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ABSTRACT

Hybrid organic-inorganic nanoparticles are devetbps a new class of material
with a wide range of application based on theircipscopic and electrochemical
properties. Designing these materials to fine tineg properties as an energy or charge
transfer pair calls for an ease of synthesis t@pce stable and tunable nanoparticles.
Chapter 2 describes a facile synthesis of a natiolgacored dendrimer with
electroactive carbazole dendron conjugated ontathi@e surface of a generation three
cystamine-core PAMAM dendrimer. The disulfide ore tlcystamine core of this
dendrimer is reduced to produce dendrons thatligalthe AuNPs. Such manner of
synthesis avoids the tedious stepwise procesdaifhatg the dendrons to the AuNPs by
convergent approach. Spectroscopic and electroclaémioperties of this system are
reported. Chapter 3 discusses the energy transfeived between CdSe quantum dots
and Au nanoparticles placed proximal to each otfid¢re CdSe quantum dots are
stabilized by generational carbazole dendrons whrdide a control in the distance of
these nanopatrticles thereby controlling the domoeptor interaction. Quite uniquely,
the reduction of the Aliions did not necessitate any external reducing tageme
formation of this hybrid nanoparticle is a one pghthesis wherein the reduction of the
Au** to Au (0) provides a simultaneous cross-linkinghef carbazole units which overall
affords the formation of a three-component hylmahoparticles. Generally there is a
potential in exploring the optimization of this fiecsynthetic protocol to produce the

customized hybrid nanoparticles needed for spegptoelectronic applications.

vi



TABLE OF CONTENTS

Acknowledgments
Abstract

Table of Contents
List of Figures

List of Schemes

List of Tables

Abbreviations

Chapter 1. Introduction

1.1. Hybrid Organic-Inorganic Nanopatrticles

1.1.1. Dendrimer Encapsulated Nanoparticles

1.1.2. Nanoparticle-cored Dendrimers

1.2. Dendrons and Dendrimers

1.2.1. Synthesis of Dendrimer

1.2.2. Dendrons as Ligands in Nanoparticle Symhes

1.3. Photoluminescent Quantum Dots

1.4. Plasmonic Gold Nanoparticles

1.5. Energy Transfer

1.6. Objectives and Outline

Vii

iii
vi

vii

Xii
Xiii

Xiv

10

12

15



1.7. References

Chapter 2. Synthesis of Gold Nanoparticle-cored Polyamido Amine

Dendrimer with Carbazole-Functionalized Surface

2.1. Introduction

2.2. Experimental Section

2.2.1 Materials

2.2.2. Characterization

2.2.3. Synthesis

2.3. Results and Discussion

2.3.1. Synthesis and Characterization

2.3.2. X-ray Photoelectron Spectroscopy

2.3.3. UV Absorption and Luminescent Properties

2.3.4. Cyclic Voltammetry by Electrodeposition

2.3.5. Transmission Electron Microscopy

2.4. Conclusions

2.5. References

viii

18

24

24

28

28

28

29

34

34

37

37

41

44

45

a7



Chapter 3. Energy Transfer in Hybrid Dendron-capped CdSe Quantum
Dotswith in-situ Reduced Au Nanoparticles

3.1. Introduction

3.2. Experimental Section

3.2.1. Materials

3.2.2. Characterization

3.2.3. Synthesis

3.3. Results and Discussion

3.3.1. Absorption and Photoluminescence Properties

3.3.2. X-ray Photoelectron Spectroscopy

3.3.3. Energy Transfer and Fluorescence Lifetireedy

3.4. Conclusions

3.5. References

Chapter 4. Conclusions and Future Work
4.1. Conclusions
4.2. Future Work

4 3. Final Remarks

51

54

54

54

55

63

63

65

67

71

73

i
77
79

80



Figure1l.1.

Figurel.2.

Figure1.3.

Figure1.4.

Figure 1.5.

Figure 1.6.

Figure1.7.

Figure 1.8.

Figure2.l1.

Figure2.2.

Figure2.3.

Figure2.4.

LIST OF FIGURES

(&) Structure of P3HT, (b) energy level diagramcbfrge
transfer, and (c) device structure of the film wmsn Al
electrode and PEDOT:PSS.

General scheme of the formation of dendrimer endape
nanoparticles (DENS).

Typical dendrimeric structure composed of the binamg units
called the dendrons, the generations (G1, G2, &) the
core molecule.

Divergent approach in synthesizing dendrimersisgftom
the core to the periphery.

Convergent approach in synthesizing dendrimersrsggirom
the periphery to the core.

Surface plasmon resonance due to interaction ofluazion
band electron with incident light.

Brust-Schiffrin method of reducing gold and statiilg with
thiol ligands.

Energy transfer diagram of photoexcited electramfrdonor
to acceptor.

11

12

14

'H NMR spectra of G1CBzCOOH (top) and G3PAMAM- 34

NHCOG1CBz (bottom).

IR spectra of (a) G1CBzCOOH,
NHCOG1CBz showing the formation of amide bond.

XPS data of (a) Au and (b) S

and (b) PAMAM- 36

39

Absorbance spectra of (a) GSPAMAM and G3PAMAM- 40

NHCOG1CBz and (b) the gold nanoparticle-cored demeir

showing peaks for GBAPAMAM-NHCOG1CBz with surface

plasmon resonance peak



Figure2.5.

Figure 2.6.

Figure2.7.

Figure2.8.

Figure3.1.

Figure 3.2.

Figure3.3.

Figure 3.4.

Emission spectra of G3APAMAMNHCO-G1CBz without (a) 41
and with (b) AuNP excited at 337 nm.

Fluorescence Lifetime of (a) G3BPAMAM-NHCOG1CBz and 42
(b) GBPAMAM-NHCOG1CBz-AuNP.

(a) Cyclic Voltammograms of (a) GSPAMAM-NHCOG1CBz 43
without AuUNP (b) GBPAMAM-NHCOG1CBz with AuNP.

Representative Transmission Electron Microscopygenaf 44
the G3PAMAM-NHCOG1CBz-AuNP at 200k X
magnification and histogram of the size distribnoti

UV-Vis spectra of (a) G1- and (b) G2-CBzPO-Cdsehvahd 64
without AuNP, (c) AuNP in citrate and (d) CdSe-TQPO

XPS spectra of G1- and G2CBzPO-CdSe-AuNP fof and 66
Cd in the form of CdSe.

Emission spectra of (a) G1- and (b) G2-CBzPO-Cdseand 68
without AuUNP excited at 340nm (left ) and 400 rright).

Fluorescence lifetime decay curves of (a)CdSe-TOPO70
G1CBzPO (a)with and (c)without AuNP, (d) the lifag
distribution for G1CBzPO-CdSe-AuNP, (e ) G2CBzPC=€d

and (f) G2CBzPO-CdSe-AuNP.

Xi



Scheme 2.1

Scheme 2.2

Scheme 3.1

Scheme 3.2

Scheme 3.3

LIST OF SCHEMES

Synthesis of G1CBzCOOH

Synthesis of G3PAMAM-NHCOG1CBz-stabilized AuNPs
Synthesis of G1CBzPO

Synthesis of G2CBzPO

Synthesis of G1- and G2CBzPO-CdSe-AuNP

xii

31

33

56

60

62



LIST OF TABLES

Table3.1 Average Fluorescence Lifetime of CdSe-TOPO, G &B2- 71
CBzPO-CdSe with and without the AuNPs.

Xiii



AuNPs

CBzBr

CdSe

Cv

DCC

DEMNSs

DENSs

DMAP

DMF

DMSO

DSAuUNPs

EDC

ET

FRET

FT-IR

G1

G1CBzBr

G1CBzCOOCH3

G1CBzCOOH

ABBREVIATIONS

Gold Nanoparticles

Bromocarbazole

Cadmium Selenide
Cyclic Voltammetry

Dicyclohexylcarbodiimide

Dendrimer Encapsulated Metallic Nanopatrticles
Dendrimer- Encapsulated Nanoparticles
4-(Dimethylamino)pyridine
N,N-Dimethylformamide

Dimethylsulfoxide

Dendron-stabilized Gold Nanoparticles
N-(3-DimethylaminopropylN'-ethylcarbodiimide
hydrochloride

Energy Transfer

Forster Resonance Energy Transfer

Fourier Transform Infrared

Generation One

Generation 1 3,5-Bis(4-(9H-carbazol-9-ytjiny)benzyl

Bromide
3,5-(Bis(4-(9H-carabazol-9-yl)butoxy)beate

3,5-(Bis(4-(9H-carabazol-9-yl)butoxy)beitzacid

Xiv



G1CBzOH

G1CBzPE

G1CBzPO

G1CBzPO-CdSe
G2

G2CBzCOOCH3

G2CBzOH

G2CBzPO-CdSe
G3

G3PAMAM-
NHCOG1CBz

G4-OH
G4PAMAM

GnCBzPO-Cdse-AuNP

HAUC|4
HOMO

ITO

Genreration 1 3,5-Bis(4-(9H-carbazol-9-ytjixy)benzyl
alcohol
Generation 1 3,5-Bis(4-(9H-carbazol-9-yidy)benzyl
phosphonate ester
Generation 1 3,5-Bis(4-(9H-carbazol-9-yidy)benzyl
phosphonic acid
Generation 1 Phosphonic Acid Carbazatemium Selenide
Generation Two
Generation 2 Methyl 3,5-Bis(3’,5'-big@H-carbazol-9-
yl)butoxy)benzyloxy) Benzoate
Genreration 2 3,5-Bis(4-(9H-carbazol-9-ytjixy)benzyl
alcohol
Generation 2 Phosphonic CarbazoleniQadSelenide

Generation 3

Generation 3 PAMAM Dendrimer with 3,5-(Bis(4-(9H-
carabazol-9-yl)butoxy)amide

Generation Four Dendrimer with OH FunctioGabup
Generation 4 Polyamido Amine

Generation n Carbazole PhosphanicCadmium Selenide
Gold Nanoparticle
Gold (lll) Chloride Hydrate
Highest Occupied Molecular Orbital
Indium Titanium Oxide

XV



LUMO
MUA
NaBH,
NBS
NCDs
NSET
OLEDs
P3HT
P3T
P7T
PAMAM
PC
PdCl,
PEDOT:PSS
PT

QD
ROMP
SPR
TBAH
TEM
THF

TLC

Lowest Unoccupied Molecular Orbital
11-Mercaptoundecanoic Acid

Sodium Borohydride
N-Bromosuccinimide
Nanoparticle-Cored Dendrimers
Nanoparticle Surface Energy Transfer
Organic Light-Emitting Diodes

3- Hexylthiophene

Terthiophene Dendron
Heptathiophene Dendron
Poly-amido Amine

n-Conjugated Carbazole

Palladium Tetrachloride

Poly(3,4-ethylenedioxythiophene)polyéstgsulfonate)

n-Conjugated Terthiophene

Quantum Dots

Ring Opening Metathesis Polymerization

Surface Plasmon Resonance

Tetrabutyl Ammonium Hexafluorophosphate

Transmission Electron Microscopy
Tetrahydrofuran

Thin-Layer Chromatography

XVi



TOAB Tetraoctyl Ammonium Bromide

TOPO Trioctyl Phosphonic Oxide
XPS X-ray Photoelectron Spectroscopy
Td Lifetime of Donor without Acceptor

Tda Lifetime of Donor with Acceptor

XVii



Chapter 1. Introduction

1.1. Hybrid Organic-l1norganic Nanoparticles

A hybrid material is a product of the physicaloblemical combination of two or
more different components, usually organic andganic, to produce a new composite
with superior properties compared to the origimalividual components. Such materials
have gained great interest in the field of matsriasearch especially with the advent of
facile and reproducible nanoparticle synthesishim past decadelnterestingly, organic
T-conjugated polymers have been combined with metatir semiconducting
nanoparticles or nanocrystals as stabilizing ligatwlafford a more stable, processable,
soluble, rigid nanoparticles to enhance their detdeonic properties by means of energy

or charge transfef.

The pioneering work of Alivisatos, combined thedeiaccepting property of a
conjugated polymer, 3-hexylthiophene (P3HT), witle £lectron-accepting property of
semiconducting nanocrystals, CdSe, to fabricateeriads for organic solar celfs.
Although limited by high cost, for many years, iganic solar cells have shown superior
performance, with efficiency of 15-30%, over orgasolar cells mainly because
inorganic semiconductors have higher intrinsiciearmobility, i.e. charges are more
efficiently brought to the electrodes thereby @dg current losses. Conjugated
polymers on the other hand have very low carriebiiitg due to the presence of electron
traps like oxygen.Combining the properties of inorganic semicondicisith the hole-

accepting properties of conjugated polymers cam @wide area of research for more



efficient, yet cheaper, organic solar cells. Instork, the hybrid material of CdSe-
P3HT, outperformed the inorganic semiconductingrsaells by producing a power

conversion efficiency of up to 55%.

A B =
Regioregular P3HT ol
h+
P3HT el
CdSe

External
Circuit

CdSe/P3HT Blend

&L .~

#
PEDOT:PSS Substrate ITO

Figure 1.1 (a) structure of P3HT (b) energy level diagranciofrge transfer (c) device
structure of the film between Al electrode and RHDPSS ( Adapted with permission
from ref 3. Copyright 2002 Science. )

Hybrid nanocomposites consisting of semiconductiggantum dots and
conjugated polymers have in recent years attractech attention for their use in both
light emitting displays and photovoltaids, primarily because of the spectral tunability

and photostability of the quantum dots.



1.1.1 Dendrimer Encapsulated Nanoparticles

Another type of hybrid nanocomposite was pionedrgdhe group of Crooks.
These are the dendrimer-encapsulated nanopartarié3ENs where the metal ions are
initially complexed into the interior of a dendemand then reducing the ions to form
zero-valent DENs as shown in Figure 1.Zhe dendrimer serves as a template to
immobilize the complexed ions and as dendron bdgesupport then situ-reduced
metallic nanoparticles. More importantly, the dem#rs add an advantage to the
properties of the nanoparticles in that they cagv@mt aggregation, keep them close to
monodispersed size, control their solubility andgassablity, and control their surface
chemistry by manipulating the terminal group of tbendrimers.® These metal
nanoparticles with dimension of < 4nm, formed witthe dendrimers have interesting
optical, electrical, and magnetic properties fingditheir way in practical applications

such as catalysis, biosensors, and optoelectdavices’
1.1.2. Nanoparticle-cored Dendrimers

Nanoparticle-cored dendrimers (NCDs) are anotlessoof hybrid nanomaterials
that are metal containing dendrimers led by treigrof Fox'® These dendrimers have
gold nanoparticles in the core, stabilized by Fetdipe dendron wedges with disulfide
functionality that self-assemble on the surfacetioé gold nanoparticles (AuNPs). The
synthesis of this NCDs follow a modified procedwkthe Brust method where in
HAuUCI, is reduced by the addition of NaBHo produce AuNPs and subsequently

3



stabilized by thiolated dendrons. These dendroesatached radially onto the central
nanoparticles via Au-S bonds. The same processdeas by the group in preparing
palladium nanoparticles stabilized by large dendwmetges by reducing PdCWith
NaBH,; in toluene in the presence of tetraoctyl ammonhnomide (TOAB) as phase
transfer agent: The general advantage of preparing nanopartidebe center of a
dendrimer for catalytic functions lies in the fétht the larger the dendrons used, the less
dendrons actually attach on the surface of the llimetaanoparticle due to steric
hindrance. This design gives a larger surface afré@e core metal to act as a catalyst and

not be completely hindered by the dendrimer as beagossible with DENS!

DEN

G4-OH Dendrimer

Figure 1.2 General scheme of the formation of dendrimer eswaped nanoparticles
(DENs) (Adapted with permission from ref 7. Copytig2005 American Chemical
Society)

1.2. Dendronsand Dendrimers

Dendrimers are monodisperse macromolecular ar¢hrgsc possessing a unique
and well-defined structure containing connectorg building blocks arranged around a
core’? This highly symmetric hyperbranched macromolectdmsists of three main

components: the core, the layers of branched repett connected to the core, and the
4



end groups at the periphery of the structure. @amed as a subclass of dendrimers, the
wedge-shaped individual branching structures atkeccdhe dendrons. The ability to
tailor the three parts of the dendrimer has leglatforms for study in the field of hybrid
organic-inorganic materials. Fine-tuning the dendamd dendrimer’s generational size
and peripheral group density has permitted unpesded control of the cavity size, shell

structure and even shielding of the core from tirecsinding environmerit

Figure 1.3. Typical dendrimeric structure composed of the binarg units called the
dendrons, the generations (G1, G2, G3), and theerootecule.

1.2.1. Synthesis of Dendrimer

Dendrimers are usually synthesized either via avewment, divergent, or
combined convergent/divergent approactds. the divergent approach, dendrimers are
synthesized in a stepwise manner starting fronreaetive core and continues outward
by the repetition of coupling and activation stefsgure 1.3). This method has

successfully been used to synthesize high genarptity(amido amine) (PAMAM) and



poly(propylene imine) (PP1) dendrimérstriazine dendrimerf and Click-constructed

dendrimers’

o ‘. g—-—’ Qj\ )—’&
o L — L — W

3 'S B 2~

Figure 1.4. Divergent approach in synthesizing dendrimersisgftom the core to the
periphery.

Another method for constructing dendrimers involves preparation from the
periphery or surface towards the core. In thisveogent approach (Figure 1.5), “one to
one” coupling of the monomers is done initiallypmduce the dendrons which are then
joined together with the core to create the denelrirdendrimers synthesized via this
method include Frechet-type poly(aryl ether) deméri® Yamamoto carbazole
dendrimer?  Mullen-type conjugated dendrim@r, and Astruc’s giant redox
metallodendrimef’ Our group has also successfully synthesized catgagFrechet-type
carbazolé? thiophené® and terthiopherfé dendrons and dendrimers through a

convergent approach even employing a sonicatiohadet



Figure 1.5. Convergent approach in synthesizing dendrimersirsgairom the periphery
to the core.

1.2.2. DendronsasLigandsin Nanoparticle Synthesis

Previous studies have shown that dendritic ligacas stabilize nanoparticles
producing interesting hybrid inorganic-organic namaterials>® Fox et al. demonstrated
that as the surface groups of the dendritic liga@cbme close-packed at the periphery of
the hybrid material, these ligands offer a reldyivew degree of surface passivation even
at low loadings of the ligand onto the metal swefdcSeveral groups illustrated that
cross-linking the dendritic shell around the Au operticles imparts further stability to

the hybrid nanomaterial through conversion of thenadentate ligand to a polydentate

7



network?® Using ring-opening metathesis polymerization (RQMEhechik et al.
reported the synthesis of a thermally-stable Au oparticle via cross-linking of
norbornene dendron ligan&/sThis same group has further extended their wot& in
using alkenyl-terminated dendritic ligands and sgstully intra-molecularly cross-
linked them using Grubbs second generation catalggth has resulted to nanoparticles
having enhanced kinetic stability as demonstratgdcyanide etching and thermal

ripening®’

Conducting polymers and dendrimers have been sixidy studied and used as
stabilizing agents to form metallic and semiconihgrtnanocrystal$®?® Conducting
polymers are conjugated polymers that owe its cotoly property based upon its
conjugated structure or the pi molecular orbitadtodalized along the polymer chains.
Because they are polymeric in structure, they farrmore robust structure and have
better processability than their non-polymeric degpart.>> Among the more prominent
conjugated polymers that have been extensivelyieduibr their effective conductivity
are polyanilines, polypyrroles, and polyacetylemédle those that are studied for their
photoluminescent properties include polythiophengslyphenylenes, polyfluorenes,

poly-(arylenevinylene)s, and poly(phenyleneettigng)s?®

Conjugated conducting polymers and dendrimers hgaiaed great interest in the
field of hybrid organic/inorganic nanoparticles aese their unique properties and
flexible synthesis makes them suitable encapsgiatiabilizing ligands in the formation
of nanoparticles.?® Not only do they prevent aggregation of the matalbr

semiconducting nanoparticles, they also fine timeeprocessability and solubility of the
8



nanoparticles based on the peripheral functionaligs present in the structures of these
organic ligands. In addition, the presence of cgajad ligands can also facilitate
intermolecular energy or charge transfer from thecpnjugation to the central

nanoparticles thus making them useful for optoetedt and biosensing applicatioffs*

1.3. Photoluminescent Quantum Dots

Quantum dots are highly luminescent semiconducsmocrystals with sizes in
the 1-10 nm range. At this dimension, the opticedpprties of the nanocrystals
significantly differ from that of their bulk counteart due to quantum confineménfThe
smaller the nanocrystal is, the larger is the bgequ between its conduction and valence
bands, allowing for wider absorption wavelengthsd amarrow tunable emission
wavelength. Controlling the size and even the shaptese quantum dots tunes their
optoelectronic properties. Because of their braghtssion, quantum dots have been used
in many studies for application as organic light iting diodes (OLEDS),?
photovoltaic and solar cell&

Several known stabilizing ligands or surfactantaven been used when
synthesizing quantum dots to prevent aggregatfoifhese ligands are needed to control
the monodispersity of the size of the quantum dmswell as their solubility and
functionalization. This can be achieved by eith@eda synthesis onto the growing
nanocrystal or by ligand exchange with anotherastiagint that has a strong affinity to the

guantum dots. Among these ligands are those widisgonic acid, carboxylic acid, and



amine moeitie§> In most cases, these ligands are purely orgargciifist common one
of which is the trioctyl phosphonic oxide (TOPO).

Conjugated organic polymers or dendrons that seel as stabilizers for quantum
dots serves also to improve the electron or hgéeion process onto the CdSe to realize
energy or charge transfer as in the case of th& ofo Skaffet al. 3** wherein they used
poly- (para-phenylene vinylene) wherein they used phospbkide group at the end of
the polymer to produce an OLED using light emittqugantum dots. On the other hand,
the group of Wolf®® as well as the group of Advincdlaused oligothiophene anchored
onto the CdSe to facilitate electron transfer frtme high-energy highest occupied
molecular orbital (HOMO) of the longer chain oligmphene to the CdSe quantum dots
effecting a quenching of the latter's fluorescenSach phenomenon is useful in the

fabrication of photovoltaic films.

1.4. Plasmonic Gold Nanoparticles

Gold nanoparticles (AuNPs) possess special clamaied physical properties
that make them ideal materials for fabrication bémical and biological sensocasd
catalysts.® In the nanometer regime, AuNPs exhibit quantune siffects that allows
them to have discrete electron transition energieléethus they can have different
oxidation states’® Moreover, when a photon hits the surface of th&lR, the electrons
on the surface of the metal produce an oscillatisth nanometer-size wavelength in

resonance with the wavelength of the incident li§hfThis collective oscillation of the

10



conduction electron is called surface plasmon rasoa (SPR) as depicted in Fig. 1.6.
which can pick up light and carry it along the nhetarface because of resonant
excitation by the photott:** These plasmons can focus light into very tinytspand
even direct light in complex circuits in nanometeale which far exceeds the resolution
limits of conventional optics$ By altering the structure, shape or size, of thegat its
surface plasmon properties can be tailored as “V@hus in the field of photonics,
surface plasmons are one of the most studied sgsteym optoelectronic devices to

cancer research.

Nanoparticle Inverse of Electrons

Incoming Light on Nanoparticle
Surface

Figure 1.6. Surface Plasmon Resonance due to interaction redumtion band electron
with incident light. Adapted with permission fromef 42. Copyright 2012 American
Chemical Society.

Another important characteristic of AuNPs is ththey serve as efficient
fluorescent quencher in many Forster Resonancegigieansfer ( FRET) -based assay.
“3This can be explained by AuNPs having highanabsorption coefficient and broad
absorption energy spectra that is overlapped by etméssion of chromophores or
emission donors** There have been many reported FRET- based bialbgasays*,
ion detectiong®, and small organic molecule sensifgAuNPs have also been coupled

11



with semiconducting quantum dots to exhibit enetggnsfer by quenching of the

photoluminescence of the highly fluorescent quandots®’

The ease of synthesis of AUNPs adds to its atgghand in addition they are
highly stableThe properties of these AuNPs are further custamnigethe ligands that
stabilize them to control their solubility, sizehape, and functionalif? Brust and
Schiffrin made the breakthrough in 1994 when theytlsesized AuNP using two-phased
synthetic method using the well-established thimHginteractior® Following this
synthetic method, several single-phase strategiEsved suit to produce thiol-stabilized

AuNPs?®

5

S
aBH,/TOAB ;\”sw
SsEGH\XL

N
HAuCI,
HS/\/\/W

Pt

Figure 1.7. Brust-Schiffrin method of reducing gold and sliabig with thiol ligands.
Adapted with permission from ref 38. Copyright 2080#erican Chemical Society.

1.5. Energy Transfer

One way to determine the relationship, and hermdication, between the
building blocks of a hybridized material is by urgtanding their coupling phenomena.

One very common process that is studied-gonjugated materials and nanoparticles is

12



their optical property using FRET wherein one conmgia acts as a donor and the other is
the acceptor® FRET is defined as the non-radiative energy ffomm an excited state
donor exciton to the ground state of the acceptoough dipole-dipole interaction,
considering the distance between the two componrientgthin the Forster radius which
is less than 10nnT! Energy transfer (ET) studies enable understandinthe optical
properties of these materials wherein ET is quiactifoy either quenching of the
emission of the donor and the consequent incremsenission of the acceptdf. It can

also be evidenced by the decrease in the exciael lifetime of the donor>®

Additionally the efficiency of the energy transfean also be determined by
fluorescence lifetime based on the following etprat

E=1—- —
Tp

wheret is the fluorescence lifetime. Again, the efficigris higher if the fluorescence
lifetime of the donor is sufficiently decreasedtim presence of the acceptor which acts

as the quenchéf.

Our group has previously reported a study on tlergy transfer involved in the
interaction between electroactizeconjugated oligothiophen& used as capping agent
on CdSe quantum dots by ligand exchange synthesithis work they showed that
oligomeric terthiophene can be used as stabiligurfactants on CdSe nanocrystals using
two varying sizes of these dendrons, one with thinesphene groups labled as P3T and
another one with seven thiophene group labeled’as Moreover this work investigated

the feasibility of using this hybrid nanocompos#e a material for electron or hole
13



transporting device such as photovoltaic film. blwth cases of varying oligothiophene
sizes, the photoluminescence of the quantum dudstlee dendrons were completely
guenched which the group attributed to an electmosharge transfer occurring upon
excitation of the nanocrystal. To test the effemtiess of the energy transfer, which in
this case is direct photocurrent conversion, a Erppotovoltaic device was fabricated
by spin-casting P7T/nanocrystals onto clean Indiutanium Oxide (ITO) substrate. The

efficiency of the fabricated material was found arerage to be 0.29%. Increasing the
size and changing the shape of the nanocrystafs psinciple believed to increase the

efficiency of the device.

Excited
Energy State I:

Light
H Resonance o
5 Energy :
: Transfer E
% J—k Ground ﬁ-&
State
Donor Acceptor

Excited
State

Energy

Ground
State

Donor Acceptor

Figure. 1.8. Energy Transfer Diagram of photoexcited electramfrdonor to acceptor.
Adapted with permission from ref 1a. Copyright 2@4rherican Chemical Society.
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In another report by our group, a study on energpsfer was conducted on
generation two of-conjugated carbazole dendron which is Frechet-yggbenzyl ether
with phosphonic acid moeity as stabilizing surfattar CdSe quantum dots using a one-
pot synthesis® In this study, the absorbance and emission spstimaved an energy
transfer occurred based on the overlapping of eomss the dendron on the absorbance
of the CdSe nanoparticle. The electroactiveonjugated carbazole dendrons acted as
charge or electron donor and the CdSe nanopadatéxl as acceptor or as hole transport
donor. Their overlapping spectra suggested theifarsenergy transfer or charge transfer

application.

1.6. Objectivesand Outline

The use of metal hybrid nanoparticles has beenzeshin the development of
materials in various applications. A rational desig these materials involves the choice
of ligand imparting stability and or control of ipgoperties, the ease of synthesis, and
exploring composites of different nanoparticlesdleg to the assembly providing

excellent pairs in fine-tuning their optical propes.

The general objectives of this thesis are as Malo(1) to synthesize a hybrid
organic-inorganic nanoparticle via one-pot diregttsesis methods providing a control
of the size and interaction of these nanopartici@&zing dendronic and dendrimeric

architectures, and (2) to investigate the energysfier mechanisms involved with
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iteration of these materials in Au nanoparticlesl &dSe nanocrystals by spectral

analysis.

Chapter 2 details the facile synthesis of a nanmbaicored dendrimer with
electroactive carbazole dendron from a generatimeet cystamine-core PAMAM
dendrimer. The current study provides a simpletesgsa to fabricating a dendron-
stabilized Au nanoparticle (DSAuNPs) avoiding thepsvise and time-consuming
anchoring of dendrons produced via a convergentoagp. In this work, we report the
structural, spectroscopic and electrochemical ptegseof the easily-formed DSAUNPs,
and the energy transfer involved between the gddoparticle and the carbazole

dendron.

Chapter 3 investigates the energy transfer betW@as and Au nanoparticles in a
single composite system providing a control in th&tance of these nanoparticles via
generational carbazole dendron ligands and thusfralbng their donor-acceptor
interactions. Interestinglyhe use of carbazole dendrons not only impartsamrol of
its proximal distance but also provides a uniqumpasite system wherein no external
reducing agent was needed to the reduction 6f fans to AJ. The system described
herein is a direct synthesis method where the textuof Au** to Al’, simultaneously
caused the cross-linking of the carbazole unitsblema a three-component hybrid
nanoparticle (GnCBzPO-CdSe-AuNP) system where resepts the generation of the

ligand.

16



Finally, Chapter 4 provides a summary of the imgatrfindings on the design of
metal-hybrid nanopatrticles, how this affects theeeaf its synthesis, and how imparting
dendronic and electroactive materials affect itspprties. A global conclusion is also

given of the dissertation.
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Chapter 2. Synthesis of Gold Nanoparticle-cored Polyamido Amine

Dendrimer with Carbazole Functionalized Surface

2.1. Introduction

Nanoparticles with unique functionalities have vanamuch interest in both
academic and industrial fields as they are foundbéo potentially useful in many
biological, chemical, and catalytic reactidriBhe electronic and optical properties of the
nanoparticles make them ideal candidates for uskfalrication in small electronic
devices, or as chemical sensors and biosensorspaadug delivery’ Apart from their
innate properties, these nanoparticles are furfbectionalized by the ligands that

stabilize thenand thus customize their solubility, rigidity, apbcessability’.

Among the many ligands that stabilize nanopasickendrimers are of high
interest compared to the linear stabilizers. It hasn shown that dendrimers produce
more monodispersed nanoparticles and provide laffsision of ions into the
nanoparticles thus preventing agglomerafiobendrimers are architecturally special
because they have a core which can be the mainidaat group that can stabilize the
nanoparticle. They can be synthesized with incngagjeneration. They have surface
functional groups that work to modify the surfa¢emmistry of the nanoparticles which
logarithmically increase in number as the genemaiiocreases. Lastly, the interior
cavities of the dendrimer can serve as templatehast for nanoparticle growth.

Dendrimer-encapsulated nanoparticles also calletldDEave been extensively studied
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for many areas of applications including: optoetenic device€, drug delivery and
plasmonic-based sensSrand chemical catalysisThe group of Crooket al.'® have
pioneered the formation of metallic nanoparticles ranoclusters using different
generations of PAMAM dendrimers with varying sudatunctional group as the
stabilizing agents for the immobilization of mei@lhanoparticles such as gold, copper,
and platinum. Generally in the synthesis of DEMgytpre-complex the dendrimer with
metal ions that settle in the interior of the démers. Upon addition of a reducing agent,
the metal ions form the zero valent nanoparticles teside in random cavities of the
dendrimer. They are therefore immobilized and mtetd from aggregation with other
metal ions’ In one of their studies, the groups of Crooks Brato used DENs with gold

nanoparticles as labeling agents for multi-wallatbon nanotube'S.

Another group of metal containing dendrimers vatlldied by the group of Fox
are the nanoparticle-cored dendrimers or NCDs wtiereore is a noble metal like gold
nanoparticlé® or palladium nanoparticte and the dendrimers are actually dendron
wedges with sulfide-containing focal point thatfsedsemble onto the surface of the gold
nanoparticles. In both cases a modified Brust oektf synthesizing gold or palladium
nanoparticles was used wherein a chloride salt firtie gold or palladium is reduced
by sodium borohydride (NaBji This was then phase transferred into tolueneagusi
tetraoctylammonium bromide (TOAB) with Frechet-tygendrons having disulfide
functionalities. In this study, they have found ttihe higher the generation of the

dendrons used, the less the number of dendronss#ighssemble into the metal
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nanoparticle core because of steric hindrance. &tahallows for a bigger surface area
of the metal core exposed for use in catalysis @zosed to DENs. Although the
synthesis using this method is efficient and fadite removal of the TOAB is quite
challenging as it ubiquitously appears in char@aéon despite several purification
method. In a separate study, Dihn et al. followed a convergent dendritic
functionalization of a monolayered protected namigas. In this work, gold
nanoparticles stabilized by 11-mercaptoundecancid @&UA) were conjugated to
different genarations of Frechet-type dendrons vhyllroxyl functional group using
DCC/DMAP chemistry. In contrast to previous studmentioned earlierthis method
gives a superior control of the design parameteh sas core size, dendron wedge

density, and surface/interior functionality.

In a previous paper by our group, G4APAMAM dendrimith amine functional
group on the surface was functionalized with geti@mal carbazole dendrons with
carboxylic acid focal point to produce an eledemically-cross-linked dendrimét.
Following this result in a separate workconjugated terthiophene (PT) and carbazole
(PC) dendrimers were used to functionalize a PAMAIRhdrimer used as a redox
nanoreactor to produce dendrimer-encapsulated matmparticles (DEMNS) wherein
the outer shell of electroactive dendrons sen&deducing agents to the &u ions
complexed within the dendrimer to yield the zerdema gold nanoparticleS. The
absorption and emission spectra of the dendrimaghsAuNP showed an efficient energy

transfer from thern-conjugation of the dendron ligands to the AuNPsilifating
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guenching of the emission. Another work from ouowyr synthesized a nanoparticle-
cored dendrimer using thiolated generational careaziendrons® The carbazole

dendrons with thiol focal point and Auwere dissolved in DDAB solution in toluene
and upon addition of TOAB , the AuNPs were fornaexdevidenced by the change in
color. They were stabilized by the thiol dendroredf-assembling onto the gold
nanopatrticle formed in-situThe NCDs formed were electrochemically grafted 00 I

substrate and spectroscopic analysis showed efficdmergy transfer between the

dendrons and the gold nanopatrticles.

In this project we propose a facile synthesis afaaoparticle-cored dendrimer
with electroactive generation one (G-1) carbaze@eddon from a generation three (G-3)
cystamine-cored PAMAM dendrimer. The disulfide bandthe core of the PAMAM
dendrimer is reduced to form the wedges or dendtioaisstabilize then situ-reduced
gold nanopatrticle. The current study provides go&nstrategy to fabricating a dendron-
stabilized Au nanoparticle (DSAuUNPs) avoiding thepsvise and time-consuming
anchoring of dendrons produced via a convergentoagp. In this work we report the
structural, spectroscopic and electrochemical ptmseof the DSAUNPS, and the energy

transfer involved between the gold nanoparticle thedcarbazole dendron.

27



2.2. Experimental Section
2.2.1. Materials

All chemicals were purchased from Alfa Aesar angfevused directly without
further purification. Tetrahydrofuran (THF) was dhdy distilled over sodium and
benzophenone before use. All solvents were asdiratéh nitrogen gas before use.
Cystamine-core generation three PAMAM dendrimerR&BIAM) with amine surface
was purchased from Dentritech Nanotechnologies (DME., (Midland, MI) in 20%
(w/w) methanol solution. This was used without ert purification and was dried by

rotary evaporation.

2.2.2. Characterization

'H NMR spectra were recorded using JEOL ECS 400tspaeter (400 MHz).
UV-Vis was recorded using Agilent 8453 Spectromefduorescence spectra were
obtained using Perkin-Elmer LS45 luminescence spewter. Fluorescence lifetime
decay was measured using PTI QuantaMaster(tm) Mo@#-4 scanning
spectrofluorometer with LaserStrobe utilizing 337 line N laser pump. Data was
analyzed using 1to 4 Exponential analysis. X-ragt®électron Spectroscopy (XPS) was
done using a PHI 5700 X-ray photoelectron specttemesquipped with a
monochromatic Al k& X-ray source (h= 1486.7 eV) incident at 80relative to the axis

of a hemispherical energy analyzer. The spectrameds operated both at high and low
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resolutions with pass energies of 23.5 and 18 \85espectively, a photoelectron take
off angle of 45 from the surface, and an analyzer spot diametdroinm. All spectra
were collected at room temperature with a basespresof 1 X 1 Torr. All the samples
were completely dried in nitrogen gas prior to XRf®asurements. Samples were
prepared by spin casting onto a clean mica subst@jclic voltammetry was performed
using Autolab PGSTAT302 with GPES v4.9 program freoo Chemie B.V. (Utrecht,
The Netherlands) system with a three electrode kehll the measurements the counter
electrode was platinum wire, Ag/AgCl as referentecteode, and ITO was used as
working electrode. All FT-IR measurements were done&Br pelletized samples using
Digilab FTS 7000 step scan spectrometer. TransomsEilectron Microscopy (TEM)
images were taken using JEOL 1200CX operated a&f .80EM samples were prepared
by drop casting dilute solution of G3PAMAM-NHCOG1£BuUNP on 200-mesh copper
grids coated with ultrathin lacey carbon film. T¢néds were placed in the vacuum oven

overnight for complete drying before analysis.

2.2.3. Synthesis

Synthesis of 9-(4-bromobutyl)-9H-car bazole [CbzBr]. The synthesis of CbzBr
was done by combining carbazole (20.64 g, 0.123§, rhg}-dibromobutane (132 mL,
1.10 mol), tetrabutylammonium bromide (4.000 g,1@41 mol), toluene (200 mL), and
50% NaOH (200 mL). The resulting mixture was strrat 45°C for 3 hrs and

continuously stirred at room temperature overnighiie clear, yellow organic layer was
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then washed with 100-mL portions,®l followed by 100 mL brine solution. This was
then dried over anhydrous p&O,. The solvent was removed via rotary evaporatar an
the excess 1,4-dibromobutane via vacuum distitatidfter which, the resulting cream-
like solid residue was slowly dissolved in smalttmms of CHCl,. The yellow-brown
solution was recrystallized using ethanol. Theultesy white solid residue was dried
under vacuum overnight with a yield of 884 NMR (3 ppm in CDC4): 8.12 (d,J= 7.8
Hz, 2H), 7.22-7.48 (m, 6H), 4.36 (= 6.88 Hz, 2H), 3.38 (t)= 6.4 Hz 2H), 1.95-2.07

(m, 4H).

Synthesis of methyl 3,5-bis(4-(9H-car bazol-9-yl)butoxy)benzoate
[G1CbzCOOCHj3]. The synthesis of compound@zCOOCH was done by combining
CbzBr (27.93 g, 0.092 mol), methyl-3,5-dihydroxybeate (6.49 g, 0.039 mol), and 18-
crown-6 (0.241 g) in acetone. To the resultindoyelsolution mixture was addeh®€Os
(29.46 g) and this was left at reflux for 3 daybeTsolvent was then removed using a
rotary evaporator and the desired compound exttasith CH,Cl,. The organic layer
was subjected to rotary evaporation until 20-25 was left just to dissolve the solid
residue. Ethyl acetate was used to precipitatehmutesired white solid compound with
a yield of 76 %H NMR (3 ppm in CDC}): 8.10-8.08 (d,)= 7.76 Hz, 2H), 7.45-7.340
(m, 8H), 7.25-7.20 (m, 7H), 6.54-6.53 & 4.6 Hz, 1H), 4.41- 4.38 (= 7.36, 4H),

3.96-3.93 (t,)= 5.96, 4H), 2.11-2.04 (m, 4H), 1.87- 1.80 (m, 4H5 (s, 2H).

30



=

NN

H
N 50% NaOH, TBAB
B S e .
L e toluene
Z

CBzBr

Og0x
Br é
2 KOH
HO™™ OH ETOH, THE

=Y

0

e \ \
K2CO3 N N N N
ozt ficgione
G,CBzCOOCH3 G,CBzCOOH

Scheme 2.1. Synthesis of @BzCOOHby simple hydrolysis.

Synthesis of 3,5-bis(4-(9H-car bazol-9-yl)butoxy)benzoic acid [G;CbzCOOH].
To afford the carboxylic acid form of generatioreararbazole dendron,;GbzCOOCH
(4.000 g, mol) was dissolved in 30:20 THF:ethaol.the mixture was added KOH in a
1:10 ratio (3.840 g) dissolved in 1 mL MilliQ watékfter 48 hours of reflux, the reaction
mixture was cooled to room temperature and aciilifeepH 2-3 with dropwise addition
of concentrated HCI. The white precipitate wa®féd out and purified through silica gel
column with 5% MeOH:CkKCl, as eluent. The yield was 50%4 NMR (& ppm in

CDCl): 8.09 (d,J = 7.8 Hz, 4H), 7.84-7.39 (m, 8H), 7.24-7.17 (m, #H.16 (s, 2H ),
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6.57 (s,1H ), 4.40 (J = 6.3 Hz, 4H), 3.94 (1) = 6.0 Hz, 4H, ), 2.08 (m, 4H ), 1.84 (m,

4H).

Synthesis of G3APAMAM-NHCOG;CBz. The amine terminated, cystamine-core,
G3—polyamido amine dendrimer (G3PAMAM) has 32 prynamines on the surface.
These amines were conjugated with carbazole desdmoth carboxylic acid moiety
using EDC/DMAP chemistry as previously reporteddoy group™* Briefly, 100 mg of
G3PAMAM-NH; was dissolved in dry DMF under nitrogen to whi€hCBzCOOH in
DMF was added in a 1:50 ratio. The amidation ieacivas followed through by slow
addition of EDC in DMF under nitrogen. A solutiof BMAP in dry DMF was added
dropwise through a syringe in a 3:1 ratio with ED/Gter 48 hours stirring at room
temperature, the amide product, G3PAMAM-NHC@Bz, was purified through glass
support silica plates using 10% MeOH/ £H as eluent with a yield of 25%. The clear
oily product was analyzed usiftgl NMR and FTIR spectra using the KBr methdd.
NMR (5 ppm in dDMSO): 8.11-8.09 (d,= 7.4 Hz, 4H), 7.58-7.57 (d,= 8.0, 4H), 7.41-
7.38 (t,J = 1.15 Hz, 4H), 7.15-7.13(8,= 6.8 Hz, 4H), 6.49-6.48 (m, 3H), 6.46-6.45Jt,
= 2.3 Hz, 1H), 4.44-4.42 (§,= 6.9 Hz, 4H), 4.12-4.11 (d,= 4.65 Hz, 111H), 3.89-3.88
(t, J= 6.3 Hz, 4H), 3.13-3.12 (m, , 210 H), 2.85 (s, 2MY (s, 2H), 2.47-2.46 (m, 14H),

2.19-2.17 (dJ = 7.45 Hz, 4H).

Synthesis of GBPAMAM-NHCOG;CBz stabilized AuNPs. Synthesis of the
PAMAM-carbazole-stabilized gold nanoparticles wase using a modified version of a

previously reported methdd Briefly 50 mg of GBPAMAM-NHCOGCBz and 80 mg of
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NaBH,; was dissolved in 25 mL degassed DMSO to redeedlisulfide bond. This was
allowed to stir under nitrogen for 2 hour. To thémction mixture was added 1 mL of
HAuUCI, solution in DMSO (99 mg/50 mL DMSO). The reactionmediately turned dark
blue and was allowed to react for 24 hours undé&ogen. The nanoparticles were
precipitated with acetonitrile and were centrifuggdtO00 rpm for 10 minutes. The dark
pellets were re-dispersed and centrifuged in letasmitrile:DMSO, then 50 mL ethanol,

and lastly 50 mL diethyl ether. The desired produas dried under nitrogen in vacuum.
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Scheme 2.2. Synthesis of G3PAMAM-NHCO& Bz stabilized AuNPs. The amine
group of PAMAM form an amide bond with the carplix acid-functionalized
carbazole dendrons. The disulfide bond of the PAM#ore is reduced by NaBH
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2.3. Resultsand Discussion

2.3.1. Synthesisand Characterization

The amine terminated, cystamine-cored, G3PAMAM diemers were conjugated
with generation one carboxylic acid functionaliZzéchet-type polyarylether dendrons
(G1CBzCOOH) using EDC/DMAP chemistry to form an deiifunctional group.
Scheme 2.2 shows a scheme of the synthesis of igdfide-cored G3PAMAM

dendrimer whose amine surface is functionalizeth witnjugated carbazole dendrons.

a0 0 & B 40 1 20 10 B

Be .. 7@ - ED . S0 - AL o, 30, Lo, L0 L
ppm

Figure 2.1. '"H NMR spectra of G1CBzCOOH (top) and G3PAMAM-NHCQOTRz
(bottom). The shifts at 3.15 ppm for N-glgrotons indicate presence of PAMAM
dendrimer.
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Figure 2.1 shows the HNMR spectra of the carbadeledron with carboxylic
acid moiety and of the PAMAM conjugated with carbl@. The characteristic peaks
found at 8.1 ppm and 7.4-7.6 ppm assigned to thknatic protons of the carbazole ring
and peaks at 3.9 and 4.4 ppm assigned to the alphatic protons of the carbazole
moiety verifies the addition of the carbazole ubitthe G3PAMAM dendrimer. The 7.9
singlet peak can be assigned to the amine grodipeoPAMAM. The proton peak with
3.15 ppm is assigned to N-GhHprotons. The peaks assigned to the carbazole and

PAMAM units were consistent with reported valuesha literature'?

The PAMAM-carbazole dendrimer was also charaaerizusing FT-IR
spectroscopy. As seen on the spectra in Figure th2bshift to a lower wavenumber of
the C=0 stretch from 1692 ¢hio 1647 crit indicates the formation of the amide bond
upon conjugation with the amine group of PAMAM. Tblearacteristic absorptions of
amide bonds appear at 1647 tand 1569 cm for amide | and Il mode¥. In addition,
peaks were observed at 3390 for N-H stretch, 30d7 dor antisymmetric N-H stretch
for primary amine, 2942 cnfor aliphatic C-H stretch, 1436 ¢mand 1395 cm' for

N-H bending for N-substituted amide.

The presence of the carbazole is also seen at@384tretching at the ring of the
carbazole, and 1421 for C=C present in the arometgcof the carbazoleThe peak in
the 3500-3300 cimn Figure 2.2(b) suggests the N-H stretching i@ BAMAM group
which shows that some of the amine bonds did rexttreith the —COOH group of the

carbazole probably because of steric hindrdfce.
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Figure 2.2. IR spectra of (a) GICBzCOOH and (b) PAMAM-NHCOGILghowing
the formation of amide bond. The shifting of the@bond from 1692 cirtto 1647 crit
shows formation of amide bond.

The G3PAMAM-NHCOG1CBz dendrimer was dissolved in 8® and was
allowed to react with an excess amount of sodiumoiadride to cleave the disulfide
bond in the core of the dendrimer. After two hostisring at room temperature under
nitrogen, a solution of HAuGlin DMSO was added rapidly into the reducing migtur
and the clear solution instantly turned dark brdwpurplish shade and the reaction was

allowed to proceed for 24 hours. The change inrcmidicated the formation of gold

nanoparticles’*®
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2.3.2. X-ray Photoelectron Spectr oscopy

The formation of elemental gold, Au(0) was anatyz¢hrough X-ray
photoelectron emission spectroscopy. Figure 2.3vshbie characteristic 4f and 4"
spin-orbit doublet XPS peaks of Au(0) with bindiegergy of 88.05 eV and 84.38 eV,
respectively separated by 3.67 eV. The broadnes$iseopeaks indicate the presence of
other possible gold species which may be attributedome gold ions that were not
completely reduced as can be seen from the imagé€&ignre 2.3 (a) where an
extrapolation of the peaks shows another doublakgpet higher binding energies of
88.47 eV and 84.80 eV corresponding to th&”&hd 4f? spin-orbit doublet peaks of
gold ions (Ad").?° This is in agreement with XPS data for self-asdethlalkanedithiol
and alkanethiol on AuNPs as well as bulk gold sabes?® Likewise the deconvolution
of the broad peak for the XPS spectra of sulfuFigure 2.3(b) shows the binding
energies of sulfur in the spin-orbit doublet S*3@mnd S 2? separated by 1.17 eV. The
binding energy values at 161.53 eV and 162.71 @fresponds to the S 2ff and S
2p“? respectively further confirming the formation ofu/ bond®* The 164.26 eV

binding energy for S 25 corresponds to free thiol or unbound suffur.

2.3.3. UV Absorption and L uminescent Properties

To further assess the formation of the AuNPs daedravith the carbazole-

functionalized PAMAM cystamine dendrons, UV-vis amahission data were collected.
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The characteristic peaks of the carbazole dendabB29 nm and 343 nm correspond to
n-t and nz" electronic transitions respectivélpas seen in the UV absorbance spectra in
Figure 2.4(a). Upon formation of gold nanoparsdiee peaks at 329 nm and 343 nm are
still apparent followed by a broadening of the,tailzery slight shift to longer wavelength
which may indicate an oxidation process anekitu cross-linking of the carbazole
dendrons upon reduction of Auto Au(0)!® The formation of the AuNPs is evidenced
by the absorbance peak centered around 550 nmsporrding to the surface plasmon
resonance characteristic of gold nanopartitlésis interesting to note the appearance of
a broad band extending to 710 nm which can be r@sditp ther—1t* transitions of the
3,3’-dicarbazyl dication (bipolaronic band or mirighly doped state) further confirming

the in-situ cross-linking of the carbazole spetfés.
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Figure 2.3. XPS data of (a) Au(0) at peaks (1) and®Aat peaks (2) and (b) S as bound
to Au at peaks (1) and as free or unbound thiolpestks (2). Presence of S-Au bond
indicates the reduction of PAMAM disulfide bond astbilization of AUNPs by the

dendrons.
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Figure 2.4. Absorbance spectra of (a) G3APAMAM and G3PAMAM-NHCOIBz and
(b) the gold nanoparticle-cored dendrimer showiergks for GSBPAMAM-NHOG1CBz
with surface plasmon resonance peak.

The photoluminescence spectra of both the dendrwidr and without the
AuNPS showed a prominent peak at 370 nm correspgnii the carbazole emission.
The fluorescence emission intensities of the G3PAMMRHCOG1CBz with and without
AuUNP are shown in Figure 2.5 where the peak fordgradrimer alone has a maximum at
370 nm. But the maximum peak for the dendrimer WitiNP shows a red shifting to 382
nm with a prominent shoulder at 392 nm. This bathomic shift which is also seen in
the absorbance spectra suggests a possible anksggliof the carbazole moiety upon
reduction of Ad" as well as energy transfer between the carbazute and the gold
nanoparticles. This energy transfer can also beifested by the change in the
fluorescence lifetime of the excited molecule. Therease in the rate of decay of the

dendrimer with the AuNP is shown in Figure 2.6 vehttre lifetime decreased from 3.67
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ns (a) to 2.82 ns (b) in the presence of AuNPschSiange in the excitation lifetime of
the molecule suggests a non-radiative energy &arfsbm the carbazole to the gold

nanoparticle$’
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Figure 2.5. Emission spectra of G3PAMAMNHCO-G1CBz without &md with (b)
AuNP excited at 337 nm in DMSO solution. Shoulae425 nm (b) in the presence of
AUNP suggests crosslinking of carbazole upon reoluof Au'.

2.3.4. Cyclic Voltammetry by Electr odeposition

The synthesis of DSAUNPS that are cross-linkabbeiges a way to facilitate the
energy transfer between the gold nanoparticlestiamcklectroactive dendrons. To study
the electrochemical behavior of the dendrimer, tedebemical oxidative cross-linking
was performed on an previously cleaned ITO-coatassgsubstrate$. The nanoparticles
in DMSO were dropcast onto the clean ITO substrates were dried in the vacuum
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oven overnight to form optically transparent thitmf A three-electrode cell was
constructed with 0.1M tetrabutyl ammonium hexafapitosphatee (TBAH) in
acetonitrile with Pt wire used as counter electrate Ag/AgCl as reference electrode.

The potential range used was 0 V to 1.2 V usingyiles with a scan rate of 50 mV/s.

@ (b)

X’=1.153
Lifetime =2.818 ns

X=0.9338
lifetime = 3.673 ns

Counts
Counts

155 160 165 170 175 180 185 SR T
Time (ns) Time (ns)

Figure 2.6. Fluorescence lifetime of (a) G3PAMAM-NHCOG1CBz an(b)
G3PAMAM-NHCOG1CBz-AuNP in DMSO solution withe. = 337 nm using 1to 4
exponential analysis. The presence of AuNP showde@ease in the fluorescence
lifetime of the nanoparticle suggesting energy sfan fromr-conjugated carbazole to
AuNP.

The cyclic voltammogram (CV) traces of the eledaposition of
G3PAMAM-NHCOG1CBz and G3PAMAM-NHCOG1CBz-AuNP on ITéated glass
are shown in Figure 2.7. From the cyclic voltamnamogy the strong peaks centered at
0.70 V and 1.0 V (vs Ag/AgCl) are due to the oxidatof the polycarbazole. The
characteristic oxidation peak at 1.0 V for the fation of polycarbazole species is seen
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in both. Interestingly however, the presence of AudP facilitated a more favorable

cross-linking of the carbazole species as can be sethe appearance of the oxidation

peak at 0.7 V. The CV diagrams give a clear evideoficthe electrochemical cross-

linking of the available free carbazole units dtet to the PAMAM dendrons. This

represents the generation of radical cation spehggslead to coupling of carbazoles at

the 3,6-position and subsequent oligomerization.
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Figure 2.7. Cyclic voltammograms of (a) G3PAMAM-NHCOG1CBzthout AUNP
and (b) G3BPAMAM-NHCOG1CBz with AuNP. Presence ofNRI shows shifting of
oxidation potential. The ability to crosslink tharbazole electrochemically is retained.
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2.3.5. Transmission Electron Microscopy

Further characterization of the formation of the ADSIPs is shown in the
transmission electron micrograph in Fig. 2.8. smgwva well-dispersed nanoparticle
distribution in the organic solvent without any édsparticles. These nanoparticles are
seen as spherical in shape with an average diamigteof 4.11 nm. The large spaces

between the nanoparticles suggest the presencargé kdendrimers surrounding the

particles preventing fusing or aggregating

it

(nm)

Figure 2.8. Representative Transmission Electron Microscopyage of the

G3PAMAM-NHCOG1CBz-AuNP at 200k X magnification antistogram of the size
distribution with an average of 4.1 nm. Wide disanbetween AuNPs indicate
stabilization by large GAPAMAM-NHCOG1CBz dendrons
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This reported size is larger compared to thosertextin the work by Crooks
where they made DENs using PAMAM dendrimers as teta}f' This average size is
close to those described in G4-PAMAM dendrimers (about 4.5 fim)However given
this large size in G3-PAMAM dendrimers, it is ldgely that these nanoparticles are in
the interior cavities of the dendrimer but insteadresent the core of the dendrirffer.
The self-assembly of the Au-S bond from the dendvedges predominates the stability

and immobilization of the nanopatrticles thus farghthe nanoparticle-cored dendrimer.

2.4. Conclusions

Nanoparticle-cored dendrimer was synthesized usini@cile direct synthesis
method wherein carbazole-capped G3PAMAM dendrimes eleaved along its disulfide
core to form the thiolated dendrons that were usedtabilize the formation of gold
nanoparticles. Spectroscopic analysis showed aciplasmon band with absorbance
centered at 550 nm. FTIR spectra showed amide bomdation upon esterification
reaction of the amine surface of the PAMAM dendrimgth the carboxylic acid
functionalized generation one carbazole dendrons giee an amide bond.
Photoluminescence shows a slight shifting of théssion peaks to higher wavelength
energy and an energy transfer mechanism in-effetivden gold nanoparticles and
carbazole units. This is evidenced by the incréaslee rate of decay of the fluorescence
lifetime of the dendrimer with AUNP as the lattetsaas a fluorescence quencher. The

dendrimer synthesized in this work is electroaciiwparting this hybrid nanoparticle
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more rigidity and stability. TEM image shows thenfation of the nanoparticles with a
broader histogram and larger size than encapsul@kEds and DEMNSs. Future study
will focus on a more qualitative charge transfed amergy transfer properties of this

hybrid material.
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Chapter 3. Energy Transfer in Hybrid Dendron-cappedCdSe Quantum
Dots with in-situ Reduced Au Nanoparticles

3.1. Introduction

Hybrid metal-semiconductor nanoparticles have gaknin variety of
applications such as solar energy converSielectronic device$piological imaging and
sensor$,and photocatalysisThe interesting interplay of their spectral prajes; that is,
the localized surface plasmon resonance of thelmatmparticle (e.g. AUNPS)and the
highly fluorescent and photostable semiconductimgngum dots (e.g. CdSe)ave led to
several reports on the coupling of metallic nantiglarand fluorescent quantum déts.
The coupling of these two nanoparticles resultesize- and shape-tunable electronic and
optical properties. This is mainly attributed tee thuantum confinement effect for the
guantum dots which is the increase in the HOMO-LUg&p as the size of the crystal
decreasés and the dielectric confinement or plasmon resoeaof the metallic

nanoparticles that causes high polarizability atftequency of the plasmon bahd.

The energy transfer interaction between semicamtycighly fluorescent CdSe
guantum dots (QD) and plasmonic Au nanoparticlas#s) can either be attenuated or
enhanced depending on their spatial proximity acspl overlap. Due to the unique
spectroscopic properties of highly luminescent Qibey have become efficient donors
for energy transfer assays both for optoelectroaius biological imaging studiéS.In

the presence of nearby Au-NPs however, a quendiitige fluorescence of the QDs or a
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dye may occur due to a non-radiative energy tramstthway from the fluorescent donor
to the metal. These observed properties make QB#aNPs good donor-acceptor pairs
in energy transfer mechanism studies such as F&ssonance Energy Transfer (FRET)
and nanoparticle surface energy transfer (NSEThe energy transfer is evidenced by
guenching through steady state fluorescence specipy or by fluorescence lifetime

decay.

The synthetic structure of this kind of hybrid oparticle have been reported in
different architectures like QDs directly situated the surface of AUNPs as core-shell
structure or vice versd,or CdSe connected to the AuNP by linear organigmpers’? or
others using biological components such as prot@indNA to attach the AuNPs onto

the CdSe QDS to study their interactions.

Our group has previously reported the stabilizatd CdSe QDs by Frechet-type
carbazole dendrons both by direct synthe¥is and ligand exchange methads.
Chalcogenide and semiconductor QDs are known far thide absorbance spectra but
narrow tunable fluorescence emission. When couplitd electroactive ligands, these
QDs act as electron acceptors whereas the ligast@gsalonors. Electroactive surfactants
such as the carbazole dendrons were found totédeilelectron transfer to the electron
acceptor CdSe, hence making these hybrid nanolgsrtisuitable materials for
photovoltaic and solar cells applicatiofidn another work, we have shown thesitu
reduction of A" to Au (0) by the carbazole end group attachedhé¢camine groups of a

G-4 polyamidoamine (PAMAM) dendriméf. The synthesis of Au-NPs as DENs or
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dendrimer encapsulated nanoparticles have beenedtwektensively by the Crook’s

group where they typically used the PAMAM as a titgfor the growth of small Au-

NPs chemically reduced into the interior of the dféner. In one of their papers, they
cited that formation of Au-NPs can also be obserwvatside the dendrimer when the
peripheral hydroxyl group of the dendrimer premelyrreduces the Al ions®

Typically they use an external reducing agent tmoawplish the metallization.

In this present work, we have successfully dematet a three-component
hybrid organic-inorganic nanoparticle composed ofSE QD core, stabilized by an
electroactive carbazole ligand using generations (@1CBzPO-CdSe) and two
(G2CBzPO-CdSe) with phosphonic acid focal pointe ®ynthetic process utilizes a
direct synthesis method of encapsulating the Cd@&atgm dots and a one-pot synthesis
for AUNPs and clusters that are reduced fron?"Ae AU’ in situ by the peripheral
carbazole units. In this case, no external redu@ggnt was used but instead the
oxidation of the carbazole unit resulted in theuatibn of AF* ions to AJ. The
distance between the fluorophoric QD and the periglhcarbazole units is theoretically
at 1.6 nm, the length of one carbazole dendrorcijtated, Spartan software) from the
phosphonic acid focal group to the carbazole diie Au nanoclusters presumably form
proximal to the terminal carbazole units. The systlescribed herein is a direct synthesis
method where the reduction of uto Au(0), simultaneously caused the cross-linkifg
the carbazole units enabling a three-componentidhytanoparticle (GnCBzPO-CdSe-

AuNP) system where n represents the generatidmedfgand.
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3.2. Experimental Section
3.2.1. Materials

All chemicals were purchased from Alfa Aesar angfevused directly without
further purification. Tetrahydrofuran (THF) was dhdy distilled over sodium and

benzophenone before use. All solvents were asgiraith nitrogen gas before use.

3.3.2. Characterization

'H NMR spectra were recorded using JEOL ECS 400tspaeter (400MHz).
UV-Vis was recorded using Agilent 8453 Spectromefduorescence spectra were
obtained using Perkin-Elmer LS45 luminescence spewter. Fluorescence lifetime
decay was measured using PTI QuantaMaster(tm) Mo@#-4 scanning
spectrofluorometer with LaserStrobe utilizing 33idrt line N2 laser pump. Fluorescence
lifetime data was processed using 1 to 4 ExponeAtmalysis. X-ray Photoelectron
Spectroscopy (XPS) was done using a PHI 5700 Xplagtoelectron spectrometer
equipped with a monochromatic Al Kr X-ray source th1486.7 eV) incident at 80
relative to the axis of a hemispherical energy yw®&al The spectrometer was operated
both at high and low resolutions with pass energfe®3.5 and 187.85 eV, respectively, a
photoelectron take off angle of 4som the surface, and an analyzer spot diametérlof
mm. All spectra were collected at room temperatith a base pressure of 1 X 40

Torr. The peaks were analyzed first by backgrowradraction, using the Shirley routine.
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All the samples were completely dried in argon gasr to XPS measurements. Samples

were prepared by spin casting onto plasma-cleafedrswafer substrate.

3.2.3. Synthesis

The synthesis of generation one carbazole denditbntiae benzoate ester focal
point (G1CBz COOCHkL) needed as starting material for this reaction dlesady been
described in the previous chapter. The schemeh@rsynthesis of the generation one

carbazole with phosponic acid (G1CBzPO) focal p@irghown in Scheme 3.1.

The synthesis of the generation two carbazole dssdiollows the same method
as the generation one carbazole dendrons in tlenio functionalization: reduction to
alcohol, bromination, and phosphonate formationhe Tirst step in synthesizing the
second generation starts from a generation oneazald with an —OH moiety and
coupling this with a commercially available 3,5-yfilnoxy-methyl benzoate through a

Mitsunobu etherification reaction to form the geatem two ester (G2CBZOOCH;).
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Scheme 3.1Synthesis of G1CBzPO. Formation of the phosphofadivs an Arbuzov
reaction with triethylphosphite attacking the halith GCBzBr. Hydrolysis of the
phosphonate affords the phosphonic acid functigmalp that anchors to the CdSe
guantum dots.

Synthesis of 3,5-bis(4-(9H-carbazol-9-yl)butoxy)lmzyl alcohol [G;CbhzOH]

The synthesis of compound GbzOH was carried out by first dissolving
G1CbzCOOCH (6.000 g, 9.80 mmol) in dry 70 mL THF. Into a 8eked 250-mL round
bottom flask flowed with nitrogen was placed 10D WHF and this was cooled in an ice
bath. Approximately 1.000 g LiAlHwas put into the flask and the,@zCOOCH
solution was added dropwise through a dropping déuniThe resulting mixture was then
stirred overnight. After which, the reaction wasegched by adding water until all the

LiIAIH, was consumed. This was then acidified with HCH aextracted with

dichloromethane. The organic layer was furtherhedswith water for several times and
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then dried with Ng5Qs. The dicholoromethane was evaporated using ayreteaporator
and the desired white solid powder was furtherddtieder vacuum with a final yield of
93%.H NMR (3 ppm in CDC4): 8.09 (d,J = 7.5 Hz, 4H), 7.47-7.18 (m, 12H), 6.43 (s,
2H), 6.27 (s, 1H), 4.57 (d,= 5.7 Hz, 2H), 4.38 (tJ = 6.9 Hz, 4H ), 3.90 (t] = 5.9 Hz,

4H), 2.09-2.01 (M, 4H), 1.84-1.79 (m, 4H).

Synthesis of 3,5-bis(4-(9H-carbazol-9-yl)butoxy)lmezyl Bromidel [G1CbzBr]
Bromination of the generation one carbazole wakiesed by substitution
reaction where triphenyl phosphine was used abdke and N-bromosuccinimide (NBS)
as the bromination reagent. Briefly, GICBzOH (1.@.g§ mmol) and PRH0.675 g, 2.6
mmol) were dissolved in dry THF. This was purgeditrogen at constant stirring. A
solution of NBS/dry THF containing NBS (0.458 g6 2amol) was added dropwise using
a syringe. This was allowed to stir for 3 hoursiletaction was complete as checked on
TLC plate using 4:1 C§Cl,: hexane as eluent. Upon completion of the reactibe
solvent was dried in vacuo and extracted with,Clil washed with water, dried with
Na2S04. The CpCl, was evaporated up to minimal amount and the ptodas purified
on silica gel column using 3:2 GEI,: hexane as solvent. Fine white powder wiyh 46 %
yield was obtained as produ¢d NMR (& ppm in CDC4):8.10 (d,J = 7.8 Hz, 4H),
7.46-7.41 (m, 8H), 7.26-7.20 (m, 4H), 6.46 Jc& 1.8 Hz, 2H), 6.28 (tJ = 2.3 Hz, 1H),
4.39 (t, J=6.88 Hz, 4 H ), 4.36 (s, 2H), 3.89 {t= 6.2 Hz, 4H), 2.09-2.03 (m, 4H),

1.85-1.80 (m, 4H), 1.56 (s, 4H).
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Synthesis of 3,5-bis(4-(9H-carbazol-9-yl)butoxy)lmezyl phosphonate Ester

[G1CbzPE]

The synthesis of the G1CBz-phosphonate ester felliothe Michaelis-Arbuzov
reaction. G1CBz-Br (1.070 g, 1.70 mmol) and NiBr.413 g, 1.90 mmol) were placed
in a Schlenck flask. This was stirred in nitrogafter which 0.80 mL of triethylphosphite
was slowly added using a syringe. This was frebag#d in vacuum three times and
was heated in an oil bath to 135. After 4.5 hours, the solution turned into alywsl
sticky oil. This was cooled to room temperature dissolved in minimal CkCl, and
was vacuum distilled using head distillation settapremove excess triethylphosphite.
This was redissolved in GBI, and purified through silica gel with 3% MeOH/&EH,
as eluent. Final product appears as yellowish il @& yield of 60%.*H NMR (5 ppm in
CDCly): 8.16 (d,J= 7.8 Hz, 4H ), 7.52-7.49 ( m, 4H), 7.46-7.43 (H)46.49 (t,J= 2.3
Hz, 2H ), 6.33 (d,J = 1.8 Hz, 1H), 4.37 (tJ = 6.86 Hz, 4H ), 4.10 - 4.06 (m, 4H), 3.92(

t, J=5.96 Hz, 4H ), 2.11- 2.05 (m, 4H), 1.88-1.82 &4H), 1.30 (tJ=7.3 Hz, 6H).
Synthesis of 3,5-bis(4-(9H-carbazol-9-yl)butoxy)lmezyl Phosphonic acid [GCbzPO]

G1CBzPE was subsequently reacted to produce GpGBgponic acid
(G1CBzPO). G1CBzPE (1.700 g, 2.400 mmol) was digsblin CHCIl, to which
bromotrimethylsilane (1.110 g, 6.500 mmol) was addeder nitrogen. This was stirred
in ice bath for 2 hours and was evaporated to diym@ remove excess silane. This was

redissolved in methanol and was refluxed for 4 kotihis was purified on silica gel with
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10% MeOH:CHCl,. Purified product appeared as off-white crystaih 80 % vyield.H
NMR (3 ppm in DMSO-d6): 8.08-8.04 (m, 4H), 7.52-7.47 (#H), 7.36-7.32 (m, 4H),
7.13-7.08 (m, 4H), 6.34-6.29 (d= 20 Hz, 2H), 6.09-6.07 (d= 8 Hz, 1H), 4.38-4.29
(m, 4H), 3.75-3.5 (m, 6H), 1.8-1.7 (m, 4H), 1.6-{15, 4H), 1.19 (s, 1H), 0.86-0.84 (m,

3H).

Synthesis of methyl 3,5-bis(3’,5'-bis(4-(9H-carbazed-yl)butoxy)benzyloxy)
benzoate [GCBzCOOCHj3]

Synthesis of the generation two dendrons starts aiMitsunobu etherification
reaction of the G1CBzOH. Briefly, a pre-cooled ¢$o of methyl 3,5-
dihydroxybenzoate (0.860 g, 5.15 mmol), G1CBzOH@6g, 10.3 mmol), and PPh
(2.70 g, 10.3 mmol) in THF under sonication wasitied with a solution of DIAD (2.08
g, 10.3 mmol) in 3 mL THF under nitrogen. The solotwas sonicated for 1.5 hours to
afford a white solid product in 84% yield after ffication. *H NMR (5 ppm in CDC}):
8.09 (d,J = 7.5 Hz, 8H ), 7.48-7.39 (m, 16H ), 7.27-7.21 @H} ), 7.19(d, J = 2.1 Hz,
2H ), 6.76 (tJ= 2.1 Hz, 1H ), 6.50 (dJ = 2.1 Hz, 4H ), 6.31 (tJ = 2.1 Hz, 2H ), 4.94
(s, 4H), 4.37 (tJ = 7.5 Hz, 8H ), 3.91-3.87 (m, 11H), 2.08-2.03 (nk{),81.85-1.78

(m,8H).

Synthesis of (3,5-bis(3’,5-bis(4-(9H-carbazol-9-}butoxy)benzyloxy)phenyl)
methanol [G,CBzOH)]
Following the general synthesis of G1CBzOH as desdrabove, the reaction of

LAH (0.200g, 5.50 mmol) in 100 mL of THF with a stbn G2CBzCOOCHkI(4.2 0 g,
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3.20 mmol) in 25 mL dry THF afforded a white saicbduct in 90% yield'H NMR (&
ppm in CDC}): 8.15 (dJ=7.5Hz, 8H), 7.53-7.42 (m, 16H ), 7.31-7.25 @H,), 6.59
(d,J=2.1Hz, 2H), 6.50-6.52 (m, 5H), 6.32 Jt5 2.1 Hz ), 4.95 (s, 4H), 4.59 (s, 2H),

4.36 (t,J=6.9 Hz, 8H), 3.88 (tJ=5.7 Hz, 8H ), 2.11-2.00 (m, 8H), 1.87-1.76 (m,)8H

The synthesis of the G2CBzBr to G2CBzPO follows #ame protocol as
described in the synthesis of the generation ondrdas with these focal points. This is

schematically described in Scheme 3.2.

G,CBzOH

bromotrimethylsilane

T

G,CBzPO 6,CB2PE

4

&2

Scheme 3.2Synthesis of @BzPO . Generation two dendrons starts with Mitéuno
etherification of the G1-CBzOH with methyl-3,5-ddrpxybenzoate to form
G,CBzCOOCH.
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Synthesis of GhnCBzPO-capped CdSe Quantum Dots (nfdr G1 and 2 for G2)

The synthesis of carbazole-functionalized CdSenguma dots adapted a
procedure previously reported by our grdtipThe same procedure is followed for both
generations one and two. G1CBzPO/G2CBzPO with rAds3 mg / 50.0 mg , 0.0362
mmol) was placed in a Schlenck flask and to this a@ded 2.24 mg (0.00970 mmol) of
CdO powder, 300 mg of dodecylamine (1.09 mmol)nd 4.8 mg (0.0289 mmol) of
hexylphosphonic acid. This was tightly capped ara$ purged with Ngas and was
heated slowly under vacuum to about IT€0with vigorous stirring until the mixture
turned into a red solution. Afterwhich, the heaswcreased to reach 22D. As soon as
the reaction mixture turned yellow, 5.0 mL Se-T@Ri8on (250 mg of Se powder in 5.0
mL trioctyl phosphine), previously degassed with, Mas rapidly injected into the
mixture. The mixture slowly turned pale yellow agentually turned deep red in less
than 1 minute. As soon as the desired size ofjtletum dots was achieved based on
color change, the mixture was removed from heat emoled to around 60C. A
previously degassed chloroform solvent was addeteanixture. Purification of CdSe-
G1CBzPO/G2CBzPO was done by mixing 1.0 mL of thetune and 0.5 mL degassed
MeOH in 1.5 mL-centrifuge tubes. These were camgefl for 15 mins at 12.3 rpm. The
top MeOH layer was removed and this cycle was ttepleantil no unbound reactants
were detected in the MeOH layer by UV-vis spectopyc The purified CdSe-
G1CBzPO/G2CBzPO sample was dried in vacuum andredispersed in chloroform.

The product gave a luminescent red orange chlarogmiution.
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Synthesis of CdSe-GnCBzPO-AuNP (n=1 for G1 and 2f&2)

The reduction of gold ions from HAuCto Au(0) was achieved using the
carbazole units in CdSe-GnPO as reducing agei@tsnk.of 1 mM of HAuC}, in MeOH
was slowly added to 2.0 mL of the CdSe-GnPO saiutiescribed above. The flow rate
of the gold solution was fixed at 1.0 mL per hauoia vigorously stirred solution. After
addition of the HAuCJ solution, this was left stirring for 24 hours undé@rogen at room
temperature. The solution turned from yellow to mleed solution indicating the
formation of gold nanopatrticles. The solution wasifped by centrifugation as described
above, using Milli-Q water for washing to ensurattthe unreacted excess®Aibns are
washed away by the water. Presence dfwas characterized using X-ray photoelectron

spectroscopy and UV-Vis absorbance spectroscopy.
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Scheme 3.3Synthesis of G1- and G2CBzPO-Cdse-AuNP. Cappin@dfie with the
dendrons is done in a one-pot synthesis. FormaifoAuNPs from Ad" resulted in
simultaneous crosslinking of carbazole dendrons.
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3.3. Results and Discussion

3.3.1.Absorption and Emission Properties

The synthesized hybrid nanoparticle was opticallgalyzed by UV-Vis
absorption and fluorescence emission. Figure 3.pictie the absorbance of both
generations of carbazole dendrons as capping adentshe as-synthesized CdSe
guantum dots. The observed peaks at 326 nm andr@4tbrrespond to the characteristic
Tt and n- 1* transitions of the carbazole units, while thelgeat 470 nm and 560
nm are for the excitonic peaks of the CdSe quantlots. The absorbance of the
generation two dendrons shows a more pronouncdzhzale intensity also at 333 nm
and 346 nm due to greater number of carbazole @lhdshowed peaks at 468 nm and
561 nm for the CdSe absorbance. Since the formatidhe CdSe and the AuNP are
both done as a one -pot direct synthesis, the bhsoe of the AUNP in citrate and that of
the CdSe-TOPO are also shown in Figure 3.1c anespectively to serve as control
variables from which to compare the similaritytioé absorbance of the as synthesized
nanoparticles. The AuNPs in citrate shows a plasmband at 520 nm and the CdSe-

TOPO at 517 nm.
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Figure 3.1. UV-Vis spectra of (a) G1- and (b) G2-CBzPO-Cdsewaihd without AUNP,

(c) AuNP in citrate and (d) CdSe-TOPO. FormatiorAaNPs is indicated by the broad
plasmonic band around 500 nm that masks the albswehef the CdSe. Red shifting of
the carbazole peaks indicates chemical crosslingirige dendrons..

Stirring HAUCl, into the carbazole-capped QDs resulted tartsgu oxidation of

the carbazole dendrons as depicted by a signifremhshift to around 400 nm suggesting

the formation of cross-linked polycarbazole in Fe3.1 (a) and (b). The generation

two carbazole likewise showed a red shift from 347 to 386 nm upon cross-linking.

The same absorbance peak shifting was seen inveopsepaper where electrochemical
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polymerization of the carbazole units formed potpeaole around CdSe QDs or as a
cross-linked matrix by cyclic voltametf§. Upon the formation of AuNP around the
CdSe QDs, a red shift of 43 nm in the absorpticgcsp of the carbazole dedron-CdSe
suggests a simultaneous oxidation and cross-lin&fnifpe carbazole with the reduction
of the AU™* to Al’. This peak shifting confirms the formation of ayllly conjugated

nature of the carbazole species present in themy$t

3.3.2. X-ray Photoelectron Spectroscopy

The formation of the AuNPs and nanoclusters ighermr evidenced by high
resolution X-ray photoelectron spectra (XPS) shawfigure 3.2 (a) and (b) where the
binding energy peaks of Au (0) is centered at /&nd 88.5 eV corresponding to'f
and 4f”2, respectively for the generation one dendrons&él eV and 89.91 eV for
generation two, a binding energy difference of 732&. The XPS spectrum of Cd in the
form of CdSe (Figure 3.2 ¢ and d) signified that #tructure of the QDs is left intact
during the formation of the gold nanoparticleslfoth generations. The broad plasmonic
band centered at 504 nm in Figure 3.1 (a) and fbygests a AuNP size of 2-3 rifn.
Typically, AUNPs >2nm have absorbance peak ranfiog 500-550 nnf° It is also
possible to ascribe the formation of Au nanoclsstagnce this is intermediate to the
formation of AuNPs, even in an Ostwald ripeninggass. Theoretically, the distance
between the fluorophoric QD and the peripheral @zoke units is at 1.6 nm, the length of

one carbazole dendron from the phosphonic acidl fgaup to the carbazole unit as
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calculated by Spartan Software in their lowest gypestate. The Au nanoparticles or
nanoclusters presumably form proximal to the teahicarbazole units through the
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Figure 3.2. XPS spectra of G1- and G2CBzPO-CdSe-AuNP for Aaffd Cd in the
form of CdSe. Binding energies at 84.8 eV and &8/5confirms formation of Au (0)
with binding energy difference of 3.67 eV.
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The XPS data confirmed the reduction of Au and phesence of some trace
amounts of Ad" that may not have completely reduced, observe@D#t eV and 86.6

ev.
3.3.3. Energy Transfer and Fluorescence Lifetime &ay

Energy transfer (ET) studies the optical propsrtiéthese materials wherein the
ET is evidenced by either quenching of the emissibthe donor and the consequent
increase in emission of the acceptor or it can hksevidenced by the decrease in the
excited state lifetime of the donGrThe efficiency of the energy transfer can also be

determined by fluorescence lifetime based on theviing equation:
E,=1— Tduh_d

wherekE; is the energy transfer between the fluorophoreistlhe acceptor, and, andzy
refer to the lifetime with and without the acceptAgain, the efficiency is higher if the
fluorescence lifetime of the donor is sufficientlgcreased in the presence of the acceptor

which acts as the quencher.

The occurrence of energy transfer in this systeam be investigated by the
change in the emission spectra of the dendron-ch@usSe QDs with and without the
gold nanopatrticles. In Figure 3.3 (a) and (b),ah de observed that the G1 carbazole
showed emission at 350 and 375 nm when excitedi@tnB. For the generation two
dendron with CdSe, the emission peak at 373 nnmhuit Au) shifted to 473 nm upon

the formation of AUNP when excited at 340 nm. 8itiee QDs were synthesized directly
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Intensity

with the G1CBzPO and G2CBzPO shell-ligand, the simis of the CdSe QDs as a
control was measured from a separately synthe§Sizksk-TOPO whose emission peak is
prominent at 549 nm (Figure 3.3 a) when excitedt@ nm. The electron transfer
mechanism from the ligand to the QD core causeckethission intensity of the QD to
decrease significantl{. For both sets of spectra, the presence of the AuigRt) shows

a much stronger quenching of the emission of trentum dots that might be due to the

proximal Au (0) acting as an energy acceptor.
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Figure 3.3. Emission spectra of (a) G1- and (b) G2CBz-QD witld avithout AuUNP
excited at 340 nm (left) and 400 nm (right). Sarapleere prepared in chloroform
solution with the same concentration for with arthaut AUNPs.
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The formation of AuNP in the vicinity of the Cd®ere is evidenced by time-
resolved fluorescence lifetime measurements. Tdblsummarizes the fluorescence
lifetime decay of the CdSe-TOPO, G1CBzPO-QD, G1GB«pFD-AuNP, G2CzPO-QD,
and G2CBzPO-QD-AuNP where a decreasing trend ierebd. The lifetime of the CdSe
in the absence (6.02 ns) and presence (1.92 ngefweration one) and (3.46 ns for
generation two) of the carbazole ligands show@earease in the decay rate that might

be attributed to the electron transfer from tigatid to CdSe quantum dots.

The lifetime data further shows that the G1CBZRD-AuNP and G2CBzPO-
QD-AuNP has two molecular environments that contelto a weighted average decay
of 1.07 ns and 0.14 ns respectively as seen inr&ig4 and Table 3.1, in that 69.3 % of
the hybrid nanoparticle contributes 0.74 ns and7%0contributes 1.8 ns with the latter
showing more characteristic of the G1CBzPO-QD. GR#CBzPO-QD-AuNP shows
two different molecular environment as well wher8m7% gives a lifetime of 0.072 ns
and 14.3 % gives a lifetime contribution of 2.81 mkis change in lifetime is further
evidence of the presence of AUNPs and nanoclustele vicinity of the CdSe core but
not exclusively on all the G1- and G2-CBzPO-QD. @anng the efficiency of the
energy transfer of the two nanocomposite basedlwrelScence lifetime decay, the
G2CbzPO-QD-AuNP showed a more efficient energy sfemaveraging less than a

nanosecond of decay.

The presence of the proximal AuNPs can efficiemitgount for the attenuated

fluorescence of the QD core given the small digtapetween them. Several studies of
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gold as a fluorescence quencher have been repatedher they are too close or if they

are directly paired or physically adsorbed withomar organic fluorophore is a matter of

synthetic approach or desigh.

(A) (B)
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Figure 3.4. Fluorescence lifetime decay curves of (a) CdSe-TOBOCBzPO (a) with
and (c) without AuNP, (d) the lifetime distributiofor G1CBzPO-CdSe-AuNP, (e)
G2CBzPO-CdSe and (f) G2CBzPO-CdSe-AuNP. Decreasdluorescence lifetime
indicates ET between AuNPs and CdSe.
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In this case, while not all G1- and G2CBzPO-QDyrhave participated in the
reduction process, nor all AUNPs or clusters reetin the vicinity of the QDs, the “one
pot” synthesisenables proximal spacing, enough to affect thedgtediate and time-
resolved fluorescence of the hybrid QDs. We caibate the quenching mechanism as
a non-radiative energy transfer from the fluores@prantum dots to the proximal gold
nanoparticles since the emission of the QDs ovewdp the absorbance of the Au
nanoparticle. FRET or NSET mechanism can be furtheestigated to support this

study.

Table 3.1.Average fluorescence lifetime data of CdSe-TOPQ, &l G2-CBzPO-CdSe
with and without the AuNP. Lifetime data is proassising 1 to 4 exponential analysis.

Sample Molecular v[ns] <> "[ns] X
Fraction

CdSe-TOPO 1 6.02 6.02 1.094

G1CBzPO-CdSe 1 1.92 1.92 0.939

G1CBzPO-CdSe-AuNP 0.693 0.74 1.07 1.030
0.307 1.80

G2CBzPO-CdSe 1 3.46 3.46 1.003

G2CBzPO-CdSe-AuNP 0.857 0.072 0.14 0.9084
0.143 2.81

2 (lifetime), "(average lifetime)° (goodness of fit)

3.4. Conclusions
In summary, we have reported energy transfer gtigs on a three-component
organic-inorganic hybrid nanostructured particleevehthe CdSe QD core is capped by

G1 and G2 carbazole dendrons. This carbazole pagipBnabled the formation of
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plasmonic AuNPs and nanoclusters formed withinvibimity by reducing the Atf ions

to AW’ without the use of external reducing agent. Thenégion of the AuNPs and
nanoclusters resulted in a shift of the absorbamzk emission peaks of the carbazole
group. The carbazole ligands initially quenched ftherescence of the CdSe QD core.
Furthermore, the proximal AuNPs acted as fluoreseacceptor, further quenching the
fluorescence of the QDs. The formation of the Gid &2-CBzPO-QD was done in a
direct synthesis route followed by the situ reduction of the AuNPs which did not
require any ligand exchange of any other stabilizer any external reducing agent.
Synthesis of generation three carbazole dendroddesngthening the distance between
the CdSe QDs and the AuNPs by conjugating a spawter the ligand would be an
interesting investigation to pursue to see the ghieiy or other energy transfer
mechanisms involving distance dependence betwekybad CdSe QDs and AuNP

assembly.
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Chapter 4. Conclusion and Future Work

4.1. Conclusions

This thesis has demonstrated facile one-pot synthesis methods of hybrid organic-
inorganic nanoparticles using electroactive dendrons as stabilizing agents and reactor
hosts. The energy transfer properties in the presence of gold nanoparticles combined with
the optical properties of the dendrons resulted in quenching of the carbazole emission .
On the other hand, emission shifts with the CdSe quantum dot core and Au-nanoclusters
in the periphery were established using steady state and time resolved fluorescence
spectroscopy. These have been the important findings of this study with a high potential

for optoel ectronic and solid-state devices, in particular:

In Chapter 1, an overview of the different structures, synthesis, characterization,
and application of hybrid nanoparticles is presented. Various € ectroactive dendrons and
polymers are described as well as the individual properties of previously reported hybrid
gold nanoparticles (AuNPs) and CdSe quantum dots (QDs) with emphasis on the energy

transfer involved when these components are proximal to each other.

Chapter 2 reported on the facile synthesis of a nanoparticle-cored dendrimer
where a generation three PAMAM dendrimer with cystamine core and amine surface is
functionalized with generation one carbazole dendron. This functionaization was done
by amidation of the carboxylic acid focal point of the carbazole dendron with the amine

surface of the PAMAM dendrimer. This was characterized by IR and UV-vis spectra.
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The disulfide bond of the cystamine core is reduced forming a dendron wedge that
stabilized the gold nanoparticles. Formation of gold nanoparticles was characterized by
X-ray photoemission spectroscopy (XPS) and transmission electron microscope (TEM)
where the size of the nanoparticle averaged at 4.1 nm. Energy transfer from this
construct was investigated by decrease fluorescence lifetime decay and shifting in

absorbance and emission peaks.

In Chapter 3, a three-component hybrid organic-inorganic nanoparticle was
synthesized wherein CdSe quantum dots were formed in a one-pot synthesis with
generations one (G1) and two (G2) carbazole with phosphonic acid focal point as capping
agents. Gold nanoparticles were formed when gold ions where gradually added and were
reduced by the simultaneous oxidation and cross-linking of the peripheral carbazole
dendrons. The formation of the gold nanoparticles was characterized by XPS and optical
properties. A surface plasmon resonance band was observed at 504 nm UV-Vis
absorbance spectra. A red shifting of the absorbance and emission of the carbazole was
also observed suggesting crosslinking of the carbazole thereby increasing its
conjugation. Energy transfer is further investigated by the quenching of the emission of
CdSe quantum dots by the presence of the proximal gold nanoparticles (AuNPs) as well
as a decrease in the fluorescence lifetime. The G2-carbazole showed a higher efficiency
of the energy transfer as the lifetime of this nanostructure showed greater decrease in

fluorescence lifetime.
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4.2. FutureWork

There are several areas that can be added for future work: 1) Quantitative
investigation on the percent conjugation of carbazole dendrons on the G3PAMAM
dendrimer can be investigated to optimize the synthetic protocol and determine the
guenching effect by steady state emission using equal concentrations of the dendrimer
with and without AuNPs. 2) Optical properties after electropolymerization can aso be
added to study its viability for optoelectronic applications in solid-state devices and for
further investigation of the energy or charge transfer mechanism involved upon excitation
from surfaces, e.g. evanescent waveguides and electrodes. 3) Further proof of structure
can be determined by high resolution TEM to visually investigate the position of the
nanoparticles with respect to the dendrimers and its histogram. In addition, optimizing the
ratio of the concentration of the Au®* to the concentration of the dendrimers can also be
studied to produce a more monodispersed size of the gold nanoparticles produced. 4)
Lastly, it istheintention in this project to incorporate CdSe quantum dots at the periphery
of the dendrimer to investigate FRET or NSET mechanisms involved and study its
possible application in photovoltaics or solar cell fabrication. A synthetic design to

incorporate these quantum dots in the carbazole units will be a promising project.

Manipulating the distance between the gold nanoparticles and the CdSe quantum
dots by lengthening the chain of the focal point of the dendron can be included in the

future work to investigate FRET mechanism involved between donor CdSe and acceptor
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AuNPs. Higher generation of the dendrons can aso be synthesized to provide a greater
void space to house gold nanoparticles. Optimizing the ratio between the gold ions and
the CdSe-carbazole can improve the monodispersity of the size of the AUNP produced.
High resolution transmission electron microscopy (HR-TEM) can aso be utilized to have
a better visua inspection of the synthesized nanostructure. More quantitative energy
transfer investigation can also be done for optimization of synthetic design and thin film

fabrication.

4.3 Final Remarks

The energy transfer involved between gold nanoparticles and quantum dots is a
highly investigated field for a wide variety of applications involving optoelectronic
devices such as LEDs, photovoltaic cells, organic solar cells, as well as for bio-imaging
and sensors. This thesis has demonstrated facile one-pot synthesis methods of these
hybrid nanostructures and incorporated organic materialsinto inorganic crystals for easier
fabrication of these devices with efficient charge transfer or energy transfer phenomenon.
These materials should be suited for electrochemical deposition of ultrathin films having
carbazole periphera groups. Controlling the size of the nanoparticles and the distance of
the components with respect to each other are defining parameters for future synthetic

efforts.
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