1.11b)."* Similar methodologies have allowed for the
preparation of Gd,0;"** magnetoliposomes.

SCHEME 1.11. Synthesis of magnetoliposomes (a) by employing a lipid bilayer as a reactor and (b) lipid
coating of Fe;0, MNPs.

Ferritin, an iron storage protein,135 provides a template which has been used
in the production of iron oxide and other nanoparticles. Native ferritin forms a
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shell with a 12 nm outer diameter and 8 nm inner diameter that surrounds a 6 nm
y-FeOOH nanoparticle core. Removal of the naturally occurring core yields the
empty shell, called apoferritin. Sequential exposure of apoferritin to aqueous Fe**
solutions and air yields a 6 nm Fe;O, MNP within the ferritin shell (Scheme
12a)."* Apoferritin has also been utilized in the production of both CoPt"’ and
CoOOH'** MNPs by acting as a reactor for the simultaneous NaBH, reduction of
Co** and Pt*" ions or H,0, mediated oxidation of Co>" in slightly basic solutions,
respectively. Viral capsids, such as that of the tobacco mosaic virus (TMV) or
cowpea chlorotic mottle virus (CCMV), are protein cages similar to ferritin and
can be used in the fabrication of nanoscale materials.'” In the case of the TMV
capsid, which has a cylindrical shape 18 nm in diameter and 300 nm long, the
anionically charged exterior of the capsid provides a platform for the nucleation
of mineralization processes.'*” For example, iron oxide shells on the capsid have
been formed by exposing a solution of TMV to a mixture of Fe** and Fe’* ions,
followed by the addition of a base to produce a Fe;O4 shell (Scheme 1.13b). The
CCMV capsid, which has an inner diameter of 18-24 nm, is genetically
engineered to create an anionic interior similar to ferritin. Upon exposure to Fe**
and air, the formation of y-FeEOOH nanoparticles up to 24 nm in diameter within
the capsid is observed.'’

SCHEME 1.12. (a) Formation of Fe;O, a nanoparticle within the confines of an apoferritin template and (b)
biomineralization on the surface of the TMV.
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1.9. SYNTHESIS OF DILUTED MAGNETIC SEMICONDUCTOR
NANOPARTICLES

Magnetic nanoparticles can be prepared by doping CdS, ZnS, or CdSe
nanoparticles with either Mn** or Co®" ions. Like metallic MNPs, Dilute
Magnetic Semiconductor (DMS) nanoparticles are mainly produced by either
coprecipitation of ions in reverse micellar solutions or the decomposition of
organometallic precursors in hot surfactant solutions. Both methods provide
control over both size and dopant concentration, and therefore the magnetic
properties, of the resulting DMS nanoparticles. Careful purification of DMS
nanoparticles is critical as some reactions can yield nanoparticles where some of
the magnetic ions are weakly bound to the surface and are not true DMS
nanoparticles.'*

Manganese doped CdS, CdSe, and ZnS nanoparticles are among the best-
characterized systems of this class of magnetic nanoparticles. Mn:CdS DMS
nanoparticles are typically prepared in a reverse micelle system where Na,S is
used to simultaneously precipitate Cd(AOT), and Mn(AOT),."® The solid
solution nature of these nanoparticles has been confirmed using X-ray absorbtion
fine-structure (EXAFS) spectroscopy (Scheme 1.13a)."** In the case of Mn:ZnS,
preparative routes include coprecipitation of MnCl, and Zn(S,CNEt;) in hot
TOP/TOPO mixes, yielding TOPO capped nanoparticles with an average size of
5.4 nm.'”® An alternative route involves the precipitation of ZnAc, and MnCl, in
the presence of thioacetamide at 80°C in acidic aqueous solution."*® Mn:CdSe
MNPs have been prepared using an organometallic decomposition methodology.
Here, the reaction of several organometallic Mn precursors (Mn(COs)Me,
TCPMn, MnMe,, and Mn,(u-SeMe),(CO)s) with CdMe, and tiroctylphosphine
selenide (TOPSe) in hot TOP/TOPO were explored. After careful purification
and characterization of the nanoparticles, it was found that only the Mn,(u-
SeMe),(CO); precursor gave true DMS nanoparticles (Scheme 1.13b), the other
Mn precursors lead to the formation of CdSe nanoparticles with Mn’®* adsorbed
onto the surface.'” For all of these nanoparticles, the initial surfactant monolayer
can be displaced with either alkane thiols or pyridine, allowing for the
purification and further functionalization of the nanoparticles.

DMS nanoparticles can also be prepared by doping CdS, CdSe, and ZnS with
Co?* ions. Both Co:CdS and Co:ZnS nanoparticles have been prepared using
reverse micelle/co-precipitation methodologies.'*® Co:CdSe nanoparticles have
been prepared by heating two cluster compounds, [Cd;oSes(SCsHe)is](NMeq)s
and [Co4(SCsHe)10J(NMey),, in hexadecylamine at 170-210°C to give amine
capped nanoparticles whose size and doping level can be controlled.'*’
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SCHEME 1.13. Synthetic routes to (a) Mn:CdS and (b) Mn:CdSe DMS nanoparticles.

17
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1.10. SYNTHESIS OF TRANSITION METAL COORDINATION
POLYMER NANOPARTICLES

Magnetic nanoparticles have been prepared from transition metal
coordination polymers such as Prussian Blue analogs, including Cu,[Fe(CN)],"*
NH,Fe[Fe(CN)],"”' Cos[Fe(CN)s], Co[Fe(CN)NO], and Cr;[Cr(CN)L,."** These
materials are generally prepared by the mixture of two reactants in a reverse
micelle solution, which then allows for control over the size of the nanoparticles.
For example, in the case of Cu,[Fe(CN)e], particles are prepared from AOT
reverse micelles of CuSO, and K4[Fe(CN)s]. The preparation of NHFe[Fe(CN)g]
is accomplished by exposing solutions containing both ammonium iron(III)
oxalate and ammonium ferricyanide AOT solutions to light (Scheme 1.14). This
reaction produces surfactant coated cubic nanoparticles with an average size of
16 nm. Nanoparticles of Cos;[Fe(CN)s],, Co[Fe(CN)NO], and Cr3[Cr(CN)s], were
prepared by mixing w/o microemulsions of the appropriate components, yielding
nanoparticles coated with a monolayer of surfactant. By attenuating the reaction
conditions, particles of varying morphologies (cubes to spheres), sizes (10-200
nm) and low polydispersity can be formed.

SCHEME 1.14. Preparation of cubic NH,Fe[Fe(CN);] Prussian Blue nanoparticles.
Nanoparticles of the anti-ferromagnetic materials NHMnF;'> and
KMnF;'** have been prepared by microemulsion techniques. NH,MnF;
nanoparticles are made by first mixing micellar solutions of MnAc, and NH,F,
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followed by the addition of acetone to cause nanoparticle coagulation.
Purification of the resulting material lead to nanoparticles free of both reaction
byproducts as well as surface bound monolayer. KMnF; nanoparticles were
produced by combining inverse micellar solutions of MnCl, and KF, resulting in
the formation of ~68 nm cubes which could be coated with either pyridine or
thiols.

1.11. THE LIMITS OF NANO: SINGLE MOLECULE
MAGNETS

While materials scientists are continually trying to make bulk materials
smaller to prepare nanosized materials, chemists are working in the opposite
direction to build magnetic materials from molecular components.155 A recent
development of this field is the discovery of transition metal clusters which, due
to a high degree of magnetic anisotropy, behave as Single Molecule Magnets
(SMMs) at cryogenic temperatures.”® SMMs have a key advantage over
“traditional” MNPs in that the magnetic nature of the material is synthetically
controlled at the molecular level. Like MNPs, the “size” of the SMM can be
altered by changing the number of metal ions in the cluster, and the composition
can also be altered by preparing clusters from multiple metal components. Unlike
MNPs, however, the magnetic interaction between the metal ions can be adjusted
by changing the nature of the chemical linkage between them. This unique aspect
of SMMs allows for a much higher degree of control over magnetic properties
than can be achieved with MNPs.

The first example of a SMM was [Mn;,0;,Ac6(H20),4]*4H,0°AcOH
(Scheme 1.15), which contains a central Mn;,0;, core capped with acetate
ligands. This cluster exhibits magnetic ordering and hysteresis at cryogenic
temperatures."”’ Since then, a large number of other SMM compounds have been
discovered,"”® including many expansions of the Mn;;O;, family,"® Mns0;X
(X=CI, F,, N5, NCO, or Ac) clusters,'®® molecular Prussian Blue compounds161
containing as few as seven transition metal ions,'> and Fe,O, cubic clusters.'®
Typically, these clusters are prepared by reacting transition metal ions with a
combination of ligands that act to bridge metal centers and ligands that act to
“cap” transition metal centers.

1.12 SUMMARY AND OUTLOOK

In summary, a substantial amount of work in the last decade has been devoted
to the development of novel solution-phase MNP synthetic methodologies.
Combined, this work provides access to MNPs of a large variety of materials
including single metals, metal alloys, metal oxides, Dilute Magnetic
Semiconductors, and transition metal coordination polymers. Further, these
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synthetic techniques enable a high degree of control over MNP characteristics
such as particle size and size dispersity. The chemistry of self-assembled
monolayers on MNPs, primarily iron oxide nanoparticles, has also been explored
and allows for the preparation of bioconjugated MNP materials. Knowledge of
both monolayer structure and exchange chemistry is, however, much less than
what is known for noble metal nanoparticles, and represents an area of MNP
chemistry ripe for further study. The current frontier in the synthesis of nanoscale
magnetic materials, SMMs, is still in the early stages of development and will
ultimately provide access to tailor-made nanomagnetic materials. The further
elaboration of synthetic techniques for the preparation of MNPs, SMMs, and self-
assembled monolayers on MNPs will further defining the role of broadening
MNPs in nanotechnological applications.

SCHEME 1.15. Preparation of the SMM [Mn;,01,Aci(H20)4]*4H,0*AcOH, drawing of the product shows the
Mn,;01; (Mn is dark, O is light) core arrangement and is based on crystal structures in reference 159(a).
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2.1. INTRODUCTION

Semiconductors are key components of devices used everyday, including
computers, light emitting diodes, sensors, etc. Semiconductors are a unique
class of materials in that they can assume characteristic properties of both
metals and insulators, depending on conditions that determine the electronic
nature of the valence and conduction bands. In the ground state, the valence
band is completely filled and separated from the conduction band by a
narrow band gap (E;). When sufficient energy is applied to a semiconductor,
it becomes conducting by excitation of electrons from the valence band into
the conduction band. This excitation process leaves holes in the valence
band, and thus creates “electron-hole pairs” (EHPs). When these EHPs are
in intimate contact (i.e., the electrons and holes have not dissociated) they
are termed "excitons." In the presence of an external electric field, the
electron and the hole will migrate (in opposite directions) in the conduction
and valence bands, respectively (Figure 2.1)."?
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FIGURE 2.1. Formation of “electron-hole pair” induced by an excitation from an external energy source.

Studies focused on reducing the size of semiconductors to the nanometer
regime have led to a fascinating class of novel materials that possess
characteristics between the classic bulk and molecular descriptions, and that
exhibit properties of quantum confinement. These materials are referred to
as nanoparticles (or nanocrystals), or "quantum dots."  Quantum
confinement is observed in nanoparticles with radii smaller than the average
distance between the electron and the hole, known as the bulk exciton Bohr
radius (e.g., approximately 11 nm in the case of CdSe nanocrystals). The
electronic states of spherical nanocrystals can be modeled by considering a
particle in a sphere, where the electron and the hole are confined to a
relatively small area. In this model, the charge carrying electrons and holes
are confined by a potential that is infinite at the nanocrystal surface. As a
result, semiconductors of nanoscopic dimensions show larger band gaps
fj:lative to the bulk material and have discrete excitable states (Figure 2.2).>

FIGURE 2.2. Comparison of the electronic states in a bulk semiconductor vs. a nanoparticle-based
semiconductor (for a description in greater detail, see for example reference 16).

Band gap energies of nanoscopic semiconductors are strongly size-
dependent, such that as the radius of the nanocrystal decreases, the band gap
increases (Figure 2.3). This is a very exciting feature of semiconductor
nanoparticles, as it allows one to tune the emission wavelength of the
nanoparticle by adjusting its size within the quantum-confined regime.”'* %
This dramatic size dependent property affords a technological significance to
semiconductor nanocrystals that will be discussed herein.
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FIGURE 2.3. Size dependence of CdSe nanocrystals due to quantum confinement. As the nanocrystal
diameter increases the bandgap decreases. Reprinted figure with permission from Brust, L. J. Phys.
Chem. Solids 1998, 59, 459-465. Copyright 1998.

Semiconductor nanocrystals, or quantum dots, have been reported from a
variety of compositions, including CdSe, CdS, Si, GaAs, PbSe, and InP.
Excitation of an electron from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO) results in
rapidly moving charge carriers. These sp’ hybridized systems experience
little lattice distortion upon exciton formation (i.e., the Frank-Condon factors
are small),'® and the small lattice distortions preclude the formation of
defects and allow the charge carriers to move fluidly through the
nanocrystal. In addition, radiationless internal conversion, or the conversion
of electronic energy into heat, is slow. The efficiency of these factors,
coupled with the quantum confinement, affords the observed luminescence
in nanoparticles that is not found in bulk semiconductors. In practice,
however, semiconductor nanoparticles are far from ideal materials, as their
luminescence intensity is reduced by internal and surface defects that
emanate from the synthetic preparations. These defects act as electron and
hole traps, leading to non-radiative emission and reduced luminescence.
Typical solution quantum yields for high quality, organically passivated
semiconductor nanoparticles prepared by methods discussed below are in the
range of 5-15%.

This review will focus on the synthesis of semiconductor nanoparticles,
especially cadmium selenide, from early procedures to currently used
techniques. The integration of these nanoparticles into polymers will be
described, evolving from simple techniques such as blending the two
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components, to the more sophisticated approaches of chain-end attachment,
radial growth, and directed assembly. The use of polymers offers great
potential in manipulating the spatial arrangement and properties of
nanoparticles, where the interplay between the polymeric and nanoparticle
components, in terms of surface and interfacial interaction, is key.

2.2. NANOPARTICLE SYNTHESIS

The preparation of nanoscale structures and devices can be accomplished
through “bottom-up” or “top-down” methods. In the bottom-up approach,
small building blocks are assembled into larger structures; examples of this
approach include chemical synthesis,”*** laser-induced assembly (i.e., laser-
trapping),”*° self-assembly,”’ colloidal aggregation,” and 2-photon confocal
processing.”*® In the top-down approach, large objects are modified to give
smaller features, for example by lithographic techniques’' (e.g.., UV,
electron or ion-beam, scanning probe, optical near field), film deposition and
growth,*> laser-beam processing,®” and mechanical techniques (e.g.,
machining, grinding, and polishing).** While bottom-up techniques can
provide access to extremely fine features and state-of-the-art structures, the
complexities associated with these techniques still limit large-scale
production. Ultimate physical limits may also be encountered, such as
perturbations (e.g., molecular vibrations) that disrupt the smallest of
nanoscopic structures. Many top-down techniques have been developed on
the industrial scale, and optimization of these processes has produced well-
defined structures on scales previously thought unreachable. However, these
techniques have an inherent size limit that is larger than that of bottom-up
techniques. Thus, to produce devices with extraordinarily fine detail on the
molecular level, self-assembly and directed assembly approaches must
become integrated into the industrial process. It is expected that
nanoparticles prepared by chemical synthesis and manipulated by polymeric
materials and self-assembly will play a critical role in this effort.

2.2.1. ROOM TEMPERATURE SYNTHETIC METHODS

Synthetic procedures for nanoparticle preparations have been performed
by both bottom-up and top-down approaches, but the bottom-up approach
has become favored, as steady improvement in synthetic protocols over the
past 20 years have resulted in particle syntheses that are highly controllable.
CdSe nanocrystal chemistry has been especially active due to the
extraordinary properties of the particles that have become better understood
and refined through enhanced syntheses.
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Seminal nanoparticle synthetic work by Brus and coworkers at Bell
Laboratories focused on room temperature nanocrystal preparations using
inverse micellar solutions, with an organic solvent (e.g., heptane) as the
major phase, and water as the minor phase. Typical procedures involved
rapid stirring of surfactants, such as bis(2-ethylhexyl) sulfosuccinate, at
room temperature in heptane/water to afford optically clear microemulsions,
followed by introduction of an aqueous Cd(ClO,), solution, then rapid
injection of a solution of (TMS),Se in heptane. These solutions develop
distinctive colors that depend on the size of the nanocrystals formed.
Reports on this inverse micellar approach indicate that nanoparticle size
could be controlled over the range of ca. 1.7 nm to 4.5 nm by simply
adjusting the micelle size, dictated by the water-to-surfactant ratio.”>”°

This demonstrated size control represented a major advance in the field,
due to the critically size-dependent properties of nanoparticles. However,
these were difficult materials to isolate, as they aggregated upon drying, and
could not be dissolved subsequently. Henglein and coworkers addressed this
problem by precipitating the CdSe nanoparticles in the presence of
polymeric hexametaphosphate.”” Brus and coworkers used an in situ
modification of the nanocrystal surface, where the micellar-based
nanocrystal synthesis was followed by a second addition of Cd(C10,),, and
finally Ph(TMS)Se. This monofunctional selenium reagent acts as an end-
capper, and provides the nanocrystal with a phenyl periphery. The phenyl
periphery effectively functions to prevent aggregation during isolation, and
provides longer-term solubility of the nanocrystals. Methods that give
isolable, soluble, and stable nanoparticles are critical for advancing
nanoparticle-based technologies, and have thus been the subject of much
subsequent work.

2.2.2. HIGH TEMPERATURE ORGANOMETALLIC
SYNTHESES

A critical target in nanoparticle research has centered on the development
of preparative methods that afford highly crystalline nanoparticles with very
low size dispersity. The early synthetic procedures suffered from relatively
broad size distributions due to unfavorable kinetics and distribution in the
micelle size. While the use of fractional precipitation techniques can
significantly lower the size dispersity, this also reduces the overall yield, and
does not address the problems of low crystallinity due to structural defects.

Recent synthetic advances based on the reactions of organometallic
precursors at high temperatures have given CdSe, CdS, and CdTe
nanocrystals with narrow size distributions.”® Key to these syntheses is the
separation of the nucleation and growth steps. By using a hot coordinating
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solvent/surfactant, i.e. tri-n-octylphosphine oxide (TOPO), and reactive
organometallic precursors, nanocrystal nucleation occurs in a fast burst. The
uniform growth rate of the formed nuclei leads to a fairly narrow size
distribution in the product (ca. 5 - 10%). This nucleation and growth process
can be likened conceptually to “living” polymerization methods, in that all
the propagating species (in this case the CdSe nuclei) form at nearly the
same time, then grow at the same rate. The role of TOPO is similar to that
of the surfactants in the earlier synthetic approaches; TOPO forms an inverse
micellar environment by virtue of its polar phosphine oxide head and
nonpolar alkyl tails. In addition, TOPO stabilizes the nanocrystals by
coordination to surface cadmium atoms, concomitantly preventing
aggregation and providing solubility in organic media.

CdSe nanocrystal preparations that remain in common use today consist
of rapidly injecting a tri-n-octyl phosphine (TOP) solution of Cd(CHj;), and
(TMS),Se (or Se(0) powder) at 300 °C in an inert atmosphere (Scheme 2.1).
This injection results in rapid nucleation, followed by particle growth, the
rate of which can be controlled by adjusting temperature. Growth is
terminated at the desired nanocrystal size by simply removing the reaction
vessel from the heat. The high temperature synthesis not only allows for a
narrow size distribution but also anneals the nanocrystals, affording fewer
defects and thus high crystallinity. Repeated precipitation and washing of
the nanocrystals (e.g., with methanol) removes the excess TOPO to afford
stable, soluble, highly crystalline quantum dots with low size distribution.
Similar preparative methods are used for CdS and CdTe nanocrystals, by
substitution of the appropriate organometallic precursor for (TMS),Se.

SCHEME 2.1. High temperature organometallic preparative methods are used for the growth of high
quality CdX (X =S, Se, Te) nanocrystals.

By these high temperature methods, nanocrystals can be made with low
polydispersity, high crystallinity, and a low number of internal defects.
These nanocrystals, while being highly luminescent, have relatively low
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quantum yields, typically in the range of 5 to 15%. The low quantum yield
is attributed to surface defects, or “dangling bonds”, that act as charge carrier
traps and ultimately non-radiative recombination of the electron and hole.
The groups of Alivisatos and Bawendi have addressed this surface defect
problem by developing inorganic passivation procedures.’** This works
best by growth of a larger bandgap semiconductor material, such as ZnS or
CdS, to overcoat the CdSe nanocrystal surface (Figure 2.4). The
commensurate nature (i.e., low lattice mismatch) of both ZnS and CdS with
CdSe is important in this overcoating process, as significant mismatch would
lead to lattice stress at the interface. This core/shell architecture eliminates
the surface "dangling bonds" and protects the nanocrystal from oxidation. It
is important to note that the core is almost wholly responsible for the
absorption and emission characteristics of these systems, and the shell acts
only to passivate the surface.

FIGURE 2 4. (a) Synthesis of CdSe/ZnS core/shell nanocrystals; (b) schematic band diagram of core/shell
nanocrystals showing the larger bandgap ZnS shell overcoating the CdSe core.

In an early and still often-used procedure for preparing core-shell CdSe-
ZnS nanoparticles, the quantum dot core is prepared as described earlier,
followed by slow addition of the zinc or cadmium sources (e.g., Zn(CH3), or
Cd(CHs),) and (TMS),S with TOP between 100-150 °C. Relatively low
temperatures must maintained to avoid nucleation of new nanocrystals,
which would increase the size distribution of the sample. In essence, the
cores act as seeds onto which the shell material nucleates. This process
affords materials with quantum yields in the range of 50 to 80%, a massive
increase over the TOPO-CdSe materials.

These core-shell systems can be further functionalized with a siloxane
shell that provides the ability to subsequently alter the encapsulating
environment around the nanoparticle. Attachment of charged moieties to the
nanoparticle periphery provides sufficient hydrophilicity for biological
studies.’’ Nanoparticles that are water-soluble and well-passivated in this
core-shell structure are under investigation as luminescent tags for
identification of biologically active molecules and diseases (e.g., cancer
cells). Other methods to achieve water-soluble CdSe nanoparticles also give
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nanoparticles relevant to biological applications. For example, Thompson
and coworkers functionalized CdSe/ZnS core/shell nanocrystals with
dithiothreitol (DTT), and subsequently attached oligonucleotides to the
nanoparticle periphery.* Two oligonucleotide sequences were used for the
fluorescence in situ hybridization (FISH) studies that followed. One
sequence was “Y-specific” (i.e., complimentary sequence is present on the
human Y chromosome), and the other sequence was random. The FISH
experiments showed that nanocrystals functionalized with the “Y-specific”
sequence attached exclusively to the complimentary base sequence of the Y
chromosome derived oligonucleotide, while the random sequence
functionalized nanocrystals showed no such attachment. Further advances in
the area of stable, water-soluble, functionalizable nanoparticles will be very
useful in extending these studies towards multiple biological targets.

While the organometallic preparations described above produce high
quality nanocrystals with high quantum yields, the pyrophoric and toxic
nature of the precursors has to some extent limited their accessibility.
Recent reports that employ less toxic and more stable cadmium precursors,
such as CdO, CdCO;, and Cd(OAc), are still able to provide high quality
CdSe nanocrystals. While the use of these precursors does require high
temperatures, the chemicals are much easier to handle, and in some cases
these new procedures afford nanocrystals with quantum yields greater than
50%, without an inorganic shell. The authors attribute the high nanocrystal
quantum yields that result from these procedures to a combination of factors
including the passivation of the nanocrystal surface by aliphatic amines used
in the process, and control over the cadmium to selenium ratios in either
direction (the emission bright point increased as the Cd:Se ratio deviated
from 1:1).4

Nanocrystals of III-V semiconductors such as GaAs and InP have also
attracted a great deal of interest. These materials differ from the II-VI
semiconductors in that they have less ionic lattices, larger dielectric
constants, larger bulk exciton diameters, smaller effective masses, and
weaker phonon coupling. The larger bulk exciton diameter and dielectric
constant allows for greater electron-hole delocalization, because the
Coulombic attraction between the electron and the hole is more completely
shielded. As with II-VI nanocrystals, high temperature organometallic
methods has thus far proven most successful for the preparation of high
quality III-V semiconductor nanocrystals.*’

Alivisatos and coworkers reported high temperature syntheses of InP and
GaAs nanocrystals. For the synthesis of InP nanocrystals, InCl; and TOPO
are heated in an inert atmosphere at 100 °C for 12 hours. Neat P(Si(CH;)3);
is then added, and the mixture heated to 265 °C for 6 days in order to fully
anneal the nanocrystals, then cooled and quenched with dodecylamine as the
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surface capping agent. The nanocrystals can be precipitated into non-
solvents such as methanol, and readily redissolved in organic solvents.
Nanocrystals prepared by this method are highly crystalline with have
tunable bandgaps and diameters of 2-5 nm.*

The synthesis of GaAs nanocrystals follows a similar synthetic
procedure.”’ Here, a quinoline solution containing As(Si(CHs)); is added to
GaCl,, also dissolved in quinoline, and this mixture is heated to 240 °C for
three days. These GaAs nanocrystal powders could be annealed at 450 °C
under vacuum in order to improve the crystallinity of the sample, but this
annealing leads to insoluble particles. Similar to the InP case, the GaAs
nanocrystal size distribution is relatively broad due to unfavorable Kinetics.
Nevertheless, these are highly crystalline materials, and future synthetic
improvements will drive these materials towards their full potential in device
applications.

2.3. SEMICONDUCTOR NANOPARTICLE/POLYMER
COMPOSITES

It is clear that the organic ligand environment used to encapsulate and
passivate semiconductor nanoparticles is for future developments in the
field, as the ligands establish the solution properties of the nanoparticles, aid
in their luminescence by quenching surface defects, and maintain their
nanoscopic integrity by preventing aggregation.’******' One of the most
promising topics in organic-inorganic hybrid materials is found in attempts
to integrate semiconductor nanocrystals and polymers. The unique
properties of polymers, including their thermal behavior, processability, and
ability to assemble into ordered structures, offer the potential for
compatibilizing nanocrystals, directing their assembly, and providing a
mechanism for charge transport. Confirmation of theoretical predictions of
the spatial distribution of nanoparticles within polymer hosts** will to some
extent depend on the interactions between the ligand periphery and the
polymer environment. Indeed, polymer-nanocrystal composite materials are
already finding applications ranging from electronically active materials to
the biological sciences.*"*>*** In the following sections, we provide a non-
exhaustive review of some recent advances in this area.

Four major approaches designed to integrate semiconductor nanoparticles
into polymer matrices have been established, including 1) simple mixing of
nanoparticles with functional or non-functional polymers, 2) growth of
nanoparticles in polymers from organometallic precursors, 3) chain-end
attachment of polymers to nanoparticle surfaces, either by mixing end-
functional polymers with the nanoparticles, or by growing polymers radially
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outward from the nanoparticle surface, and 4) assembling nanoparticles in
polymer templates, where the structure of the template dictates the assembly
of the nanoparticles. Each of these approaches carries certain advantages
that best apply to the particular target.

2.3.1. POLYMER-NANOPARTICLE BLENDS

While mixing polymer materials and nanoparticles is the simplest method
of composite formation, it is usually accompanied by the significant
nanoparticle aggregation problems. The disparate nature of polymers and
nanoparticles generally precludes homogenous particle dispersion, as the
entropic gain associated with random dispersion is overwhelmed by the
enthalpic penalty. Phase separation in these materials destroys the
nanoscopic integrity of the nanoparticle, and leads to a reduction in
properties of the polymer material due to severe interruption of chain-
entanglement. Several methods have been considered to overcome, or at
least control to some degree, the phase separation that occurs during this
polymer-nanoparticle mixing process.

Alivisatos and coworkers have explored mixtures of CdSe nanoparticles
and poly(3-hexylthiophene) (P3HT), a p-type conducting polymer, for
photovoltaic applications.”™*** In order to avoid gross aggregation, P3HT
and CdSe were dissolved in a mixture of chloroform and pyridine, good
solvents for the polymer and the nanoparticle, respectively. Composite films
were obtained by spin-casting these solutions to afford CdSe-based
composites with particle-particle contacts that are surmised to function as a
percolating network for charge transport (Figure 2.5). Photovoltaic cells
generated from these materials exhibited an external quantum efficiency of
54%, and a monochromatic power conversion efficiency of 6.9%. While
these efficiencies are lower than those of pure inorganic solar cells (e.g.,
silicon, CdSe, etc.) they offer significantly easier processing. For example,
conventional solar cell fabrication involves high temperatures (400 to 1400
°C), ultrahigh vacuum, and many lithographic steps, but
polymer/semiconductor nanocrystal solar cells offer a lower cost alternative,
as fabrication is performed at room temperature in significantly fewer steps.

The polymer structure can be tuned to better match the structure of
conventional, aliphatic chain covered CdSe nanoparticles. For example,
Bawendi and coworkers blended poly(laurylmethacrylate) with (CdSe)ZnS
core-shell nanocrystals encapsulated with TOP.” The aliphatic nature of the
lauryl (dodecyl ester) side chains of this polymer serve to solubilize the
nanoparticles by interaction with their aliphatic (TOP) organic corona. The
benefit of this compatibilization is manifest in the optical clarity of the
composites obtained upon blending, which suggests the likelihood of
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unaggregated nanocrystals in the composite material. Solid-state quantum
yields of these composites ranged from 22% to 44 %.

FIGURE 2.5. TEM image of CdSe-polythiophene composite material cast form a binary solvent system.
Images A and B are thin films of 7 nm spheres and 7 x 60 nm rods, respectively, in poly-3-
hexylthiophene; images C and D are cross-sections of 10 nm spheres and 7 x 60 nm rods, respectively, in
poly-3-hexylthiophene. Reprinted figure with permission from Huynh, W. U.; Dittmer, J. J.; Alivisatos,
A. P. Science 2002, 295, 2425-2427. Copyright 2002 American Association for the Advancement of
Science.

Schrock and coworkers reported a different approach, where functional
polymers were prepared with pendant coordination sites capable of
nanocrystal passivation. ©* Specifically, monomeric norbornene derivatives
were prepared with pendant phosphines or phosphine oxides, and these were
copolymerized with methyltetracyclododecane by ring opening metathesis
polymerization (ROMP) using molybdenum alkylidene catalyst to form a
diblock copolymer with pendant coordination sites (Scheme 2.2). This
polymer was then dissolved in THF with CdSe nanocrystals to give optically
clear solutions as the polymer coordinates to the nanocrystals. These
coordinating monomers were also used as precursors to block copolymers
(i.e., with one functional and one non-functional block), in which case the
block copolymer can self-assemble upon annealing. When this self-
assembly is performed in the presence of nanocrystals, the resulting TEM
images show complete segregation of the nanocrystals into the coordinating
block. This was a very significant paper in that block copolymers were
shown to provide control over nanocrystal patterning through phase-
separation and self-assembly to generate a periodic array of nanocrystals.
This was one of the early contributions that helped set the stage for future
efforts focused on directing nanocrystals into higher order structures through
the use of polymeric materials and self-assembly.
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R'= -CH,P(O)(octyl),, -CH,O(CH,)P (octyl),, -CH,O(CH,)sP(O)(octyl),

SCHEME 2.2. Diblock copolymers with one block that contains nanoparticle-coordinating phosphine or
phosphine oxide moieties.

2.3.2. NANOPARTICLE GROWTH IN POLYMERS

Significant efforts have been applied to the development of procedures
whereby nanoparticles are grown in polymers to afford novel hybrid
materials. This approach allows for the placement of nanoparticles within
particular polymeric domains, through preferential growth in one of the
domains. Recent reports show that this methodology can be used to 1)
imbed nanoparticles in a polymer matrix in an unaggregated fashion, 2)
grow nanoparticles in specific regions of host materials, and 3) fabricate
nanocrystal gradients throughout a polymer matrix.

Homopolymer mixtures or block copolymers can be used in these
procedures. For example, Godovsky and coworkers demonstrated the
growth of CdS and Cu,S nanoparticles in poly(vinyl alcohol) (PVA)/
poly(acrylic acid) (PAA) mixtures, where PVA serves as the matrix material
and PAA serves as the ionogenic agent. These two polymers were blended
and swollen in water. The matrix was crosslinked to make it insoluble in
water then treated with the nanoparticle precursors, for example Cd(NOs3),
and Na,S to afford CdS nanoparticles. As the nanocrystal precursors
accumulated in the ionic phase, the growth and subsequent location of the
nanocrystals was in the PAA phase.

One of the interesting observations from this approach is that two
different species with different conductivities (i.e., one p-type the other n-
type) can be grown in the same matrix. Here, the first nanocrystal is grown
by introduction of reagents from one side of a swollen matrix. This
asymmetric growth provides a concentration profile of the first type of
nanocrystal. In the next step, a second nanocrystal is grown from the
opposite side to give a material where a particular type of nanocrystal is
present at either edge of the matrix, with a mixed region in between. This
interpenetrating network of both p- and n-type semiconducting nanocrystals
(e.g., Cu,S and CdS) provides improved device performance in solar cells
and photodiodes due to increased charge separation of the electron and hole
(Figure 2.6).”
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FIGURE 2.6. Asymmetric growth of n-type and p-type semiconducting nanocrystals.

Godovsky and coworkers have also shown that gradient assemblies
of semiconductor nanocrystals in polymers can be formed by spin-casting a
solution of nanocrystals on top of a swollen polymer matrix. The
nanocrystals diffuse through the polymer forming a gradient of nanocrystals
throughout the polymer, with the highest concentration of particles at the
surface. In this process, swelling the polymer layer enlarges voids within the
polymer and allows for easier nanoparticle penetration. The gradient can be
altered simply by increasing the temperature or choosing a different solvent.
Higher temperatures serve to increase the diffusion rate, and the use of
solvents that induce significant swelling provide voids of substantial size
that allow for faster diffusion of nanoparticulate material.”

The growth of semiconductor nanoparticles in copolymers has attracted
much attention, as copolymers provide potential for sequestration of
nanoparticles into phase-separated polymer domains.  Schrock and
coworkers used a poly(norbornene)-based diblock copolymer for this
purpose, where one block was composed of unsubstituted poly(norbornene),
and the other contained a pendant lead metallocene poly(norbornene).®’
Thin films of the copolymer shown in Figure 2.7 undergo microphase
separation into microdomains that act as nanoreactors. The polymer films
were treated with H,S, which reacts with PbCp, to give PbS nanoparticles in
the microdomains that originally contained the lead metallocene.

Jr’nk

D n m
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FIGURE 2.7 Synthesis of poly(norbornene) diblock copolymer with a lead metallocene moiety in one
block. The lead metallocene acts as a precursor for nanoparticle formation by reaction with H,S that is
introduced to the system.

Moffitt and coworkers used poly(styrene) random ionomers with either
aromatic or aliphatic carboxylic acids to incorporate CdS into a polymer
matrix.* These random copolymers were cast as thin films in their
deprotonated form, then neutralized by soaking in a solution of cadmium
acetate dihydrate. The soaking step allows for penetration of Cd** jons into
the polymer, after which the films are washed with a toluene/methanol
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mixture to remove excess salt. The films can then be treated with H,S to
afford CdS nanocrystals embedded in the random copolymer.

Douglas and coworkers developed an approach to prepare CdS
nanoparticles in salt-induced block copolymer micelles.”” In this work,
cadmium acetate was added to a THF solution of poly(styrene-b-2-
vinylpyridine). The cadmium ions aggregated in the poly(2-vinylpyridine)
block due to a complexation of the ions with the pyridine units to give a salt
induced micelle. The micelle, in essence, has a Cd**/poly(2-vinylpyridine)
core and a poly(styrene) corona, which upon addition of H,S forms CdS in
the micelles.

“Double hydrophilic” block copolymers have also been explored as
nanoparticle scaffolds by Antonietti and coworkers for the synthesis of CdS
nanoparticles.® In this work, poly(ethylene glycol)-b-poly(ethyleneimine)
(PEG-b-PEI) copolymers are used, where the PEI block stabilizes the
nanoparticles. In these methods, the block copolymer serves to prevent
aggregation and provide solubility to the particles, allowing this composite
to be cast or processed as required.

While the methodologies described above are very useful for the
preparation of polymer stabilized nanoparticles and higher order structures,
one drawback is that the quality of the nanocrystals obtained is not as high as
for samples prepared through the high temperature organometallic routes.
Thus, separating the nanoparticle growth and polymer functionalization steps
is an important alternate route, as described in later sections.

2.4. NANOPARTICLE-POLYMER COMPOSITES
OBTAINED BY END-GROUP ATTACHMENT

The attachment of polymer end-groups to flat metal surfaces has
garnered much attention in the literature, and this concept has more recently
been applied to nanoparticles.*"* The general scheme for these systems
can be divided into two major categories: 1) attachment of a preformed end-
functional polymer to the nanocrystal surface, and 2) polymer growth from
the nanocrystal surface through the use of surface bound functionality
capable of initiating polymerization. Both of these approaches have been
used successfully to provide nanoparticle passivation, functionalization, and
solubilization.
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2.4.1. CHAIN-END ATTACHMENT OF PREFORMED
POLYMERS

The tethering of polymers to nanoparticles through the polymer chain-
ends has been reported by several groups on various semiconductor
nanoparticle substrates, using polymers of various architectures. Thiols end-
groups have been used extensively for attachment to surfaces, for example
by Hedrick and coworkers with thiol-terminated polyesters for CdS
nanoparticle growth and stabilization.” Peng and coworkers have used thiol
terminated dendrimers to encapsulate CdSe nanocrystals.”’ Comparative
photooxidation studies were performed to compare these dendritically
encapsulated nanoparticles to those functionalized with small linear
molecules. Dilute samples of both types of nanocrystals were prepared and
irradiated with UV light while exposed to air. Significant differences were
observed in the photochemical stability of the linear versus the dendritic
system, as well as a substantial difference in the photochemical stability of
CdSe nanocrystals coated with dendrimers of various generations. Higher
molecular weight (i.e., higher generation) dendrons gave better protective
coatings. This observed photostabilty is rationalized by considering the
steric crowding provided by the dendritic macromolecule that is reasoned to
slow the penetration of oxygen and ions to the nanoparticle surface. This
steric crowding is a function in part of the high degree of branching and
relative chain-flexibility of the polyamidoamine dendritic molecules used in
this study.

Dendritic encapsulation also provides many chain-ends for further
chemical modifications of the CdSe nanocrystals. The dendrimer
encapsulants used by Peng and coworkers contain a multifunctional hydroxy
periphery that is amenable to chemical modification. Through simple
functional group transformations, the hydroxy groups could be converted to
ester, carboxylic acid, and amide groups using chemistry that did not disrupt
the nanoparticle surface. This functional group transformation greatly alters
the solution properties as well as the solid-state dispersion of the
nanocrystals. For instance, the hydroxyl terminated dendrimers are water
soluble, while the ester terminated dendrimers are only soluble in organic
solvents. These studies reiterate the importance of the nature of the
encapsulating periphery, especially the chain-end moieties as these groups
tend to dictate the physical properties of the nanocrystalline species (Figure
2.8).

Attachment of linear polymer chain-ends has also proven useful for the
preparation of amphiphilic and modifiable CdSe nanocrystals. Skaff and
Emrick have exploited the amphiphilic nature of poly(ethylene glycol)
(PEG) to afford CdSe nanocrystals that are soluble in a wide range of
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organic and aqueous media (Figure 2.9).”” Substituted pyridines were
chosen for this functionalization, where pyridine functions as the surface
active ligand, and the PEG chain controls the solution properties. Pyridine,
used in ligand exchange chemistry on CdSe nanoparticles, is commonly used
as an “intermediate” ligand in exchange chemistry. In the case of para-ether
pyridines, the basicity of the pyridine derivative is increased by the electron
donating ether group, which results in tighter binding to the nanocrystal.
The PEG-pyridine ligands used in this work were prepared by a Mitsunobu
coupling of 4-hydoxypyridine and poly(ethylene glycol). Attachment of
PEG-pyridine ligands to CdSe nanocrystals can be accomplished in a
number of ways: 1) conventional stripping with pyridine and exchange for
PEG-pyridine; 2) direct exchange of TOPO-coverage for PEG-pyridine
coverage in THF or water. The PEG-functionalized nanoparticles are
soluble in a wide rage of organic solvents and aqueous media of various pH.
The diverse range of properties from a single nanoparticle composition is
promising for applications ranging from biotechnology, due to the known
characteristics of PEG, to patterned surfaces.

FIGURE 2.8. CdSe core with dendritic periphery show greater photostabilty compared to CdSe
nanocrystals with linear small molecule encapsulants.

FIGURE 2.9. Pegylated pyridines can be used to displace TOPO-coverage on conventional CdSe
nanoparticles.
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2.4.2. RADIAL GROWTH OF POLYMERS FROM
NANOPARTICLE SURFACES

The ability to perform controlled polymerizations from the surface of
semiconductor nanocrystals is an appealing approach for compatibilization
of nanocrystals in solution and solid-state environments. This approach
begins with functionalized nanoparticles that contain moieties capable of
initiating polymerization reactions. An early example reported by Patten and
coworkers used atom transfer radical polymerization (ATRP) from the
surface of CdS/SiO, core/shell nanoparticles.76 These core/shell
nanocrystals were resuspended in THF and 3-(2-bromopropionyloxy)-propyl
dimethylethoxysilane (BIDS) was added to the dispersed nanocrystals and
the reaction was heated. The functionalized CdS/SiO, nanocrystals were
added to a solution of NiBr(PPh;), and methyl methacrylate (MMA) and
subsequently polymerized at 100 °C for three hours. The nature of the
polymer grown in the process was studied following polymer cleavage from
the nanoparticle surface using a hydrofluoric acid solution. Gel permeation
chromatography was used to determine the molecular weights (ca. M,=1.75
x 10° g/mol) and polydispersities (PDI ca. 1.3) of the cleaved chains. This
showed that reasonably controlled free-radical polymerizations can be
performed from the nanoparticle surface, while preserving the inherent
properties of the nanoparticle, and maintaining the general features of the
controlled polymerization mechanism.

Mirkin and coworkers first demonstrated ring-opening metathesis
polymerization (ROMP) as an effective method for polymerization from
gold nanoparticles.” In the case of semiconductors, Skaff, ef. al. reported
the effectiveness of functional phosphine oxide ligands to support ROMP
from CdSe nanoparticles.’”® The functional phosphine oxides were
synthesized by replacing the P-H of di-n-octyl phosphine oxide with, for
example, a vinyl benzyl group. This functional ligand can be attached to
CdSe nanoparticles through ligand exchange chemistry, and the ligand
periphery decorated subsequently by cross-metathesis. This exchange could
be monitored by 'H NMR spectroscopy of the benzylidene proton on the
ROMP catalyst, and the polymerization could be performed with a variety of
cyclic olefins such as cyclooctene and norbornene, and substituted
derivatives of the two. Upon formation of the macrointiator, monomer is
added and allowed to react for an hour at room temperature. These
polymerizations are terminated by the addition of ethyl vinyl ether, which
attaches to the catalyst and renders it inactive.”” Precipitation into methanol
allows for the separation of the catalyst from the polymer-nanocrystal
composite (Figure 2.10).
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FIGURE 2.10. ROMP-active nanoparticle-based "macroinitiators" for growth of polyolefins from the
nanoparticle surface.

These polymer-encapsulated nanocrystals were shown to maintain
the inherent optical properties of the starting material. In addition, the
particles showed excellent dispersion when the composite materials were
cast from solution and probed by transmission electron microscopy. Such
dispersion was not obtained by related polymerizations performed in the
presence of conventional TOPO-covered CdSe. The generality of this
approach is of significant interest as a methodology for obtaining well-
dispersed composite materials, as specially prepared functional monomers
are not required, and one may use a single macrointiator system to
polymerize a wide range of monomers.

2.5.  SELF- AND DIRECTED-ASSEMBLY OF
SEMICONDUCTING NANOPARTICLES

A fundamentally interesting and technologically important challenge
in the field of semiconductor nanocrystals is the production of ordered
arrays. High-density arrays are needed for sensors, storage devices, and
electro-optical devices. The preferred techniques for producing these
ordered arrays are self-assembly or directed assembly. To date, ordered
arrays of semiconductor nanocrystals have been obtained by careful
crystallization from solution, and by the use of polymer templates. The use
of two-solvent recrystallization to form colloidal crystal assemblies has been
of scientific interest for over 50 years; a renewed interest in this topic on the
nanometer size scale has grown out of the unique properties expected from
these assemblies.

The formation of CdSe superlattices was reported by Murray et. al.
in 1995.% In this procedure, CdSe nanocrystals of various size were
prepared by the high temperature organometallic methods described earlier.
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The nanoparticle size distribution was further narrowed by size selective
precipitation such that the nanoparticle sample was almost monodisperse.
The nanocrystals were dissolved in a two-solvent mixture, and through the
careful regulation of temperature and pressure the quantum dot dispersion is
destabilized. In one procedure described, nanocrystals were dissolved in a
solvent mixture consisting of 90% octane and 10% octanol at 80 °C. Slow
reduction of pressure resulted in selective evaporation of the octane and
crystallization. Two types of ordered arrays were obtained through this
process. In the bulk, 3-D crystals formed as homogeneous nucleation is the
dominate form of nuclei formation. When thin films of nanocrystals were
cast, heterogeneous nucleation dominated due to the large
nanocrystal/substrate surface contact, and 2-D ordered films were observed.
The nanocrystals in the ordered array are close-packed into an fcc structure
as indicated by X-ray diffraction. The quantum dot superlattices show
behavior commensurate with quantum confinement, but also show electronic
behavior resulting from nanocrystal interactions. Absorption data of the
quantum dot superlattices show a strong size-dependent exciton peak, while
the photoluminescence spectra show a red-shift with respect to dots in
solution, indicating the presence of interparticle interactions. The spacing
between the nanocrystals was shown to be tunable and dependent on the
ligands used for surface coverage. Tributylphosphine  oxide,
trioctylphosphine, and trihexadecylphosphate surface coverage provided
interparticle spacing of 7, 11, and 17 A respectively (Figure 2.11).

FIGURE 2.11. CdSe nanocrystal superlattices obtained by two-solvent crystallization methods. (A)
(111)-oriented array of 6.4 nm CdSe nanocrystals; (B) (101)-oriented fcc array of 4.8 nm CdSe
nanocrystals; (C) (100)-oriented fcc array of 4.8 nm CdSe nanocrystals. Reprinted figure with
permission from Murray, C. B.; Kagan, C. R.; Bawendi, M. G. Science 1995, 270, 1335-1338. Copyright
1995 American Association for the Advancement of Science.

Polymers, especially block copolymer templates, offer an appealing
alternative for nanocrystal templating because they are easily processable
and have the inherent ability to self-assemble into ordered arrays. For
example, Kotov and coworkers have used a layer-by layer (LBL) assembly
approach to assemble CdTe nanocrystals of various sizes and emissions.®
The CdTe nanocrystals were coated with thiogylcolic acid and a partner
polyelectrolyte poly(diallyldimethylammonium chloride). The LBL
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deposition of nanocrystals of various size allows for the formation of graded
semiconductor films with promise as photodetectors, waveguides, and
bipolar transistors.

An approach that uses block copolymer templates®” as a means to
assemble semiconductor nanoparticles was discussed by Russell, Emrick and
coworkers.”’ In this work, nanoporous templates were dipped into heptane
solutions of CdSe nanocrystals at various concentration and rates. As the
template is withdrawn, capillary force drives the nanoparticle solution into
the nanopores, and as the solution evaporates the nanoparticles are deposited
into the template (Figure 2.11). The number of nanoparticles per nanopore
can be controlled by two factors: 1) the relative ratio of the nanopore to the
nanoparticle diameter and 2) the concentration of the nanoparticle solutions.
In the case of 10 nm particles and 17 nm pores, a large fraction of the holes
contain were found to contain one nanoparticle (Figure 2.12). In addition, it
was found that slower withdrawal rates resulted in fewer nanocrystals settled
on the template surface rather than in the pores. Such template directed
assembly offers much promise for providing site-isolated nanoparticles with
potential applications in catalysts, sensor materials, and other areas.

FIGURE 2.12. (a) Illustration of dip-coating process; (b) TEM image of 10 nm CdSe nanocrystals
arranged in a hexagonal array as directed by the polymer template.
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2.6. SUMMARY AND FUTURE OUTLOOK

This review has provided an overview of semiconductor nanoparticles,
focused especially on CdSe, from some of the early synthetic work to the
more recent attempts to assemble these particles into higher order structures.
Over the last 20 years the field of semiconductor nanoparticles has been
extraordinarily active, and remarkable advances have been made.
Semiconductor nanocrystals can now be synthesized routinely with high
crystallinity and quantum yields that allow one to take advantage of the
unique properties associated with the nanoscale, such as tunable bandgaps,
large surface-to-volume ratios, and easier processability. The incorporation
of these nanoparticles into polymer matrices and ultimately devices shows
great potential for photovoltaic cells, LED’s, tunable lasers, and biologically
active tags and diagnostic devices. Research activities in the future are
expected to continue to focus on synthetic methods, assemblies, and device
applications, both for materials science and biology. As synthetic methods
become increasingly routine and commercialized, even greater focus will be
placed on nanoparticle applications.

REFERENCES

1. Hummel, R. E. Electronic Properties of Materials; 2 ed.; Springer-Verlag, 1993.

2. Klabunde, K. J. Nanoscale Materials in Chemistry; John Wiley & Sons, 2001.

3. Bawendi, M. G.; Wilson, W. L.; Rothberg, L.; Carroll, P. J.; Jedju, T. M.; Steigerwald,

M. L.; Brus, L. E. Phys. Rev. Lett. 1990, 65, 1623-1626.
4. Brus, L. Appl. Phys. A-Mater. Sci. Process. 1991, 53, 465-474.
5. Brus, L. E.; Szajowski, P. F.; Wilson, W. L.; Harris, T. D.; Schuppler, S.; Citrin, P. H. J.
Am. Chem. Soc. 1995, 117,2915-2922.

6. Chen, C. C.; Herhold, A. B.; Johnson, C. S.; Alivisatos, A. P. Science 1997, 276, 398-

401.

Chestnoy, N.; Hull, R.; Brus, L. E. J. Chem. Phys. 1986, 85,2237-2242.

Empedocles, S. A.; Bawendi, M. G. Science 1997, 278, 2114-2117.

Empedocles, S.; Bawendi, M. Accounts of Chemical Research 1999, 32, 389-396.

0. Nirmal, M.; Dabbousi, B. O.; Bawendi, M. G.; Macklin, J. J.; Trautman, J. K.; Harris, T.
D.; Brus, L. E. Nature 1996, 383, 802-804.

11. Nirmal, M.; Brus, L. Accounts Chem. Res. 1999, 32, 407-414.

12. Shim, M.; Wang, C. J.; Guyot-Sionnest, P. J. Phys. Chem. B 2001, 105, 2369-2373.

13. Shim, M.; Guyot-Sionnest, P. Phys. Rev. B 2001, 6424, 245342.

14. Shim, M.; Wang, C. J.; Norris, D. J.; Guyot-Sionnest, P. MRS Bull. 2001, 26, 1005-1008.

15. Gaponenko, S. v. Optical Porperties of Semiconductor Nanocrystals, Cambridge
University Press: New York, 1998.

16. Brus, L. J. Phys. Chem. Solids 1998, 59, 459-465.

17. Alivisatos, A. P.; Harris, T. D.; Brus, L. E.; Jayaraman, A. J. Chem. Phys. 1988, 89,
5979-5982.

18. De Schryver, F. C. Pure Appl. Chem. 1998, 70, 2147.

= 0 e



50

19.
20.

21.
22.

23.
24.
25.
26.
27.

28.
29.

30.

31
32.

33.
34.

3s.

36.

37.

38.
39.

40.
41.
42.
43.
44,
45.
46.

47.
48.

49.

CHAPTER 2

Li, L. S.; Hu, J. T.; Yang, W. D.; Alivisatos, A. P. Nano Lett. 2001, 1, 349-351.

Marcus, M. A.; Flood, W.; Stiegerwald, M.; Brus, L.; Bawendi, M. J. Phys. Chem. 1991,
95, 1572-1576.

Rabani, E.; Hetenyi, B.; Berne, B. J.; Brus, L. E. J. Chem. Phys. 1999, 110, 5355-5369.
Rossetti, R.; Ellison, J. L.; Gibson, J. M.; Brus, L. E. J Chem. Phys. 1984, 80, 4464-
4469.

Tully, D. C.; Wilder, K.; Frechet, J. M. J.; Trimble, A. R.; Quate, C. F. Adv. Mater. 1999,
11,314-318.

Bosman, A. W.; Heumann, A.; Klaerner, G.; Benoit, D.; Frechet, J. M. J.; Hawker, C. J.
J. Am. Chem. Soc. 2001, 123, 6461-6462.

Calander, N.; Willander, M. Phys. Rev. Lett. 2002, 89, 143603.

Townsend, P.; Olivares, J. Appl. Surf. Sci. 1997, 110, 275-282.

Boal, A. K.; Ilhan, F.; DeRouchey, J. E.; Thum-Albrecht, T.; Russell, T. P.; Rotello, V.
M. Nature 2000, 404, 746-748.

Haw, M. D.; Poon, W. C. K.; Pusey, P. N. Phys. Rev. E 1997, 56, 1918-1933.

Bunning, T. J.; Kirkpatrick, S. M.; Natarajan, L. V.; Tondiglia, V. P.; Tomlin, D. W.
Chem. Mat. 2000, 12, 2842.

Brott, L. L.; Naik, R. R.; Pikas, D. J.; Kirkpatrick, S. M.; Tomlin, D. W.; Whitlock, P.
W.; Clarson, S. J.; Stone, M. O. Nature 2001, 413, 291-293.

Htoo, M. S., Ed. Microelectronic Polymers; M. Dekker, 1989.

Sneh, O.; Clark-Phelps, R. B.; Londergan, A. R.; Winkler, J.; Seidel, T. E. Thin Solid
Films 2002, 402, 248-261.

Hong, L.; Vilar, R. M.; Wang, Y. M. J. Mater. Sci. 1997, 32, 5545-5550.

Brown, T. L.; Swaminathan, S.; Chandrasekar, S.; Compton, W. D.; King, A. H;
Trumble, K. P. J Mater. Res. 2002, 17,2484-2488.

Steigerwald, M. L.; Alivisatos, A. P.; Gibson, J. M.; Harris, T. D.; Kortan, R.; Muller, A.
J.; Thayer, A. M.; Duncan, T. M.; Douglass, D. C.; Brus, L. E. J. Am. Chem. Soc. 1988,
110, 3046-3050.

Steigerwald, M. L.; Brus, L. E. Annu. Rev. Mater. Sci. 1989, 19, 471-495.

Fojtik, A.; Weller, H.; Koch, U.; Henglein, A. Ber. Bunsen-Ges. Phys. Chem. Chem.
Phys. 1984, 88, 969-977.

Murray, C. B.; Norris, D. J.; Bawendi, M. G. J. Am. Chem. Soc. 1993, 115, 8706-8715.
Peng, X. G.; Schlamp, M. C.; Kadavanich, A. V.; Alivisatos, A. P. J. Am. Chem. Soc.
1997, 119, 7019-7029.

Dabbousi, B. O.; RodriguezViejo, J.; Mikulec, F. V.; Heine, J. R.; Mattoussi, H.; Ober,
R.; Jensen, K. F.; Bawendi, M. G. J. Phys. Chem. B 1997, 101, 9463-9475.

Gerion, D.; Pinaud, F.; Williams, S. C.; Parak, W. J.; Zanchet, D.; Weiss, S.; Alivisatos,
A. P.J Phys. Chem. B 2001, 105, 8861-8871.

Pathak, S.; Choi, S. K.; Arnheim, N.; Thompson, M. E. J. Am. Chem. Soc. 2001, 123,
4103-4104.

Qu, L. H.; Peng, Z. A.; Peng, X. G. Nano Lett. 2001, 1, 333-337.

Peng, Z. A.; Peng, X. G. J. Am. Chem. Soc. 2001, 123, 183-184.

Peng, Z. A.; Peng, X. G. J. Am. Chem. Soc. 2002, 124, 3343-3353.

Qu, L. H.; Peng, X. G. J. Am. Chem. Soc. 2002, 124, 2049-2055.

Battaglia, D.; Peng, X. G. Nano Lett. 2002, 2, 1027-1030.

Guzelian, A. A.; Katari, J. E. B.; Kadavanich, A. V.; Banin, U.; Hamad, K.; Juban, E.;
Alivisatos, A. P.; Wolters, R. H.; Amold, C. C.; Heath, J. R. J. Phys. Chem. 1996, 100,
7212-7219.

Olshavsky, M. A.; Goldstein, A. N.; Alivisatos, A. P. J. Am. Chem. Soc. 1990, 112, 9438-
9439,



SEMICONDUCTOR NANOPARTICLES 51

50.

51.
52.

53.
54.

55.
56.
57.

58.
59.

60

61.
62.

63.

64.
65.

66.
67.

68.

69.

70.
71.
72.
73.
74.

75.
76.
77.
78.
79.
80.
81.

82.

Becerra, L. R.; Murray, C. B.; Griffin, R. G.; Bawendi, M. G. J. Chem. Phys. 1994, 100,
3297-3300.

Wang, Y. A; Li, J. J.; Chen, H.; Peng, X. G. J. Am. Chem. Soc. 2002, 124, 2293-2298.
Balazs, A.; Ginzburg, V. V.; Qui, F.; Peng, G.; Jasnow, D. J. Phys. Chem. B 2000, 104,
3411-3422.

Colvin, V. L.; Schlamp, M. C.; Alivisatos, A. P. Nature 1994, 370, 354-357.

Dameron, C. T.; Reese, R. N.; Mehra, R. K.; Kortan, A. R.; Carroll, P. J.; Steigerwald,
M. L.; Brus, L. E.; Winge, D. R. Nature 1989, 338, 596-597.

Godovsky, D. Y. In Biopolymers/Pva Hydrogels/Anionic  Polymerisation
Nanocomposites, 2000; Vol. 153, pp 163-205.

Harrison, M. T.; Kershaw, S. V.; Burt, M. G.; Rogach, A. L.; Kornowski, A;
Eychmuller, A.; Weller, H. Pure Appl. Chem. 2000, 72, 295-307.

Huynh, W. U.; Peng, X. G.; Alivisatos, A. P. Adv. Mater. 1999, 11, 923.

Huynh, W. U.; Dittmer, J. J.; Alivisatos, A. P. Science 2002, 295, 2425-2427.

Lee, J.; Sundar, V. C.; Heine, J. R.; Bawendi, M. G.; Jensen, K. F. Adv. Mater. 2000, 12,
1311-1311.

Michalet, X.; Pinaud, F.; Lacoste, T. D.; Dahan, M.; Bruchez, M. P.; Alivisatos, A. P.;
Weiss, S. Single Mol. 2001, 2, 261-276.

Salafsky, I. S. Solid-State Electron. 2001, 45, 53-58.

Fogg, D. E.; Radzilowski, L. H.; Blanski, R.; Schrock, R. R.; Thomas, E. L.
Macromolecules 1997, 30, 417-426.

Sankaran, V.; Cummins, C. C.; Schrock, R. R.; Cohen, R. E,; Silbey, R. J. J Am. Chem.
Soc. 1990, 112, 6858-6859.

Moffitt, M.; McMahon, L.; Pessel, V.; Eisenberg, A. Chem. Mat. 1995, 7, 1185-1192.
Zhao, H. Y.; Douglas, E. P.; Harrison, B. S.; Schanze, K. S. Langmuir 2001, 17, 8428-
8433,

Qi, L.; Colfen, H.; Antonietti, M. Nano Lett. 2001, 1, 61-65.

Gu, Y. D.; Nederberg, F.; Kange, R.; Shah, R. R.; Hawker, C. J.; Moller, M.; Hedrick, J.
L.; Abbott, N. L. ChemPhysChem 2002, 3, 448.

Petrash, S.; Cregger, T.; Zhao, B.; Pokidysheva, E.; Foster, M. D.; Brittain, W. J;
Sevastianov, V.; Majkrzak, C. F. Langmuir 2001, 17, 7645-7651.

Moller, M.; Nederberg, F.; Lim, L. S.; Kange, R.; Hawker, C. J.; Hedrick, J. L.; Gu, Y.
D.; Shah, R.; Abbott, N. L. J. Polym. Sci. Pol. Chem. 2001, 39, 3529-3538.

Juang, A.; Scherman, O. A.; Grubbs, R. H.; Lewis, N. S. Langmuir 2001, 17, 1321-1323.
Zhao, B.; Brittain, W. J. Macromolecules 2000, 33, 8813-8820.

Rajagopalan, P.; McCarthy, T. J. Macromolecules 1998, 31, 4791-4797.

Chen, W.; McCarthy, T. J. Macromolecules 1998, 31, 3648-3655.

Carrot, G.; Scholz, S. M.; Plummer, C. J. G.; Hilborn, J. G.; Hedrick, J. L. Chem. Mat.
1999, 11,3571-3577.

Skaff, H.; Emrick, T. Chem. Comm. 2002, in press.

Farmer, S. C.; Patten, T. E. Chem. Mat. 2001, 13, 3920-3926.

Watson, K. J.; Zhu, J.; Nguyen, S. T.; Mirkin, C. A. J. Am. Chem. Soc. 1999, 121, 462-
463.

Skaff, H.; llker, M. F.; Coughlin, E. B.; Emrick, T. J. Am. Chem. Soc. 2002, 124, 5729-
5733.

Schwab, P.; Grubbs, R. H.; Ziller, J. W. J. Am. Chem. Soc. 1996, 118, 100.

Murray, C. B.; Kagan, C. R.; Bawendi, M. G. Science 1995, 270, 1335-1338.

Mamedov, A. A.; Belov, A.; Giersig, M.; Mamedova, N. N.; Kotov, N. A. J. Am. Chem.
Soc. 2001, 123, 7738-7739.

Russell, T. P.; Sackmann, E. Curr. Opin. Colloid Interface Sci. 1998, 3, 3-4.



52 CHAPTER 2

83. Misner, M. J.; Skaff, H.; Emrick, T.; Russell, T. P. Adv. Mater. 2002, in press.



3

Architecture of Nanocrystal
Building Blocks

Jinwoo Cheon*, Young-wook Jun', and Sang-Min Lee
Department of Chemistry, Yonsei Universiy, 120-749 Seoul, Korea.

*Email: jcheon@alchemy.yonsei.ac.kr

3.1 INTRODUCTION

Crystals consist of a periodic alternation of specific repeating molecules.
The individual repeating molecules have quantized electronic structures while
crystals have continuous electronic band structures that result from the overlap
and combination of molecular orbitals of repeating molecules. Therefore, isolated
molecules exhibit quantum mechanical properties, while the chemical and
physical properties of bulk crystals obey the laws of classical mechanics.
However, when the crystal size decreases into the nano-scale regime (1 ~ 100
nm), the electronic band of the crystals starts to be quantized and the resulting
nanocrystals behave as an intermediate between molecules and crystals.>® These
nanocrystals exhibit novel properties which differ from both molecular and bulk
properties. For example, CdSe semiconductor crystals on the 10 nm scale, the
characteristic red luminescence is no longer observed but the luminescence can
be continuously tuned from red to blue by varying the crystal size. The melting
temperature of nanocrystals simultaneously decreases when the nanocrystal size
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is reduced.*” In the nanoscopic world, crystal properties are highly dependent on
the size, shape, and surface state of the crystals.

If the precise control of nanocrystal size and shape is possible, their
chemical and physical properties can be manipulated as desired. Then, these
nanocrystals can be used as the building blocks for assembling and patterning
future nanodevices.

3.1.1 CRYSTAL SHAPE

The size and shape of nanocrystals are crucial parameters for controlling
nanocrystal properties. The electronic band of the crystal is gradually quantized
starting from the band edges as a function of size reduction, resulting in an
increase in the band-gap energy. For example, CdSe nanocrystals luminescence
red to blue as the size is decreased from 12 nm to 1.2 nm. The electrical transport
properties are also highly dependent on the nanocrystal size. One example is
Coulomb blockade phenomena.*® The injection of an additional electric charge
into a nanocrystal that is already charged by an electron is prevented by the
coulombic repulsion between the two electrons.

The shape of the nanocrystals also strongly influences their properties.
The density of energy states (DOS) for inorganic crystals, which is predicted by a
simple particle in a box type model, simultaneously evolves from-continuous
levels into discrete states as the dimensionality is decreased from three to zero
dimensions (Figure 3.1).

FIGURE 3.1. Energy vs. density of electronic states (DOS) for inorganic crystals of 3, 2, 1, and 0-
dimensions.
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FIGURE 3.2. The four highest occupied electronic states of 3.0 nm diameter CdSe nanorods calculated with an
empirical pseudopotential method with different aspect ratios. (From Alivisatos, 2001, Ref. 10.)

FIGURE 3.3. (a) Linearly polarized emission of single CdSe nanorod with an aspect ratio of ~ 10. (b)
Polarization of a rod (aspect ratio ~ 10, circles) and a sphere (triangles). (From Alivisatos, 2001, Ref. 10.)

Varying the nanocrystal’s shape also induces novel optical properties.
The shape dependent optical properties of cadmium selenide (CdSe) nanocrystals
are a good example.'® The highest occupied molecular orbital arises from Se 4p
orbitals that are arranged to be in phase between unit cells, while the lowest
unoccupied molecular orbital is comprised of Cd 5s orbitals that are also in phase
between unit cells. Therefore, optical luminescence of the direct band gap
semiconductor CdSe results via a vertical transition between these two orbitals.
For CdSe nanospheres (aspect ratio ~ 1), electronic states with predominantly Se
4p, character are slightly more stable than that with Se 4p, and 4p, character.
However, as the aspect ratio of CdSe nanorods with an elongated c-axis
paralleling the Se p, orbitals increases, the electronic energy levels of states with
Se 4p, character gradually increases and a crossover between the two highest
occupied electronic states occurs (Figure 3.2). These changes induce a transition
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from weakly plane-polarized emission to linearly polarized emission. Thus, CdSe
nanorods with aspect ratios of ~ 10 emit with a polarization factor of 86 %

(Figure 3.3).

FIGURE 3.4. Size and shape dependent magnetic properties of cobalt nanocrystals. (a) Size dependent blocking
temperature and magnetic coercivity of cobalt spheres. A.3.9, B 6.4, C8.0,D 10.3,E 12.0, F 13.1 nm. (b)
Blocking temperature and magnetic coercivity of 4 nm cobalt spheres and discs. (From Cheon, 2002, Ref. 11.)

Magnetic properties of crystal are also highly dependent on the size and
shape of nanocrystals."' The blocking temperature of cobalt nanocrystals
gradually increases from 20 K to over room temperature when the nanocrystal
sizes increase from ~4 to 13 nm. This is consistent with the linear relationship
between crystal volume and blocking temperature as predicted from the equation
KV=25KgTs. The magnetic coercivity of the cobalt nanocrystals reaches a
maximum value when forming a single domain with a size of ~ 8 nm. The shape
of cobalt nanocrystals also strongly influences the magnetic properties of the
nanocrystals. In the case of cobalt nanospheres ~ 4 nm, the blocking temperature
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of the nanospheres is 20 K. However, when nanocrystals with a disc shape
(height ~ 4 nm) are formed, a huge increase in the blocking temperature is
observed due to enhanced anisotropy. Similarly, the magnetic coercivity of the
discs has a higher value relative to that of spheres. Even at room temperature,
these discs exhibit ferromagnetic behavior with a coercivity of ~ 35 Oe.
Enhanced shape anisotropy induces a preferential alignment of the magnetic
spins along the long axis of the discs.'>"

3.12 BASIC NANOSCALE BUILDING BLOCKS

Atoms as basic elements do not allow for the control of its various
properties, while optical, chemical, and physical properties of nanocrystals can be
controlled by tuning the nanocrystal size and shape as described in the previous
section. Nanocrystals that are usually regarded as “artificial atoms” are the basic
units for nano-scale devices, and the design and operation of these devices will be
easily accomplished by using nanocrystals with distinct sizes and shapes.'* By
assembling and patterning nano-building blocks in a manner similar to
assembling “Lego” blocks, the fabrication of future devices that are extremely
fast, efficient, and small will be possible. As with Lego blocks, various shapes
and sizes of nano building blocks will be required for the various components of
the nanostructure. Therefore, the control of nanobuilding blocks is crucial for the
success of future nanodevices.

Basic nanobuilding blocks can be classified by crystal symmetry and
dimensionality (Figure 3.5). Isotropic spheres, icosahedrons, and cubes can be
classified as 0-dimensional building blocks. These are of the most familiar shape
in the nano world. Semiconductor and metal nanospheres and Cq are in this
group. Rods, cylinders with polygon shape, and wires are examples of 1-
dimensional building blocks. These building blocks can be applicable for 2-
terminal circuit devices.'*'® Carbon nanotubes are another good example of 1-
dimensional building blocks. Using cross-junctions of carbon nanotubes,
nonvolatile random access memory devices are possible.'” Discs, plates with
polygon shape belong to 2-dimensional building blocks. Examples of rather
complex structured building blocks are star shaped and multi pod structures such
as highly symmetric crosses.

There are several approaches to preparing nanobuilding blocks including
gas phase synthesis and liquid phase synthesis. In the past decade efforts for
controlling nanocrystal shape using liquid phase synthesis has been extensively
carried out, but has been limited to certain systems such as II-VI semiconductors.
To obtain various shapes of nanobuilding blocks, the presentation of a general
synthetic scheme and the unraveling of shape guiding mechanisms are necessary.
In the next two sections, recent developments in shape controlled nanocrystal
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synthesis using liquid phase synthesis and proposed shape guiding mechanisms
will be described.

w | O L ©
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FIGURE 3.5. Geometrical shapes of basic building blocks.

3.2. RECENT DEVELOPMENTS IN THE ARCHITECTURAL
CONTROL OF NANOBUILDING BLOCKS

3.2.1 0-DIMENSIONAL SPHERES AND CUBES

During the past decade, metal and semiconductor nanospheres have been
extensively studied using various methods. In the early stages of this type of
work, nanocrystals were usually grown in a hydrolytic media in the presence of
structured micelles.'® Several metallic and semiconducting nanocrystals have
been grown from aging processes of ionic precursors inside Na-AOT micelles.
However, nanocrystals obtained using this method have relatively poor
crystallinities and polydispersity in size.
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To address these problems, the method of injecting precursor into organic
surfactants at a high temperature was developed. Bawendi et al.’ synthesized
various sized CdSe nanocrystals via thermal decomposition of dimethyl cadmium
and trioctylphosphine selenide in a hot trioctylphosphine oxide solution. The
nanocrystal size varied from 1.2 to 12 nm with high monodispersity and
crystallinity and the nanocrystals obtained were highly soluble in various organic
solvents. (Figure 3.6) Optical spectra clearly exhibit quantum confinement effects
and it also reveals that CdSe nanocrystals are formed with tunable sizes, high
monodispersity, and high crystallinity. This high temperature injection method
has been applied to various materials such as other semiconductors, metals, and
metal oxides.

FIGURE 3.6. HRTEM image of O-dimensional spherical CdSe nanocrystals synthesized using a high
temperature injection method. (From Bawendi, 1993, Ref. 5.)

Isotropic 0-D nanocrystals with faceted faces are also obtainable by careful
controlling crystal surface energy. El-Sayed et al. demonstrated the shape control
of Pt nanocrystals as FCC structure.'” The Pt precursor is reduced by hydrogen
gas bubbling in a reaction solution that includes a capping polymer. By
controlling the concentration of the capping polymer, the resulting shapes are
changed. At high polymer concentration, nanocrystals are prevented from rapid
growth and the resulting shape is a small tetrahedron with only {111} faces
(Figure 3.7 a). At low polymer concentrations, the deposition rate of Pt atom on
the crystal surfaces is faster on the {111} faces and the final shape becomes a
more rectangular cubic shape (Figure 3.7 b).

FIGURE 3.7. (a) Tetrahedral Pt nanocrystals grown in a high polymer concentration, (b) cubic shaped Pt
nanocrystals grown in a low polymer concentration. (From El-Sayed, 1996, Ref. 19.)
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0-dimensional polygonal shapes were also observed in semiconductor
nanocrystals. Cheon et al. demonstrated shape controllable synthesis of PbS
nanocrystals as an isotropic rock salt model system.2’ Due to the high surface
energy of the {111} faces in a rock salt system, a cubic shape is generally
obtained in the presence of weakly binding capping molecules (Figure 3.8 a).
However, the presence of tightly binding capping molecules such as
dodecanethiol mainly affected the shapes of the nanocrystals. Since
dodecanethiol is much more strongly binding on the {111} faces, tetradecahedron
shapes highly truncated on the {111} faces were obtained at high concentrations
of dodecanethiol (Figure 3.8 b). Similarly, O’Brien et al. also synthesized cubic
shaped PbS nanocrystals via a single source precursor.”’

FIGURE 3.8. TEM images of PbS nanocrystals and their polygonal models. (a) Dodecylamine capping
molecular system and corresponding crystal model (Inset) (b) Dodecanethiol capping molecular system and
corresponding crystal model (Inset). (From Cheon, 2002, Ref. 20.)

As described above, polygonal shape control in 0-dimensions is relatively
feasible by regulation of the relative surface energies.

3.2.2 1-DIMENSIONAL RODS AND WIRES

3.2.2.1 GROUP II-VI SEMICONDUCTORS

1-dimensional nanorods and wires have been extensively explored not only
because they exhibit novel shape dependent properties such as linearly polarized
luminescence, '® liquid crystal phenomena,” and enhanced magnetic properties '’
but they can also be utilized as key components in two terminal circuits.''®

The high temperature injection method can also be utilized for high quality
nanorod synthesis. Alivisatos and Peng et al. first reported shape control of CdSe
nanorods with high monodispersity and crystallinity via thermal decomposition
of dimethylcadmium and trioctylphosphineselenide in a hot surfactant mixture of
trioctylphosphine oxide (TOPO) and hexylphophonic acid (HPA).Z In this
synthesis, 1-dimensional rod shaped structures result from preferential growth
along the [001] direction of wurtzite CdSe that is promoted by a selective
adhesion of HPA molecules on specific faces. With increasing HPA
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concentration, the nanocrystal shape evolves from spheres and short rods to long
rods with high aspect ratios (Figure 3.9).

On the other hand, Cheon et al. reported a simpler synthetic method using a
single source precursor instead of dual sources. For example, zinc telluride
nanorods were formed when a single source precursor, Zn(TePh),-TMEDA,
decomposed in a hot amine surfactant mixture (Figure 3.10).* Anisotropic 1-
dimensional growth of metal sulfide nanocrystals including CdS, MnS, and PbS
was also possible by thermal decomposition of stable single molecular precursors
in a mono-surfactant system.”***

FIGURE 3.9. CdSe nanorods grown using thermal decomposition of precursors in the presence of binary
surfactants. (From Alivisatos, 2000. Ref. 23.)

Hydrolytic synthesis of II-VI semiconductors also produces 1-dimensional rod-
shaped nanocrystals by shape transformations involving oriented attachment
processes. Weller et al. have proposed an alignment and reorganization of zinc
oxide nanocrystals via oriented attachment process.”’ In this synthesis, zinc
acetate produces zinc oxide nanospheres through hydrolysis and aging processes.
The nanospheres are then aligned and fused together in order to remove high-
energy surfaces. Finally, reconstruction processes of the fused nanocrystal
surfaces result in rod shaped nanocrystals with flat surfaces (Figure 3.11).

FIGURE 3.10. II-VI semiconductor nanorods. (a) ZnTe (From Cheon, 2001, ref. 8), (B) CdS (From Cheon,
2001, Ref. 25.).
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Similar shape transformation processes were also observed in other II-VI
semiconductor nanocrystals. Kotov et al. reported a shape transformation from
sphere to rod by dipole-induced fusion of CdTe individual nanospheres.”® Zinc
blende CdTe spheres were first formed by reaction between Cd and Te precursors
in aqueous solution. Then, CdTe spheres obtained were aligned through dipole
interactions between nanocrystals. Finally, the nanospheres were fused together
with a simultaneous crystal phase transition to wurtzite.

FIGURE 3.11. Shape tranformation of ZnO nanocrystals from aggregates of (a) ZnO nanospheres to (b) ZnO
nanorods. Inset: high resolution TEM images of spheres and rods. (From Weller, 2002, Ref. 27.)

3.2.2.2. GROUP III-V SEMICONDUCTORS

Unlike II-VI semiconductor systems that have been thoroughly studied,
anisotropic shape control of III-V semiconductor nanocrystals has been very
limited. This is most likely due to a greater degree of covalent bonding and the
absence of suitable precursors. Moreover, except for metal nitrides, III-V
semiconductors favor isotropic zinc blende structures and thus 0-D nanocrystal
growth is commonly preferred rather than rod growth.” Cheon et al. have shown
that the crystalline phase of gallium phosphide nanocrystals can be chemically
controlled by adopting suitable surfactants, and the formation of wurtzite GaP
nanorods as well as zinc blende GaP nanospheres is possible.”’ When highly
bulky trioctylamine (TOA) is used as a surfactant, the formation of zinc blende
GaP nanospheres is favored, minimizing steric hindrance between incoming
monomer complexes (GaP-TOA complex) and GaP lattices. In contrast, when
sterically less hindered primary amine (hexadecylamine) is added to TOA
solution, formation of GaP wurtzite rods is preferred (Figure 3.12).
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FIGURE 3.12. GaP nanocrystals (a) spheres, (b) rods. (From Cheon, 2002. Ref. 30.)

III-V semiconductor 1-dimensional nanocrystals can also be synthesized via
solution-liquid-solid (SLS) processes.”’ When InP semiconductor precursors
decompose, precursor molecules generate InP monomers in solution and indium
metallic seeds via two cycles of In-P bond cleavage and reformation. The
monomers diffuse into liquid indium seeds and eventually precipitate and
crystallize along a specific direction when the liquids seeds are super-saturated,
inducing the formation of wire-shaped InP nanocrystals.

FIGURE 3.13. Silicon nanocrystals. (a) Low magnification image. (b) HRTEM image. (From Korgel, 2000, Ref.
33)

3.2.2.3 GROUP IV SEMICONDUCTORS

In the case of group IV semiconductor systems, it is extremely difficult to
obtain nanorods by typical solution based precursor injection methods due to
their highly covalent character. In contrast, under gas phase based syntheses such
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as chemical vapor deposition, 1-dimensional Si wires can be easily obtained on a
substrate using vapor-liquid-solid (VLS) growth mechanisms.”> In VLS growth
mechanisms, monomers can form an alloy in equilibrium with their pure solid in
a catalytic seed and 1-dimensional semiconductor nanowire is expelled from the
seed as they reach supersaturation. Above 360°, by using gold nanocrystals as
catalytic seeds, pure solid Si nanowires were obtained under a supercritical fluid
environment by B. A. Korgel.”’ Size-monodispersed Au nanocrystals are
necessary to achieve a narrow distribution of diameter (Figure 3.13). By
changing the reaction pressure, it is also possible to control the growth direction
of nanowire.

3.2.2.4 METALS

Preparation of metallic rods is also possible via a hot temperature precursor
injection method. Hyeon et al. reported that iron nanorods were produced by
thermal decomposition of iron pentacarbonyl in a hot surfactant solution (Figure
3.14 a).* Similarly, Chaudret et al. reported that rod-shaped nickel nanocrystals
were formed by thermal decomposition of an organometallic precursor,
Ni(COD),, (COD=cyclo-octadiene) in hot THF solution including
hexadecylamine surfactants (Figure 3.14 b).”

FIGURE 3.14. Various metal nanorods (a) iron nanorods (From Hyeon, 2000, Ref. 34.) (b) nickel nanorods
(From Chaudret, 2001, Ref. 35.)

1-dimensional growth of gold nanorods via an electrochemical method was
also possible in rod-shaped micelles reported by El-Sayed et al.’® and Shih et al.”’
Gold ions were dissoluted from a gold anode and the shape distribution of the
rods was determined by the current and the ratio of the concentration of the
surfactant to that of the cosurfactant. Short Au nanorods with aspect ratios of ~3-
7 mainly dominated by {100} and {110} facets with growth directions parallel to
the [001] direction.
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3.2.2.5 TRANSITION METAL OXIDES

Transition metal oxides are an important group of materials used in white
pigment, cosmetics, supports in catalysis, and as a photocatalyst. Nanostructured
titania is of particular interest with potential applications as solar cell materials.
Chemseddine et al. demonstrated elongated TiO, nanocrystals synthesized by
hydrolysis and polycondensation of titanium alkoxide [Ti(OR),] in the presence
of tetramethyl ammonium hydroxide (Me,NOH) as a stabilizer and reaction
catalyst.*® Organic cations stabilized the anatase polyanionic core and increased
monomer flux induced 1-dimensional growth of the titania nanocrystals. Banfield
et al. also demonstrated naturally aligned titania nanocrystals under hydrothermal
conditions,” by adapting an oriented attachment mechanism into the nanocrystal
development (Figure 3.15).

FIGURE 3.15. TEM image of naturally aligned anatase TiO, nanocrystals. (From Banfield, 1999, Ref. 39.)

A cubic-perovskite structured transition metal oxide is important due to
its unique electronic, magnetic, and optical properties. The 1-dimensional ternary
perovskite oxide was first demonstrated in solution-based synthesis by Park et
al.** They synthesized single-crystalline cubic perovskite BaTiO; and SrTiO; by
solution phase decomposition of bimetallic precursors in the presence of
stabilizing ligands.

3.2.3 2-DIMENSIONAL DISCS

Unlike 1-dimensional rod systems, formation of disc-shaped nanocrystals is
very rare in colloidal systems. In a kinetically driven growth regime, 1-
dimensional nanorod growth is promoted when preferential growth along a
specific direction is induced. Likewise, when growth along a specific axis is
prevented, the formation of disc shaped nanocrystals is induced. Very recently,
Alivisatos et al. reported the formation of disc shaped cobalt nanocrystals (Figure
3.16 a-b)." When alkylamines are added to a mixture of TOPO and oleic acid,
alkylamines strongly bind to the {001} faces of hexagonally close-packed cobalt
and prevent growth along the [001] directions. The nanodiscs obtained assemble
into long ribbons where discs are stacked face-to-face via a magnetic interaction
between individual nanodiscs (Figure 3.16 b).
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FIGURE 3.16. Various metal nanodiscs and their assemblies. (a, b) cobalt nanodiscs and their magnetic
assembly. (From Puntes and Alivisatos, 2002, Ref. 41.) (¢, d) silver nanodiscs and their assembly. (From Chen,
2002, Ref. 42.)

Seed mediated growth in a micelle solution also promotes disc shaped
nanocrystals (Figure 3.16 c-d). Silver nanocrystals with disc shape were formed
when silver nitrate solution was added to concentrated acetylammonium bromide
solution containing silver seeds.” The disc shape of the silver nanocrystals
results from plane growth from silver seeds inside the CTAB micelle structure.
Silver nanocrystals obtained also assemble into necklace-like structure similar to
that observed in cobalt nanodiscs. However, silver nanodiscs assembled via Van
der Waals interactions between self-assembled monolayers on the basal plane of
the discs (Figure 3.16 d).

In addition to the disc shapes, 2-dimensional prismatic shapes have been
widely observed. These nanoprisms predominantly appear in FCC structured
transition metals. Photoinduced silver nanoprisms were demonstrated by Mirkin
et al.*® (Figure 3.17). Ag nanospheres synthesized by the reduction of AgNO;
were irradiated with a conventional 40-W fluorescent lamp. As the irradiation
time was increased, an unexpected color change was observed from yellow
(which is a characteristic surface plasmon band of the spherical particle) to green,
and finally blue. Simultaneously, the shape change of nanospheres into
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nanoprisms was also observed by TEM measurements. Electron energy loss
spectroscopy analysis (EELS) showed that the formed triangular shaped Ag
nanocrystals were actually flat-top prismatic shapes.

FIGURE 3.17. (a,b) TEM images of Ag nanoprisms and (c) corresponding surface plasmon color change as the
shape transforms (red on the left to blue) (d) Scheme of shape transformation. (From Mirkin, 2001, Ref. 43.)

Other FCC structured transition metal nanoprisms such as Pd and Ni were also
demonstrated by Reetz et al* (Figure 3.18). Tetra-N-octylammonium
carboxylates were used as reducing and stabilizing agents. Scanning tunneling
microscopy (STM) measurements showed that the trigonal particles turned out to
have an extended flat character in their shapes. Pileni et al. also observed
prismatic semiconductor nanocrystals.* Triangular CdS nanocrystals were
synthesized. The triangular nanocrystals turned out to be flat and the crystalline
phase was proved as a hexagonal wurtzite structure.

FIGURE 3.18. Various metal nanoplates with triangular shapes. (a) palladium nanoplates stabilized with
glycolate (b) nickel nanoplates stabilized with tetra-N-octylammonium carboxylate (From Reetz, 2000, Ref.
44.)

3.24 NOVEL NANOBUILDING STRUCTURES

As described above, shape controls of nanocrystals have been widely studied
between O-dimensional spheres, icosahedrons, 1-dimensional rods, and 2-
dimensional plates. These basic building blocks have unique geometry and
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properties with their shapes and they can be used as components of nanobuilding
structures. If the assemblies of each component with different geometries can be
controlled, construction of novel nanobuilding structures may be possible. For
example, L-shaped structures can be obtained using two rods and a cube and V-
shaped structures can be achieved by assembling two rods and a tetrahedron.
CdSe tetrapods obtained by Alivisatos and MnS tetrapods by Cheon,
respectively, are a good example of such a nanosystem (Figure 3.19).* Under
certain conditions, zinc blende tetrahedron seeds with four {111} faces and
subsequent rod growth on these four surfaces resulted in tetrapod shaped
nanocrystals with tetrahedral (T,) symmetry.” Wire formation of MnS instead of
rod-shaped nanocrystals arises from a larger surface energy difference between
the {001} faces of wurtzite due to the unoccupied d orbitals of the surface
manganese metals.*®

FIGURE 3.19. Various tetrapod shapes. (a) CdSe rod-based tetrapods (From Alivisatos, 2000, Ref. 46) and (b)
MnS wire-based tetrapods (From Cheon, 2002, Ref. 26.)

FIGURE 3.20. CdS multipods with various symmetry. The nanocrystals shape changes form isotropic sphere to
rod, bipod, tripod, and tetrapod. (From Cheon, 2001, Ref. 25.)
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Formation of novel multipod structures using a tetrahedron and 1-dimensional
rods were thoroughly studied in the case of CdS nanocrystals. Kinetic controlled
growth resulted in a systematic variation of novel structures from spheres to 1-D
rod, bipod, tripod, and tetrapod with corresponding point symmetry of Doy, Cay,
Ty, Csy, respectively (Figure 3.20).

Rod-based multi pod shapes were also observed in the case of isotropic rock
salt structured PbS nanocrystals.”’ Rapid injection of a PbS precursor into hot
solution containing dodecanethiol as capping molecules leads to the formation of
various branched nanocrystals with an angle of ~ 90° as well as cross shaped
tetrapods, L-shaped bipods, T-shaped tripods, I-shaped bipods. Under kinetically
fast growth along the {100} faces of the tetradecahedral seed (Figure 3.21). As
the growth condition shifts into thermodynamic region (e.g. high growth temp.),
the growth rate in the [111] direction accelerated and the resulting shapes were
changed into rectangular cubic shapes via the star shape as a transition shape.

FIGURE 3.21. Shape transition of PbS nanocrystals from (a) rod-based multi-pods, through (b) nanostars as a
transition shape, to (c) nanocubes. (From Cheon, 2002, Ref. 20.)

3.2.5 SUPERSTRUCUTURES: ASSEMBLIES OF
NANOBUILDING BLOCKS

Superstructures that are built up with basic nanobuilding blocks can also be
achieved by chemical interparticle interactions. When nanocrystals are formed
with highly monodispersed size and shape, slow evaporation of solvent from
nanocrsytal solution leads to highly ordered 3-dimensional close-packing of
nanocrystals via Van der Waals interaction between nanocrystals coated with
long chain alkane molecules. The symmetry of a close-packed array of
nanocrystals can be modulated by changing parameters including particle sizes,
shape, and interparticle distances.

Superlattices of CdSe nanocrystals were first reported by Bawendi et al. using
selective solvent evaporation from a mixture of octane and octanol solution
containing spherical CdSe nanocrystals under reduced pressures (Figure 3.22 a)."’
Superlattices obtained were in face-centered-cubic close packing of CdSe
nanocrystals and exhibited novel optical characteristics that were different from
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those of diluted CdSe nanospheres in solution. The emission spectra of the
superlattices were red-shifted from those of individual CdSe nanocrystals through
interparticle coupling, although the absorption spectra were identical.

FIGURE 3.22. (a) Dark-field optical micrograph of faceted colloidal crystals. Inset : TEM image of
superlattices in face-centered-cubic close packed CdSe nanocrystals. (From Bawendi, 1995, Ref. 47) (b)
Rectangular superlattice of BaCrO4 nanoparticles. (From Mann, 1999, Ref. 48.)

The symmetry of superlattices constructed with spheres are strongly dependent
on interparticle distances. Short-chain capping groups lead to formation of cubic
packed superlattices, while long chain capping groups induce hexagonal close
packing of nanospheres.

Nanocrystal shape also strongly influences the symmetry of superlattices.
When nanospheres were used as building blocks, superlattices with fcc or hcp
symmetry were observed. However, when prismatic particles with tetragonal
geometry were assembled, thin flake-like aggregates of a 2-dimensional
superlattice with pseudo-rectangular symmetry were obtained (Figure 3.22 b).*®

3.3. SHAPE-GUIDING GROWTH MECHANISMS

Recent studies on the shape control of nanocrystals have been highly
focused on 1-dimensional systems. Because 1-dimensional rod growth is the
most fundamental step of anisotropic shape control, it can be possible to present
general shape control strategies even for nanocrystals with highly complex
structures once we understand the shape guiding mechanisms of nanorods. In this
section, various proposed mechanisms and critical parameters for shape guiding
processes of nanostructures will be discussed.
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3.3.1 APPROACHES FOR OBTAINING 1-DIMENSIONAL
NANOCRYSTALS

There have been excellent studies for the liquid phase preparation of Si
and metallic rods via a ‘two step seed mediated synthesis’. In the first step,
spherical seed nanocrystals are synthesized and isolated. Precursors of desired 1-
D structure then chemically reduced in the presence of capping molecules where
seed nanocrystals serve as nucleation points. Gold nanosphere direct growth of Si
nanowires by seed catalytic growth in supercritical fluid was examined by Korgel
et al,® and metallic rod systems including Au or Ag rods obtained by seed
mediated growth in solution were presented by Murphy et al*’ Although
interface issues between the seed and growth materials have not been well
resolved, this method has great potential for further advances of researches on 1-
D rod structured materials. The general applicability of this method to other
materials needs to be further explored.

On the other hand, researchers have also explored simpler ‘one step in
situ synthesis’ of 1-D nanorods utilizing methods similar to those for the well-
studied spherical nanocrystals. For example, the 1-D colloidal rod based system
of CdSe has been successfully demonstrated by Peng and Alivisatos et al.>~° The
use of binary capping molecules such as TOPO and HPA is effective for the
generation of shape anisotropy in CdSe along with the nature of its intrinsic
hexagonal structure. Recent studies on in-situ anisotropic growth of the
nanocrystals propose a growth process that is referred to as “oriented
attachment”. Hyeon et al. reported iron nanorods that were formed by a
stabilizer-induced aggregation process of iron nanospheres® while Kotov et al
demonstrated the formation of CdTe nanowires via crystal dipole-induced self-
assembly of CdTe nanospheres.”® Although these recent studies of ‘one step in
situ synthesis’ of 1-D nanorods show new successful avenues for a variety of
novel 1-D nanorods, further efforts are required to obtain a full understanding of
their growth mechanisms.

3.3.1.1 TWO STEP SEED MEDIATED GROWTH

In colloidal systems, there are two stages in nanocrystal growth — the
nucleation stage and the crystal growth stage.’' In the nucleating stage, the
concentration of monomers increases rapidly and the initial seeds of the crystals
are formed upon pyrolysis. During the crystal growth stage, monomers diffuse
onto the seed and deposit on its surface resulting in crystal growth. A prerequisite
to obtaining the monodispersed nanocrystals, is the short nucleating stage, a
relatively slow growth stage, and the separation between these two stages.
Otherwise, bimodal nucleation may occur and the resulting sizes and shapes of
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the nanocrystals become polydispersed. One alternative is to add previously
formed seeds in an effort to separate the nucleation stage from the crystal growth
stage.

FIGURE 3.23. (a) Scheme of seed mediated Ag nanorod growth. TEM image of (b) Ag nanorod and (c) Ag
nanowire. (From Murphy, 2002, Ref. 49.)

3.3.1.2 SEED MEDIATED GROWTH INSIDE A STATIC MICELLE
TEMPLATE

Murphy et al. utilized nanoscale metallic seeds as nuclei for crystal growth and
can obtain 1-dimensional noble metal nanorods (Figure 3.23).* At first, spherical
metallic gold or silver seeds are made by chemical reaction of metal salt with a
strong reducing agent in the presence of capping agents such as citrate. And then
these seeds are added to a solution containing metal salt, a weak reducing agent
and a rodlike micellar soft template. In this method, the aspect ratio is controlled
by the ratio of metal seed to metal salt concentration. At lower concentrations of
metal seeds, there is relatively higher monomer flux into the seed, and longer
rods can be produced. Furthermore, delicate control of solution pH can make it
possible to obtain aspect ratios as large as ~ 350.

3.3.1.3 SOLUTION-LIQUID-SOLID (SLS) NANOCRYSTAL GROWTH

The nanocrystal seeds can not only become the nuclei for the crystal
growth but can also form the catalyst for the crystal growth. Monomers diffuse
onto the catalytic seeds and form an alloy with them. As the dissolution of
monomers into the seed increases, the supersaturated pure solid nanowire grows
out of the catalytic seed (Figure 3.24 a).” Semiconductor nanowires can also be
made via metallic seed catalysts. In the supercritical fluid environment, Si
nanowires have been obtained via gold catalysts by B. A. Korgel (Figure 3.24 b-
c). Above 360, Si and Au can form an alloy in equilibrium with pure solid Si.
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Monomers made by thermal degradation of Si precursor dissolute into Au
nanocrystals until reaching a Si:Au alloy supersaturation and pure solid Si is
expelled from the Au seeds. Size-monodispersed Au nanocrystals are necessary
to achieve nanowire growth. By changing the reaction pressure, it is possible to
control the growth direction of nanowire.

FIGURE 3.24. Seed-mediated SLS nanocrystal growth. (a) Schematic growth mechanism, (b) Low resolution
TEM image, (c) high resolution TEM image of Si nanowire. (From Korgel, 2000, Ref. 33.)

3.3.1.4 ORIENTED ATTACHMENT PROCESSES

Another approach to obtain 1-dimensional nanorods is shape transformation
via oriented attachment processes. Because the surface to volume ratio of
nanocrystals is higher than that of bulk crystals, the surface energy significantly
contributes to the total energy of nanocrystals. Therefore, when the surface area
is reduced by crystal growth or aggregation processes, the total energy of the
crystal decreases.

When spherical or icosahedral shaped nanocrystals are formed, the
nanocrystals are terminated with several different kinds of surfaces. These
surfaces have different surface energies. For example, diamond shaped anatase
titanium dioxide nanocrystals that were reported by Banfield et al.* were
truncated with three different kinds of faces: {001}, {121}, and {101} faces.
Because the (001) face has the largest number of dangling bonds and the (101)
face has the lowest number of dangling bonds, the surface energy of the (001)
face is higher than that of the (101) face. When a sufficient thermal energy was
supplied to the system, the removal of high energy surfaces was
thermodynamically favorable. Thus, fusion between diamond shaped
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nanocrystals along the [001] direction was preferred, resulting in a necklace
shape nanocrystal.

Similar observations were made in the case of ZnO*’ and CdTe ** nanocrystals.
In the early stages, the nanocrystals were formed with spherical shapes. However,
through aging processes in aqueous solvent, the nanospheres were aligned and
fused together along a specific axis in order to remove {001} faces with high
surface energy. Surface reconstruction processes followed, resulting in rod-
shaped nanocrystals (Scheme 3.1).

SCHEME 3.1. Illustration of oriented attachment processes.

3.3.1.5 “ONE STEP IN SITU SYNTHESIS” DRIVEN BY
KINETIC AND THERMODYNAMIC PROCESSES

“One step in situ synthesis” using hot temperature injection method is another
approach to obtain 1-dimensional nanocrystals. During the growth stage just
following the nucleation stage that determines the preferred crystalline phase, the
delicate balance between the kinetic growth and thermodynamic growth regimes
strongly governs the final architecture of the nanocrystals.

3.3.1.5.1 SELECTIVE ADHESION MODEL

Surface energy of the nanocrystals can be modulated by introducing
surfactants that adsorb onto surfaces of growing crystallites. Especially, when
capping molecules stabilize a specific face by selective adhesion, the growth rate
differences between different crystallographic directions can be accentuated.
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In the CdSe growth that was reported by Alivisatos et al.,”* selective
adhesion of surfactants is crucial for determining the final shape. When
dimethylcadmium and trioctylphosphine selenide (TOPSe) were injected into a
hot surfactant mixture of trioctylphosphine oxide (TOPO) and hexylphosphonic
acid (HPA), the amount of HPA that selectively binds to the specific surfaces
(such as {100} and {110} faces) of the growing crystallites modulate the final
shape of CdSe nanocrystals. At low HPA concentration or without HPA, only
spherical shaped nanocrystals were formed. However, when the HPA
concentration was increased, the HPA molecules enhanced growth along the
[001] direction and blocked growth along the other directions by selective
adhesion and promoted elongation of the c-axis (Figure 3.25 a).

FIGURE 3.25. Growth mechanism based on surface selective adhesion model. (a) CdSe nanocrystal growth
(From Alivisatos, 2000, Ref. 23. and 46.) and (b) Co nanocrystal growth (From Alivisatos, 2001, Ref. 41.)

Selective adhesion of surfactants can not only induce elongation along a
specific axis but it can also induce compression along a specific axis. The
formation of cobalt nanodiscs under a surface selective surfactant is a good
example (Figure 3.25 b).* When oleic acids that bind to all surfaces of growing
crystallites were used as a surfactant, only spherical shaped cobalt nanocrystals
were obtained. In contrast, when small amounts of long chain alkylamine were
added to the surfactant solution, alkylamine molecules that strongly adsorb to the
001 faces of hcp cobalt effectively block the growth along c-axis, resulting in
disc-shaped nanocrystals.
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3.3.1.5.2 DIFFUSION FLUX MODEL

Because high monomer concentration is critical for inducing the kinetic
growth of nanocrystals, control of monomer concentration is also an important
parameter for shape control of nanocrystals. Peng et al. proposed a CdSe
nanocrystal growth model that is controlled by diffusion flux of monomers. In
their model, alkylphosphonic acids (APA) generate stable monomers and Cd-
APA complexes, and keep the diffusion layer of growing crystallites with high
monomer concentration rather than accentuating the growth rate differences by a
surface selective adhesion as proposed by Alivisatos et al.. In this model, CdSe
nanocrystals grow through four growth modes: 1-D growth stage, 3-D growth
stage, 1-D to 2-D ripening stage, and Ostwald ripening stage. (Figure 3.26) At

FIGURE 3.26. CdSe nanorod growth based on diffusion flux model and shape transformation from (a) spheres
to (b) short rods and (c) long rods. (From Peng, 2002, Ref. 50.)

very high monomer concentrations in the bulk solution where 1-D growth is
induced, the chemical potential of the monomers in bulk solution is higher than
of those in the stagnant solution at all faces of the growing crystallites. This huge
chemical potential difference induces a high diffusion flux into the diffusion
layer and promotes 1-D growth that results from the high surface energy of the
{001} faces. When the monomer concentration drops to a certain level (in the 3-
D growth stage), a decrease of the chemical potential difference results in
relatively low diffusion flux. In this stage, the nanocrystals grow equi-
directionally. When the monomer concentration is low (in the 1-D to 2-D
ripening stage), the chemical potential of the monomers in bulk solution is lower
than that of the stagnant solution at the {001} faces but is still higher than that of
the stagnant solution at other faces. This leads to diffusion equilibrium on the
interface of the diffusion layer. Without diffusion flux, the system reaches
equilibrium by dissolution and re-growth of the monomers from the {001} faces
with high surface energy onto the other faces. On the other hand, at very low
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monomer concentrations, the nanocrystals grow via interparticular Ostwald
ripening process.

These three growth stages can be modulated by varying the growth
conditions. When TOPO is used as a surfactant, Ostwald ripening process due to
the instabilities of Cd-TOPO complexes govern the growth process, resulting in
spherical CdSe. At low concentrations of HPA, Cd monomers form stable
complexes with HPA, which leads to 1-D growth processes. High concentration
of HPA promotes longer periods of 1-D growth and results in the formation of
rods with higher aspect ratios.

3.3.1.5.3 DYNAMIC STERIC LIGAND MODEL

Crystallographic symmetry of the unit cells strongly influences the final
shape of the nanocrystals. When crystals are in the zinc blende phase, they tend
to grow isotropically along the three crystallographic axes (a, b, and ¢ directions),
resulting in 0-dimensional shapes such as spheres and cubes. However, when
crystals are formed with a wurtzite structure, crystals can easily grow
anisotropically, resulting in anisotropic shapes such as rods and discs. Hence,
control of the key factors affecting the crystalline phases of seeds and subsequent
growth is of particular interest for the shape determination.

In the case of III/V GaP semiconductor nanocrystal growth, a “dynamic
steric ligand model” has been proposed by Cheon et. al.”’ In this model, the
crystalline phase of the seeds and sterically induced dynamic binding of capping
ligands are closely related and critical for both isotropic (O-D) and anisotropic
(1-D) growth of nanocrystals. During the crystal growth, because capping
molecules dynamically bind to the crystal surface, the conformation of crystal
structure is highly affected by the identity of the capping molecules.

GaP semiconductors have two different crystalline phases that are in
rotational isomerism- the zinc blende phase is a staggered conformation with
[111] directions while the wurtzite phase is an eclipsed conformation with [001]
directions (Figure 3.27 a,b).”’ Zinc blende GaP is a thermodynamically stable
phase that is sterically favored. Wurtzite GaP is a kinetically stable phase that is
electronically favored due to the electrostatic interaction between geminal
gallium and phosphine atoms when wurtzite GaP monomers approach on to the
crystal surface. When sterically bulky tertiary amines are used as capping
molecules, the staggered conformation is highly favored due to the large steric
hindrance between capping molecules and the crystal surface. Therefore,
formation of zinc blende GaP nanospheres is favored (Figure 3.27 a). However,
when sterically less hindered primary amines are present, steric energy difference
between the eclipsed conformation and the staggered conformation is diminished.
Steric effects on determining the binding geometry of incoming monomers are
now small and electronic effects play a major role under a kinetically driven
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growth regime with a high monomer concentration. Therefore, formation of
wurtzite GaP phase is facilitated (Figure 3.27 b). In short, the formation of a zinc
blende structure is favored with highly steric ligands such as trioctylamine, while
wurtzite is dominant under less bulky linear alkyl amines (e.g. hexadecylamine).

FIGURE 3.27. Dynamic steric ligand model. Steric and electronic effects on the crystalline phase (a-b) and the
rod growth (c) of GaP nanocrystals. (Cheon, 2002, Ref. 30.)

Once the crystalline phase is determined, subsequent kinetic growth
yields different types of shapes, which is also affected by the stereochemistry of
ligands. When wurtzite seeds are formed, sterically bulky TOA selectively binds
to the other faces (e.g., {100} and {110} faces) with a staggered conformation
rather than to the {002} faces and blocks growth on these faces. On the other
hand, GaP-HDA complexes continuously supply monomers on the {002} faces
with high surface energy and therefore promote the growth in the c-direction of a
rod structure (Figure 3.27 c).
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3.4 CRITICAL PARAMETERS FOR ARCHITECTURE
GUIDING PROCESSES OF NANOCRYSTALS

Since shape guiding process should also be operative in both 1-D and
other more complex shapes (e.g. triangles, diamonds), it will be of particular
interest to examine important parameters for selective growth and ultimate shape
determinations. Until now, general perspectives that take into account other
complex structures and their shape evolutions have been rare. Some recent
studies have revealed a nice view of the controlling factors of nanocrystals
ranging from isotropic (e.g. cubes, spheres) to anisotropic (e.g. rods) and in-
between structures. Initially, the crystalline phase of the seeds at the nucleating
stage is critical for directing the intrinsic shapes of nanocrystals due to its
characteristic unit cell structure. In addition, further delicate shape control is also
possible through the preferential growth of particular crystallographic surfaces of
nanocrystals during kinetic controlled growth processes.

3.4.1 EFFECTS OF CRYSTALLINE PHASE OF NUCLEUS ON
FINAL SHAPES

One of the critical factors that are responsible for shape determination of
nanocrystals is the crystallographic phases of the initial seed during nucleation
processes. The seed can potentially have a variety of different crystallographic
phases and the stable phase is highly dependent on their environments. For
example, by adjusting the initial temperature during the nucleation processes,
their crystalline phase can be controlled. In the case of MnS semiconductor
nanocrystals, the nuclei of rock-salt phase are more stable at high temperature (>
200 °C) and the formation of cubes of 30 nm are easily obtained after injection of
the molecular precursor Mn(S,CNEt;), into a hot solution containing alkylamine
stabilizer (Figure 3.28).°° In contrast, at temperatures below 200 °C, wurtzite
structured nuclei are now more stable and preferred. Since the surface energy of
the (001) face of the wurtzite phase is typically larger than that of the other faces
due to its higher atomic density and number of dangling bonds, preferred growth
through the c-axis is facilitated. As seen in figure 3.28, by simply lowering the
growth temperature to 120 °C without changing any other growth parameters,
200 nm long nanowires of 2 nm in diameter are obtained.
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FIGURE 3.28. TEM images of MnS nanocrystals. (a) Cubes synthesized at 250 °C . (b) bundles of wires
synthesized at 120 °C and (c) a TEM image of a monowire (2 nm in width). (From Cheon, 2002, Ref. 26.)

Shapes of CdS nanocrystals can also be adjusted by this temperature
mediated phase control of initial seeds.” Under high temperature conditions (~
300 °C), exclusive 1-D nanorod formation with purely wurtzite phased CdS is
observed from high temperature stable wurtzite phased seeds, while at lower
temperatures, zinc blende nuclei are now preferred and tetrahedral seeds with
four {111} faces are formed. The epitaxial growth of wurtzite pods along the 001
direction from the {111} faces occurs and, as a result, CdS multipods (e.g.
monopod, bipod, tripod, and tetrapod) are formed (Figure 3.29, 3.30, and Scheme
3.2,3.3).

FIGURE 3.29. TEM images of temperature dependent shape change of CdS nanocrystals grown at (a) 300, (b)
180, and (c) 120 °C. Shape of CdS nanocrystals continuously changes from rods to bipods, tripods, and
tetrapods. (From Cheon, 2001, Ref. 25.)

FIGURE 3.30. Atomic structure of bipod shaped nanocrystals (a) HRTEM image of CdS tetrapods and (b) 2-d
projected model of bipod shaped CdS nanocrystals. (From Cheon, 2001, Ref. 25.)
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SCHEME 3.2. Growth processes of tetrapods. i) Zinc blende seed formation with T4 geometry ii) Epitaxial
growth of wurtzite arms out of four {111} faces of the seed.

SCHEME 3.3. Shape changes of (a) MnS and (b) CdS nanocrystals by crystalline phase control of seeds.

3.42 SHAPE CONTROL UNDER KINETIC CONTROLLED
PROCESSES AND CAPPING MOLECULAR EFFECTS

After the preferred crystalline phase has been determined in the
nucleation stage, a balance between the kinetic growth and the thermodynamic
growth regimes strongly governs the final architecture of the nanocrystals in the
growth stage. Thermodynamically stable isotropic growth of nanocrystals is
preferred. in the thermodynamic growth regime that is characterized by a
sufficient supply of thermal energy (kT) and low flux of monomers. In contrast,
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in the non-equilibrium kinetic growth regime in which there is a high flux of
monomers, selective anisotropic growth between different crystallographic
surfaces is facilitated. There are at least four different parameters that can
influence the growth pattern of nanocrystals (Figure 3.31). Intrinsic surface

Time

Temperature

AGH

Capping
Molecules

FIGURE 3.31. Critical parameters for architecture guiding processes of nanocrystals.

energy of the crystallographic face of the seed is also important since the kinetic
energy barrier (AG?) is inversely proportional to the surface energy. These
surface properties can also be tailored by the types and amounts of adsorbing
organic capping molecules. The growth processes should be quenched in an
appropriate time since longer times can result in the formation of
thermodynamically stable shapes of nanocrystals. Finally, molecular precursors
which can be decomposed under mild conditions (e.g. low temperature) are also
critical for kinetic processes.

The shape evolution of PbS nanocrystals with symmetric rock salt
structure is a good example.”® Rapid injection of a PbS molecular precursor
induces the formation of tetradecahedron seeds that are terminated by {100} and
{111} faces and subsequent competitive growth on these two different types of
crystalline faces determines the final shape (Figure 3.32. bottom). Typically, in
the rock salt structure, the {111} surface has a higher surface energy than
the{100} surface. When excess thermal energy is supplied by utilizing high
growth temperatures (e.g. E=KT, T~250 °C), the thermodynamic regime governs
the growth process and, due to faster growth on the {111} faces, the formation of
cube shaped PbS nanocrystals is favored (Figure 3.35 c). However, in the
presence of a strongly binding capping molecule (e.g. dodecanethiol), the thiol
molecule binds to the {111} surface via a 1 >-Pbs-SR bridging mode while
weakly binding to the {100} faces. The surface energy of the {111} faces can
selectively be lowered significantly relative to that of the {100} faces (Figure
3.33). Therefore, under the conditions of low temperature (~ 120 °C) and in the
presence of a strongly binding dodecanethiol capping molecule, the growth
process shifts into the kinetic growth regime, and growth on the {100} faces with
high surface energy is preferred. This results in 1-D rod based single- and multi-
pod structures (Figure 3.35 a).
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FIGURE 3.32. Schematic energy diagram of PbS nanocrystals and growth modes and final shape of
nanocrystals grown along different growth directions from tetradecahedron seed

FIGURE 3.33. Strong 11 *-Pb;-SR bridging mode of dodecanethiol on {111} surfaces of PbS nanocrystals.

HRTEM images of multi-pods can be good evidence for the preferable
growth along the [100] directions. The image of tadpole shaped nanocrystals and
lattice distance measurements indicates that the rod grows along the <001>
direction. Hexagonal shape of the truncated octahedral seed with four {111} and
two {100} faces was observed (Figure 3.34 a). In the case of the cross-shaped
nanocrystals, [100] directional growth was also observed. The separation angle
between the pods of the cross is 90° and an octagonal shape consistent with the
[001] projection of a tetradecahedron is observed at the central junction of the
cross (Figure 3.34. b). Moreover, at intermediate temperatures (e.g. 180 °C), as a
transient species, star-shaped nanocrystals possessing both the characteristics of
0-D and 1-D structures are formed (Figure 3.35 b).
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FIGURE 3.34. (a) A HRTEM image of tadpole shaped monopod with zone axis of [110]. (b) A HRTEM image
of cross shaped tetrapod of PbS nanocrystals with zone axis of [001]. (From Cheon, 2002, Ref. 20.)

FIGURE 3.35. TEM images of (a) rod-based multipods, (b) star-shaped nanocrystals, and (c) cubes. (From
Cheon, 2002, Ref. 20.)

Careful control of the growth regime and capping molecules also
promotes the shape evolution of CdSe nanocrystals. As described in the previous
section, CdSe rod growth was induced by introducing alkylphosphonic acids.”

Although the role of alkylphosphonic acids (APA) is not clear, the acids
induce rapid growth along the 001 axis. At a low APA concentration, formation
of spheres or short rods is favored. At a relatively high APA concentration,
formation of long rods is preferred. At a very high APA concentration, the
growth rate difference between the (001) face and other faces is accentuated and
induces shrinking of the (001) face, which results in pencil and arrow shaped
nanocrystals. Control of growth regimes also affects the final shape of CdSe. At
low monomer concentrations, spherically shaped CdSe was produced. However,
when a large amount of monomers was added via multiple injections, anisotropic
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growth out of the {001} faces of spheres as induced. Therefore, teardrop- and
rice- shaped nanocrystals were formed (Figure 3.36).**2

FIGURE 3.36. HRTEM image of (a) pencil-, (b) arrow-shaped CdSe nanocrystals. (From Alivisatos, 2000, Ref.
46) TEM image of (c) tadpole-, (d) rice-shaped CdSe nanocrystals. (From Peng, 2002, Ref. 52.)

Critical factors for architecture guiding processes are the crystal phase of
the initial seeds, a delicate control between kinetic and thermodynamic growth
regimes by varying temperature and monomer concentration, and surface energy
control via changing capping molecules. With careful consideration of these
parameters, it will be possible to control and program the geometry of
nanoarchitectures.

3.5. FUTURE DIRECTION

Recent developments on the shape control of colloidal nanobuilding blocks
have been in quite fast track rapidly advancing after a rather long induction
period since the discovery of 0-D building blocks such as CdSe. Various
synthetic approaches have now been developed and many structurally
unprecedented nanocrystals have been discovered in high quality. Novel
properties and manipulations of these materials, especially 1-D rods, will enable
the successful developments of nanodevices such as LEDs. There are also many
other developments on the verge of breakthroughs to next generation devices.
Even with these successes in the past few years, the syntheses have been rather
limited to 1-D shape nanocrystals and a narrow range of specific materials
systems. The success of this field depends heavily upon the development of more
versatile, but reliable and simple synthetic schemes for the tailored architecture of
nanobuilding blocks with desired components. At the same time, an
understanding of the guiding laws of nanocrystals growth is of particular
importance. Many new and as of yet undiscovered nanobuilding blocks will
become the key components in next generation nanodevices with novel
phenomena and exciting implications for nanoscience and nanotechnology.
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4.1. INTRODUCTION

Modified metal and semiconductor nanoparticles have become the
subject of an extremely active field of chemical research in the last few
years. This widespread interest is understandable considering the
proliferation of simple chemical methods for the preparation of metal and
semiconductor particles with sizes in the range 1-100 nm,' which is of great
interest in emerging nanotechnologies. The properties of metal and
semiconductor nanoparticles in this size range differ from those of the
corresponding bulk materials and approach the molecular limit.> For the
smallest nanoparticles, the distribution of electronic states departs from the
usual band structure and discrete states will appear at the band edges.
Electrons may undergo quantum confinement and these systems may exhibit
unique electronic, magnetic and optical properties associated with the so-
called quantum dots. Furthermore, as the size of the nanoparticle decreases,
a larger fraction of the constituent atoms are located on its surface. This is
particularly important when dealing with metals with applications in
catalysis, because of the high cost associated with these materials.

Colloids, nanoparticles and clusters are all terms applied to describe
these systems, which may often give rise to some confusion. From a
historical perspective colloidal particles are considerably larger than a few
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nanometers and are usually stabilized by electric charges. On the other hand,
clusters are small atom groupings and their sizes tend to be rather small. The
term nanoparticle is more general and can be applied to any kind of system
as long as the characteristic dimensions are in the nanometer range. In this
chapter, the preferred general term will be ‘nanoparticle’. The term
‘colloids’ will be reserved for dispersions of electrostatically-stabilized
particles with individual diameters above 10 nm and ‘clusters’ will only be
used to describe systems containing a well-defined number of atoms and
having diameters below 3 nm. While metal and semiconductor colloidal
particles have been known for several decades (centuries in some specific
cases, such as colloidal gold), it must be clearly recognized that the fast
growth of research in the field of metal nanoparticles has followed the
seminal work of Brust and Schiffrin.’ These authors reported a rather simple
solution method for the preparation of gold nanoparticles protected by
monolayers of alkanethiolates. Alkanethiolate monolayers on planar gold
surfaces are the most extensively studied class of self-assembled
monolayers.’ Brust, Schiffrin and coworkers showed that similar monolayers
can be prepared around gold nanoparticles, endowing them with solubility in
organic solvents and allowing their isolation as solids that can be re-
dissolved and used at will, similarly to any molecular compounds.’
Furthermore, this preparative methodology allows a reasonable degree of
control on the size of the nanoparticles, and most groups have targeted the
technologically attractive 1-5 nm size range.

In this chapter we will essentially focus on metal nanoparticles and their
use as building blocks to prepare molecular devices and sensors. A good
fraction of the chapter is thus devoted to the preparation and characterization
of nanoparticles decorated with molecular recognition (binding) sites on
their surfaces. These modified or derivatized nanoparticles are expected to
combine the properties of their metallic cores with the molecular recognition
ability of the binding sites present in their organic ‘skins’ or protecting
monolayers. Novel properties required for applications as sensors and other
devices are expected to result from an optimal combination of all these
features. Finally, the emphasis in this chapter is squarely placed on
nanoparticles modified with synthetic functional groups. Those readers
interested in nanoparticle modification with biological materials are directed
to Chapter 10.
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4.2. NANOPARTICLES MODIFIED WITH MOLECULAR
OR IONIC RECEPTORS

4.2.1. GENERALITIES

The attachment of organic molecules to metal and semiconductor
nanoparticles affords an easy way to create chemical functionality on their
surfaces. For instance, the particles can be made more hydrophobic by the
surface attachment of lipophilic organic compounds.’ Nanoparticles soluble
in solvents as nonpolar as toluene and chloroform may thus be readily
prepared. In general terms, the organic skin of the inorganic nanoparticle
may determine or modify some of its properties. The capping or protecting
organic monolayers can play very important roles in the overall chemistry of
the particles and furnish them, for instance, with redox active or fluorescent
functional features.” From the standpoint of building devices and, more
specifically, sensors, it is desirable to express in these organic monolayers
the ability to selectively recognize and bind target substrate compounds. In
this regard, several decades of work on the development of host-guest
binding interactions® provide a good number of systems to choose from.

4.2.2. HYDROGEN BONDING RECEPTORS

Hydrogen bonding is extremely important in biological systems and has
thus played a crucial role in the development of synthetic host-guest
chemistry.” Therefore, it is not surprising that hydrogen bonding receptors
have been one of the first classes of molecular receptors expressed on the
surface of nanoparticles. In 1997, the group of Fitzmaurice and co-workers
started a long series of reports on the modification of TiO, nanoparticles --
prepared by arrested hydrolysis of titanium tetraisopropoxide-- with the
stabilizer N,N’-2,6-pyridinediylbis(undecamide) (compound 1 in Figure
4.1)} 'H NMR spectroscopic data indicated that the two undecyl aliphatic
chains of this compound stick to the surface of the nanoparticles and lead to
the surface attachment of the diamidopyridine functionality. Using 'H NMR
and FT-IR spectroscopic data these authors demonstrated that the TiO,-
immobilized diamidopyridine group engages in three-point hydrogen
bonding with uracyl derivatives (see, for instance, compound 2 in Figure
4.1) in CDCI; solution. Fitzmaurice coined the term Heterosupramolecular
Chemistry to describe the formation of supramolecular host-guest complexes
at the surface of the colloidal TiO, nanoparticles.® Later on, this group
covalently attached a 4,4’-bipyridinium electron acceptor group to the uracyl
derivative and demonstrated the photoinduced electron transfer from the
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TiO, conduction band to the viologen group in the uracyl derivative within
the resulting heterosupramolecular assembly.’

FIGURE 4.1. Fitzmaurice’s heterosupramolecular hydrogen bonded complex on the surface of a titanium
oxide nanoparticle.

A similar approach can be utilized to program the assembly of
nanoparticles by preparing colloidal TiO, particles stabilized by
diamidopyridine receptors, such as 1, and colloidal TiO, particles stabilized
by uracyl derivatives, such as 2."° Mixing these two types of particles in
chloroform solution yields assemblies in which the nanoparticles are
connected by three-point hydrogen bonded complexes of the kind
represented in the figure above. However, this general approach presents
some difficulties because the hydrogen bonding sites are simply physisorbed
onto the surface of the nanoparticle. Concerns about long-term stability and
reproducibility will be more easily dispelled by the covalent immobilization
of the receptor. In order to address these concerns, Fitzmaurice took
advantage of the Brust and Schiffrin method® to prepare ~3 nm gold
nanoparticles capped by monolayers of dodecanethiolate.' Refluxing these
nanoparticles in a chloroform solution containing a mixture of dodecanethiol
and 12-mercaptododecyl-1-uracyl replaces a small fraction of the
unfunctionalized thiolates by uracyl-functionalized thiolates on the surface
of the gold nanoparticles. This surface exchange reaction'> affords a
convenient way to introduce functional groups in the capping monolayer of
the nanoparticles, without any significant changes in the nanoparticle size
distribution. The degree of nanoparticle functionalization can be simply
controlled by factors such as thiol ratios in the exchange solution. The
resulting functionalized nanoparticles were shown to engage in hydrogen
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bonding interactions with diamidopyridine derivatives in solution (see
Figure 4.2), giving rise to three-point complexes similar to those previously
employed by this group with modified colloidal TiO, particles."

FIGURE 4.2. Fitzmaurice’s hydrogen bonded complex between gold-immobilized uracyl groups and
solution diamidopyridine derivatives.

This group further elaborated on this idea by modifying silver
nanoparticles (~7 nm in diameter) with surface diamidopyridine receptors,
which can engage in hydrogen bonding with bifunctional bis(uracyl)
derivatives in chloroform solution.”  The thiolate-capped silver
nanoparticles were prepared by methods similar to Brust and Schiffrin’s.
The nanoparticle assemblies resulting from the interactions with the
bis(uracyl) derivatives were characterized by NMR, FT-IR and Dynamic
Light Scattering (DLS) spectroscopic data.

In 1999 Rotello and coworkers started their extensive investigation of
thiolate-capped gold nanoparticles modified with hydrogen bonding
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receptors. Initially, this group reported the preparation of octanethiolate-
capped gold nanoparticles onto which diamidopyridine functional groups
could be incorporated via place exchange reactions with suitably
functionalized thiols."* The surface of the resulting typical gold nanoparticle
(ca. 2 nm in diameter) is composed of 78 alkanethiols and 12 thiols
functionalized with diamidopyridine receptors, capable of establishing
hydrogen bonding interactions with flavins (Figure 4.3).

FIGURE 4.3. Rotello’s hydrogen bonded complex between a flavin and a nanoparticle-immobilized
diamidopyridine receptor.

The redox activity of flavins allows the examination of their binding to
the nanoparticle-immobilized amidopyridine receptors in two oxidation
states. From voltammetric data, the authors concluded that the one-electron
reduced form of the flavin is more strongly bound than the oxidized form."
Rotello and coworkers elaborated further on this interesting system by
adding another thiol --terminally functionalized with aromatic pyrene
groups-- to their capping monolayers."> The idea is that the combination of
hydrogen bonding, provided by the diamidopyridine subunits, and aromatic
stacking, from the pyrene groups, would act synergistically and improve the
binding properties of the sites created on the nanoparticle surfaces. Later on,
this group very cleverly exploited the radial nature of these monolayers by
realizing that, when the recognition functional groups are brought closer to
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the gold surface, binding is enhanced.'® This effect results from the increased
cooperativity between the hydrogen bonding and & stacking components, as
the two functionalities are forced closer together by shorter aliphatic tethers
(Figure 4.4). Interestingly, since aromatic stacking disfavors binding of the
more electron-rich, reduced flavin, the stability of the complex with the
reduced 6ﬂavin increases as the binding sites are pulled away from the gold
surface.'

FIGURE 4.4. Schematic representation of the redox-induced selectivity associated with radial structural
effects within the capping monolayers.

Rotello and coworkers have also investigated a number of fundamental
points with alkanethiolate-capped nanoparticles. Their interest in probing
hydrogen bonding within these monolayers led them to prepare a series of
alkanethiols containing amide functional groups at variable distances from
the thiol group. These amide-functionalized thiols were used in the
preparation of capping monolayers and the extent of hydrogen bonding was
investigated as a function of distance to the gold surface by NMR
spectroscopy.’ The relative protecting effect of the various amide-
functionalized thiols was also studied through etching experiments with
cyanide.'® This group has also carried out interesting investigations on the
interactions of gold nanoparticles with polymers having complementary
binding sites," which are described in more detail in Chapter 8.
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4.2.3. CROWN ETHER RECEPTORS

Crown ethers have been extensively investigated as molecular receptors
for alkali and alkaline-earth metal ions in nonaqueous solvents.”**' These
cyclic polyether compounds are also effective receptors for ammonium
ions.” In joint work with the Stoddart group, Fitzmaurice and coworkers
prepared gold nanoparticles (~4 nm in diameter) protected by thiols bearing
terminal dibenzo-24-crown-8 functional groups.”? The resulting
nanoparticles were characterized using elemental analysis, TEM and 'H
NMR spectroscopic data. The organic monolayer protecting these
nanoparticles contains an average of 300 crown ether-functionalized thiol
molecules. The guest selected for this study was the dibenzylammonium
cation 3. Stoddart and coworkers had previously shown that guest 3 forms a
stable pseudorotaxane in solution by threading through dibenzo-24-crown-8
(see Figure 4.5).**
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FIGURE 4.5. Structures of guests 3 and 4, host 24-crown-8 and the pseudorotaxane formed between
guest 3 and 24-crown-8.
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Using '"H NMR spectroscopy these authors initially investigated the
binding interactions of monocation 3 with the nanoparticle-immobilized
crown ethers in CDCl; solution. The NMR data verified that pseudorotaxane
complexes were formed on the surface of the nanoparticles.”> Quantitative
analysis of the NMR data revealed that ca. 84% of the crown binding sites
were complexed with guest 3. The increased charge on the surface of the
nanoparticles led to their slow precipitation from CDCl; solution. The
nanoparticles could be re-dissolved by addition of about 10% CD;CN.
Further analysis of the NMR binding data suggests that the binding of guest
3 is cooperative. These authors continued their study of this host-guest
system by using compound 4 (see Figure 4.5), which is capable of acting as
an effective guest for the assembly of a ternary complex containing two 24-
crown-8 hosts. In this series of experiments Fitzmaurice and coworkers
utilized narrowly dispersed silver nanoparticles (~7 nm in diameter)
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protected by dodecanethiol monolayers.”> The crown ether binding sites
were incorporated by place exchange reactions with alkanethiols containing
terminal 24-crown-8 subunits. As anticipated the exposure of the resulting
crown ether-functionalized silver nanoparticles to ditopic guest 4 in
CDCl;5:CD;CN (4:1, v/v) solution led to a slow, but gradual increase in the
apparent hydrodynamic radius of the nanoparticles, as measured by DLS
methods. This finding reflects the slow aggregation of the nanoparticles that
is driven by the molecular connections created each time that guest 4 is
bound by two crown ether units attached to different nanoparticles (Figure
4.6).

FIGURE 4.6. Aggregation of Fitzmaurice’s silver nanoparticles resulting from the interparticle binding
linkages established by dicationic guest 4.

It is important to point out here that, in order to insure that guest 4 will
bind to crown ethers attached to different nanoparticles, as opposed to crown
ethers on the same nanoparticle, the crown ether units must be kept relatively
far away from one another by ‘dilution’ with inert (dodecanethiol)
molecules. Fitzmaurice and coworkers accomplished this by preparing
dodecanethiol-capped silver nanoparticles onto which the crown ether-
functionalized thiols were incorporated, in a subsequent step, through place-
exchange reactions. This approach has a number of advantages. First, the
preparation of alkanethiolate-capped metal nanoparticles follows established
procedures and leads to well-characterized particles with relatively narrow
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size distributions. Second, place exchange reactions'” allow nanoparticle
functionalization to an extent that can be readily controlled in each specific
case using simple parameters, such as reaction times and thiol
concentrations. Usually, thiol exchange reactions do not affect the pre-
existing size distribution. Furthermore, place exchange reactions lead to
moderate loading levels of the incoming (functionalized) thiol, which
typically results in dilution of the functional subunits in the surface of the
nanoparticles. When the functional groups are binding sites, their surface
separation may perhaps lead to lack of binding cooperativity, but also
insures that ditopic guests may establish molecular linkages between hosts
attached to separate nanoparticles.

4.2.4. Cyclodextrins

The cyclodextrins (CDs) are cyclic glucopyranose oligomers which
constitute a well-known class of molecular receptors.”®”’ They have been
extensively utilized in multiple applications due to their ability to form stable
inclusion complexes in aqueous media. The cyclodextrins have a long
history as stabilizers of metal colloidal particles.”® However, in order to truly
achieve their immobilization on metal nanoparticles, synthetic modification
of the native CD receptors is necessary.

Native ) Thiolated
Cyclodextrins Cyclodextrins

n=6,a-CD n =6, SH-a-CD
n=1,p-CD n=7, SH-p-CD
n=8,y-CD n =8, SH-CD

FIGURE 4.7. Native and thiolated cyclodextrins.

The author’s group has followed this synthetic approach, replacing the
primary hydroxyl groups on the smaller opening of the CD receptors by
thiols.” The resulting thiolated CDs (see structures in Figure 4.7) can be
covalently attached to a gold surface through the formation of multiple
thiolate-gold bonds between each CD receptor and the surface. Upon
chemisorption, the immobilized CD hosts are oriented with their wider
opening pointing to the solution (away from the metal surface) in an
optimum configuration to complex suitable guests present in the solution
phase.28 Furthermore, the polarity of the interface between the organic
monolayer and the solution is determined by the presence of the secondary
hydroxyl groups on the CDs, and nanoparticles modified with thiolated CDs
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are expected to be water-soluble. This is particularly convenient because the
host properties of the CDs are indeed optimized in aqueous media.”*”’

Several procedures were used to prepare CD-capped gold nanoparticles.
Initially, citrate-stabilized colloidal gold particles (~12 nm in diameter) were
prepared and treated with small amounts of SH-B-CD.* In a slow surface
modification process, due to the low solubility of the thiolated CD in
aqueous media, some of the citrate molecules were displaced by CDs. The
resulting particles, characterized by photon correlation spectroscopy (PCS),
Scanning Electrochemical Microscopy (SEM) and FT-IR spectroscopy,
responded to the addition of the ferrocene dimer § by undergoing a
reversible flocculation process, which reflects the aggregation of the
colloidal particles driven by the complexation of the dimer by two CD hosts
attached to different particles (Figure 4.8).

FIGURE 4.8. Aggregation of gold colloidal particles derivatized with thiolated B-CD through
complexation of a ferrocene dimer.

This system shows flocculation properties that can be controlled via host-
guest complexation. For instance, the rate of CD-modified colloid
flocculation could be adjusted by adding variable concentrations of free B-
CD to the solution, as the free CD competes with the particle-immobilized
CD for the available ferrocene binding sites in dimer 5. Similar effects were
found when variable amounts of a monomeric ferrocene derivative were
added to the solution.”® Unfortunately, this methodology is limited by the
fact that the CD hosts can only cover a moderate fraction of the total surface
on the gold particles. Therefore, the author’s group decided to develop a
different procedure for nanoparticle derivatization with CDs.

Inspired by the work of Brust and Schiffrin,’' we devised a method to
prepare CD-capped gold nanoparticles in one step. In this procedure, a
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solution of AuCl, and the corresponding thiolated CD in DMSO (or DMF)
was quickly reduced by the fast addition of NaBH,.*> Gold nucleation and
nanoparticle growth take place in the presence of the capping agent (the
thiolated cyclodextrin) and, as expected, the average size of the final
nanoparticles is determined by the S/Au ratio in the reaction mixture. The
resulting CD-capped gold nanoparticles could be precipitated with CH;CN,
dried and re-dissolved in aqueous solution. Characterization by TEM, 'H
NMR and FT-IR spectroscopic data confirmed the structure and composition
of the nanoparticles, which were prepared in different sizes through the
range 2-7 nm.” Electrochemical data confirmed that the nanoparticle-
immobilized CD hosts retain their binding ability and form inclusion
complexes with ferrocenemethanol and adamantanol (Figure 4.9).

FIGURE 4.9. Competitive binding between ferrocenemethanol and adamantanol guests with the §-CD
hosts immobilized on Au nanoparticles.

'H NMR spectroscopic data confirmed that the CD surface coverage in
these CD-capped gold nanoparticles was about 75%, which translates into
10-11 CD hosts on the surface of a single ~3 nm nanoparticle.”’ The large
CD surface coverage attained in these nanoparticles affords the possibility of
changing the polarity of their surfaces via complexation of appropriate
guests. For instance, every compound in the series of cationic, amphiphilic
ferrocene derivatives shown in Figure 4.10 is expected to bind to the B-CD
hosts immobilized on these Au nanoparticles. However, only those guests
with a sufficiently long aliphatic chain should be able to change the polarity
of the nanoparticle surfaces and foster their transfer to a chloroform solution
phase. This expectation was fully realized and our experiments revealed that
only guests 9 and 10 were effective to accomplish the phase transfer of the
hydrophilic f-CD-capped Au nanoparticles to chloroform solution.”
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Compounds 6-8 were fully ineffective, although they were shown to bind to
the CD receptors on the nanoparticles.
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FIGURE 4.10. Ferrocene-containing guests surveyed as candidates to effect the transfer to chloroform of
hydrophilic, CD-capped Au nanoparticles.

The structural composition of the assemblies formed upon extensive
binding of guests 9 or 10 to the P-CD hosts on the surface of the
nanoparticles and their transfer to chloroform solution is of considerable
interest. A number of control experiments indicated that the presence of
small amounts of water was crucial for their structural integrity, probably
because the B-CD-ferrocene inclusion complex falls apart in the absence of
water. All the experimental data point to assemblies in which the Au
nanoparticles are surrounded by a thin aqueous layer containing the $-CD-
ferrocene complexes and the counterions required to compensate for the
positive charges on the ferrocene guests, with the aliphatic chains of 9 or 10
extending into the surrounding chloroform solution. These assemblies are
conceptually similar to gold-filled reverse micelles.”

Fullerene Cq, is known to form a stable complex with two molecules of y-
CD.*** In this complex, the two CDs interact with opposite ends of the Cg
molecule. This binding configuration coupled with the rigidity of the CD
hosts immobilized on the surface of the nanoparticles opened up the
possibility of using C¢ molecules as noncovalent linkers between different
y-CD-capped nanoparticles. With this central idea in mind, the author’s
group carried out a series of experiments exposing stable aqueous
dispersions of y-CD-capped Au nanoparticles to minute amounts of Cg.®
The extremely low solubility of this fullerene in aqueous solution could be
enhanced by the presence of y-CD binding sites. We were able to show that
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the y-CD Au nanoparticles (3.2 nm in diameter) increased the apparent
aqueous solubility of Ce and that its solubilization led to the self-assembly
of the nanoparticles, which formed network aggregates with diameters in the
range of 200- 300 nm as measured by PCS and TEM.* The resulting
aggregates could be reversibly broken up by the addition of free y-CD host
to the solution, as the free CD competes with the nanoparticle-immobilized
CD for the limited amount of Cey molecules present in the solution. All these
experimental data indicate that the aggregation results from the formation of
2:1 y-CD-Cqy complexes acting as multiple noncovalent linkages between
the nanoparticles (Figure 4.11).

FIGURE 4.11. Cg-induced network aggregation of y-CD-capped Au nanoparticles in aqueous solution.

4.2.5. ANION RECEPTORS

The recognition and binding of anions has a long history and the
literature contains a large number of receptors designed with this main
goal.”” Astruc and coworkers have taken elements of this existing knowledge
and applied them to the preparation of novel gold nanoparticles that serve as
scaffolds for the construction of oxyanion binding sites.’®* These authors
utilized gold nanoparticles capped with dodecanethiol or hexadecanethiol,
which were prepared following Brust and Schiffrin’s procedures. Their
nanoparticles had an average diameter of 2.1 nm (270 Au atoms in the core)
and 103 alkanethiolate chains.” In a second modification step, these
nanoparticles were submitted to place-exchange reactions with alkanethiols
terminated in amidoferrocenyl units. "H NMR spectroscopic analysis of the
final nanoparticles was utilized to ascertain the extent of the exchange
reaction, which varied depending on the reaction conditions and molecular
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details of the system. The resulting Au nanoparticles contain variable
numbers of amidoferrocenyl groups on their surfaces. Cyclic voltammetric
experiments in CH,Cl, solution revealed that the electrochemical oxidation
of all the ferrocenyl groups attached to any of these nanoparticles takes place
in a single voltammetric wave. In other words, the ferrocenyl groups behave
as independent redox centers, without any detectable communication among
them. This voltammetric wave departs slightly from the shape anticipated for
perfectly reversible electrochemical systems. For instance, the cathodic peak
in the reverse scan is generally sharper than the anodic peak in the forward
scan, which can be attributed to some adsorption of the oxidized,
ferrocenium form of the nanoparticles.”

Addition of the H,PO, (as its tetrabutylammonium salt) to a CH,Cl,
solution of nanoparticles containing surface-immobilized amidoferrocenyl
groups leads to substantial changes in the voltammetric response of this
system. A new redox wave appears at more cathodic potentials in addition to
the original wave for the oxidation of the ferrocenyl groups. The currents
associated with the new wave increase, at the expense of the current levels of
the original wave, as the concentration of added H,PO, also increases.
Eventually, when the concentration of H,PO, is equivalent to the
concentration of amidoferrocenyl units present in the solution, the original
wave disappears and the new wave reaches full development. This
electrochemical behavior reflects the binding of H,PO,4 ions to the amide
groups adjacent to the ferrocenyl units, which act as voltammetric reporters
of the interaction. The cathodic shift observed in the oxidation potential
means that the binding is stronger with the oxidized, positively charged
forms of the ferrocenyl groups (see Figure 4.12) than with the reduced,
neutral forms. It is also remarkable that the observed potential shift in the
presence of H,PO4 (-220 + 20 mV) is almost independent from the extent of
amidoferrocenyl functionalization of the nanoparticle and the length of the
alkanethiols used in the capping monolayer. However, the potential shift was
observed to increase if the unsubstituted cyclopentadienyl ring of ferrocene
was replaced by CsH4COCH; and decrease if replaced by
pentamethylcyclopentadienyl. Other anions, such as HSO, are also detected
voltammetrically by these nanoparticles, but the magnitude of the observed
anion-induced effects is much smaller. The authors conclude that as sensors
for H,PO, these functionalized nanoparticles compare favorably with
ferrocenyl dendrimers in terms of ease of preparation and selectivity.”
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FIGURE 4.12. Binding of the dihydrogenphosphate anion to oxidized amidoferrocenyl sites on the
surface of Astruc’s alkanethiolate-capped Au nanoparticles.

4.2.6. OTHER RECEPTORS

The potential of metal nanoparticles as core building blocks for the
synthesis of nanoscopic systems with designed surfaces has only begun to be
exploited. A fascinating example of new directions that can be explored with
these systems has been recently provided by the group of Penadés and
coworkers, who prepared an interesting new class of glyconanoparticles.*’
These authors synthesized a series of carbohydrate-terminated disulfides (see
Figure 4.13 for two examples) as monomers for the preparation of capping
monolayers on Au nanoparticles. Using a modification of the procedures
reported by Brust and Schiffrin, gold nanoparticles (~ 2 nm in diameter)
were prepared and characterized by 'H NMR, UV-Vis, FT-IR spectroscopic
and TEM data. The nanoparticles contained from 60-100 carbohydrate-
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terminated thiolate chains on their protecting monolayers and were found to
be stable in aqueous solution for long periods of time, as anticipated from
the water-solubility of the carbohydrate termini on their surfaces.

H_OH
0 HO OH
0 /{’\/X\]\/\
HO %\o Y s
HO
H
° 2

11,X=0

12, X = CH,
FIGURE 4.13. Two illustrative carbohydrate-terminated disulfides utilized in the preparation of Penadés’
glyconanoparticles.

This group demonstrated that their glyconanoparticles aggregate in the
presence of Ca’* ions in the solution, to an extent that depends on the nature
of the carbohydrate terminal groups.*” This nanoparticle aggregation process
is fully reversible as evidenced by the dissociation of the aggregates upon
removal of the free Ca’* ions (accomplished by addition of EDTA to the
solution). This approach affords a flexible strategy for the preparation of
polyvalent carbohydrate arrays with globular shapes, which can be used to
investigate carbohydrate-carbohydrate recognition, as well as other
interactions involving carbohydrate surfaces.

In an entirely different approach, the groups of Pasquato and Scrimin
have functionalized the surface of dodecanethiolate-capped Au nanoparticles
(2.2 nm in diameter) with N-methylimidazole functional groups."
Functionalization was accomplished via place-exchange reactions, using a
methylimidazole-terminated alkanethiol to replace some of the
dodecanethiol from the nanoparticle surfaces. In this particular case,
extensive exchange takes place and the final nanoparticles were found to
contain a roughly equimolar mixture of the unfunctionalized and
functionalized thiols. The large concentration of methylimidazole groups on
the nanoparticle surface permits their use as catalysts for the cleavage of 2,4-
dinitrophenyl acetate.*' This finding can only be rationalized if one accepts
that the imidazole groups are acting cooperatively. The authors conclude that
these nanoparticle systems resemble dendrimers, although the synthetic
effort involved in their preparation is considerably less demanding.

The research work surveyed so far in this section relies on the preparation
of nanoscopic assemblies containing metal cores and functionalized organic
shells. While these systems are synthetically accessible, in the next section
we will discuss thin film assemblies that can be prepared by simply
exploiting the charges accumulated on the surface of metal colloidal
particles.
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4.3. THIN FILM SENSORS CONTAINING METAL
COLLOIDAL PARTICLES

Metal colloidal particles are customarily covered with charged adsorbates
that provide them with the necessary electrostatic stabilization. For instance,
the very common gold colloidal particles prepared by citrate reduction of
AuCly solutions are covered and stabilized by adsorbed citrate ions.
Therefore, these particles show a net negative charge. This fact has been
exploited by Willner and coworkers to prepare a large number of thin film
structures that can be used as sensors. This work has been recently reviewed
by Shipway and Willner*” and I will limit myself here to a brief exposition of
the basic methodology. Essentially, thin film preparation relies on the
compensation of the negative charges on the gold colloidal particles with
appropriately functionalized organic cations, having the ability to recognize
a specific type of substrate. The expectation is that the thin film will exhibit
(a) enhanced electronic conductivity due to the presence of multiple gold
particles, and (b) the molecular recognition properties afforded by the
functionalized organic cations. Perhaps the prototypical example of these
thin films is illustrated by those made using the tetracationic cyclophane
receptor, cyclobis(paraquat-p-phenylene), 13* (Figure 4.14), which was first
used by Stoddart and coworkers for the preparation of a large number of
catenanes, rotaxanes, pseudorotaxanes and other topological molecules.

Figure 4.14. Structure of cyclophane receptor 13*" and schematic representation of a supported thin film
containing gold colloidal particles and tetracationic cyclophane receptors. The particles and the receptors
are not drawn to scale.

This cyclophane receptor contains two paralell electron acceptor paraquat
units lining its prismatic cavity and forms inclusion complexes with organic
molecules containing electron rich aromatic residues. These complexes are
stabilized by a combination of solvophobic and charge transfer
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interactions.*® The solubility of this receptor can also be adjusted by suitable
counterion choices.

Willner and coworkers prepared these films by exposing a positively
charged substrate (for instance, an indium tin oxide electrode derivatized
with aminopropylsilane) to a solution of colloidal particles. This surface is
subsequently exposed to a solution of the tetracationic cyclophane and the
two-step process is repeated several times until the desired film thickness is
reached. These authors have utilized electrochemical measurements to prove
that hydroquinol derivatives, a well known class of guests for host 13*,
penetrate the film and form inclusion complexes with the immobilized
cyclophane hosts. Electrochemical measurements are very useful to monitor
complex formation inside the film because the half-wave potential
corresponding to the one-electron reduction of the paraquat groups in 13* is
sensitive to host-guest complexation. In general terms, these thin films
provide reasonable detection limits for appropriate guests and their
selectivity is determined by the binding selectivity of the cationic host used
in their preparation. Willner and coworkers have applied this approach to the
quantitative detection of neurotransmitters. "’

The same group has also reported a number of interesting results with
composite films prepared by the incorporation of gold colloidal particles into
hydrogel polymeric layers.* In a recent report, these authors took advantage
of the thermosensitive properties of poly(N-isopropylacrylamide).”®
Basically, a gold electrode was covered with a layer of N-
isopropylacrylamide, which was then polymerized in situ. At 20 °C the
resulting polymer layer swells and allows electron transfer reactions between
the underlying gold surface and redox active ferrocyanide and ferricyanide
ions in the contacting solution. However, at 40 °C the polymer layer shrinks
and the electron transfer is shut down. These swelling and shrinking cycles
with the thermosensitive hydrogel layer are reproducible and can be repeated
many times. Interestingly, gold colloidal particles (citrate-stabilized, 12 nm
in diameter) can be introduced into the hydrogel layer when the shrunken
polymer (40 °C) is allowed to swell in the presence of the colloidal particles.
This ‘breathing’ process can be repeated and the gold loading of the
hydrogel increases with the number of breathing cycles. As a result, the
overall electrical resistance of the hydrogel film in its shrunken state
decreases and so does the hindrance to the electron transfer reactions
between the underlying gold surface and the redox active ions in the
solution.*®

Vossmeyer and coworkers have recently used thin films composed of
gold nanoparticles and dendrimers for vapor sensing.” In their approach,
these authors use dodecylamine-capped Au nanoparticles (~ 4 nm in
diameter) and either poly(amidoamine) (PAMAM) or poly(propylene imine)



108 CHAPTER 4

(PPI) dendrimers. The Au nanoparticle/dendrimer films were assembled
layer-by-layer on amino-functionalized glass substrates. The films were
characterized by UV-Vis spectroscopy, Atomic Force Microscopy (AFM)
and electrical conductivity measurements. The latter property was found to
be extremely sensitive to the presence of toluene, 1-propanol and water
vapors. The selectivity of the film conductivity response was essentially
controlled by the solubility properties of the dendrimers. These findings
illustrate a very simple approach to sensor devices based on the electrical
resistivity of composite metal nanoparticle/dendrimer films.*

4.4. ORGANIZED NANOPARTICLE ASSEMBLIES

The organization of nanoparticles into assemblies with well-defined
architecture may give rise to novel electronic, magnetic or optical properties.
Furthermore, the creation of two- and three-dimensional arrays of
nanoparticles is of considerable technological interest, as a first step in the
application of these systems for information processing and storage.”
Therefore, a substantial amount of work has been performed on this area. A
comprehensive review of all this work would be impossible here due to
space limitations. I will only discuss some illustrative examples. The reader
is directed to Chapter 4 for a more extensive treatment.

The first goal in the assembly of nanoparticles is the creation of discrete
nanoparticle assemblies, such as dimers, trimers, etc.. In 1997, Alivisatos
and coworkers reported the preparation of linear arrays of DNA-linked gold
particle dimers and trimers.”' Two years later Novak and Feldheim reported
the use of a series of thioacetyl-terminated phenylacetylene derivatives as
linkers between gold and silver colloidal particles.”®> Addition of small
amounts of these linkers to metal nanoparticle sols leads to the assembly of
well-defined dimers, trimers or tetramers, according to the structure of the
linker. Compelling TEM data were obtained to support the formation of the
proposed nanoparticle assemblies. Furthermore, the UV-Vis spectroscopic
data reveal that the surface plasmon resonance band of the 30-nm Ag
particles is affected by the short interparticle distance in the assemblies.”
The same group, in collaboration with Hupp and coworkers, used hyper-
Rayleigh scattering spectroscopy to investigate the collective nonlinear
optical behavior of these nanoparticle assemblies.”” They found
exceptionally large nonlinear optical responses that were strongly affected
by the symmetry of the assembly and the interparticle distance.

The assembly of nanoparticles into two-dimensional arrays has indeed a
long history.”* Typically, the particles are protected by monolayers of
hydrophobic organic molecules in order to favor their assembly into large
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arrays with variable degrees of organization. Two-dimensional assembly is
easier with small nanoparticles (diameter < 10 nm), while three-dimensional
assembly normally prevails for larger metal particles. Wei and coworkers
have recently reported a highly successful approach for the two-dimensional
assembly of large (16-170 nm) gold colloidal particles at the air-water
interface, which can then be transferred to planar substrates as hexagonal
close-packed arrays.”® The key issue is the selection of the organic capping
agent. These authors chose to use tetrathiol resorcin[4]arene derivatives,
functionalized with long aliphatic tails. These bowl-shaped receptors
chemisorb to the surface of Au colloidal particles through their four thiol
groups, while leaving the four aliphatic chains exposed to the solution. The
resorcinarene-protected gold particles can be spread at the air-water interface
and assembled into extremely large and well organized two-dimensional
arrays, which could be readily transferred to solid substrates for TEM
analysis. The particle size and the interparticle spacing exert a large
influence on the optical properties of these two-dimensional arrays.”

One-dimensional nanoparticle arrangements have also attracted attention
because of their potential applications as nanowires. In this regard, Schmid
and coworkers performed fascinating experiments using nanoporous alumina
as a template for the alignment of 1.4 nm Aus;s clusters, enlarged to 4.2 nm
by a ligand shell of thiol-functionalized silsequioxanes.’® Their TEM data
indicate that the experiments were successful using alumina membranes with
7 nm pores as templates, although the authors noted significant problems
filling and packing the modified clusters into the pores. A more recent,
template-free attempt to prepare wires from 15-30 nm gold nanoparticles
uses a dielectrophoretic approach and leads to millimeter long wires, albeit
their diameters are also in the micrometer regime.”’ Clearly, the one-
dimensional arrangement of nanoparticles into well-defined wires of variable
lengths is still an area in which a lot of progress needs to be made.

4.5. CONCLUSIONS AND OUTLOOK

Nanoparticle research is a vibrant field of research that currently attracts
both chemistry and physics groups because of the considerable technological
potential that these systems offer. The main goal of this Chapter has been to
provide the reader with a survey of the recent research work on the
modification of metal and semiconductor nanoparticles with monolayers of
synthetic (non biological) organic molecules possessing active binding sites.
The composite nanoscopic systems that are produced in this type of research
work contain an inorganic core and an organic shell and are expected to
derive interesting properties from both. Several classes of molecular
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receptors have already been expressed on the protecting organic monolayers
of metal nanoparticles. However, it is fair to state that this research field
appears to be in its early stages of development. Most of the work reported
thus far is concerned with nanoparticle preparation and characterization.
Significant effort has been devoted to the characterization of binding events
on the surface of the nanoparticles. However, most of this work has been
done with nanoparticles dispersed in the solution phase. The last section of
this chapter describes briefly some of the research work performed on the
organized assembly of nanoparticles. Some of the most interesting
possibilities of this research area may be realized with highly organized
arrays of functionalized nanoparticles, where the binding activity of the
functional groups may be rendered even more attractive by their spatial
organization within the array. This idea still remains basically unexplored.

In general terms, we still lack versatile methods for the patterned
assembly of nanoparticles. In this regard, it must be noted that Sagiv and
coworkers are currently developing an interesting methodology for
nanolithography on the surface of self-assembled monolayers that allows the
construction of features of nanometer dimensions.” This methodology can
be used to create nanoscopic patterns with metal nanoparticles on the surface
of the monolayers. Clearly, this approach illustrates some of the possibilities
on which we must expand to take full advantage of the size of the metal and
semiconductor nanoparticles.

Finally, some nanoparticles offer unique properties that can be very
advantageous in the design of sensor schemes. For instance, Wang and
coworkers have recently developed a new nanoparticle-based protocol for
detection of DNA hybridization in which they take advantage of the
magnetic properties of the nanoparticles to induce their accumulation on an
electrode surface, where the electrochemical stripping detection of the metal
tags takes place.” It is easy to visualize other applications in which the ease
of spatial accumulation of magnetic nanoparticles can be used to advantage
from the standpoint of developing new sensor devices.
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5.1. INTRODUCTION

Catalysis plays a vital role in providing fuels, fine chemicals,
pharmaceuticals, and means for strengthening environmental safeguards. In
comparison with many other fields of chemical and materials sciences,
catalysis was perhaps one of the first fields to take advantage of
nanotechnology. Supported noble metal catalysts with particle sizes down to
a few hundred nanometers and zeolite catalysts with pore size of sub-
nanometers, all developed in the 1950s-60s, are widely used in today's
chemical processes. The field of catalysis continuously reinvents itself and
become highly interdisciplinary. Many of the recent advances, some of
which are discussed in this chapter, are a result of such interdisciplinary
developments involving nanotechnology. The nanotechnology-guided
design and fabrication of catalysts, enhancement of catalytic activity or
selectivity, and reduction in cost of catalysts will have enormous impacts to
the chemical industry. The ability to harness the large surface area-to-
volume ratios and the unique binding sites of nanoparticles (1-100 nm),
especially in heterogeneous catalysis, constitutes a major driving force in
fundamental research and practical applications of nanoparticle catalysts.
Importantly, deliberate tailoring of nanoparticle size, shape and surface
could lead to improved or new catalytic properties. This aspect was indeed
inspired by the surprising discovery of high catalytic activity of nanosized
gold towards oxidation or reduction of hydrocarbons."* Gold is traditionally
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considered catalytically inactive as a practical catalyst, but this property is
completely changed when the size dimension is reduced to a few nm.

The design, fabrication, manipulation and characterization of
nanoparticles ranging from sub-nm to ~100 nm are now in the center of
catalysis and nanotechnology (Scheme 5.1). The goals are, (1) to develop
design strategies to fabricate nanoparticle catalysts with precisely controlled
size, shape, surface and spatial properties; (2) to apply nano-probes to
characterize or manipulate the nanostructured catalysis, and (3) to gain
fundamental understanding of the nanochemistry in nanoscale catalysis.

SCHEME 5.1. A schematic illustration of the interplay of nanoparticles and nanotechnology in catalysis

Two related challenges for developing nanometer-sized particles as
catalysts are, 1) the preparation of controllable nanoscale dimensions, and 2)
the prevention of the intrinsic propensity of aggregation of nanoscale
materials. Aggregation of nanoparticles leads to eventual loss of the
nanoscale catalytic activity in practical applications. The use of naked metal
nanoparticle catalysts on supporting materials based on traditional
preparative methods has been well demonstrated for different catalytic
reactions.”® Recently, nanoparticles capped in monolayers, polymers or
dendrimers are rapidly emerging, demonstrating remarkable parallels to
catalytic activities for supported nanoparticles. The catalysis includes those
utilizing functional groups at the capping shell”® and those exploiting surface
sites on the nanocrystals.”®® The core-shell (CS) nanoparticles are explored
as model building blocks towards catalytic materials by taking advantage of
the diverse attributes, including size monodispersity, processibility,
solubility, stability, tunability, self-assembly capability, and controllable
optical, electronic, magnetic, and chemical/biological properties. Many
types of nanoparticles could fit into the core-shell category by the broad
definition that it consists of core and shell of different matters in close
interaction, including inorganic/organic, inorganic/inorganic,
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organic/organic, or inorganic/biological combinations.'””® For example,
polymer-mediated self-assembly of monolayer-functionalized Pd
nanoparticles and SiO, particles through ‘bottom-up’ approach and thermal
treatment have recently been demonstrated as highly reactive, recyclable
heterogeneous catalysts for both hydrogenation and carbon—carbon bond
formation reactions.”’

There are several excellent reviews or book chapters that have described
recent progress related to different aspects of catalysis using nanoparticles.””
® In this chapter, we will focus on several latest developments by
highlighting nanoscale manipulation and characterizations. This chapter is
divided into four sections. The first section gives an overview of the
fundamental issues of nanoparticles in catalysis and their challenges and
opportunities. The next section outlines several approaches to the
fabrication of nanoparticles. The third section describes the use of
nanoparticles supported on oxides or electrode materials for catalysis. The
gold nanoparticle catalysis will be highlighted. In the fourth section,
relatively new strategies of using molecularly-engineered nanoparticles in
catalysis will be discussed, which highlight the concept of molecularly-
assembled nanoparticle catalysts and catalytic activation. The future
prospectus will be discussed in the last section.

5.2.  FUNDAMENTAL ISSUES

A key process in a heterogeneous catalytic reaction is the interaction of
the chemical reactants with surface sites of the catalyst. This interaction
depends strongly on the surface properties of the catalyst. To maximize this
interaction, the use of nanoparticles as catalysts has a number of important
attributes including,

Large surface area-to-volume ratio

High surface concentrations of corner and edge atoms
Low coordination numbers of surface atoms

Unique electronic properties (e.g., quantum transition)

The basic relationship between the surface area to volume ratio or surface
atoms to bulk atoms and the diameter of nanoparticle is illustrated in Figure
5.1 based on a spherical model for a gold nanoparticle. As the size of
particle approaches a few nm, both surface area to volume ratio and surface
to bulk atom ratio dramatically increase. In addition, the percentages of
surface atoms in corner and edge vs. particle sizes, which can be calculated
based on a octahedral model,”® display dramatic increases when the size is
decreased below a few nm, whereas the percentage of face atoms decreases.
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For nanoparticles of ~ 1 nm size, more than ~70% atoms are at corners or
edges. This aspect is important because chemisorption is highly dependent
on the atomic scale surface morphology.
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FIGURE 5.1. Surface area to volume ratio and percentage of surface atoms (%) as a function of particle
diameter (for gold nanoparticles).

Although the large surface area-to-volume ratio of small metal or oxide
particles has been explored for a long time in catalysis, the understanding of
how the catalytic nanostructure can be fabricated in a controlled way is
rather limited. The coupling between catalyst fabrication and
nanotechnology is unique because nanoscale materials serve as "designer"
building blocks for nanostructured catalysts, and advanced analytical tools
provide abilities for studying the nanoscale catalytic properties. Recent
advances in the synthesis of nanoparticles or nanotubes and the development
of analytical tools such as scanning probe microscopy (scanning tunneling
microscopy (STM) and atomic force microscopy (AFM)) have equipped us
with the capability to address a number of important fundamental issues.

One issue concerns catalyst stability in fuel cell catalysts (e.g., hydrogen
and methanol fuel cells). The propensity of poisoning by adsorbed reaction
intermediate species poses a major problem to the sustenance of high
catalytic activity of Pt-group catalysts.”’ " For example, in “dual-pathway”
mechanism for electrocatalytic oxidation of methanol and formic acid which
involves dissociative chemisorption followed by oxygen/proton/electron
transfer steps,-the formation of a chemisorbed “poison” in competition with
one or more adsorbed reaction intermediates was considered to be operative.
Multi-component catalysts such as Pt/Ru and Pt-Ru-WO; have been
demonstrated to minimize the poisoning propensity, including
carbon—supported Pt/Ru alloy nanoparticles prepared from cluster precursors
as an electrocatalyst in direct oxidation fuel cells. In a different approach,
Au particles of less than 10 nm on metal oxide supports have been
demonstrated by Haruta"” to display extremely high catalytic activities for
CO oxidation. The activation-size correlation of the particles in CO gas
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phase was further shown by Goodman’' to exhibit a band gap of metallic-
insulator transition in 2~5 nm range. Another issue involves the propensity
of aggregation of nanoparticles. The recent abilities in synthesizing
molecularly-capped metal nanoparticles may emerge as an alternative
solution because the capping agent serves as a protective layer. A critical
question is then how to render the nanocrystal core catalytically active under
the encapsulation. Answers should impact much of the recent studies of
nanotechnology in catalysts. Schmid and co-workers showed that the
deposition of surfactant-capped Pt nanoparticles on carbon support materials
could be utilized as catalysts for electrocatalytic oxidation of methanol.**
Another early example for the preparation of metal-organic cluster catalysts
on supports involved reacting with surface functional groups (e.g., -OH) to
immobilize® and then stripping the ligands off the clusters. In addition to
these issues, a good understanding of the surface edges, corners, and ion
vacancies and oxide species is also important, as recently demonstrated for
MgO-CaO nanocrystal catalysts.>

The discovery of nanoscale gold catalysis"” is perhaps a best example to
illustrate these fundamental aspects. Important factors of nano gold catalysis
have been shown to include low-coordination sites on surface, high mobility
of surface atoms, high electronegativity, and high oxidation potential. These
properties are largely determined by surface atoms. As revealed by model
calculation (Figure 5.1),% the percentages of surface atoms at corners and
edges increase sharply with size reduction. The relatively high mobility of
corner or edge atoms at room temperature can be explained on the basis of
band theory®* and by melting point decrease of small particles. In the band
theory, the spacing between adjacent energy levels (& = Eg/n, Er - Femi
energy level, n - number of atoms) is about 2.5 x107 eV for a 2 nm core size,
comparable to kT (2.6 x10” eV). The temperature decrease of melting, AT =
To - T, = 2Too/pLr (L: heat of fusion, r: radius, o: surface tension coefficient
of solid-liquid interface), predicts that the lowering of the melting point is
inversely proportional to the power of the particle size.>* For example, in
comparison with the melting temperature of 1320 °C for bulk gold, gold
particles of 2.5 nm diameter melts at ~600 °C. The surface melting
temperature could be even lower since melting starts at the surface layer,
demonstrating again the critical dependence of gold catalysis on the
properties of surface atoms.

In addition to size effect, a fortunate combination of factors and
conditions is required to achieve highly active and stable gold catalysts for
CO oxidation. A number of possibilities are proposed to account for the
catalytic activity, including a greater chemisorptive ability of surface atoms,
a larger coverage of oxygen atoms on the peripheral interface between gold
and the support, and a modification of the interfacial interaction to create
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special catalytic sites near the support. Mechanistically, the oxidation of CO
at gold catalyst'™ could occur: 1) exclusively on support, 2) exclusively on
Au, and 3) preferentially on the edges of Au particles. While gold
nanoparticle catalysis begins to show parallels with the growing numbers of
applications for platinum catalysis achieved in the recent past,” precisely,
why gold particles in restricted size range are catalytically active is still an
important subject of current research. In recent reviews by Bond and
Thompson,™ gold is considered as a relatively new catalyst because of its
weak chemisorption capability in comparison with Pt-group metals. For
example, the initial enthalpy of chemisorption of oxygen can be related to
enthalpy of formation of stable oxides (Au,0s), +19.3 kJ mol”, which means
that gold does not form stable oxides, in contrast to oxides of other
neighboring metals which have negative free energies of formation. Another
hypothesis for the unique properties of gold nanoparticles involves the
relativistic contraction of 6s level electrons.* Briefly, the innermost 1s
electrons increase their speed to maintain their position as the atomic number
increases. This has a relativistic effect on the mass, and 1s and all outer s
electrons have to contract. The actual size of the 6s electron shell for Au and
Pt is ~15% smaller than that in the absence of this effect. The chemistry is
thus determined by the high energy and reactivity of the less-affected 5d
electrons. This hypothesis accounts for the distinction of gold from its
neighboring metals.*

5.3.  CHALLENGES AND OPPORTUNITIES

By taking advantage of advances in several areas of nanotechnology,
especially nanofabrication methods and nanoscale analytical tools, we are
now at a stage to create a new platform for catalyst design, preparation and
characterization. Such a platform would involve interdisciplinary ideas,
approaches and methodologies. The interdisciplinary effort could also form
the basis for developing advanced nanoscale materials for sensors or
biosensors, examples of which will be given towards the end of this chapter.
Economically, the nanostructured catalysts could have a tremendous cost-
saving impact on the multi-billion dollar chemical industry involving
catalysts for synthetic processes, and have societal benefits in areas such as
emission, pollution and breath alcohol detection. The benefits have recently
been analyzed,36 especially in the energy market, including oil, gas, fuel
cells, environmental impact, etc.

A major challenge for exploring nanoparticles in heterogeneous catalysis
is the control of size, shape, surface, and interparticle spatial properties. The
nanostructures of many commercial catalysts are not well controlled and
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their structure-activity relationships are poorly understood. This challenge
requires new strategies and abilities that can manipulate nanoscale materials
at high precision. There are many new synthetic or processing routes to
prepare stable and catalytically active nanoparticles of high monodispersity,
and many new analytical tools that probe nanostructured materials with
atomic/molecular resolution. The various nanostructure fabrication methods
and probing tools begin to accelerate the understanding of synthesis-
structure-performance relationships of heterogeneous catalysts. The ultimate
goal is to achieve catalyst by design with and high activity and 100%
selectivity.”’

One intriguing question is: can a general preparative route be developed
towards nanostructured catalysts by which pre-engineered nanoparticles are
assembled onto a desired platform for catalytic applications? Scheme 5.2
illustrates such a hypothesis. Surface-engineered nanoparticles are first
assembled on a substrate via molecules or polymers. This assembly is then
activated for a catalytic reaction (R — P). The activation may involve partial
or complete removal of the surface molecules. A relevant question is then:
why should one use capping/assembling molecules in the first place when
the catalytic application involves their removal? The answer would be
centered largely on the ability of the capping/assembling structures to
precisely control or manipulate the size, shape, and interparticle spatial
properties. The assembled nanostructure also provide controllable 3D
catalytic access, in a way similar to zeolite catalysts with controllable pores.
This could become a key area of nanotechnology in catalysis.

SCHEME 5.2. A schematic illustration of assembly and activation of surface-immobilized and spatially
defined nanoparticles as catalysts.

In the next two sections, several examples will be shown to demonstrate
the application of nanotechnology as a new advent in catalysis that may also
prove valuable to emerging approaches, including combinatorial catalyst
designs (e.g., synthesizing chemical libraries for rapid-screening nitroxyl
radical catalysts for alcohol oxidation” and photochemical catalytic
activities’”).
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5.4. FABRICATION OF NANOPARTICLES AS
CATALYSTS

The fabrication of nanoparticle and nanostructured catalysts is a key step
in exploring nanoparticles in catalysis. Depending on the catalytic
applications, numerous methods have been documented.>** A large number
of nanoparticle catalysts are based on Pt, Pd or alloys, whereas gold-based
nanoparticles as catalysts are rapidly emerged in recent years. Table 3-1
summarizes several types of nanoparticle catalysts in terms of preparation
and catalytic reaction, which is by no means exhaustive. Nanoparticles
supported on oxides, encapsulated in polymers or dendrimers, and
encapsulated in organic monolayers are of increasing interest, which are
selectively outlined to illustrate both traditional and new approaches.

TABLE 5.1. Nanoparticles as Catalysts

Nanoparticle Catalyst Preparation Catalytic Reaction refs
Method

Pt (or Pd)-based

Pt, Pt/Ru; Pt/Ni, Co-deposition; electrooxidation of CO, 40-41

Pt/Ru/Ni (3-4 nm) Repeated methanol, formic acid
spontaneous
deposition

Pt, Pd in Al,O; and Radiolytic propene hydrogenation 42

polymer (2~5nm) reduction

PtRu (1.7 nm); Co-precipitated; Electrooxidation of 43-45
Pt-Ni, Pt-Co (4 nm) Co-reduction methanol; redn. of O,
Pd, Pt, Rh, Pd/Pt (1-4 Impregnation hydrogenation of 46-47
nm) cyclooctadiene; CO oxidn.
Pt (28 nm) Decomposed by Dehydrogenation (cyclo-  48-49
electron beam hexene), hydrogenation
Pt/Ru (1-2 nm) decarbonylation hydrogenation of dimethyl 50
terephthalate
PtSn/C, Pt;Sn/C (5-8 Deposition of methanol electrooxidation 51
nm) metal precursors
Pd and SiO; (~1 nm) 2-phase synthesis, hydrogenation of 9-decen- 21
self-assembly 1-0l and Heck coupling
Pt (7.1 nm) /carbon Chemical vapor O, reduction and methanol 52
nanotubes(200 nm) deposition oxidation
Gold-based
AWTiO, (2-5nm) Co-Precipitation CO oxidn., Hydrogenation 2, 53
AWTiO, (4nm) Vapor Deposition  CO oxidn. 31
AwM(OH),, M=Mn, Impregnation of as- CO oxidn., 54
Co, Ni, Zn, Cu (2-4 nm)  precipitated
hydroxides
Au, (1-20 Au atoms) Laser-induced CO oxidation 55-56

vaporization



electro-reduction

Electrooxidation
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Nanoparticle Catalyst Preparation Catalytic Reaction refs
Method

AwZrO,, Au/SiO; (2-4 Impregnation CO oxidation 57

nm)

Ni-AwSiO/MgAl,0,  Impregnation, co-  Gas reforming of n-butane 58

(3-10 nm) Precipitation

Auy/MgO (1-20 atoms) Laser evaporation  CO oxidation 59

AwTiO; (2 nm) 2-phase synthesis, CO oxidation 60
Aero Gelation

Au, Au/Pt (2-5 nm) 2-phase synthesis, CO, MeOH oxidation 61-66
self-assembly

Other Metals

Ba hexaaluminate (3-  Reverse emulsion; CH, combustion, SO, 67-68

10 nm); CeO2 Magnetron redn., CO & CH, oxidn.
sputtering

Cu (3-6 nm) Impregnation Methanol, hydrocarbon 69

conversion for fuel cells

V-Mg-O (187-299 Hydrolysis and Oxidative 70

m%/g) deposition dehydrogenation

TiO; (30 nm) Commercial Photodegradation of dye 71

Rh (2-3 nm) Chemical hydrogenation of benzene 72
reduction and phenylacetylene

MoS, nanotubes Gas-solid reaction methanation of COand H, 73

(diameters: 25/12 nm)

Dispersed in

Polymers

Pd/SiO,/amine- self-assembly Hydrogenation, Heck 21

polymer (2 nm) Reaction

Pt/polypyrrole Electro-reduction ~ Methanol Electrooxidation 74

(10 nm)

Pt-Ru-X (X=Au, Co, Electro-reduction = Methanol electrooxidation 75

Cu, Fe, Mo,

Ni)/Polyaniline(4 nm)

Pt, Cu, Ag, Au, Pt, Pd, Redn.in Hydrogenation, C-C 76-77

Ru, dendrimer- coupling, O, reduction,

Fe/dendrimer(1-5nm).  encapsulation

Au, Pt, Au/Pt, Pt/Ru Polymeric Oxidation, hydrogenation.  78-79

/poly (N-vinyl- incorporation

pyrrolidone) (1-5nm)

Pt/hyper-crosslinked Impregnation- Hydrogenation, Oxidation 80

polystyrene (1-6 nm) reduction of L-sorbose

Pd/poly(N-vinyl-2- Stepwise growth Suzuki reaction 81

pyrrolidone) (3-6 nm)  reaction

Pt/Ppy (30-40 nm) Electro-reduction ~ Methanol electrooxidation 82

Au/Pt (2-5 nm) 2-Phase synthesis/ CO & Methanol 83
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5.5. TRADITIONAL APPROACHES

The traditional approaches to preparing nanoparticles on supports involve
co-precipitation, deposition-precipitation, ion-exchange, impregnation,
successive reduction and calcination, etc. These methods have been widely
used for preparing noble metal catalysts on support materials.® The
preparation of gold nanoparticle catalysts, as recently reviewed by Bond and
Thompson,™* involved many of these methods. In the co-precipitation
method, the support and gold precursors are brought out of solution as
hydroxides by adding a base such as sodium carbonate. In deposition-
precipitation method, the gold precursor is precipitated onto a suspension of
the pre-formed support by raising the pH. In gold-phosphine complex
method,”* the complex is made to react with a freshly precipitated support
precursor. There are also other procedures reported for nanoparticle catalyst
preparation such as the use of colloids, grafting and vapor deposition.*

In these documented methods for the preparation of nanoparticle
catalysts, the choice of support materials and the pretreatment of the
nanoparticles before use are also very important. For gold nanoparticle
catalysts, the use of the TiO, and Fe,O; are demonstrated to be most
effective.”” In pretreatment of the supported catalysts, calcination is shown
to be helpful. In general, the preparation of naked metal nanoparticles on
support using the traditional approaches is very advantageous in terms of the
exposure of the nanocrystal surface sites to catalytic reactions. A
disadvantage is however the lack of control over size, shape and stability of
the produced nanoparticles. It is especially difficult to process the
nanoparticles once produced. Such controllability or processibility of size,
shape and surface properties are important in delineating the size effect in
nanostructured catalysis. An ideal nanoparticle catalyst system should be
not only catalytically accessible but also morphological stable or
controllable. The latter can be addressed by surface-capping approaches, as
described next.

5.6. SURFACE-CAPPING APPROACHES

In contrast to the traditional preparation methods, recent approaches to the
fabrication of nanoparticles begin to explore surface-capping pathways in
synthesis and processing. Because of the enhance stability against
aggregation, such surface-engineering can overcome the weakness of the
traditional approaches in controlling size, shape and surface properties.
Different polymeric and molecular capping agents for the synthesis of Pt, Au
and alloy nanoparticles of controllable size, shape and surface properties
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have been well documented. The nanoparticles thus produced are often in
the form of core-shell structure with polymers or monolayers as the shell and
metal nanocrystals as the core. While 'the shell prevents aggregation and
enhances stability of the nanocrystals, an inherent disadvantage is the
blocking of the surface sites, which will be addressed in a later section.

The synthesis, characterization and application of organic monolayer-
protected nanoclusters or nanoparticles have been extensively discussed in a
number of articles,”'*'"* including several chapters in this book. Among
many synthesis methods, wet chemical synthesis is shown to be very
effective in producing monodispersed nanoparticles. The two-phase
synthesis protocol by Brust et al** is now widely used for fabricating stable
and soluble gold and many other metal nanoparticles of a few nm core sizes.
Briefly, this protocol involves transfer of AuCl,” from aqueous to organic
solution by a phase transfer reagent followed by reduction in the presence of
thiols, producing thiolate-capped gold nanoparticles of a few nm core sizes
(e.g., ~ 2 nm gold nanoparticles as shown in Figure 5.2B). Further
modifications of the synthetic protocols or processing of the produced
nanoparticles have been shown to produce a variety of chemically-tunable
nanoparticles in terms of size, shape and surface properties.***’

Perhaps one of the most important attributes of these nanoparticles is the
core-shell reactivity that allows re-engineering or assembly of nanoparticles.
In one type of core-shell reactivity, the capping molecules can be re-
constituted to impart the desired functional properties, which was
demonstrated in a place-exchange reaction first by Murray's group.88 Our
group demonstrated that the further manipulation of the reaction condition
could lead to controllable assembly of the nanoparticles.* In another type of
core-shell reactivity, the nanocrystal cores can be coalesced or re-shaped in a
controlled way by thermally-activated core-shell reaction in solutions.’®®'
We termed this reactivity as a thermally-activated processing strategy for
processing nanoparticle size, shape and surface properties. As was
demonstrated for gold and alloy nanoparticles, the reaction could start from
monolayer-capped Au or alloy nanoparticles of ~2 nm core sizes (Figure
5.2B), and undergo an evolution involving desorption of the shell molecules,
coalescence of the nanocrystal cores, and re-encapsulation of the
nanocrystals by the desired shell molecules. The resulting nanoparticles are
narrowly sized with only 5~7% variation (e.g., 5.2 0.4 nm, Figure 5.2A).

The core-shell processing strategy has showed promises for the
production of highly-monodispersed nanoparticle catalysts with controlled
size, shape, composition and surface properties. Recently, this aspect is
further refined by us’ and several other research groups,”® which
expanded this strategy to produce monodispersed nanoparticles of different
core sizes.
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FIGURE 5.2. TEM micrographs and size distributions of gold nanoparticles of two different sizes (A:
Aus.m; B: AUyqm). TEM Reproduced with permission from Anal. Chim. Acta., 2002, in press. Copyright
2002 Elsevier Science B.V.”

5.7.  SURPPORTED NANOPARTICLE CATALYSTS

Although there were early examples using supported noble metal
nanoparticle catalysts, the recent progress of nanotechnology in processing
and nano-probing has led to refinement of preparation procedures and new
or improved catalytic properties. The discovery of catalysis at gold
nanoparticles supported on metal oxides is one example. There are also
similar examples for other metal nanoparticles. These will be discussed in
the following subsections.

5.7.1. GOLD NANOPARTICLE CATALYSTS

Nanoscale gold catalysis has attracted increasing interest largely because
of Haruta's discovery of unprecedented catalytic activity and specificity of
gold at nanometer sizes.'"” Gold in the bulk is chemically inert and has often
been regarded to be poorly active as a catalyst. However, when the
dimension of gold is reduced below ~10 nm, it turns out to be surprisingly
active for many reactions such as CO oxidation, especially at low
temperatures. The catalysis at oxide-supported gold nanoparticles begins to
show parallels with the growing numbers of applications for platinum
catalysis. The high activity of gold catalysts for CO oxidation requires gold
particles less than 5 nm."* The correlation between catalytic activation and
particle size for CO gas phase catalysis revealed a band gap of metallic-
insulator transition in the 2~5 nm range.”’ Temperature-programmed
combustion of CO on magnesia-supported gold clusters showed that Aug
was the smallest catalytically active size.”® Partial electron transfer from the
surface to gold cluster was believed to play an essential role in the activation
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of nanogold clusters. As discussed earlier, the decrease of mean surface
coordination number and the ready mobility of surface Au atoms,
particularly at corner and edges, could lead to a greater chemisorptivity and a
stronger interaction with the support which creates special gold sites near the
support (Scheme 5.3).
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SCHEME 5.3. A schematic illustration of catalytic reaction at oxide-supported nanoparticle catalyst,
Reprinted with permission from Adv. Mater. 2001, 13, 1507. Copyright 2000 Wiley-VCH.’

The mechanism of CO oxidation at oxide (e.g., TiO,, Al,O;)-supported
gold nanoparticles is complex.'”” Oxygen is required for CO to CO,
oxidation, which can be from an adjacent water molecule, or from surface
oxides that function as support or redox mediator. It is believed to involve
chemisorption and oxygen transfer reactivity at the particle and particle-
support interface. The proposed possible interfacial steps include,>*

(1) Au’ +CO — Au’...CO,

(2) Au"™ + OH s — Au"... OH,

(3) Au’...COy + Au'...OH, — Au"...COOH,+ Au’

(4) 0, + O/Au0, — 0;...00/Au0

(5) Au"...COOH + O,"...0/AuO, — Au" + CO, + HO,...[0/Au0y
(6) Au"...COOH + HO,'...[0/Au0, — Au" + CO, + 2HO'"...00/AuO,
(7) Au" + O/AuO, — Au™+ O/Au0y

where the square stands for adsorption sites on the nanocrystal. The
chemisorption sites involve Au"'""' oxidation states and surface hydroxyl
species. The presence of oxide support is a key element in steps 2-3. A
number of factors that play important roles in these interfacial steps include:
(1) the large amount of surface atoms and their relatively high surface
mobility; (2) the surface behave more like individual atoms than a collection
of atoms; and (3) strong interaction of a large fraction of gold atoms with the
oxide support. The catalytic performance of Au is thus defined by contact
structure, support selection, and particle size. The contact structure is the
most important because the perimeter interfaces around Au particles act as
the reaction site. As extensively studied for low-temperature CO oxidation
on AwTiO,, the perimeter interface between Au particles and the support
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serves a unique reaction site for the reactants adsorbed separately, one on Au
and another on the support surfaces. These aspects have been recently
reviewed by Haruta.>” The catalytic properties of nanosized gold have
attracted growing interests due to their potential applicabilities to many
reactions of both industrial and environmental importance.

5.7.2. OTHER METAL NANOPARTICLE CATALYSTS

Catalysis on Pt-based metal or alloy nanoparticles has also attracted a
great deal of interest in a number of areas, many of which have been
extensively reviewed.® One important area is fuel cell technology, where the
development of highly effective catalysts is critical. For example,
Wieckowski*® showed that Pt-based nanoparticle catalysts electrochemically
deposited on electrode surfaces exhibited high activity for formic acid
electrooxidation. The Pt nanoparticles decorated with controlled amounts of
Pd/Ru showed the best performance with a steady-state oxidation current (~
1 mA/cm® at 0.27 V vs. RHE), which is two orders of magnitude higher than
that obtained from pure Pt. Within the dual path mechanism of formic acid
oxidation, the direct CO, formation channel on Pt/Pd is much less affected
by CO chemisorption than that on other catalysts. For methanol oxidation
processes in the direct oxidation methanol fuel cell, Pt/Ni and Pt/Ru/Ni
alloys were found to have excellent catalytic activities compared to those of
pure Pt and Pt/Ru. The presence of Ni or Ru oxides was found to serve as
the oxygen donors for the oxidation process. The change in the electronic
structure of Pt in the alloys versus those in Pt and Pt/Ru collectively account
for enhancement in rates of methanol oxidation.

Another intriguing example of nanoparticle catalysts involves the use of
electron beam lithography to produce model nanoclusters on a substrate as
catalysts. Somorjai* recently demonstrated the fabrication of Ag-based
nanoclusters as a model catalyst for ethylene epoxidation. The aim was to
understand the behavior of aggregates of metal atoms in determining product
selectivity of chemical reactions. The catalyst is made of a square array of
cylinder-shaped Ag nanoclusters of 20 nm in diameter, deposited on a 4-inch
silicon wafer, pre-covered with a 10 nm thick film of a-alumina. The height
of the particles and interparticle distance can vary, ranging from 15 to 100
nm. Although the particle size is relatively large due to the use of e-beam
fabrication, this high-technology model nanocluster catalyst is an excellent
example towards understanding the effect of particle size and spatial
arrangement (or interparticle distance) of catalyst particles on reaction rates.
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5.8.  ASSEMBLED NANOPARTICLE CATALYSTS

In comparison with the use of the supported nanoparticle catalysts, the
concept of using surface-capped nanoparticles to assemble catalysts is
relatively new. Using various chemical methods, ligand-stabilized Pt or
Pt/Pd nanoclusters (1-4 nm) prepared by Schmid*™*’ showed high catalytic
activity for hydrogenation of olefins in both homogeneous and
heterogeneous systems. The catalytic activities for hydrogenation of 1,3-
cyclooctadiene and methyl acrylate depend mainly on the particle size, i.e.
the smaller the size, the higher the activity. A strongly-interacting ligand
like tetraoctylammonium halide and 1,10-phenanthroline can disturb the
hydrogenation. The activities of heterogeneous catalysts supported on
charcoal depend strongly on the covering strength of the ligand stabilizer.
Similarly, Pt/Ru alloy colloids prepared as precursors for fuel cell catalysts
using an organometallic compound* possesses lipophilic surfactant
stabilizers. Prior to electrocatalysis, the surfactant is removed by reactive
annealing in O, or H,. The catalytic activities with respect to CO and
methanol oxidation were found to be practically identical to commercial
Vulcan-supported Pt/Ru catalysts.

The use of polymer-hosted or -capped nanoparticles as catalysts is
another area of increasing interest. For example, using stepwise growth
method, poly(N-vinyl-2-pyrrolidone)-stabilized Pd nanoparticles (3-7 nm)
with varying particle size are prepared® as catalysts for the Suzuki reaction
between phenylboronic acid and iodobenzene. The size dependence of
catalytic activity shows that the low-coordination number vertex and edge
atoms on the particle surface are active sites. Pt nanoparticles supported in
nanoporous Al,O; catalyst are prepared by reduction of K,PtCl, in the
presence of A,O; and poly(acrylic acid) as capping agent to protect against
particle aggregation and produce various shapes. The activation energy for
the hydrogenation of propene is found to be about one-half that for catalysis
by Pt deposited in SiO; and TiO, synthesized by using impregnation method.
In a latest example, Rotello and co-workers demonstrated the preparation of
polymer-mediated self-assembly of functionalized Pd and SiO, nanoparticles
as catalysts through ‘bottom-up’ approach.”’ The assembled nanoparticles
after calcination is shown to be highly reactive for both hydrogenation and
carbon—carbon bond formation reactions. In addition to several examples of
using conducting polymers to disperse electrodeposited metal nanoparticles
as fuel cell catalysts,”*">* the use of dendrimers for dispersing nanoparticles
is another recent example. Crooks and co-workers'®’ have demonstrated
the preparation by sequestering metal ions within dendrimers followed by
chemical reduction to yield metal nanoparticles (1~5 nm). The Pt
nanoparticles in dendrimer exhibited remarkable catalytic activities towards
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hydrogenation and carbon-carbon coupling reactions. Major attributes of the
dendrimer encapsulation include uniform structure, stabilization against
agglomeration, substantial fraction of active surface, access of small
molecules, and tunable periphery to control solubility, which have been
discussed in a recent review.”®

As a model system to delineate size and interparticle spatial properties in
catalysis, the viability of catalysis of organic monolayer-encapsulated gold
or alloy nanoparticles have been recently investigated through core-shell
nanostructured assembly on planar substrates (Scheme 5.2). This approach
can in fact be applied to any type of substrate. Details of the assembly is
described in the next subsection. The shell-based surface passivation, which
concerns all catalytic applications of nanoparticles when the surface
properties are exploited, depends on the nature of the interfacial reaction.
The central question is thus how the nanocrystal core can be processed
towards catalytically active sites. Upon catalytic activation, as will be
discussed in a great detail in a later subsection, the core-shell assembled
nanostructure undergoes structural or morphological changes within both the
individual core-shell structure and the collective network environment.
Unlike conventional colloids which are hardly processable due to the
propensity of aggregation, the shell encapsulation imparts 3D structural
framework to enhance catalyst stability.

These nanostructured catalysts were studied for electrooxidation of CO
and methanol,®""*® which are of tremendous interest because of fundamental
significance and broad technological applications, including methanol
oxidation fuel-cell technology and purification of air in gas products, long
duration space travel, and conversion for automobile exhaust. Both CO and
methanol can be electrocatalytically oxidized at the assembled Au or Au/Pt
nanoparticles of 2-5 nm core sizes.’® In the case of electrocatalytic
oxidation of methanol at an activated (Au-Pt),..n nanoparticles on glassy
carbon electrode (Figure 5.3),% the anodic peak current (ips) exhibits a linear
relationship with methanol concentration, (insert). The peak potential
closely matches the potential for Au oxide formation. In contrast, the peak
current for the cathodic wave (i,;) decreases with increasing methanol
concentration. The opposite trend is suggestive of a catalytic mediation role
by surface Au oxide species. Both i,, and i, increase with scan rate, which
resembles those observed for electrooxidation of methanol at Pt-based
surface and of CO at core-shell Au nanoparticle assembly.®’ The gold
component is predominantly responsible for the catalytic activity, since the
Pt is only a small fraction of the alloy composition (~5%) and similar
reactivity has been found for activated Au nanoparticle assembly.®%



NANOPARTICLES IN CATALYSIS 129

FIGURE 5.3. Left: Cyclic voltammetric curves for activated NDT-linked Au-Pt nanoparticles on glassy
carbon electrode in electrolyte solution of 0.5 M KOH with methanol concentration of 0 (a), 1.6 (b), 3.0
(c), 4.3 (d)and 5.4 M (e). (electrode area: 0.07 cm”. 50 mV/s). Right: Scan rate dependence in solution-¢
(10, 20, 50, 100, and 200 mV/s). [Chem. Comm. 2001,5, 473] Reproduced by permission of The Royal
Society of Chemistry.*

Other alloy nanoparticles such as Au/Ni and Au/Fe have also been
studied for these electrocatalytic reactions. It is known that Au nanoparticles
supported on Fe,0; are highly active catalysts for CO oxidation."” In view
of the easy oxidation of Fe, the activated Au/Fe nanoparticle assembly may
introduce Au/Fe,O; as part of the nanocrystal composition. Preliminary
catalytic current-potential data for methanol electrooxidation at an activated
Au/Fe nanoparticle assembly showed a current density of ~ 26 mA/mg (0.23
V), which is remarkably close to those reported for commercial carbon-
supported Pt/Ru catalyst (~40 mA/mg).* Many mechanistic issues are yet to
be determined for fully assessing the observed catalytic activity.

5.9. THE NANOPARTICLE ASSEMBLY

As noted earlier, there are many pathways towards nanoparticle
assembly, including the dispersion of nanoparticles in polymers™™*® or
dentrimers’®”’ and the polymer-mediated self-assembly of functionalized Pd
and SiO, nanoparticles.”’ Several approaches have also involved surfactant
molecules” or polymers® as capping agents. In these approaches, the
polymeric or molecular environment effectively suppressed the nanocrystal
core-core aggregation. The assembly of monolayer-capped nanoparticles on
a substrate as catalysts is another pathway. In particular, the assembly of
nanoparticles on planar surfaces is often desired because the catalytic
activities can be effectively probed using surface analytical tools such as
STM and AFM. The use of molecular linkers such as w-functionalized
thiols has been widely reported for stepwise layer-by-layer or hydrogen-
bonding polymeric assembly of nanoparticles.'”'” In a recent approach, we
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demonstrated a simple one-step pathway,® which exploits the surface
exchange reactivity®® of monolayer-capped nanoparticles towards thin film
assembly. This approach is termed as one-step exchange-crosslinking-
precipitation route.*”'® One example involved the exchange of w-
functionalized alkyl thiols, e.g., 1,9-nonanedithiol (NDT), with
decanethiolates (DT) capped on gold nanoparticles. The DT-NDT exchange
reaction was followed by crosslinking, leading to nucleation and growth of a
3D network thin film. Another example involves hydrogen-bonding using
carboxylic acid functionalized alky! thiols, e.g., 11-mercaptoundecanoic acid
(MUA). The DT-MUA exchange reaction was followed by hydrogen-
bonding into a network thin film.

FIGURE 5.4. Left: AFM image for an NDT-linked Au,..m on annealed Au(111)/mica. Reprinted with
permission from Adv. Mater. 2001, 13, 1507 Copyright 2001 Wiley-VCH.® Right: TEM for MUA-linked
Aug.qm on carbon-coated Cu-grid. Reprinted with permission from Chem. Mater, 2002, in-press.
Copyright 2002 American Chemical Society. '’

The assembled nanoparticles, as shown in an atomic force microscopic
(AFM) image for NDT-linked Au.,, on Au(111) and a TEM micrograph for
MUA-linked Aus..n on carbon film (Figure 5.4), display individually-
isolated character or highly ordered interparticle spatial property. It is
important to note that both the crosslinking and the original capping
molecules are present in the assembled nanostructure; the relative ratio
depends on the extent of exchange.””'® The electronic conductivity,
interfacial reactivity and nanoporous properties of these nanostructured films
have been extensively characterized.*''® The conductivity depends on
particle core size and linker chain length.'®*'®  The nanostructure is
nanoporous through which the interfacial reactivity and mass fluxes can be
fine-tuned chemically or electrochemically.'”’” The latter is desired for
achieving catalytic access through the nanostructured pores in a way similar
to zeolite-like pores. How to activate the catalytic activity of the nanocrystal
cores is the focus of the next subsection.
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5.10. THE CATALYTIC ACTIVATION

It is evident that the catalytic activity of the core-shell assembled
nanoparticles requires the ability to manipulate the interparticle spatial and
interfacial access properties. This ability is inherently linked to the
controllable activation, or reconstitution of the shell components. This
subsection focuses on catalytic activation. While there are a number of
means for catalytic activation, we describe here electrochemical and thermal
activation to illustrate the general concept. In each case, we also show the
use of surface analytical techniques to probe the nanochemistry involved.

5.10.1.ELECTROCHEMICAL ACTIVATION

Electrochemical activation is well known in electrocatalysis,'® which
usually involves interfacial oxidative or reductive reconstitution. In the
example shown in the previous section (Figure 5.3), the methanol oxidation
wave was observed only after application of a polarization potential at
~+800 mV to the assembled catalysts, a process we termed as
electrochemical activation. The potential-induced catalytic activation of the
assembled gold catalysts was further evidenced by the fact that the potential
for CO or methanol oxidation closely matched the potential for gold oxide
formation, implying the participation of Au oxide in the overall catalytic
oxidation mechanism.

A number of analytical tools have been utilized to probe the structural
and morphological reconstitution of the catalytic activation. One powerful
technique involves electrochemical quartz-crystal nanobalance (EQCN)>*
which is highly sensitive to interfacial mass fluxes (0.1 ng). The quantitative
correlation of the oxidation charge and the detected mass changes provides
an assessment of the formation of oxide species (e.g., AuOx, AuOH,) in the
assembled catalysts and mass fluxes of reactant, product and solvent. The
EQCN data (Figures 5.5) revealed changes in both current and mass curves
for a NDT-linked Au,.,, film during the catalytic activation process in an
alkaline electrolyte. Both the oxidation and the reduction currents increase
with the number of cycles, whereas the mass decreases gradually, reaching
about 3500 ng/cm” after ~18 cycles. The detected mass change corresponds
to an equivalency of 80-90% loss of the thiolates in the catalyst film.
Corresponding to the methanol oxidation wave at +215 mV, there is a mass
wave which is absent in the control experiment (Figure 5.5), implying a
predominant initial product release followed by formation of surface
oxygenated species. The mass decrease detected for the cathodic wave (+ 62
mV) is in part attributed to the reduction of nanocrystal's surface oxygenated
species or oxides, and in part to release of solvent or anions (OH') from the
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nanostructure. The anodic charge, 1465 wC/cm’ (corresponding mass
change ~90 ng/cm®), is much larger than the expected mass change. It
follows that the charge is largely used in the oxidation process of methanol
from the solution. The reduction charge, 164 pC/cm’, corresponds to 0.56
nmoles/cm’ coverage of Au(OH);. The electrogenerated oxide species were
largely used in the electron mediation for methanol oxidation. The detected
mass decrease for the reduction of the surface oxides is only 6% of a full
monolayer coverage of oxide in the nanoparticle assembly, suggesting the
formation of a hydrated metal oxide phase (e. g., Au,0; nH;0). For gold
oxide, the hydration energy is negative, i.e., AGOhyd, = -7.53 kcal/mol. The
detected voltammetric and piezogravimetric characteristics are consistent
with an expected equilibrium potential shift, AE. = AE’=0.054 V.

Figure 5.5. EQCN curves for electrochemical activation process (left), and the electrocatalytic oxidation
of methanol (right) at the activated NDT-linked Au,.,, film electrode in 0.5 M KOH with 3.0 M methanol
(solid line) and without (dash line). (50 mV/s). Reproduced with permission from Catal. Today, 2002, in-
press. Copyright 2002 Elsevier Science B.V.%

The activity is dependent on the nature of the molecular linkers, which is
reflected by the difference in peak current and potential. It is found that the
MUA-linked Au,,y, film is activated more easily than NDT-Au,.,, film of
similar coverages, and displays a higher electrocatalytic activity with the
peak potential of the oxidation wave being slightly lower (+280 mV) and
peak current larger (by a factor of ~2) than those for NDT-linked film. The
ready catalytic activation of the MUA-linked nanoparticles suggests the
influence of the molecular structure on the open framework, the access of
electrolytes, and the solubility of desorbed molecules. Insights into these
issues require further structural and morphological information, which is
discussed next based on results from a number of surface characterizations
using infrared reflection spectroscopy (IRS), X-ray Photoelectron
Spectroscopy (XPS) and atomic force microscopy (AFM).

IRS probes the shell or framework structural properties. The spectral
features in the high-frequency region (Figure 5.6) are diagnostic of the
methylene stretching bands (vo(CH2)~2920 and v,(CH,)~2950 cm™) in the
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alkyl chains (NDT).” For the NDT-linked nanoparticle film, the significant
reduction in absorbance after the catalytic activation is suggestive of the
removal of the shell components from the nanostructured film, a result
consistent with the EQCN-detected mass decrease upon catalytic activation,
as described in the previous section.

After

Absorbance
-]
2

Before

3600 3400 3200 3000 2800 2600
Wavenumber (cm)

FIGURE 5.6. IRS spectra in high-frequency region for an NDT-Auy.m film on Au/glass before and after
potential activation in an electrolyte solution of 0.5 M KOH with 3.0 M methanol. Reproduced with
permission from Catal. Today, 2002, in-press. Copyright 2002 Elsevier Science B.V.*

XPS analysis of the nanostructured catalysts, on the other hand, provides
important information on the identification of surface species on the
activated nanocrystal cores.®® The results for NDT-Auy.nm and MUA-Auy o
films are analyzed in the regions of S(2p) (A) and O(1s) (B) (Figure 5.7).
For the NDT-linked film, the S(2p) band intensity after activation is
significantly reduced, indicating a partial removal of thiolates species
(~75%). The envelope of the remaining (S2p) band (b) is suggestive of the
presence of un-removed thiolates and weakly-bound -SH group from one end
of NDT. The detection of the small 169.2 eV band is indicative of the
presence of sulfonate species (-SOs’), qualitatively consistent with earlier
findings in electrochemical oxidative desorption of self-assembled
alkanethiolate monolayers on planar gold surfaces. A similar S(2p) spectral
feature for the as-prepared MUA-linked film demonstrates the similarity of
the Au-thiolate bonding. The absence of the higher-BE component is
consistent with the more effective removal of thiolates than the case of the
NDT-linked nanoparticles. In O(ls) region (B), an increase of the O(1s)
band is detected at 532.4 eV for the activated NDT-linked film (a). In
comparison with those observed for surface oxide species, this band is
attributed to the formation of oxygenated species (oxides) on the gold
nanocrystals, consistent with the application of an anodic potential (> +600
mV) in the alkaline electrolyte. For MUA-Au, . film (B), a similar
conclusion can be reached based on the subtle changes in the O(1s) band
position and intensity.  The analysis is also consistent with spectral
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deconvolution of the overlapping band components of Au(4f) bands, which
revealed a combination of Au(0) and Au(I)/(III) components after the partial
removal of thiolates. These could be due to Au(I) and Au(IIl) oxides (e.g.,
Au,O; or Au(OH),). On the basis of the relative oxygen to sulfur ratios on
the activated gold nanocrystals, the thiolates being removed include both DT
and MUA molecules and the detected oxygen is largely from the surface
oxides.

FIGURE 5.7. XPS spectra in regions of S(2p) (A) and O(1s) (B) for a NDT-Au,.um film (left A&B) and a
MUA-AU,. film (right A&B) before (a) and after (b) the electrochemical activation. Film thickness: ~
13 equivalent layers. Reprinted with permission from Langmuir, 2002, in-press. Copyright 2002
American Chemical Society.*

The overall electrocatalytic reactions of CO or methanol are:
CO,/Au’ + 2 OH,/AuO; - 2¢" — Au’/AuO, + H,0 + CO,
(COs'/alkaline)
CH;0H,4/Au’ + 60H,/AuO; - 66 — Au”/AuO, + SH,0 + CO,
(COs'/alkaline).
AFM studies provided further insights into the morphological changes of
the nanostructured catalysts before and after catalytic activation.” Before
activation (a), the overall surface morphology for a film of ~3 layers
assembled on a glassy carbon electrode (Figure 5.8) is partly due to the
surface roughness effect of the substrate. The particles appear somewhat
larger than the core-shell particle size, but the cross-section view reveals an
average height as expected for the particle size. In addition to tip-sample
convolution effect, a number of additional factors include roughness of the
glassy carbon surface, thickness of the film, and interparticle linkages of
particles by the shell linkers. Images of a very thin film on flat surfaces
(e.g., mica or annealed Au(111)) have in fact revealed that the height data are
consistent with the particle sizes determined from TEM. After activation (b),
there appears no significant change of size after the activation, at least within
the resolution limit. The interparticle distance change is reflected by the
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appearance of smoother domains after activation. The porous morphology is
also evident.

FIGURE 5.8. TM-AFM images for NDT-lined Au,.. on GC electrode before (left) and after (right)
electrochemical activation in 0.5 M KOH with 3.0 M methanol. The film thickness is equivalent to ~3
layers of nanoparticles. Reprinted with permission from Reproduced with permission from Catal. Today,
2002, in-press. Copyright 2002 Elsevier Science B.V.%

As a rough estimate of the morphology change, the standard deviation
(Rms) of the Z values suggests a smoothing effect by the activation. The
smoother film morphology indicates that there is a rearrangement of the
nanoparticles upon removal of some thiolates. The insignificant change in
particle size or interparticle spatial property is indicative of the effective
isolation of individual nanoparticles before and after the catalytic activation
even though there is a rearrangement of the nanostructured particles. Further
in-situ AFM probing of the electrochemical activation using a patterned
nanoparticle assembly revealed a subtle swelling of the nanostructure after
the activation, implying the morphological rearrangement due to fluxes
across the nanostructure.

Two main conclusions can be drawn about the electrochemical activation:
(1) there is a partial opening of the capping/linking nanostructure as a result
of the removal of shell molecules; and (2) surface oxides are formed on the
gold nanocrystals. On the basis of the recent proposal for catalytic oxidation
of CO on oxide (e.g., TiO, and FeO,)-supported Au catalyst'™ and surface
oxygen ad-atom on gold,'” the structure of the activated core-shell catalysts
can be hypothesized as nanocrystal cores with a partial oxide encapsulation
(Scheme 5.4). The uptake of oxygen forming gold oxides leads to the
formation of pores, which could then be operative for admitting reactant or
releasing product, and allowing catalysis to occur at the peripheral
(interfacial) areas between core and shell involving Au or Au® species. This
would facilitate the chemisorption of CO or methanol on Au atoms of low
coordination number and combination with OH species supplied by the
contacting oxide shell. In comparison with catalytic peripheral sites on
oxide-supported Au nanoparticles, the total amount of peripheral Au should
be much larger for the AuO,-capped nanoparticles. It is important to note



136 CHAPTER 5

that the tendency of gold oxide formation is completely changed as a result
of the size shrinkage in comparison with bulk gold.

SCHEME 5.4. A schematic illustration of the electrochemical activation of the assembled nanoparticles.
The shell is partially removed, and covered with oxides. The linker molecules are omitted in the drawing
for simplicity. Reprinted with permission from Langmuir, 2002, in-press. Copyright 2002 American
Chemical Society.*

5.10.2.THERMAL ACTIVATION

Thermolysis is another approach towards catalytic activation, which
eliminates the use of electrolytes in electrochemical activation. Calcination
of catalysts is well documented for catalyst pretreatment. The thermolysis of
metal-carboxylate bridged gold nanoparticles'® for preparing conductive
films, the calcination of surfactant-capped Pt/Ru nanoparticles* or C-
supported PtRusC(CO);¢''° for preparing catalysts, and the thermal treatment
of the polymer-mediated assembly of Pd and SiO, nanoparticle catalysts®'
are some of the recent examples. A key question is how the interparticle
spatial and surface properties evolve controllably for the nanostructured
catalysis, which is discussed in this subsection.

Using molecularly-wired gold nanocrystals on a mica substrate, we
recently investigated thermal activation of the nanostructured catalysts for
electrocatalytic oxidation of methanol.'"’ The aim was to establish a thermal
activation strategy viable for processing nanostructured catalysts via
spatially-defined core-shell nanoparticle assembly. The thermogravimetric
analysis of DT-capped Au,.., particles reveals a transition at 225 °C with an
overall mass change (25%wt). Two possibilities were hypothesized for the
thermal activation near this transition temperature. One involves partially-
capped nanoparticles with intact core size and interparticle space, and the
other, naked nanoparticles with larger but controllable core size. The
interaction of the shell-opened nanocrystals with the substrate surface thus
plays an important role in the eventual morphology of the nanoparticles.
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These possibilities were examined by comparing the in-situ AFM images
for a NDT-linked Au nanoparticle film on mica surface before and after the
thermal treatment at 225 °C (Figure 5.9). The particles are clustered into
wire or chain-like morphologies. The cross-section data suggest an
overlapping of ~3 nanoparticles in average. The outline of individual
nanoparticles is slightly blurred or not well resolved (a). After the treatment
(b), the outline of individual particles is better resolved, but also the chain-
like feature remains intact.

FIGURE 5.9. In-situ AFM images (5x5 um?) of a sub-monolayer film of NDT-Au,.., on mica before (a)
and after (b) thermal activation (225 °C, 30 min) (acquired after cooling to RT). Cross-section view
corresponds to the line drawn. Reprinted with permission from J. Am. Chem. Soc., 2002, in-press.
Copyright 2002 American Chemical Society.'"

The removal of thiolates at this temperature was also supported by tapping-
mode phase imaging data, which reveals that the dark phase contrast
(associated with the thiol monolayer) for the as-prepared film is absent for
the thermally treated. The height analysis of the cross-section data reveals
11.1 3.9 nm (a) and 13.1 3.4 nm (b), respectively, suggesting relatively
little change in height. The small increase in particle size is believed to be
due to localized aggregation largely from the overlapped particles. The
unchanged interparticle spatial feature in the xy-plane demonstrates that the
interparticle spatial property can be controlled even if there is a local
aggregation from the overlapped nanoparticles. Both IRS and XPS data have
evidenced the absence of any organic thiolates of the assembled
nanoparticles after the thermal activation. It is thus viable to control the
interparticle spatial properties by programming the temperature. The
combination of the initial molecular wiring and the subsequent adhesive
interaction of the particle to the substrate must have played an important role
in the spatial fixation (Scheme 5.5).
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SCHEME 5.5. A schematic illustration of thermal activation of the core-shell assembled nanoparticles on
a substrate surface. Reprinted with permission from J. Am. Chem. Soc. 2002, in-press. Copyright 2002
American Chemical Society.""

By further comparing the electrocatalytic activity between the thermally
activated gold catalysts and the electrochemically activated catalysts, the
anodic current density for the thermally-activated film is found to be twice as
large as the electrochemically-activated catalyst (same film thickness). The
oxidation potential is slightly less positive for the former than the latter. A
closer examination reveals two overlapping anodic waves, indicating the
existence of at least two different catalytic sites for the thermally-activated
catalysts. The molecularly-wired nanoparticles can thus be thermally
activated by manipulating temperature to produce nanoparticle catalysts with
controllable size and largely intact interparticle morphology on surfaces. In
view of the fact that dependencies of the interparticle morphology on
temperature, wiring structure and substrate properties, these findings have
important implications to the design of nanostructured catalysts via
molecular wiring nanoparticles on a substrate.

5.11. CONCLUSIONS AND PROSPECTUS

We have shown that nanoparticles of controllable core size and surface
properties can be synthesized, processed, manipulated, and probed for
catalytic applications. The emerging nanotechnology is also shown to have
significant impacts to catalysis. The oxide-supported, polymer or dendrimer
encapsulated, molecularly-assembled monometallic/bimetallic/multi-metallic
nanoparticle catalysts, and their combinations may eventually provide
promising ventures with unprecedented opportunities to prepare
nanostructured catalysts with precisely controlled size, shape, surface and
spatial properties. The catalytic or electrocatalytic oxidations of CO and
methanol are just some examples of the exploration. A more challenging
issue in expanding these nanostructured catalytic concepts is the ability to
manipulate nanoscale chemistry with 100% catalytic selectivity. Many areas
of on-going work on core size, shape, composition and interparticle spatial
properties involve the use of spectroscopic, microscopic and in-situ
techniques to provide quantitative assessments of the nanostructural
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evolution of catalytic sites, and theoretical modeling of nanocrystal's unique
physical and chemical properties to understand the mechanistic aspects of
the nanostructured catalysis.

It is important to note that the fundamental insights in developing
nanoparticle catalysis could also form the basis of many new technologies.
Microsensor technology is such an area where nanoparticles are used as
catalytic components in sensing materials for the detection of analytes. For
example, most commercial chemiresistor-type gas sensors use
semiconductor materials (e.g., Sn0,),''” and the response principle is based
on the detection of changes in conductivity in the n-type material, either an
increase as a result of releasing electrons from surface states in reducing
gases (e.g., CO, CH,), or an decrease as a result of space charge build up in
oxidizing gases (e.g., NO,). The main drawbacks include the lack of
selectivity and high temperature (>300°C) requirement. In addition to
reducing operation temperatures'>''*, doping of semiconductor (e.g., SnO,,
Si0, or TiO,) materials with metals (e.g., Pt, Pd, Au etc.)'>""* modulates the
Schottky barrier at the semiconductor/metal contact leading to different
overall resistance. The distribution of the active metal nanosites and the
reduction of interfacial potential barrier between semiconductor crystallites
regulate electronic conductivity, catalytic activity and chemical specificity
for enhancing sensory responses.

The field of nanostructured catalysis has benefited greatly from the
development of advanced nanomaterials, which will undoubtedly continue as
many new nanomaterials are rapidly emerging. One example is the use of
carbon nanotubes for fabricating catalysts. Carbon nanotubes have
extremely high surface area to volume (or weight) ratios, and can be
conductive or semiconductive depending on diameter. The assembly and
characterization of nanoparticles on such materials, as already demonstrated
in recent reports (e.g., Pt-loaded carbon nanotubes for methanol oxidation),”
will lead to enormous opportunities in nanotechnology, fuel cell catalysis,
and environmental sensors. The precise manipulation of the surface and
spatial properties is only at beginning. The question whether the
nanostructured materials can in general be developed into designer catalysts
of high catalytic activities and selectivities rests with our capabilities in
controlled fabrication, effective activation, nanoscale manipulation, and
analytical probing. A variety of advanced design strategies will quickly
emerge by taking advantage of recent developments of nanotechnology,
which will help us in the exciting advent towards "catalyst-by-design".
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6.1 INTRODUCTION

There is intense interest in the development of photonic crystal
materials for applications in optics, optical computing and for the control of
electromagnetic radiation propagation.'” The excitement in this area stems
from the recent development of a deep understanding of light propagation
within materials with periodic optical dielectric constant modulations, and
the development of fabrication methods for forming these materials.*

The synthetic and fabrication communities have been challenged to
develop photonic crystals with the appropriate crystal structures and the
dielectric constant modulations that enable the photonic crystals to possess
three-dimensional photonic bandgaps in the visible and near IR spectral
regions.” Electromagnetic radiation within a bandgap would be unable to
propagate in a 3-D photonic bandgap material at any angle; thus, unique
phenomena would occur; for example, spontaneous emission would
disappear. Any light in the bandgap that entered the 3-D photonic bandgap
material, through a purposely fabricated defect structure, could be made to
traverse tortuous paths, such as, for example, 90 ° bends, without significant
intensity losses. These possibilities enable a number of fantasies, such as
fabricating complex photonic chips made out of 3-D photonic bandgap
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materials that contain numerous optical transistors and switching devices, all
made from photonic crystals.

As discussed below, the future appears bright for the development of
photonic crystals for the control of light propagation. The rate limiting step
is the development of methods to fabricate appropriate materials to test
recent theories for propagation and control of light in photonic materials.

The first fabrication methods for forming photonic crystals utilized
crystalline colloidal self assembly.® In this approach highly charged
monodisperse spherical colloidal particles were dispersed in pure water.

FIGURE 6.1. A dispersion of monodisperse colloidal particles with strong acid groups on their surfaces
self assemble into fcc or bee crystalline colloidal arrays in low ionic strength solution. Ions can be
removed from colloidal dispersions by techniques such as dialysis, for example.

These spheres were functionalized with thousands of strong acid groups
which ionized in water to result in a high surface charge (Figure 6.1).
Because these highly charged spheres repel each other over macroscopic
distances (Figure 6.2), the system finds a well defined minimum energy
state. This minimum energy state involves the self assembly of these
particles into an fcc lattice (a bee structure is also observed under some
conditions).

Monodisperse colloidal particles were first synthesized in the 1950’s by
Alfrey et al’, a group from Dow Chemical. It was immediately obvious from
TEM studies that these monodisperse polystyrene spherical particles easily
formed highly ordered close packed arrays when aqueous dispersions of
them were dried on TEM grids. Hiltner and Krieger"® were among the first
to note that cleaned dispersions of these monodisperse, charged particles
would Bragg diffract visible light. The Asher group was the first to
demonstrate that this colloidal crystalline array (CCA) self assembly could
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be used to form large fcc single crystals, where the fcc (111) planes oriented
parallel to the quartz plates which enclosed the crystal®’ (Figure 6.3). This
enabled fabrication of photonic crystals which used the one dimensional fcc
(111) plane band gap for filtering light in the visible spectral region.*’

L L Medium Dielectric Constant

—— Interaction Potential Energy

4 2
(r) = &ka (an+ni)
L lonic Impurities

‘ —— Dissociated lons

Reciprocal of Debye Layer
Thickness

1/x in pure water is ~ 700 nm

FIGURE 6.2. CCA self assembly results from the electrostatic repulsion between colloidal particles.
This interaction is modeled by the DLVO potential as increasing with the square of the colloidal particle
charge, and inversely with the solution dielectric constant. It exponentially decreases with the Debye
layer length, k™' which decreases with the solution ionic strength. The repulsion can be significant over
macroscopic distances. For example, k"' is limited to 700 nm in pure water due to the concentrations of
the H and OH ™.

The Bragg diffraction efficiency of these CCA were extraordinarily
high (Figure 6.3 and 6.4); for example, a thin 400 pm thick CCA of 270 nm
diameter polystyrene spheres in water diffract away essentially all 488 nm
light from a 1 W Ar laser, and allows brave observers to directly look down
a lasing Ar" laser plasma tube.*’

EG&G Princeton Applied Research Corp. was the first company to
commercialize photonic crystals by manufacturing CCA filters for use in
rejecting laser light. This commercialization occurred through their
licensing of the first photonic crystal patents’ from the University of
Pittsburgh in the mid 1980°s.

The major difficulty with the CCA photonic crystal devices is that
they are potentially unstable, if not prepared with very pure materials and
with careful attention to the sample container. CCA fabricated under
appropriate conditions have shown over ten years of stability.
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FIGURE 6.3. Diffraction of 488 nm laser light by an fcc CCA whose (111) planes diffract normally
incident 1.4 pm light. The liquid CCA of 270 nm diameter spheres shows the diffraction of three beams
from higher Miller indice planes. The ~100 pm thick fcc crystal is contained between two quartz plates.
The fec (111) planes spontaneously orient parallel to the quartz plate surfaces.

FIGURE 6.4. Calculated transmission through fcc CCA of 91 nm diameter polystyrene spheres in water
diffracting 488 nm light. The transmittance is calculated to be less ~10°7 for 400 (111) planes, which
corresponds to a CCA thickness of ~100 um. Adapted from Spry and Kosan (ref. 13).

The fcc lattice is kinetically stabilized by repulsive interactions. In
the absence of these repulsive interactions these particles would flocculate as
they reached their true equilibrium lowest energy state, the primary
minimum. The CCA ordering will decrease if ionic impurities leach into the
CCA. Further, the CCA must be sealed to avoid water evaporation. This is
notoriously difficult to prevent since all organic materials have significant
diffusion constants for water, and the optical devices must be contained in
materials that transmit light. Further, the CCA transiently disorders due to
mechanical shock.
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The Asher group developed a much more rugged photonic crystal by
embedding the CCA within a hydrogel matrix'® (Figure 6.5). This was
accomplished by UV photopolymerization of nonionic acrylamide and
bisacrylamide derivatives and other crosslinkers and a UV photoinitiator that
were added to the CCA. UV photopolymerization of these ~10 %
acrylamide/bisacrylamide mixtures result in rugged polymerized CCA
(PCCA) photonic crystals which are ~90 % water or other solvent. These
PCCA are enabling photonic crystal structures, since they can be easily
further processed to form more sophisticated functional photonic crystal
materials.

FIGURE 6.5. Synthesis of polymerized crystalline colloidal array (PCCA) by adding polymerizable
monomers of acrylamide and bisacrylamide and a UV photoinitiator to a CCA. UV polymerization forms
a hydrogel network around the CCA (~90 % water). The CCA crystal structure is maintained during
polymerization and also upon hydrogel volume changes.

Another alternative to utilizing fragile CCA photonic crystals is to
fabricate close-packed photonic crystals from monodisperse colloidal
particles.*'' A number of groups have recently developed methods to grow
highly ordered close packed arrays from solution dispersions of
monodisperse particles. These methods rely on the controlled growth of
particle layers on the growing crystal lattice surfaces. Additional processing
of this lattice can form inverse opal structures. In this case, additional
material is imbibed into the interstices between the close packed spheres.
This material is then treated to remove the original close packed spheres,'"
leaving the material in the interstices between close packed arrays of air
spheres.
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6.2. DIFFRACTION FROM CCA PHOTONIC CRYSTALS

6.2.1. DIFFRACTION EFFICIENCIES AND BAND GAPS

The diffraction from CCA photonic crystals made from ~120 nm
polystyrene spheres in water is extremely efficient. For example, Figure 6.6
shows a transmission measurement of an fcc colloidal crystal’ which is
oriented with the normal to the fcc (111) planes parallel to the incident light
propagation direction. The diffraction of light at ~500 nm gives rise to a
symmetric bandshape in the Figure 6.6 extinction spectra, which are scaled
as -log of the transmission.

FIGURE 6.6. Extinction spectra of CCA of ~100 nm spheres. The diffraction band at ~500 nm shows a
top hat profile since all incident light of a bandwidth of 5 nm is diffracted. The diffraction blue-shifts as
the crystal is tilted to 80° off of the normal.

The simplest model for diffraction from these photonic crystals
assumes the weak diffraction kinematic limit in which Bragg’s law is
operative: A, ~ 2 n d sin 0 , where A, is the wavelength of light in vacuum, n
is the average refractive index of the photonic crystal, d is the spacing of the
lattice planes diffracting and 9 is the Bragg glancing angle. In this model,
CCA with numerous layers give rise to insignificant small diffraction
bandwidths.

In contrast, diffraction from CCA of polystyrene spheres in water
shows significant bandwidths; essentially all light that meets the diffraction
condition is diffracted from even thin CCA (Figure 6.6). The extinction
spectrum (shown giving a top hat profile with a ~5 nm bandwidth blue-shifts
as the CCA is tilted off of normal (almost following Bragg’s law). The finite
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bandwidth occurs because the polymer spheres in water show large
scattering cross sections for visible light. Thus, efficient diffraction occurs;
the incident beam traversing the sample is highly attenuated as the diffracted
beam grows in intensity. This incident beam attenuation limits the number
of layers involved in diffraction and determines the bandwidth of diffraction.
The stronger the diffraction, the fewer layers involved in the scattering, and
thus, the broader the diffraction.'

We initially modeled the diffraction from polymer colloid CCA by
using Dynamical Diffraction theory'? as did Spry and Kosan."> Dynamical
diffraction theory predicts highly efficient diffraction and successfully
explains the sphere diameter, and the angular and wavelength bandwidth
diffraction dependence. As pointed out recently by Mittelman and Colvin et
al,” more sophisticated theoretical approaches are needed to model the
photonic crystal diffraction for particles with a higher refractive indices and
for polystyrene sphere sizes above ~150 nm.

The efficiency of diffraction increases as the modulation depth, Mp=
[(m,/ m;)* — 1] of the diffracting particles increases, where m, and m; are the
refractive indices of the spheres and the material in the interstices between
spheres, respectively. Even more sophisticated theoretical approaches are
required for larger values of Mp where multiple scattering dominates. It
appears clear from photonic crystal theory that fabrication of a 3-D photonic
bandgap crystal in the visible spectral region lies just at the edge of what is
possible given known materials. For example, a 3-D photonic bandgap is
predicted to just occur in an inverse fcc crystal (the interstices have the
larger refractive index) if the refractive index of interstices is 2.8 and the
spheres are etched out and have the refractive index of vacuum.

The lack of a 3-D bandgap in the direct fcc lattice results because the
diffracting planes are unable to diffract &t polarized incident light'* when 6 =
45°. This leaves a small solid angle for this light to propagate. No other
planes are situated to diffract this light. Apparently, the inverse opal fcc
structure closes this gap for sufficiently large refractive index differences
between the interstices and the spherical voids.

The theories that are used to model CCA diffraction and to predict
diffraction bandwidth do not yet include phonons and Debye-Waller
phenomena which are known to contribute to diffuse scattering. Our
examination of these phenomena in the early 90’s found that diffraction from
even well ordered CCA shows significant diffuse scattering from these
dynamic phenomena as well as from static disorder such as defects.'
Recent theoretical studies suggest that existence of 3-D photon bandgap
materials is highly sensitive to lattice defects structures.

Figure 6.7 shows the diffraction spectra of 270 nm polystyrene sphere
CCA in water along well defined crystalline planes. An apparent 3-D
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photonic bandgap appears at ~600 nm where little light transmission occurs
at any orientation of the crystal in the incident beam. Transmission
experiments were performed where the crystal orientation was scanned over
all possible incident angles. These experiments showed that all light
propagation directions appear to be effectively closed. This 3-D bandgap is
likely to be due in part to phenomena such as diffuse scattering and defect
scattering.

Thus, some features of a 3-D photonic bandgap material appears to occur
even for periodic materials that do not meet the strict conditions required for
the opening of a gap. These easily fabricated polystyrene colloid photonic
crystals, with their relatively small refractive index differences can be
utilized to demonstrate interesting optical phenomena.

Figure 6.7. Extinction spectra of 125 um thick CCA of 270 nm diameter polystyrene spheres in water
recorded at different rotation angles within the L-U-X plane and with the incident light polarized
perpendicular to the incident plane. The L direction corresponds to normal incidence, U is rotated by 35°,
and X is rotated 55 ° from normal. As the sample is tilted, the (111) diffraction peak moves from ~1200
nm to ~1000 nm, where it is coincident with the (200) peak. The broad band at ~600 nm at normal
incidence is a superposition of several peaks from the (200), (220), and (311) families of planes.

6.2.2. STANDING WAVE ELECTRIC FIELD
LOCALIZATION

An important feature of photonic crystals is that they can be used to
localize the electric field maxima of light within materials. This may be
useful, for example, for increasing the nonlinear optical response of
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materials. This electric field localization was recently demonstrated by
Wang and Asher'® in their study of the plasmon resonance extinction of a
CCA of silver quantum dots contained within silica spheres. For example
Figure 6.8 shows the concentration dependence of the CCA diffraction as
well as the surface plasmon extinction of an aqueous CCA of 82 nm silica
spheres containing Ag quantum dots. The dark curve in Figure 6.8 also
shows for comparison the extinction of a random dispersion of these same
spheres in a DMSO-water solution. All of the extinction spectra were
normalized to the particle concentration of the random dispersion.
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FIGURE 6.8. Comparison of extinction spectra of CCA of 82 nm diameter Ag@SiO, composite colloids
at different particle concentrations (solid lines) to the extinction spectrum of a random dispersion of the
particles in an n=1.47 water-DMSO refractive index matching solvent (heavy line). The extinction spectra
are normalized to the particle concentration of the random refractive index matched dispersion (7.43
vol%).

The CCA fcc (111) plane spacing decreases as the sphere number density
increases, which causes the diffraction band to blue-shift towards the
plasmon absorption at ~430 nm. Surprisingly, the extinction spectrum
showing the 425 nm diffraction peak displays a decreased plasmon
absorption, much below that of the random dispersion. This clearly indicates
that the transmitted light experiences a decreased plasmon resonance
extinction.

Wang and Asher proposed that this decreased plasmon resonance
extinction results from an analog of the Bormann effect observed in x-ray
scattering, where the standing wave of the electromagnetic radiation in the
periodic medium localizes the electric field in the low dielectric component
(Figure 6.9), in the water in our case. This decreases the plasmon
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absorption. In contrast, the diffraction on the blue side of the plasmon
resonance localizes the electric field maxima in the high dielectric constant
medium, giving rise to an increased plasmon absorption.

Spatial Concentration of Electromagnetic Field

Increased plasmon Decreased plasmon
absorption absorption

Photonic
Crystal

Standing
Wave

Electromagnetic standing wave produced
by incident and diffracted light

FIGURE 6.9. Schematic illustration of the Borrmann effect in a CCA photonic crystal. A standing wave

is produced by the coupled incident and diffracted light. If the electric field maximum lies in the particle

planes the absorption is a maximum, while if the electric field maximum lies between the particle planes,
the absorption is a minimum.

This shows that the periodic spacing of a photonic crystal can be tuned
to maximize the electric field within this periodic medium. This
phenomenon has the potential to increase the nonlinear response of
materials. In fact, it was recently used to increase the absorption of dyes on
the red edge of the diffraction band. This was recently demonstrated by the
Mallouk" group who showed a standing wave induced increased red edge
absorption in a photonic crystal photovoltaic device that increased the solar
photovoltaic efficiency by increasing the dye absorption bandwidth.

6.3. CCA OPTICAL SWITCHING AND OPTICAL
LIMITING

The CCA diffraction can be altered by high intensity laser
illumination.”® Modest W/cm® laser fluences can heat absorbing CCA to
induce temperature increases which induce a diffraction shifts. This
phenomenon occurs because of the temperature dependence of the repulsive
interactions between colloidal particles (Figure 6.10). The major impact of
CCA heating, in the absence of photochemistry, is to decrease the value of €,
essentially the dielectric constant of water. This dielectric constant
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determines the value of U(r) directly, as well as through ¥, the reciprocal of
the Debye length. A temperature increase decreases €, which decreases the
repulsion between spheres. This results in a local compression of the CCA
by the surrounding colder CCA, which results in a local diffraction blueshift.
An additional blue shift derives from the accompanying decrease in the
average CCA refractive index.

This laser heating induced diffraction shift can be used for slow
switching of transmission or diffraction from a CCA. However, attempts to
speed up this process by faster heating, such as by pulsed laser sources
disorder the CCA, probably due to shear forces induced by fluid motion.
These liquid CCA may be too fragile for use in fast optical switching
materials.

We also examined other CCA optical switching approaches. For
example, we developed a synthesis for monodisperse, highly charged poly-
N-isopropylacrylamide (NIPAM) colloidal particles.>’ These particles
undergo a dramatic temperature dependent volume phase transition from a
highly swollen polymer in water below room temperature, to a dramatically
shrunken polymer above room temperature; the polymer shrinks by
expelling water and becomes relatively hydrophobic. As shown in Figure
6.10A these spheres undergo a volume phase transition, where the diameter
decreases from 300 nm to 100 nm as the temperature increases from 15 to 35
°C. The scattering power of the spheres, as measured by turbidity, increases
dramatically for the shrunken spheres, because the sphere refractive index
rapidly increases as the sphere volume decreases. These spheres readily self
assemble into an fcc CCA which diffracts light in the visible spectral region.
The diffraction of the fcc can be continuously controlled by controlling the
CCA temperature. As shown in Figure 6.10 the CCA, which minimally
diffracts 500 nm light at low temperature, diffracts essentially all of the
incident 500 nm light at high temperature.

This CCA NIPAM volume phase transition phenomenon may be
useful for fabricating optical switches or optical limiters. For example,
optical limiting applications would utilize incident laser heating as the
actuating temperature increase. Unfortunately, the switching times for these
NIPAM CCA are slow (sec). Attempts to heat the sample quickly with
pulsed or CW laser sources result in transient sample disorder. Presumably,
the liquid CCA ordering is too fragile to permit fast switching.
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6.4. POLYMERIZED COLLOIDAL ARRAY SWITCHING
AND OPTICAL LIMITING

As discussed above we fabricated more robust photonic crystal
materials by polymerizing acrylamide hydrogels around the CCA lattice of
colloidal particles.'® These polymerized CCA (PCCA) possess the
responsive properties of hydrogels.

FIGURE 6.10. A: Dependence of diameter of monodisperse N-isopropylacrylamide colloids on
temperature. The diameter was monitored by quasielastic light scattering. The temperature dependence
of the turbidity of a random dispersion is also shown. B: Dependence of diffraction of a CCA of these
colloidal particles at 10 and 40 °C.

Normal acrylamide hydrogels in water show little volume response
to changes in temperature or aqueous solution ionic strength. However,
large hydrogel volume changes can be induced by altering the surrounding
hydrogel solvent composition which alters the free energy of mixing of the
hydrogel with the solvent”? A PCCA relative volume change of dV/V results
in a relative CCA lattice spacing change and a relative diffraction
wavelength change of dl/l = d/A ~ 1/3 (dV/V), for small volume changes.
Obviously, these hydrogel volume changes can be used to tune the PCCA
diffraction wavelength.

These PCCA can also be chemically functionalized to make them
responsive to temperature, photon flux and their chemical environment.
This enables novel photonic switching materials which can be used for
photonic control of diffraction and for fabricating chemical sensing photonic
crystals.
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6.4.1. PCCA THERMAL DIFFRACTION SWITCHING
PHENOMENA

The kinetics of hydrogel volume phase transitions depends on the
effective size of the hydrogel. ~100 pum thick hydrogels respond in time
scales of seconds. The response is slow because any hydrogel volume
change must macroscopically transport water into or out of the hydrogel.
Theory® indicates that the response is diffusion-like in nature, and should
scale as t ~ I”. Thus, faster PCCA volume phase transitions require smaller
hydrogel length scales. For example, if we utilize ~100 nm hydrogels we
expect ~1 [sec time scales.

In fact, this expectation is met. Figure 6.11 shows the temperature
dependence of diffraction from a PCCA array of NIPAM colloidal particles
lightly polymerized into a PCCA hydrogel. After these NIPAM spheres
self-assembled into a CCA lattice they were lightly polymerized into an
acrylamide/bisacrylamide PCCA. This permanently localized the sphere
centers of mass at the fcc lattice sites. As expected, the CCA diffraction
efficiency dramatically increases as the temperature increase causes the
NIPAM spheres to collapse (Figure 6.11). Because the centers of mass of
the individual spheres are locked onto an fcc lattice, this array of NIPAM
spheres does not disorder upon laser heating. In fact it shows very fast
(usec) optical switching.

FIGURE 6.11. Temperature dependence of diffraction from PCCA of NIPAM spheres. The inset shows
the temperature dependence of the diameter of the individual spheres in water. The diffraction efficiency
increases with temperature as the sphere size decreases. The peak at ~730 nm results from diffraction by
the fcc (111) plane. The shoulder at ~630 nm is from a higher Miller index plane and indicates that the
fcc planes have buckled. Diffraction at shorter wavelengths derive from higher index planes and second
order diffraction'”.
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Figure 6.12 shows the time dependence of diffraction from the
PCCA of NIPAM spheres subsequent to excitation by a 3 nsec pulse of 1.9
um light that is absorbed by the surrounding H,O/D,0 medium. This near
IR light, is converted to heat in the psec time domain, to give rise to a ~ 10
°C T-jump. The diffraction efficiency increase shows a short 1 psec time
constant which accounts for 26 % of the diffraction increase, while the
remaining efficiency increase derives from slower 20 psec and 200 psec
dynamics. The 600 nm peak derives from diffraction from the fcc 111
planes while the diffraction at 300 nm derives from second order diffraction.
The broad diffraction between 300 and 600 nm derives from diffraction from
misaligned planes.

FIGURE 6.12. Time dependence of diffraction of PCCA of NIPAM spheres shown in Figure 6.11. The
PCCA was excited by a 3 nsec 1.9 um IR pulse which generates a ~10°C T-jump. A xenon flashlamp
interrogates the transmission at different delay times. The transmission spectrum is monitored by a fiber
optic diode array spectrometer.

Obviously, the use of ~100 nm spheres enables fast pisec optical
switching times. In fact, we should be able to achieve even faster switching
behavior by constructing photonic crystals out of even smaller particles.

6.4.2. PCCA PHOTOCHEMICAL SWITCHING
PHENOMENA

We have also developed photochemically switchable PCCA** by
covalently attaching azobenzene derivatives. The trans ground state of
azobenzene in solution shows a strong near UV absorption band at ~360 nm
(Figure 6.13). Monophotonic excitation within this absorption band converts
the trans form to the cis form which displays a weak~460 nm absorption.
The cis form shows a large activation barrier which prevents conversion
back into the trans ground state, such that at room temperature in the dark,
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the cis form PCCA is stable for more than one week. Population of the cis
derivative red shifts the PCCA 710 nm fcc (111) diffraction band to 730 nm
due to the cis derivative’s increased dipole moment, which results in a more
favorable free energy of mixing. This redshifted diffraction can be
completely reset to 710 nm by excitation in the visible to convert the cis to
the trans derivative. Because this PCCA is macroscopic, these
photochemically induced diffraction shifts are slow and occur ~10 sec after 3
nsec UV or visible excitation. This PCCA response is obviously too slow
for optical switching or optical limiting applications, but could be useful for
memory devices. Excitation in the UV writes information in the form of
redshifts in the diffraction which creates an image. Subsequent excitation in
the visible erases the stored information. Readout occurs at wavelengths that
do not cause diffraction shifts.
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FIGURE 6.13. Optical switching of azobenzene functionalized PCCA. UV light transfers trans ground
state azobenzene to the cis form while visible light transfers cis azobenzene to the trans form. The more
favorable free energy mixing of the cis form results in a diffraction redshift of the fcc (111) diffraction
from 710 to 730 nm. Inset shows that cis form is stable for ~10 d.

Interestingly, we also observe fast (300 nsec) diffraction shift dynamics in
this system.” Excitation in the UV results in a prompt ~5 nm red-shift
which relaxes back to the initial diffraction in ~1 msec time, and which
evolves in the multisecond time scale to a stable cis red shifted diffraction.
We are continuing to investigate these phenomena.
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6.4.3. PCCA REFRACTIVE INDEX DIFFRACTION
SWITCHING PHENOMENA

We are also developing a fast optical switching photonic crystal”® where
the PCCA colloidal particles have the real part of their refractive index
matched to that of the medium (Figure 6.14). Thus, under normal
circumstances the array does not diffract light. However, these colloidal
particles also have an imaginary component of their refractive index which
selectively absorbs incident laser irradiation’*”’ The resulting particle
temperature increase causes the particle refractive index to diverge from that
of the medium. Thus, upon high laser fluences the array refractive index
modulation “pops up” to diffract away in incident laser wavelength.”

Time Depend ofS on Periodic Thermally
Non-Linear Crystalline Colloldal Array

83 nm spheres
n, = 9 x 10" spheres/co 2, = 514.5 nm
A
’:g 10
L
i Threat Puise
~
-
[s]
1.0
B
8
é 0.5
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2
0 ) 10 15 20 25
t /nsec

Transmittance limited by selective diffraction.

FIGURE 6.14. Concept for optical limiting involving absorbing colloidal particles (n,) that are refractive
index matched to the medium (n,). At normal incident intensities the system transmits light except for a
~45 % attenuation by absorption”. High intensity illumination heats the spheres, lowers their refractive

index and causes the CCA refractive index modulation to “pop up” to diffract away the incident light.
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FIGURE 6.15. Calculated response™ of CCA of absorbing 83 nm diameter spheres (9 X 10"
spheres/cm’) which are initially refractive index matched to the medium. Excitation by a 5 nsec incident
pulse with a fluence of 10 MW/cm? causes the array diffraction to “pop up” and to diffract away greater
than 90 % of the incident light within within 6 nsec.

Most polymers show a temperature dependence of the refractive
index, d/dT ~ -10* T". Thus, a temperature increase of 10 °C should
decrease the PARTICLE refractive index by 0.001. This value of An = n, -
ny, for a PCCA of ~100 nm diameter particles is calculated to be sufficient to
diffract away most of the light meeting the Bragg condition.”

We also calculated” that we could use nsec pulsed lasers to
selectively heat the PCCA colloidal particles, and this temperature increase
would stay localized within the ~100 nm colloidal particles over nsec time
intervals to selectively decrease the sphere refractive index compared to the
medium.”> A modeling of this system (Figure 6.15) indicated that optical
limiting should occur in the ~5 nsec time scale for fluences of less than 10
MW/cm’.
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FIGURE 6.16. Top curve shows the dependence of diffraction on the refractive index difference between
the particles and the medium. The diffracted intensity is zero when the refractive indices are equal and
increases symmetrically with the absolute difference. Bottom: Experimental setup for monitoring
diffraction from CCA shown in Figure 6.15. A 532 nm laser pulse (5 nsec duration) incident on the CCA
heats the absorbing colloidal particles. A 594 nm delayed probe pulse is also generated by a dye laser
excited by the 532 nm pulse. Two diodes monitor the relative intensity of the 594 nm probe pulse as well
as the intensity diffracted by the CCA.

To test this switching mechanism we developed a synthesis of
highly charged fluorinated colloidal particles containing absorbing dye.”®
These fluorinated particles have a refractive index of 1.38 and are easy to
refractive index match to a mainly aqueous medium typical of PCCA.

We examined the optical switching by using a 3 nsec 532 nm pulsed
laser which was absorbed by the PCCA colloidal particles.”” We also
utilized a 594 nm probe pulse which was diffracted by the heated CCA array
(Figure 6.16).

As shown by Figure 6.17 we observe an increase in diffraction with
increasing pump pulse energy when our colloidal particles have a refractive
index below that of the medium (n, < n, ). Larger pump pulse energies
result in even smaller values of n, which increases the refractive index
mismatch, which increases the diffraction. The dip at 0.6 mJ gives rise to a
~50 °C temperature increase to the polymer glass transition temperature.
Higher pulse energies disrupt the PCCA ordering.

Figure 6.17 shows that the pump pulse does not alter the diffraction, if
the spheres do not contain dye to absorb the light. Alternatively, if the dyed
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colloidal particles have a refractive index greater than that of the medium,
(n, > ny,) pump heating decreases n, which decreases the refractive index
mismatch which decreases the diffraction efficiency.
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FIGURE 6.17. Pulse energy dependence of the relative diffraction (relative to that in the absence of the
pump pulse) from the CCA of Figure 6.15. The middle curve is for undyed spheres that do not change
refractive index. The top curve is for particles with a refractive index smaller than that of the medium,

while the bottom curve is for particles with refractive index greater than that of the medium.

We examined the time dependence of these pump induced
diffraction changes. Figure 6.18 shows that the maximum diffraction change
is delayed by about 3 nsec from the pump pulse, as predicted.

Thus, we observe the predicted photonic crystal diffraction
switching. Unfortunately, initial measurements only found 3 % diffraction
switching efficiencies,”” more recent studies have observed 7 % switching
efficiencies. We are presently characterizing the phenomena that limit these
efficiencies. These phenomena appear to be related to those contributing to
the nsec diffraction peak shift dynamics observed for the azobenzene PCCA
hydrogels briefly discussed above.
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FIGURE 6.18. Probe delay time dependence of CCA diffraction. The maximum diffraction occurs at ~3
nsec after the pump pulse.

6.5. PCCA PHOTONIC CRYSTAL CHEMICAL
SENSING MATERIALS

A crosslinked hydrogel is a responsive soft material whose volume is
controlled by three competing phenomena,” the free energy of mixing of
the hydrogel polymer with the medium, electrostatic interactions of charges
bound to the hydrogel and the restoring forces due to the hydrogel crosslinks
(Figure 6.19). The free energy of mixing of the hydrogel with the medium
involves the entropic propensity of the hydrogel to fill all space (analogous
to the entropy increase associated with the expansion of an ideal gas), and an
enthalpic term which accounts for molecular interactions of the hydrogel
with the medium.

The electrostatic free energy gives rise to osmotic pressures
associated with electrostatic interactions between bound charges and osmotic
pressures due to the changes in the water chemical potential associated with
the immobilization of counterions within the hydrogel to the bound charges.
Each charge immobilizes at least one counterion, to give rise to a hydrogel
Donnan potential in low ionic strength solutions, which causes water to flow
into or out of the hydrogel. Finally, the configurational entropy of the
hydrogel crosslinked chains act to constrain the hydrogel volume.
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Hydrogels are Responsive
Enabling Materials

FREE ENERGY CONTRIBUTIONS TO GEL VOLUME

|G, = AGy,+ AG +AG,

FIGURE 6.19. The hydrogel volume depends upon the free energy of mixing, the free energy of ionic
interactions and the free energy associated with the elastic constraints of the hydrogel crosslinks.

We have functionalized” the PCCA with molecular recognition agents to
create intelligent PCCA (IPCCA) which can be used for chemical and
temperature sensing applications. These molecular recognition agents are
designed to actuate PCCA hydrogel volume changes as they interact with
their targeted analytes. These volume changes alter the embedded CCA
lattice constants, which result in diffraction wavelength shifts which
directly report on the concentration of analyte or temperature.

6.5.1. TEMPERATURE SENSING IPCCA SENSORS

The temperature sensors utilize the previously discussed volume phase
transitions of NIPAM. We can fabricate a NIPAM PCCA temperature
sensor by polymerizing a polystyrene colloid CCA in a NIPAM hydrogel.”!
Figure 6.20 shows that the temperature induced NIPAM volume phase
transition shifts the diffraction from the near IR into the near UV as the
PCCA temperature is varied between 15 and 40 °C. Thus, this PCCA
material functions well as a highly sensitive temperature sensor.

The NIPAM volume phase transition, is driven by the temperature
dependent free energy entropic term. The NIPAM hydrogel shrinks in order
to minimize the surface area of hydrogel polymer contacting the water
medium; water contacting the hydrophobic hydrogel must be highly ordered.
The entropic penalty for this ordering of water at the polymer hydrogel
interface increases linearly with temperature. At some temperature this
becomes sufficiently unfavorable that it cannot be balanced by the expansion
entropic free energy and the enthalpic term associated with the free energy
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of mixing. This results in a shrinkage of the NIPAM hydrogel as it
minimizes the surface area exposed to water.

FIGURE 6.20. Temperature dependence of diffraction from a PCCA of polystyrene colloidal particles
polymerized into a poly-N-isopropylacrylamide hydrogel. The diffraction shifts from ~720 nm at 12 °C
to 460 nm at 34.9 °C. The diffraction shifts result from a volume phase transition due to free energy of
mixing changes of the polymer with water as the temperature is altered.

6.5.2. ELECTROSTATICALLY DRIVEN CHEMICAL IPCCA
SENSORS

Our first photonic crystal chemical sensors utilized a Donnan potential
to drive the volume phase transition used for chemical sensing.> A vinyl-
crown ether derivative with a high affinity for Pb** was polymerized into a
PCCA (Figure 6.21). Ligation of the Pb** dication by the crown ether in the
PCCA results in immobilization of its counterions, which causes a Donnan
potential which induces an osmotic pressure which swells the hydrogel. nM
to mM concentrations of Pb** are easily detected. The diffraction red shift
reaches a maximum of ~650 nm and then decreases at concentrations above
~1000 ppm, due to the decreasing Donnan potential at the elevated solution
jonic strengths that accompany the higher solution Pb>* concentrations. This
Pb** sensor can be immersed directly in the analyte solution to determine the
analyte concentration by measuring the wavelength of light diffracted at
normal incidence, for example. Alternatively, we demonstrated that this
sensor material can be glued to the end of a fiber optic to determine the
concentration remotely.”
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FIGURE 6.21. IPCCA containing 18-crown-6 recognition group has a high affinity for Pb>. Top left:
photograph showing red (center) diffraction from originally blue (outer edges) IPCCA, after placing a
drop of 8 mM Pb(NO3), on IPCCA. Dependence of diffraction peak and diffraction peak wavelength on
Pb’" concentration.

The selectivity’s of these IPCCA sensing materials are determined
by the selectivity’s of their molecular recognition agents. Because this 18-
crown-6 derivative” has a binding affinity for Ba®* comparable to that for
Pb*" Ba™" is a significant interferant.

We fabricated a glucose sensing IPCCA by utilizing the enzyme
glucose oxidase (GOD).”> GOD converts glucose to gluconic acid. During
this reaction a flavin is reduced in the enzyme. This anionic flavin acts as an
anion immobilized on the hydrogel, which gives rise to a Donnan potential
which swells the PCCA in proportion to the glucose concentration. This
GOD PCCA operates as a steady-state sensor since oxygen in solution
reoxidizes the flavin. When oxygen is excluded concentrations of glucose
as low as 10> M are easily determined.”

We recently developed another glucose IPCCA sensor that also
utilizes a Donnan potential by attaching boronic acid recognition groups to
the PCCA.*® Boronic acid derivatives are known to bind to the cis diols of
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carbohydrates such as glucose. The binding of glucose to neutral boronic
acid derivatives shifts the boronic acid equilibrium towards the anionic
boronate form. This anionic boronate attached to the hydrogel results in a
Donnnan potential induced osmotic pressure which swells the PCCA. As
shown in Figure 6.22, this IPCCA is an excellent glucose sensor in low ionic
strength aqueous solutions. The solid line through the diffraction shift data
derives from a detailed hydrogel volume phase transition model which
accurately models the IPCCA response.
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FIGURE 6.22. Glucose concentration dependence of diffraction from boronic acid IPCCA. The IPCCA
in pure water redshifts as the glucose concentration increases until ~5 mM glucose concentration where

the response saturates.

We also developed pH and ionic strength sensors which also utilized
the hydrogel Donnan potential”> The pH sensor utilizes a covalently
attached group which titrates in the pH range of interest. For example, to
sense pH values between 4 to 8 we utilized carboxyl groups formed by the
hydrolysis of the amide groups of the polyacrylamide PCCA. As the pH
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changes the fraction of protonated carboxlys change and the hydrogel
changes its volume. This IPCCA can determine solution ionic strengths if
used at pH values where significant carboxylates exist, because the Donnan
potential decreases with solution ionic strength.
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FIGURE 6.23. Model of glucose crosslinks across two boronates in IPCCA. The polyethylene glycol
localizes two Na” cations at the boronates to reduce electrostatic repulsion between them.

6.5.3. CROSSLINKING DRIVEN IPCCA CHEMICAL
SENSORS

We have also developed a sensor for glucose for use in high ionic
strength bodily fluids based on glucose induced hydrogel crosslinking.*’
This sensor, which also utilizes boronic acids, also incorpororates
polyethylene glycols. This IPCCA senses glucose through the crosslinks
glucose forms through its two appropriately oriented cis diols (Figure 6.23).
The formation of these crosslinks shrink the hydrogel as shown in Figure
6.24 for glucose concentrations between 0 and 10 mM glucose (the
physiological ranges of glucose in tear fluids and blood) which blue shift the
diffraction. ~Higher glucose concentrations break the crosslinks when
individual glucose molecules saturate the individual boronic acid groups.
We are now also able to fully model this sensor response using our
fundamental understanding of the hydrogel volume phase transitions and the
relationship between crosslinks and the IPCCA elastic constant. Our
intention is to utilize these sensors for the noninvasive monitoring of glucose
in the tear fluid of patients with diabetes mellitus.



170 CHAPTER 6

o
n
K]

. 10505 2 020

-

o [4,]

I L
.

[02] S w
o [4,]
n i

-

Diffraction blue shift/nm

0 10 20 30 40 50
Glucose/mM

Diffraction intensity/a.u.

375 400 425 450 475 500 525 550
Diffraction wavelength/nm

FIGURE 6.24. Glucose concentration dependence of diffraction of the 4-amino-3-fluorophenylboronic
acid BA-AA-PEG sensor in 2 mM tris-HCI (pH 7.4) and 150 mM NaCl. Inset: Dependence of diffraction
peak shift on glucose concentration.

6.6. CONCLUSIONS

As discussed above we are able to construct novel responsive photonic
crystal materials which have promise for optical switching as well as
chemical sensing devices. These materials interact with light due to their
highly ordered CCA array. The prospects for these materials looks very
bright to us.
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PLASMONIC
NANOMATERIALS

Enhanced Optical Properties From Metal
Nanoparticles and their Ensembles

Alexander Wei
Department of Chemistry, Purdue University

7.1. INTRODUCTION

The first examples of nanotechnology, some historians might be inclined
to argue, could very well be accredited to some glassblowers from the days
of imperial Rome. Those ancient craftsmen were able to embed colloidal
metal particles within their glassy works to enhance their lustrous qualities.
Although they were most likely unaware of the nanoscopic nature of these
inclusions, this did not prevent them from appreciating the enigmatic hues
produced upon a change of incident light. One of the most striking examples
of such Roman glasses is the famed Lycurgus cup, which dates back to the
4th century A.D. The chalice has a dark greenish tint under reflected
lighting, but when illuminated from behind the goblet appears red colors are
attributed to the optical responses of colloidal gold particles dispersed
throughout the glass. Similar phenomena are also featured in the stained-
glass windows of many medieval cathedrals, most often from colloidal
particles of coinage metals such as copper and gold (red) or silver (yellow).
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FIGURE 7.1. The Lycurgus cup (4™ century A.D.) appears green when viewed with reflected light (left),
but red when illuminated from behind (right). Printed with permission from the National British Museum
of History.

Although the technology for producing metal-stained glass had been
practiced for centuries, the source of their brilliant colors remained shrouded
in mystery until the mid-nineteenth century, when Faraday published his
seminal experiments ascertaining the colloidal nature of “red gold.”'
Faraday’s work, followed by contributions from Tyndall, Mie, and many
others, provided the foundations for understanding the physical behavior and
optical responses of metal nanoparticles.

The purpose of this chapter is to review both basic concepts and current
developments in the optical properties of metal nanoparticles, particularly
gold and silver, and to highlight opportunities for applying such materials to
applications which can benefit from their sensitive and tunable
electromagnetic responses. Chemical sensing, biomedical imaging, high-
throughput screening analysis, and nanoscale photonics are some of the
many prospects which have sparked a resurgence of interest in this venerable
class of nanomaterials. These activities have been further motivated by
recent advances in metal nanoparticle synthesis, nanoscale self-assembly and
lithography, and by a growing appreciation for the collective optical
responses of metal nanoparticles in ensemble states.

7.2. SURFACE PLASMONS IN SPHERICAL METAL
NANOPARTICLES

The strong optical extinctions of conductive metal nanoparticles arise
from an electrodynamic phenomenon known as surface plasmons. These are
generated by the collective excitation of free electrons in response to a
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characteristic electromagnetic frequency, very much similar to the function
of a radio antenna. The physical nature of surface plasmons will be discussed
here in sufficient detail for making useful connections between metal
nanostructures and their optical properties; for a more comprehensive
treatise on the physics of surface plasmons, the reader is directed to the
monographs by Raether” and by Kreibig and Vollmer.’

Surface plasmons can be categorized into two types: localized plasmon
resonances, in which incident light is absorbed or scattered by the oscillating
electric dipoles within a metal nanoparticle, and surface plasmon polaritons,
which propagate along metal surfaces in a waveguide-like fashion until
released at some distance from their point of origin (see Figure 7.2). The
former are important for generating local field factors, which enhance linear
and nonlinear optical effects near the metal surface. However, metal
nanostructures often support both types of plasmons simultaneously; in fact,
it can be difficult to decouple one from the other, resulting in a confusion of
terms. Nevertheless, the plasmonic coupling of metal nanoparticles with
light enhances a broad range of useful optical phenomena, such as resonant
light scattering (RLS), surface plasmon resonance (SPR), and surface-
enhanced Raman scattering (SERS), all of which have tremendous potential
for ultrasensitive chemical and biomolecular detection and analysis.

FIGURE 7.2. Incident light on nanostructured metal surfaces can generate localized (standing) plasmon
resonances (left) as well as surface plasmon waves (right). Excitation of conduction electrons (red)
produces local electromagnetic fields (pink) near the metal surfaces.

7.3.  SURFACE PLASMONS: THEORETICAL
CONSIDERATIONS

In the simplified case of a metal nanosphere with radius R much smaller
than the incident wavelength (a condition commonly referred to as the quasi-
static approximation), the plasmon response is essentially dipolar in nature.
The strength and frequency of this resonance is related to the total number of
electrons in the oscillating dipole (defined essentially by the particle volume,
or R*), the complex dielectric function & &), and the dielectric constant of the
local medium ¢;. The plasmonic response is directly measurable by optical
extinction and can be quite intense; for example, the molar extinction
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coefficient (€) for 30-nm Ag particles in water at plasmon resonance (axp =
3.25 eV, or Asp= 380 nm) is on the order of 10"°M"' cm™.

Extinction includes both absorption and scattering components, which
have different scaling relationships with nanoparticle size. The absorption
cross section (a theoretical area value used to quantify the number of
photons interacting within that region) increases linearly with particle
volume, whereas the scattering cross section is relatively smaller but scales
with volume squared. Such power functions are approximate and deviate
significantly for particles above the quasi-static size limit.

The dipolar plasmon response (oscillator strength) of the nanoparticle is
often defined by its polarizability, which can be expressed in terms of the
parameters above by the electrostatic Clausius—Mossotti equation (also
known as the Lorentz-Lorenz equation):

3| €&y
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The resonance condition leading to maximum polarization is |¢ + 2¢, = 0,
requiring & w) to be negative. However, the complex dielectric function must
be divided into real and imaginary components ¢£'(w) and £”(w) in order to
remove the phase-dependent term from the equation; resonance is thus
achieved when &'(w) = -2¢; and ¢”(w) << 1. The dielectric function is
negative when @ is below some threshold frequency a@,, known also as the
plasma frequency. The relationship between & @) and @, can be illustrated
by the Drude model, a conceptually useful description of free-electron
behavior in metals. Here £'(@) and £”(w) can be approximated in terms of @,
and 7, the plasmon relaxation frequency:
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Applying these relations to Eq. (1) yields a Drude resonance frequency ap =
@,/2¢, +1when £”(®) is small. The plasma frequency @, is a bulk

material property and is scale-invariant within the quasi-static limit.
However, the Drude free-electron response varies with geometric shape,
which suggests a useful theoretical handle for predicting characteristic
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resonance frequencies of ellipsoids (nanorods) and other anisotropic
particles as a function of aspect ratio.

Unfortunately the free-electron model cannot be directly applied toward
calculating the plasmonic response of most metals of interest, because of the
additional electric susceptibility introduced by interband transitions between
the outermost d and s orbitals at optical frequencies (threshold excitation
energies for Ag(4d—5s) and Au(5d—6s) are close to 3.9 and 1.8 eV,
respectively). These electronic excitations couple strongly with the free-
electron response, resulting in large changes to ¢'(w) and ¢”(w); in addition,
they can provide a significant relaxation (damping) mechanism for plasmon
decay, reducing the quality of the optical resonance. In the case of Ag,
interband transitions are responsible for changes in the resonance condition
and the subsequent frequency difference between the theoretical Drude
response (@p = 5.6 eV) and the observed plasmon resonance (axp = 3.6 eV).
In the case of other metals such as Au and Cu, £”(®@) cannot be neglected at
optical frequencies so the resonance condition derived from Eq. (1) is no
longer strictly applicable.

Exact solutions for the optical properties of metal nanostructures can be
obtained instead using electrodynamic Mie theory, whose formulations are
derived from Maxwell’s equations. Application of Mie theory requires the
input of &; and & w) as a function of frequency for a given particle size,
either as experimental values or as numerical approximations. Various
optical functions can be calculated with great accuracy; for example,
extinction and optical conductivity (¢”/4) spectra of Cu, Ag, and Au
particles in the quasi-static limit were calculated using Eq. (4), with the
effect of £” on the resonance band plainly visible (see Figure 7.3).” The
calculated extinctions reproduce the experimental spectra with a high degree
of fidelity, although the effect of certain physical parameters cannot be
accounted for, such as surface charge from the electrostatic double layer.

1272'83/2R3a)| g"
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Mie theory has been used to estimate variations in the electrodynamic
response due to particle size, anisotropy, and other extrinsic parameters,
independently from changes in the optical material function. This includes
metal nanoparticles beyond the quasi-static limit (2R/A > 0.05), whose
plasmon resonances are redshifted by phase retardation and broadened by
radiation damping (vide infra). Higher-order plasmon modes also become
significant; for example, quadrupole resonances in Ag and Au particles can
be observed in optical extinction spectra starting from ~60 nm.
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FIGURE 7.3. Optical conductivity (£”/4, in gray) and extinction spectra (in black) of Cu, Ag, and Au
nanoparticles calculated as a function of photon energy (2R = 10 nm, g;=1). The relative intensity of
absorption by Ag is much higher than that of Au or Cu (adapted from Ref. 3).

Another important transition takes place in the mid-nanometer size
regime: scattering supersedes absorption as the dominant optical response, at
about 60 nm for Ag and 80 nm for Au. Dipole (§;) scattering typically
provides the largest contribution, followed by quadrupole (S;) scattering.* As
particles continue to increase in size, the various absorption and scattering
modes reach a maximum, then fade away until only the bulk optical
properties of the metal remain. Theoretical Mie absorption and scattering
properties for Ag and Au particles of various size in water have been
calculated by Yguerabide,® and are reproduced here to illustrate the dramatic
effect of size on plasmonic response (see Figures 7.4 and 7.5 and Tables 7.1
and 7.2).

FIGURE 7.4. Mie extinction properties of spherical Ag nanoparticles in water, calculated as a function of
diameter (adapted from Ref. 5).
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FIGURE 7.5. Mie extinction properties of spherical Au nanoparticles in water, calculated as a
function of diameter (adapted from Ref. 5).

TABLE 7.1. Mie extinction properties for Ag nanoparticles as a function of size (adapted
from Ref. 5). Ay values are calculated for dipolar, quadrupolar and higher-order plasmon
resonances [latter two in brackets]. *Coefficients are calculated at maximum extinction. “Cyea
= scattering cross section. “p = relative scattering efficiency.

2R (nm) Anax (DY’ eM"' cm™y’ Ciea (cm’)° 9 (Cood Ce)”
20 390 4.16 x 10° 6.42 x 10 0.041
40 400 2.87 x 10" 2.78 x 107" 0.255
60 420 6.75 x 10" 1.41 x 107° .0550
80 445 [380] 1.04 x 10" 2.92 x 107° 0.741
100 485 [390] 1.35 x 10" 428 x 10 0.835
120 530 [400] 1.66 x 10" 5.57x 107 0.844
140 580 [415] 1.98 x 10" 6.88 x 10°1° 0.913
160 640 [445] [390] 2.97 x 10" 8.97 x 107" 0.819
180 [460] [400] 3.41 x 101 1.13 x 107 0.848
200 [485] [405) 4.04 x 10" 1.35 x 10” 0.876
300 [490] [420] 8.0 x 10" 2.7 x 107 0.877

TABLE 7.2. Mie extinction properties for Au nanoparticles as a function of size (adapted
from Ref. 5). “Anma values are calculated for dipolar, quadrupolar and higher-order plasmon
resonances [latter two in brackets]. *Coefficients are calculated at maximum extinction. “Cyea
= scattering cross section. “p = relative scattering efficiency.

2R (nm) Aunax (nm)* eM ' em™) Coaa (cm?)’ 9 (Coed Con)”
20 535 1.57 x 10° 8.36 x 10714 0.014
40 535 1.63 x 10" 6.05 x 107 0.100
60 545 532 x 10" 6.33 x 107! 0313
80 555 1.14 x 10" 231 %107 0.546
100 575 1.62 x 10" 4.56 x 107" 0.739
120 605 2.07 x 10" 6.90 x 107! 0.876
140 635 [535] 2.46 x 10" 8.79 x 107" 0.940
160 665 [540] 2.80 x 10" 1.02 x 10° 0.963
180 720 [550] 3.14 x 10" 1.16 x 107 0.974
200 780 [560] 4.51 x 10" 1.38 x 10° 0.788

300 [660] [555] 7.98 x 10! 2.94 x 10° 0.968
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7.4. SURFACE PLASMONS AND THE MATERIAL
FUNCTION

We have touched on the fact that the free-electron plasmon response can
be strongly influenced by interband transitions, a property of the bulk metal.
Several other material factors also have an influential role on surface
plasmons and & ®): (a) the electron mean free path, (b) the skin depth, and
(c) local medium effects, including surface adsorption. These are discussed
in some detail below for the case of spherical, crystalline metal nanoclusters.

7.4.1. SIZE CONFINEMENT EFFECTS ON THE PLASMON
BAND

Metal nanoparticles exhibit peak broadening when their diameters are
much less than the electron mean free path L., a material-dependent property
describing the quasi-elastic scattering of conduction electrons (L. in bulk Ag
and Au are about 50 and 40 nm, respectively). The effective path length L,
decreases almost linearly with 2R, corresponding with a change in & @) from
the bulk dielectric function. Broadening of the plasmon band in Ag and Au
nanoparticles becomes evident for 2R < 10 nm; the plasmon resonance
frequency is not affected, but the relaxation rate /™ increases with a 1/R
relationship due to the greater electron scattering by the particle surface (see
Figure 7.6).° In the case of the very smallest nanoclusters (2R < 2 nm), it has
been argued that the local density of states may be reduced to the extent that
they no longer form a continuous band structure. Experimental evidence for
quantum size effects has recently been obtained in the form of
electrochemical “Coulomb staircase” measurements on single gold
nanoclusters, with redox-like behavior observed for particles with diameters
well below 2 nm.” Quantum-mechanical effects of a different sort have also
been established in the ensemble electronic states of metal nanoparticle
superlattices, as shall be discussed in a later section (cf. Section 4.2a).

7.4.2. SKIN DEPTH

The incident lightwave on a bulk metal surface has a fairly low
penetration depth, with an exponential attenuation of electric field strength
below the surface (see Figure 7.2, right). The electric field within the metal
can be expressed as a function of depth z:

|E(2)|=|Eole ™" (5)
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Here the skin depth J'is defined as
=57 (6)

where k is the absorption coefficient of the metal. The bulk refractive index
n and the absorption coefficient k are related to the complex dielectric

function by n+ik =+ &'+ie", so k can be expressed solely in terms of the
dielectric function as

k=\/ ) +(e")? -¢'

2

™

Calculations of & using Egs. (6) and (7) at different optical wavelengths
suggest an average value of ~30 nm for both Ag and Au, with an
exceptionally large value of ~80 nm near the plasmon resonance in the case
of Ag. This reaffirms the dipolar nature of localized plasmon resonances for
nanoparticles with diameters on the order of L., and suggests the onset of
multimodal plasmon modes in larger metal nanoparticles. A low skin depth
also promotes the propagation of surface plasmon polaritons in anisotropic
metal nanostructures such as nanorods, with intriguing consequences for
their optical emissions.
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FIGURE 7.6. Size confinement effects on the plasmon resonance band for Ag nanoparticles, calculated
using bulk dielectric constants (adapted from Ref. 3).
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7.4.3. LOCAL DIELECTRIC AND SURFACE EFFECTS.

Coupling between the Drude free-electron response and interband
excitations can be weakened by modulating &, such that the Drude
frequency is shifted away from the electronic transition threshold (see
Section 2.1). An especially dramatic effect can be expected in the case of
Cu, which has a significant £”(®) at plasmon frequencies above 2 eV (see
Figure 7.3). By embedding Cu nanoparticles in transparent media with &, >
5, the plasmon resonance frequency of Cu nanoparticles can be lowered to
below 2 eV, resulting in a large enhancement in optical extinction (see
Figure 7.7).® Metal nanoparticles are also solvatochromic; polymer-
stabilized Au particles dispersed in organic solvents of varying refractive
indices (n = 1.33-1.60) demonstrated a shift in absorption from red to purple
(Asp = 520545 nm), accompanied by an increase in extinction intensity.’
The experimental data was found to be in excellent agreement with Mie
theory, based on the changes in &,.

10 Cu

1.0 (2R=10 nm)
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FIGURE 7.7. Extinction peaks of Cu nanoparticles embedded in various dielectric media (&).’

Surface adsorbates (ligands) can also influence the optical properties of
metal nanoparticles. Strongly adsorbing anions and chemisorptive
surfactants such as thiols accelerate plasmon relaxation, resulting in peak
broadening (vide supra). This effect has been attributed to a reduction in
conduction electron mobility, due to electronic coupling between the
plasmon and charge-transfer bands formed by the metal-adsorbate
complex.'® Strong optical resonance can be restored in some cases by
cathodic (negative) charging, which induces ligand desorption.

7.4.4. PLASMON DECAY AND RADIATIVE DAMPING

The quality of the dipolar plasmon response depends both on the
intensity of polarizability and the coherence lifetime of the collective
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oscillations. The latter is determined by the dephasing (or decay) of the
collective dipole, which is characterized by the relaxation constant T,= 24/I"
Plasmon relaxation occurs by radiative damping and also by nonradiative
electronic mechanisms such as interband transitions (vide supra). Radiative
damping of an oscillating electronic dipole is the electromagnetic equivalent
of mechanical damping in a vibrating system, with the conduction electrons
providing an effective mass.

Both radiative damping and polarizability increase with particle volume,
such that the increased dipole oscillator strength is accompanied by
broadening of the optical response. Radiative damping also scales with 1/4°,
with a consequently reduced effect on plasmons at lower frequencies.
Radiative damping in single metal nanoparticles has recently been measured
by Klar et al. using near-field scanning optical microscopy, which permitted
quantitative determination of plasmon linewidths (/) from individual
nanoparticles.’’ These were narrower than that produced by bulk
measurements, and yielded an excellent correlation between experiment and
Mie theory.

As a practical rule of thumb, damping and phase-retardation effects in
spherical nanoparticles will have a compromising effect on optical emission

and field-enhanced applications such as SERS when 2R/A > 1/71'\/5

(approximately 0.24 in water).'>"> However, it is important to mention that
radiative damping is not necessarily dependent on the overall particle
volume, but rather on those portions which define an ‘optical domain.” This
point will become clear when discussing the optical properties of anisotropic
structures such as nanorods and nanowires.

7.4.5. ANISOTROPIC METAL NANOPARTICLES

An important feature of dipolar plasmon resonance is its high sensitivity
to shape anisotropy: isolated spherical nanoparticles typically support a
single resonance frequency, whereas anisotropic particles such as rods and
triangles will exhibit at least one additional plasmon mode, as well as large
redshifts in plasmon resonance. Electric birefringence is also enhanced by
structural anisotropy, and can be used in conjunction with optical extinction
to estimate particle eccentricity.'* Modifications to the original Mie theory
(by Gans) have permitted the optical response of anisotropic nanoparticles to
be calculated and compared with analytical measurements. Both theoretical
and experimental investigations of anisotropic metal nanoparticles indicate
several important differences in their enhanced optical properties when
compared with those of spherical nanoparticles.
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7.4.6. SURFACE PLASMONS IN METAL NANORODS AND
NANOWIRES

According to Mie-Gans theory, cylindrical nanorods support two distinct
plasmon modes: a transverse mode oscillating perpendicular to the principal
axis, and a longitudinal resonance with a coaxial polarization. Several
groups have shown that both frequencies are determined by the particle’s
aspect ratio.">'® The longitudinal plasmon mode can be strongly redshifted
into the NIR: for example, Au nanorods dispersed in water with aspect ratios
of ~4:1 exhibit longitudinal plasmon resonances centered at 800 nm,
whereas nanorods with aspect ratios of ~9:1 exhibit resonances centered at
1.3 um (see Figure 7.8). In contrast, the transverse plasmon resonance shifts
toward shorter wavelengths with increasing aspect ratio, until an asymptotic
value is reached (~500 nm).

FIGURE 7.8. Longitudinal plasmon resonances calculated for Au nanorods in water with different aspect
ratios, based on electrodynamic Mie—Gans theory (adapted from Ref. 15).

Methodologies for synthesizing metal nanorods are now well established.
Nanoparticle-seeded growth mediated by cationic surfactants can produce
cylindrically symmetric nanorods with aspect ratios as high as 20:1, with
diameters on the order of 10-20 nm.'™'® For thicker nanorods (> 20 nm),
pulsed electrodeposition into metallized nanoporous membranes has been
demonstrated to produce nanorods of any aspect ratio.'””® The latter
synthetic method offers excellent control over nanorod dimensions: rod
thickness is predetermined by pore diameter, whereas rod length is a direct
function of deposition time or coulombs (current x time). In addition, the
electroplating solution can be interchanged to enable the preparation of bi-,
tri-, or multimetallic nanorods. This has been recently demonstrated in the
production of submicron “nano-barcodes,” in which several different metals
can be incorporated into the nanorod, with each segment producing its own
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characteristic plasmonic response.”"” These are currently being marketed as
single-particle optical labels for various bioanalytical applications.”

FIGURE 7.9. Optical micrograph (160x, N.A. = 1.4, 4 = 405 nm) of bimetallic ‘striped” Ag—-Au
nanorods, approximately 300 nm x 6 ym.*

A very important optical quality of Au nanorods is their low rate of
plasmon decay, which reduces the linewidth of their optical response. A
recent single-particle scattering study by Soénnichson et al. provided FWHM
linewidths of individual Au nanospheres and nanorods, with the latter
producing higher quality resonances due to reduced radiative damping
effects.”* Spherical nanoparticles with plasmon resonances centered at 800
nm produced emissions with broad linewidths (/"= 0.9 eV, or ~500 nm),
whereas nanorods at the same resonance frequency produced much narrower
emission peaks (/"= 0.1 eV, or ~50 nm). The plasmon linewidths are limited
by nonradiative damping effects caused by the intraband transitions in gold
(I"~ R/T,"®) but remain narrow even at longer wavelengths, and are only
slightly broader than those derived from electrodynamic calculations (cf.
Figure 7.8). It is interesting to note that even very long metal nanowires (~30
nm x 6 um) retain high optical scattering efficiency without significant line
broadening (As= 520 nm).” The nanowires’ transverse plasmon resonances
are evidently unperturbed by radiative damping, which suggests that the
plasmon relaxation rate is unaffected by dimensional changes normal to the
direction of polarization.

The distinction of transverse and longitudinal modes in plasmonic
nanowires gives rise to an interesting dichotomy: electric polarizations in the
transverse direction can propagate as surface plasmon waves along the
nanowire’s principal axis. Optical input energy can be transported as
surface-bound plasmon waves and be re-emitted as light at the far end of the
nanowire, provided that propagation is favored over absorption or emission.
This suggests possible applications in the emerging area of nanophotonics, in
which electromagnetic information can be processed and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>