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Abstract

Abstract

This thesis presents work based on the interactions of water soluble caboxylated zinc
phthalocyanines (Pcs) and coreshell quantum dots (QDs). The Pcs are ZnPc(COOH)s
and ZnPc(COOH)s and coreshell QDs are CdTe@ZnS-GSH. GSH = L-glutathione.
Characterization and photophysical studies of conjugates were carried out. The
approach of coordinating Pcs to QDs was achieved using an organic cross linker, N-
N’-dicyclohexylcarbodiimide (DCC) at pH 10 at room temperature. Employing
atomic force microscopy (AFM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), Raman, infrared and X-ray photoelectron spectroscopies, the
formation of the conjugates was confirmed. Upon conjugation with Pc derivatives,
the fluorescence quantum yield of CdTe@ZnS-GSH decreased due to energy transfer
from the QDs to the Pc. The average fluorescence lifetime of the CdTe@ZnS-GSH QD
also decreased upon conjugation. The féster resonance energy transfer (FRET)
behaviour of CdTe@ZnS-GSH-ZnPc(COOH)s4 conjugates was compared to that of
CdTe@ZnS-GSH-ZnPc(COOH)s. Higher FRET efficiencies were observed for
CdTe@ZnS-GSH-ZnPc(COOH)s-mixed or CdTe@ZnS-GSH-ZnPc(COOH)s-linked
compared to the corresponding CdTe@ZnS-GSH-ZnPc(COOH)s-mixed or
CdTe@ZnS-GSH-ZnPc(COOH)s-linked. Triplet quantum yield (®r) and lifetime (tr)
of ZnPc(COOH)s were found to increase in the presence of coreshell QDs. Though
the singlet quantum yield (®,) value of ZnPc(COOH)s was lower than ®r, there was

a slight upsurge in the ®r in the presence of QDs.

iv|Page



Table of Contents

Table of Contents

DediCation .....cceeuiiniiiiiiniinniiniiiiniinsiieesenseiseessesssssssssssessssssssssssssssssssssssssssssansssanes ii
ACKNOWIEAGEMENLS ....ucuviuiriririrririnitiinsiinsiiniscissiisisenssiississsssssssssessssssssssssssssasssasassses iii
ADSITACE c..uenevcnriiitiniiiinniiinencnsneensisensissesessssssssssssssssesessssssessssssssssasssasessssenens iv
Table Of CONENLS .......ucuciiiiictiitiiiciteesssessessssessssessssssassssanans v
LiSt Of SYMDOIS...ucuicuiiriiriiiririiniissiissiinnsiissiiniitssiissiissssisssssssssissssssssssesssssasssssssseses viii
List Of ADDIevIiations.......cciieveiininnisinniinnnsinnniiniiisiiiiniessisemsessssssssss X
LiSt Of FIGUIES ....ucueuiiiiriniiiictitciiinctnisscnnsscssssssessssssssssessssssssssssssssssssssssssssnens xii
LiSt Of TaDIES...cuiuiieriririnriinnisintnsiensiissisissssesissiissisissssesessissssssssssssssssesssssssssssssssasssssssssnes xvi
CHAPTER ONE....uuiiiiriiriniiiniinninnisinsinsisnssimsimsissssssssssssssssssssssssssssssssssssssess 1
INTRODUCTION....ccontiiiintinsuiciininsuicsensesssecsssssesssessssssesssessssssssssssssessassssssssssssssssssssssssssssaes 1
1.1 PhthalOCyanines .......occnrninuinenisscnnnsenisisisesissisesississsesessisssssssssesssssssesssssssesssses 2
1.1.1 Structure and general applications of phthalocyanines ............................... 2
1.1.2 Synthesis of octa- and tetracarboxy phthalocyanines ....................c..ccc...... 4
1.1.3 Phthalocyanine spectra and effects of aggregation on spectra...................... 7
1.2 QUANTUIN AOLS cocceeeierreeieireeieireeeerreeeessaeeessseeessaeeessseesssssesssssesssssssssssessasessssssessassessasssssassns 11
1.2.1 General applications of quantum dots ..........ceceersesrcrensencsnsensesncsessessesnnne 11
1.2.2 Synthesis of water soluble core and coreshell QDs..........ccceurvereeucrunrcrucnnene 12
1.2.3 Fluorescence behavioUr .........ieeniceniicninneininninncnncensensscnsssnesseseanens 16
1.3 Forster resonance energy transfer ... 18



Table of Contents

1.4 Photophysical parameters .........ccnerenniisnnsisnnisinsiesnsisissiissiessssessssssssssesseseasens 26
1.4.1 Fluorescence quantum yields and lifetimes..........coceeeuerurrencrursenrenncsunsenncnne 27
1.4.2 Triplet quantum yields and lifetimes..........cccocuvevurerrirennnesncrennccsnnscreescncens 29
1.4.3 Singlet oxygen quantum yield.........iniiennniicciintcnceinencneennnene 31
1.4.4 FRET Parameters.......cceeiiinncsninncnensensinsiesnississessessessesssssesssessssssssesssssssssesseses 34

1.5 SUMMATY Of QIMS wccucviuiiiririiiriinniintiiiniisiissiississsssssssssssssssssssssssssssssssssssssssssasens 35

CHAPTER TWO..uuuiriiririinninnisisnisinssiississsssssssssssssssssssssssssssssssssssssssssssssssssssssssssassscs 39

EXPERIMENT AL ....cuoitiiiiiinninniiniscnssiississssssissssssssssssssssesssssssssssessssssssssssssssssssssanscs 39

R LY . o T 2R 40

2.2 INStrumentation........cenenienenieniiinienniineseseaesensessesssssssesssssssssssssssssssssesssssssesses 40

2.3 SYNENESIS..uciuirriiiititiintitiiiininiisieniisesisissssssssssessesssssssssasssssssssssssessessseaaes 47

2.4 Photophysical StUAIES ......ceevriruienisririninritiinisnitnisscssiesesscsnessesssssssessessesessessesees 48
2.4.1 Fluorescence quantum yields and lifetimes.........ccocevceuevursencnuisencnncsnnscnncnene 48
2.4.2 FRET Parameters.......ccuieiiinieininsenennnsensncsnnssessessissessesssssssssssssssessessessessssssses 48
2.4.3 Triplet quantum yields (Pr1) and lifetimes (7, ) cccceerererrrcrenscresurscsesncsesncncens 49
2.4.4 Singlet 0XYZen (Da) ceevererreeresuernsreesnisesnssesnssisesnssesnssssessssessssessssssessssssssssssssesssssns 49

CHAPTER THREE .........crriririirniniiinssisisiisssssisisissssisssssssssssssssssssssssssssssssssssssssnes 50

RESULTS AND DISCUSSION .....coiiiiininnirisiisnssisisisissssesisissssssssssssssssssssssssssssssssssssssnes 50

3.1 Characterization of conjugates of quantum dots with ZnPc(COOH)s and

4% 2 (010) 5 | VU 52

3. 1.1 FTIR SPECIA cuuceuveeurennecrninnesnnisnennensecssesssesnissecssesssessesssesssesssessesssessasssasssesssessasssens 54



Table of Contents

3.1.2 RAMAN SPOCLTA wueeeurerrrirreinecniisninninnissensnissnisseessesssessesssesssesseessesssessesssasssessssssesssens 57
313 XRD uiiitcitcinininininssiisensessnsscnssessssssesssssssssssssssssssssssssssssssesssssssssssssnsssasans 58
3.1.4 MICrOSCOPIC data ..cuiereeuinurrenninnisinenscssiesissisnessissssssessessesssssssssssssssssssssssssssssens 62

3.1.5 XPS spectra of coreshell QD alone and in the presence of ZnPc(COOH)s

.......................................................................................................................................... 64
3.1.6 UV-ViS SPOCLTA..ccnicuiiininininiiseinississississisississssssissississessissssssssssssssssssssssssessssees 65
3.2 Photophysical parameters ..........cccceerenresenunrenennisnnsescsnisesessissnsesesssssssessessesessessesees 70
3.2.1 Fluorescence quantum yields and lifetimes........cceceveevrerurrerenniccnncreenencnns 70

3.2.2 Triplet quantum yields, lifetimes and singlet oxygen quantum yields ...75

3.2.3 Forster Resonance Energy Transfer (FRET) Parameters ..........ccccceueueueucncne 78
CHAPTER FOUR ....ucouiiiiiininiinisnienesisssisississssssssssssssssssssssssssssssssssssssssssssssssasssssssssens 86
CONCLUSIONS ....uotiirinnininniisississesisscssissssississsssssessssssssssssssssssessessssessssssssssssssssssssssssen 86
General CONCIUSIONS ....cueiereineiiuiiriirininininieaenaisiststsesstssssssssssssssssssesssssssssssssssssssessssssns 87
RELEIEICES. ...cucuvrniieinrinninitiisisnitsississssessisssssssssssssssssssssssssssssssssstssssssssssssssssnssnsasssssssssens 88

vii|Page



List of Symbols

List of Symbols

AA = Change in absorbance following laser pulse

I = Intensity of light

labs = Intensity of light absorbed
F = Fluorescence intensity
a = Non-peripheral position
B = Peripheral position
€ = Molar extinction coefficient
€s = Singlet state extinction coefficient
€T = Triplet state extinction coefficient
Aemi = Wavelength of emission spectrum maximum
Aexci = Wavelength of excitation spectrum maximum
hv = Light
n = Refractive index
Dda = Singlet oxygen quantum yield
Or = Fluorescence quantum yield
o7 = Triplet state quantum yield
T = Fluorescence lifetime
Tav = Average lifetime
TT = Triplet state lifetime
X = Reduced Chi-squared statistic
J = Overlap integral
Ro = Forster distance (critical distance at which
efficiency is 50%)
r = Centre-to-centre separation distance
k2 = Dipole orientation factor
02 = Singlet oxygen
02(1Ag) = Singlet oxygen
*0, = Triplet molecular oxygen

viii |Page



List of Symbols

O2
So
St
T1
T2

Ground state molecular oxygen
Ground singlet state

Excited singlet state

First excited triplet state

Second excited triplet state

ix|Page



List of Abbreviations

ADMA

AFM
AlPcSmix

CT
DBU
DMSO
ET

GSH
H>Pc
HOMO
IC

IR

ISC
L-cys
LMCT
LUMO
MLCT
MOCPc
MPA
MPc
NaOH
Pc
ZnSPc
MTCPc
MTCAPc

List of Abbreviations

Absorbance
Tetrasodium a,a-(anthracene-9,10-diyl)
dimethylmalonate
Atomic force microscope
Mixed-sulfonated aluminium
phthalocyanine
Charge-transfer transitions
1,8-diazabicyclo[5.4.0lundec-7-ene
Dimethylsulphoxide
Energy transfer
Fluorescence
L-glutathione
Metal-free phthalocyanine
Highest occupied molecular orbital
Internal conversion
Infrared
Intersystem crossing
L-cysteine
Ligand-to-metal charge transfer
Lowest unoccupied molecular orbital
Metal-to-ligand charge transfer
Metallo-ctacarboxy phthalocyanine
3-Mercaptopropionic acid
Metallophthalocyanine
Sodium hydroxide
Phthalocyanine
Zinc sulphonated phthalocyanine
Metallo-tetracarboxamido phthalocyanine

Metallo-tetracarboxy phthalocyanine

x|Page



List of Abbreviations

OD
PDT
Ph
SOC
ROS
TCSPC
TEM
TET
TGA
UV/Vis
VR
XPS
XRD
ZnS

Optical density

Photodynamic therapy
Phosphorescence

Spin-orbit coupling

Reactive Oxygen Species
Time-correlated single photon counting
Transmission electron microscope
Triplet energy transfer
Thioglycolic acid
Ultraviolet/visible

Vibrational relaxation

X-ray photo-electron spectroscope
X-ray diffractometer

Zinc sulphide

Xi|Page



List of Figures

List of Figures

Figurel.l: Structure of a metallophthalocyanine showing positions for

functionalization and of a porphyrin molecule..............ccccccooiiiiiiiiiiiiiicces 2
Figure 1.2: Industrial applications of phthalocyanines (Pcs) ..........cccocccevciiiniicininnnnes 4
Figure 1.3: Ground state absorption spectra of metallated and unmetallated Pcs ....... 7
Figure 1.4: Electronic transitions in phthalocyanines...........cccccoeiiiniviniinncincnnnnne. 8
Figure 1.5: Absorption spectra of a typical water soluble aggregated Pcs................... 10
Figure 1.6: Industrial and biological applications of quantum dots (QDs).................. 12

Figure 1.7: Water soluble ligands commonly used in the preparation of quantum
OTS. . 13
Figure 1.8: Structures of core CdTe QDs and coreshell CdTe@ZnS QDs capped with
IMP AL o 15
Figure 1.9: The fluorescence spectra of quantum dots red-shifting as the size
INCTRASES. ..vviiiiiiiiiiiitce et a e s b bt a e ne e 17
Figure 1.10: Representation of forster resonance transfer energy (FRET).................... 19

Figure 1.11: Stimulated emission spectra of AITSPc in the presence of L-Cys-capped

CATE. ot 20
Figure 1.12: The Jablonski diagrami...........cccccccciviiiniiiniiiiiiiiiiiiciccceces 26
Figure 1.13: Triplet lifetime decay curve of ZnSPc dissolved in water......................... 30

Figure 1.14: Schematic representation of singlet oxygen generation by

phthalocyanines at triplet state in the presence of QDs. ..........ccccccoviiiiiiiiiiiiinne. 32

xii|Page



List of Figures

Figure 2.1: Schematic diagram of time-correlated single photon counting (TCSPC)

Figure 2.2: Schematic diagram for a laser flash photolysis setup...........c.ccccccceevruruneece. 45
Figure 2.3: Schematic diagram for the singlet oxygen detection setup using its
PROSPROTESCENCE. ...t 46
Figure 3.1: IR spectra of GSH, CdTe@ZnS-GSH, CdTe@ZnS-GSH-ZnPc(COOH)s-
linked and ZnPc(COOH)s alomne. .......c.coueuivirieirieiininiciniciniecirctseeeeeese e 56
Figure 3.2: FTIR spectra of ZnPc(COOH)s, CdTe@ZnS-GSH and CdTe@ZnS-GSH-
ZNPc(COOH)4-HNKE. ...ttt 56
Figure 3.3: Raman spectra of CdTe@ZnS-GSH-ZnPc(COOH)s, CdTe@ZnS-GSH and
ZNPC(COOH)S. ...ttt ettt 58
Figure 3.4: XRD spectra of CdTe-TGA, CdTe@ZnS-GSH and CdTe@ZnS-GSH-
ZNPC(COOH)S-TINKEA. ...ttt ettt 60
Figure 3.5: XRD spectra of CdTe@ZnS-GSH and CdTe@ZnS-GSH-ZnPc(COOH)s-
HNKEd. e 61
Figure 3.6: TEM images of CdTe@ZnS-GSH QDs and CdTe@ZnS-GSH-
ZNPc(COOH)S-IINKE. ...c.oouiiiiiiiiiiicietceeeeeecee ettt 62
Figure 3.7: AFM size distribution histograms for CdTe@ZnS-GSH QDs and
CdTe@ZnS-GSH-ZnPc(COOH)s-linked. ........ccccouoiiiiiiiiiiiiiieee 64
Figure 3.8: XPS spectra of CdTe@ZnS-GSH QDs and CdTe@ZnS-GSH-

ZnPc(COOH)s-INKed. ........ccouiiiiiiiiiiiiiiiii s 65

xiii|Page



List of Figures

Figure 3.9: (A) Absorption and fluorescence spectra of CdTe-TGA and CdTe@ZnS-
GSH and (B) absorbance spectra of CdTe@ZnS-Zn(COOH)s-mixed, CdTe@ZnS-
Zn(COOH)s-linked and Zn(COOH)8.......ccceetrieuirireinieireieinictnieeteeeeeieieseeveeereeseevenes 67
Figure 3.10: Absorbance spectra of ZnPc(COOH)s, CdTe@ZnS-GSH-ZnPc(COOH)4-
linked, CdTe@ZnS-GSH-ZnPc(COOH)s-mixed and ZnPc(COOH)4. ...c.covevveveueruennenee 69
Figure 3.11: Fluorescence decay curves of CdTe@ZnS-GSH and CdTe@ZnS-GSH-
ZNPc(COOH)4-HNKE. ...eoiiiiiiiiiiiiciecrtceectc ettt e 71
Figure 3.12: Triplet lifetime decay curve of CdTe@ZnS-GSH-ZnPc(COOH)s-linked in
INAOH (PH T1). oottt 76
Figure 3.13: Singlet oxygen kinetics decay curve of ZnPc(COOH)s.........ccccevrururuenenee. 78
Figure 3.14: Absorption spectrum of ZnPc(COOH)s and emission spectrum of
CATe@ZNS-GSH. ..o 79
Figure 3.15: Emission spectra of (A) CdTe@ZnS-GSH, CdTe@ZnS-GSH-
ZnPc(COOH)s-mixed ZnPc(COOH)s and CdTe@ZnS-GSH-ZnPc(COOH)s-linked. (B)
CdTe-TGA, CdTe-TGA-ZnPc(COOH)s-mixed and ZnPc(COOH)gs.........cccevvvueuennnnne. 80
Figure 3.16: Absorption and emission spectra of ZnPc(COOH)s and CdTe@ZnS-GSH
TESPECHIVELY. ...t 83
Figure 3.17: Emission spectra for the CdTe@ZnS-GSH QDs, CdTe@ZnS-GSH-
ZnPc(COOH)s-mixed conjugate, CdTe@ZnS-Zn(COOH)s-linked conjugate and

ZNPC(COOH)4 AlONE. ....oeiiiiiiiiiciiciietctetetre ettt ettt 84

Xiv|Page



List of Schemes

List of Schemes

Scheme 1.1: Synthesis of metallo-octacarboxy phthalocyanine (MOCPc). .................... 5
Scheme 1.2: Synthesis of metallotetracarboxy phthalocyanine (MTCPc). ..................... 6
Scheme 3.1: Coordination of ZnPc(COOH)s to CdTe@ZnS-GSH. ........cccccccevveuivncucnnen 53
Scheme 3.2: Coordination of ZnPc(COOH)s to CdTe@ZnS-GSH. ..........c.ccccevvinnnnee. 53
Scheme 3.3: Encapsulation of CdTe into a zinc sulphide shell (ZnS). .......................... 54

xv|Page



List of Tables

List of Tables

Table 1.1: FRET parameters for quantum dot-phthalocyanine conjugates (mixed and

TINKEA ). ettt 21
Table 1.2: Phthalocyanine complexes that have been coordinated to QDs. ................ 23
Table 1.3: Carboxylated phthalocyanines and coreshells used in this thesis. ............. 37

Table 3.1: Fluorescence quantum yields and lifetime data of QDs, ZnPc(COOH)s and
the CONMJUGALES. ....ceoviiiiiiici e 73
Table 3.2: Fluorescence quantum yield and lifetime data of QDs, ZnPc(COOH)4 and

the coNjUGALES. ......ccciiiiiiiii s 74

Table 3.3: Triplet quantum yields and lifetime values of ZnPc(COOH)s and its. .....77

xvi|Page



Chapter One Introduction

CHAPTER ONE

INTRODUCTION

1|Page



Chapter One Introduction

Introduction

1.1 Phthalocyanines

The aim of this thesis is to conjugate CdTe@ZnS coreshell quantum dots capped with
glutathione to zinc octacarboxy phthalocyanines (ZnPc(COOH)s) and zinc

tetracaboxy phthalocyanies (ZnPc(COOH)4).

1.1.1 Structure and general applications of phthalocyanines

Metallophthalocyanines (MPcs) (Figure 1.1) are large compounds consisting of four groups

of isoindole that are linked by nitrogen atoms [1, 2]. They differ from biologically essential
porphyrins (Figure 1.1) by an extended m-system characterized by four benzene

rings, and the presence of nitrogens at the meso positions [3, 4].

10
peripheral ~9
8 / \ 1

,il IN 15

16
,\i, N o
— _N =\ |18

25 2—2— nonperipheral

24 23
Metallophthalocyanine

Porphyrin

Figurel.l: Structure of a metallophthalocyanine (left) showing positions for

functionalization and of a porphyrin molecule (right).
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Chapter One Introduction

More than 70 metallic or metalloic atoms can be inserted into the phthalocyanine
(Pc) ring to form metallophthalocyanines (MPcs) [5]. Zinc phthalocyanines (ZnPcs)
are some of the most common phthalocyanines studied. This is due to the closed
shell Zn?* ion which results in high triplet quantum yields and relatively longer
triplet lifetimes [6]. The incorporation of different substituents on the peripheral {(2,
3), (9, 10), (16, 17) or (23, 24)} or non-peripheral {(1, 4), (8, 11), (15, 18) or (22, 25)}
positions of the ring (Figure 1.1) results in Pcs with different properties.
Phthalocyanines (Pcs) have found applications in many fields such as jet printing
inks [7], nonlinear optics [8-10], photodynamic therapy [11-14], data storage [15],
solar cells [16-18], catalysts [19], sensors [20], organic light emitting devices [21], dyes
[22], electronics and optoelectronics [23]. Figure 1.2 shows a summary of the

applications of phthalocyanines.
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“Optical discs

Catalytlc _
Electronic

L|qU|d cr stals
sensors

Photosensmsatlon N

0
*

Phthalgcyanlnes Photoconductivity

Light
absorbing
\

Synthetic
metals

/

/ Optoelectronics
Conductivity

_-Solar cells Photodynamic
therapy

Figure 1.2: Industrial applications of phthalocyanines

1.1.2 Synthesis of octa- and tetracarboxy phthalocyanines

Since only metallo-octacarboxy phthalocyanines (MOCPcs) and metallo-tetracarboxy
phthalocyanines (MTCPcs) will be employed in this thesis, their general syntheses
are discussed. Both compounds are well known. The synthesis of octacarboxylic
acid-substituted metallo-phthalocyanines is generally achieved by reacting
pyromellitic dianhydride, urea (as a solvent and a source of nitrogen), 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) (as a catalyst) and a suitable amount of a
metal salt, Scheme 1.1 [24, 25]. MTCPcs, Scheme 1.2, are obtained from
tetracarboxamido phthalocyanato metal (II) (MTCAPc) which is an intermediate

formed from reacting trimellitic anhydride, urea ammonium molybdate and a metal

4|Page



Chapter One Introduction

salt, followed by treatment with potassium hydroxide at elevated temperature [24,

26-30].
o o o
o o Urea -
Metal salt, catalyst
o o

MTAPc

Hydrolysis (acidic)

HOOC
COOH
HOOC COOH
HOOC

MOCPc

Scheme 1.1: Synthesis of metallo-octacarboxy phthalocyanine (MOCPc) [24, 25].

MTAPc = metallotetra-amido phthalocyanine.
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H,NOC

CONH,
0
Ammonium molybdate \
0o
HOOC Urea, metal salt
(o)

Trimellitic dianhydride

CONH,
MTCAPc
KOH /" 90 °C
COOH
COOH

MTCPc

Scheme 1.2: Synthesis of metallo-tetracarboxy phthalocyanine (MTCPc) [24].

MTCAPc = metallo-tetracarboxamido phthalocyanine.
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1.1.3 Phthalocyanine spectra and effects of aggregation on spectra

Two main distinct absorption bands, arising as a result of n-n* transitions within the

delocalized 18-n electron system of the ring, characterise Pc spectra, Figure 1.3.

(i)

(ii)

Normalised absorbance

L] L] q

270 370 470 570 670 770
Wavelength (nm)

Figure 1.3: Ground state absorption spectra of metallated ((i) black) and

unmetallated ((ii) red) Pc

The split in the Q-band of the absorption spectrum of the unmetallated
phthalocyanine (HzPc) is caused by Dan symmetry, and results from presence of the
two protons at the core of the ring. For H>Pc, the lowest unoccupied molecular
orbital (LUMO) is non- degenerate (Figure 1.4), giving rise to two allowed electronic
transitions. The metallated Pc show an unsplit Q-band due to a Dsn symmetry and a
degenerate LUMO. The Q-band (Quo) is the highly intense absorption band that is
observed towards the near infrared region of the visible spectrum and is due to

transitions from the aiu of the highest occupied molecular orbital (HOMO) to the eg
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of the LUMO, Figure 1.4. The B-band (also called Soret band) is the second band of
lower intensity observed in the region between 300 to 400 nm and is a
superimposition of B1 and Bz bands [31, 32]. Three other bands normally observed
towards the UV region, the N, L and C bands, are mainly observed when using
transparent solvents. The charge transfer (CT) absorption bands, Figure 1.3, are
observed only when the metal d-orbitals lie within the HOMO-LUMO gap, Figure
1.4, and are not common in all phthalocyanine complexes [33, 34]. They can be
assigned to either metal to ligand (MLCT) or a ligand to metal charge (LMCT)

transfer.

eg ‘ ‘ LUMO

Ay HOMO

Figure 1.4: Electronic transitions in phthalocyanines
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There are a number of factors which may affect Pc spectrum. Amongst them is
aggregation which is commonly found in water soluble Pcs. Aggregation, referred to
as an intrinsic property of this class of compounds, diminishes the efficiency of
phthalocyanines as photosensitisers [35]. Aggregation generally occurs as a result of
co-planar association of phthalocyanine rings progressing from a monomer to a
dimer and higher order aggregates [36-38]. Aggregation can be due to high
concentrations of MPc complexes which brings the neighbouring MPc rings in a
close proximity. The presence of a surfactant helps collapse the band due to
aggregates (dimer) and the band due to the monomer becomes more pronounced

[39-43], Figure 1.5.
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1.2 Dimer 41 I—b Monomer
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Figure 1.5: Absorption spectra of a typical water soluble aggregated
phthalocyanine; (blue line) and in the presence of a surfactant (red line)

[unpublished].

Playing a huge role in aggregation of Pc complexes is the nature of a solvent and
aggregation is more pronounced in polar solvents such as water than in non-polar
solvents [39-43]. The distance between the planar macrocycle rings that carry the n
electrons can be increased by peripheral or non-peripheral substitution and axial
ligation, thereby making solvation easier and reducing aggregation [44].

Aggregation is less in non-peripheral compared to peripheral substitution.
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1.2 Quantum dots

1.2.1 General applications of quantum dots

Quantum dots (QDs), have become a fundamental tool for fluorescence imaging. The
unique and fascinating optical properties are the basic rationale for using QDs. These
properties are generally not available for individual molecules or bulk
semiconductor solids. QDs have distinctive characteristics such as size-tunable light
emission, improved signal brightness, resistance against photobleaching and
simultaneous excitation of multiple fluorescence colours, which are not present in

conventional organic dyes and fluorescent proteins [45-49].

QDs are applied in many various fields as drug carriers [45, 50], in diagnostics [45],
photovoltaic devices [51, 52], microelectronics [53], biomedicine [53, 54], spintronic
applications, [52, 55] and on-chip light-emitting sources [56]. Figure 1.6 summarizes

the various applications of quantum dots.
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Figure 1.6: Industrial and biological applications of quantum dots (QDs)

1.2.2 Synthesis of water soluble core and coreshell QDs

The solubility and size are some of the important features of quantum dots that
determine their applicability, with the former dependent on the nature of a capping
agent while the latter can be controlled in the synthesis. Capping ligands commonly

used are shown in Figure 1.7.
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Figure 1.7: Water soluble ligands commonly used in the preparation of quantum
dots. (1) = glutathione (GSH), (2) = 3-mercaptopropionic acid (MPA), (3) =

Thioglycolic acid (TGA), (4) = L-cysteine.

QDs need to be bio-compatible in order to meet the paraphernalia of applications in
the field of medicine. They have to be hydrophilic and non-toxic and this can be
achieved using ligands such as the ones shown in Figure 1.7 in the synthesis and
modifying the surface by encapsulating core QDs into shells. A lot of procedures
have been reported for the synthesis of both the core and the coreshell QDs. For core
QDs such as CdTe [57-61], sodium hydrogen telluride and cadmium chloride
precursor, whose pH is adjusted by sodium hydroxide, are mixed together under
inert atmosphere, followed by heating at elevated temperatures to get core QDs of

different sizes. Zinc sulphide (ZnS) is one of the most important shell materials for
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coreshell preparation. The passivation of the core QDs may be inefficient if the shell
is too thin, resulting in reduced photostability [62]. Coreshell QDs such as
CdTe@ZnS capped with GSH may be prepared at higher temperatures from as-
prepared CdTe core QDs in the presence of GSH-zinc containing precursor [63], with
GSH acting as both a capping agent and a source for sulphur for the formation of a
ZnS shell. Figure 1.8 shows structures of core and coreshell QDs capped with water

soluble ligands.
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Figure 1.8: Structures of (1) core CdTe QDs and (2) coreshell CdTe@ZnS QDs

capped with MPA.
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1.2.3 Fluorescence behaviour

Colloidal semiconductor QDs exhibit size dependent optical properties and
therefore have generated considerable interest over the past three decades. Quantum
dots show a broad absorption spectrum, a narrow and symmetric emission
spectrum, and a high fluorescence quantum yield [64]. The narrow fluorescence
peaks are a result of direct recombination of an electron with a hole and the broad
fluorescence band is due to trapped carrier recombination (shallow/ deep trap
states) [65]. Comparing core, for example, CdTe with coreshell, e.g., CdTe@ZnS used
in this work shows that the shell plays a crucial role on the luminescence properties
and the photochemical stability of the QDs. Defect states and dangling bonds at the
core surface, which otherwise favour the undesired nonradiative recombination of
the photogenerated electron-hole pairs, become saturated by a shell with the
fluorescence quantum yield (QY) significantly increasing [64]. After extensive
investigations of various parameters such as precursor reagents, temperature,
chelating ligands and precursor ratios, synthesis of QDs with high fluorescence QYs
(>50%) has become straightforward [66]. The fluorescence spectra of the QDs are

red-shifted as the core size increases (Figure 1.9).
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1.2 Size increase
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Figure 1.9: The fluorescence spectra of quantum dots red-shifting as the size

increases [unpublished].

Emission intensities are dependent on QD concentrations, solvents, and aging effect
[67]. The storage of samples of quantum dot results in several events: (i) “blue”
spectral shift of the photoluminescence (PL) band position, (ii) decrease of the PL
intensity and (iii) increase in the full width at half maximum (FWHM) of the
fluorescence band. All three features can be apportioned to ““aging”” mechanism [68].
Colour of stored solutions of quantum dots can explain the mechanism of aging.
Literature results indicate that greenish-yellow coloured solution did not show any
change in colour up to a certain number of hours of aging at room temperature. Only
on keeping the QDs for about one week at room temperature, did their colour slowly
change to light orange, and then to orange. This is probably due to slow aggregation

of the initially produced nanoparticles, as monitored by UV-Vis spectroscopy [69].
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The effects of pH and temperature on QDs spectroscopic characteristics need to be
paid attention to. Highly fluorescent core may be achieved in a pH range of 9-12 [70]

while the brightest coreshells are obtained at lower ~pH 8 (slightly alkaline) [63].

1.3 Forster resonance energy transfer

Quantum dots in their “dark states” are capable of transferring energy through a
mechanism termed as triplet energy transfer (TET) to molecular oxygen, leading to
the generation of reactive oxygen species (ROS). At triplet state, they can generate
singlet oxygen (102), with yields which have been reported to be as low as 5% for
CdSe [71] and 28% for coreshells [72]. Alternatively, quantum dots can act as
cofactors to promote the effect of conventional photosensitizing agents used in
photodynamic therapy (PDT) via Forster resonance energy transfer (FRET), Figure
1.10. The advantage of combining quantum dots with PDT photosensitizers is that
the use of an excitation wavelength where the photosensitizer alone does not absorb
is enabled. FRET from CdSe QD to Pc photosensitiser was first demonstrated by

Samia et al. [73].
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So So
Donor (QD) Acceptor (MPc)

Figure 1.10: Representation of forster resonance transfer energy (FRET).
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Energy transfer from QDs to different phthalocyanine photosensitizers (where the
two components are mixed or linked together) has been demonstrated in a number
of studies [73-87] through FRET. Figure 1.11 shows the emission spectrum of
aluminium tetrasulphonated phthalocyanine (AITSPc) indirectly stimulated by L-

cysteine-capped CdTe QDs.

D
o

QDs emission

A

\

(o)
o

LN
o

Stimulated emission of MPc

500 550 600 650 700 750 800
Wavelength (nm)

Intensity (a.u.)

=
o

o

Figure 1.11: Stimulated emission spectra of AITSPc in the presence of L-Cys-

capped CdTe [75].

FRET parameters have been reported mainly in mixtures [74-78]. Linking Pc to QDs
is preferred since controlled conjugates are formed. Only a few studies have been

reported for Pc linked to QDs, Table 1.1.
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Table 1.1: FRET parameters for quantum dot-phthalocyanine conjugates (mixed

and linked). Structures for 1 - 9 are shown in Table 1.2.

Pc derivatives QD capping J Ro r Eff Ref.
(104em®) | (A) (A) | ()
Al (1) (mixed) TGA 6.60 5422 15438 1049 |[[74]
Al (2) (mixed) TGA 0.106 4277 13529 10.76 |[74]
Ga (3) (mixed) TGA 4.96 3743 13275 10.69 |[74]
Ga (4) (mixed) TGA 1.13 4298 |43.85 047 |[74]
In (5) (mixed) TGA 4.68 37.06 120.76 097 |[74]
In (6) (mixed) TGA 0.107 4259 [26.07 095 |[74]
ZnOCPc (mixed) Cys 79.7 62.56 16091 |0.54 |[75]
(OH)AIOCPc (mixed) Cys 79.5 6254 5299 1073 |[75]
(OH)25i0CPc (mixed) Cys 57.9 59.31 16091 |0.80 |[[75]
(OH)2GeOCPc (mixed) Cys 51.3 5814 4798 10.76 |[75]
ZnTSPc-mixed TGA 1.80 57.0 67.0 0.30 | [76]
ZnTCPc (mixed) TGA 0.72 49.0 63.0 0.20 | [76]
TtfmMPyZnPc (mixed) (7) | MPA 107 5159 5895 1031 |[[77]
TtfmPyZnPc (mixed) (8) MPA 117 5215 5356 045 |[77]
ZnTAPc (mixed) MPA 3.43 30.8 259 0.74 | [84]
ZnTAPc (linked) MPA 3.43 30.8 20.0 0.93 | [84]
ZnTAPc (mixed) TGA 218 248 22.0 0.68 | [84]
ZnTAPc (linked) TGA 2.18 24.8 21.6 0.70 | [84]
MAPPc (mixed) MPA 1.36 46.52 4257 10.63 |[86]
MAPPc (linked) MPA 1.09 4438 12954 1092 |[86]
MAPPc (mixed) TGA 1.24 4571 6026 |]0.16 |[86]
MAPPc (linked) TGA 0.84 4253 126.04 1095 |[86]
MAPPc (mixed) L-Cys 0.78 2646 |34.46 ]0.17 |[86]
MAPPc (linked) L-Cys 1.30 29.37 12036 |0.90 |[86]
ZnttbIPc (mixed) (9) MPA 64 4468 |144.08 1052 |[87]
ZnttbIPc (linked) MPA 64 4468 13470 10.82 |[87]
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MAPPc = 4-Monoaminophenoxy zinc phthalocyanine, TAPc = tetraamino
Phthalocyanine, OCPc = octacarboxy phthalocyanine, TSPc = tetrasulfo
phthalocyanine, TCPc = tetracarboxy phthalocyanine, ZnttbIPc = Tris[9(10),16
(17),23(24)-tertbutyl] imidophthalocyaninato] zinc (II), TtfmMPyZnPc = 4-
(Tetrakis-5-(trifluoromethyl)-2-mercaptopyridinephthalocyaninato]-

phthalonitrile. J = Foster overlap integral, Ro = Foster distance, r = Centre-to-centre

separation distance between the donor and the acceptor , Eff = efficiency.

Various Pc complexes that have been coordinated to QDs via covalent linking or
mixing are shown in Table 1.2 [74, 77, 78, 80, 84, 86-88]. Data presented in Table 1.1
show FRET parameters reported between water soluble QD core and
phthalocyanines (hydrophilic and hydrophobic). For phthalocyanines that are
hydrophobic, solvent mixtures were employed to accommodate both the quantum
dots and the phthalocyanines. This thesis reports for the first time the formation of
conjugates in water only. In this way, solvent mixtures were completely avoided,
while at the same time, studying the mixed and linked coreshell-phthalocyanine

conjugates.
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Table 1.2: Phthalocyanine complexes that have been coordinated to QDs.

Complex Abbreviation Ref.
. Al (1) [74]
RS
N—
SN o
Ng YN SR
&_N’% In (5)
SR
R=\ "N 0/\/0\/\ 0/
M = Al (1), Ga (3), In (5)
Cl SR Al (2) [74]
K -
= = Ga (4)
N N“"M . N gN
&N; %{SR In (6)
RS
R=\ N o/\,OV\ o”
M = Al (2), Ga (4), In (6)
Faczj cFa TtfmMPyZnPc [77]
;\ :N [ é
] c Y] QCF
F.C TtfmPyZnPc [77]

Y?
@;9%

(8)
FSC CF;
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AITSPc [78, 80]
R= SO,Na* ; E
M = AI(IlICI >>t :<<
ZnTAPc [84]
R= NH, \2 N i
M=2Zn ; :<<
MAPPc [86]
O,
S ”\@ O
N\ AN N Y NH,
M
\Y N 8 \N 4
5 | 2 b
N
M=2Zn
ZnttbIPc [87]
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ZnMCsPc

[88]

ZnMPCPc

[88]

M = (OH),Ge
OTi
(ac),Sn

GeMCPc,
TiMCPc,

SnMCPc {ac = acetate}

[88]
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1.4 Photophysical parameters

Figure 1.12 shows Jablonski diagram illustrating the processes that occur during the

absorption of light, leading to the generation of singlet oxygen [89].

_
——
1
— -
- VR .
1 1
| 1
1 -v___
' VR
: 0.006
\
0.004

Figure 1.12: The Jablonski diagram displaying transitions of a mglecule fgpm its 1y
lower energy ground state to its higher energy excited state following absorption
with light; A = absorption, VR = vibrational relaxation, ISC = intersystem
crossing, F = fluorescence, IC = internal conversion, Ph = phosphorescence, So =
singlet ground state, S1 = singlet excited state and T1 = 1st excited triplet excited

state, T2 = second excited triplet state.
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The processes taking place during excitation of a photosensitiser can be explained as
follows: When a molecule gains energy through absorption (A), it is excited from its
lower energy singlet ground state (So) to the higher vibronic energy level of the first
singlet excited state (S1). The molecule will then loose some energy, relaxing from
the higher vibronic level through some vibrational relaxation processes (VR) to a
lower vibronic energy level. From the lowest vibronic level of (S1), the molecule can
relax to the ground state (So) through (i) fluorescence (F), or (ii) internal conversion
(IC). Another possibility is that the molecule can undergo intersystem crossing (ISC)
to the first excited triplet state energy level (T1). According to the selection rules, the
change of multiplicity in ISC is spin-forbidden yet it still occurs to some extent as a
result of the spin-orbit coupling (SOC). At the triplet state the molecules can still lose
energy through emitted light in the form of phosphorescence (Ph). The molecule can
also give its energy to the ground state molecular oxygen to generate singlet oxygen
through photosensitization, Figure 1.12. The ideal photosensitiser should meet at
least the following requirements: minimum photobleaching [90], a high extinction
coefficient in the far-red or near infrared (NIR) spectral region and a high yield of the
long lived triplet excited state [91]. Paramagnetic compounds or large atoms (heavy

atoms) such as indium [92, 93] and lead enhance the intersystem crossing (ISC).

1.4.1 Fluorescence quantum yields and lifetimes

Fluorescence quantum yield (®f) is the number of emitted photons relative to the
number of absorbed photons. The emission rates of fluorescence are typically 108 s-1,

so that a typical fluorescence lifetime is near 10 ns (10 x 10-° s) [89]. Fluorescence

lifetime (TF) is the average time an excited fluorophore spends in the excited state
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before it releases energy and decays to its basic ground state [89, 94]. Fluorescence
lifetime may be determined by a time correlated single photon counting [95] and this

is employed in this work.

Fluorescence quantum yield (®r) may be determined by comparison with a

standard using Eq. 1.1 [96]:

F.A,n’
O, = (DFW t 2 1.1
Fstd'A’nstd

where F and Fsia are the areas under the fluorescence curves for sample and
standard, respectively. A and Asid are the absorbances of the sample and reference
at the excitation wavelength respectively, while n and nsi4 are the refractive indices
of solvents in which the sample and reference were dissolved, respectively. The
fluorescence quantum yields of QDs in the conjugates may be obtained using Egs.

: Mix . . linked .
1.2 when mixed @, with Pcs or when linked @y to Pcs:

FMix

Mix QD
Cron) = Prn) P 1.2a

QD

‘ Flinked

linked __ QD
Crian) = Prn)

D 1.2b

where O®pqp) is the fluorescence quantum yield of the QDs alone and is used as

standard, B} (or Fy®)is the fluorescence intensity of QDs, in the mixture (or
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linked) with Pc when excited at the excitation wavelength of the QDs and Fqp is the

fluorescence intensity of the QD alone.

1.4.2 Triplet quantum yields and lifetimes

A technique called laser flash photolysis is used to determine the triplet lifetime and
the change in absorbance in the triplet state, which is directly related to the triplet
quantum yield [97]. The efficiency of the triplet state is determined and quantified
by the use of the triplet quantum yield (®r). The triplet absorption is ~500 nm for
phthalocyanines, which is far from the ground singlet state absorption making it
possible to conduct these measurements. The triplet state parameters include the
triplet quantum yield (®r), and the triplet lifetime (7, ). Either the triplet absorption
or singlet depletion method determines the triplet quantum yields. In this work the
triplet absorption method was employed hence it is discussed. Figure 1.13 shows

triplet lifetime decay curve of a water soluble zinc sulphonated phthalocyanine

(ZnSPc).
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Figure 1.13: Triplet lifetime decay curve of ZnSPc dissolved in water

[unpublished].
A comparative method [98] using standard may be employed for the calculations of
®r, Eq. 1.3

O, =D 1.3

Std
JAVZ -

where A4, and A4;“ are the changes in the triplet state absorbances of the Pc

derivative and the standard respectively; &, and &;“, the triplet state molar
extinction coefficients for the Pc derivative and the standard respectively; d)‘;td, the
Std

triplet quantum yield for the standard. ¢, and ¢;° are determined from the molar

extinction coefficients of their respective ground singlet state (&5 and &;“ ), the
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changes in absorbances of the ground singlet states (A4, and A4;") and changes in

the triplet state absorptions, (A4, and A4;") according to Egs. 1.4a and 1.4b:

. . AAT
T~ %5 1.4a
AAS
AAStd
Std Std T 1.4b

1.4.3 Singlet oxygen quantum yield

Photodynamic therapy (PDT) is a cancer treatment based on light-induced, local
production of a reactive oxygen species, such as singlet oxygen, which destroys the
surrounding tissue [91, 99-105]. Conjugating Pcs to QDs results in the production of
10, via the FRET route, Figure 1.14. In PDT, Pcs and QDs can be applied separately
or in combination. It is essential to determine the singlet oxygen quantum yield (®, )
for Pcs or their conjugates with QDs. This thesis presents ®, of carboxyl

phthalocyanines alone and in the presence of QDs.
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102

\i = Energy, % = Excited state

Figure 1.14: Schematic representation of singlet oxygen generation by

phthalocyanines at triplet state in the presence of QDs.

There are different experimental procedures employed in the determination of ®, .

The singlet-oxygen quantum yields for the MPc complexes may be conveniently
determined using a singlet-oxygen quencher such as 1,3-diphenylisobenzofuran
(DPBF) in organic solvents or by using the singlet-oxygen luminescence method

(SOLM) [106].

Employing the comparative method, the singlet oxygen quantum yield of the

phthalocyanine can be determined according to Eq. 1.5 [107-109]:

1.5

where @jtd is the singlet oxygen quantum yield for the standard, W and W*“ are the

DPBF photobleaching rates in the presence of MPc derivatives under examination
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and the standard, respectively. I’ and I, are the rates of light absorption by the

MPc derivative and standard, respectively.

For the SOLM, the dynamic course of 1O, concentration can be clearly recorded,

following Eq. 1.6 as described theoretically in the literature [110]:

p

I(t)=B [e/T —e™™] 1.6

Tr—7p

where I(t) is the phosphorescence intensity of singlet oxygen (O2z('Ag)) at time ¢, 1p is
the lifetime of O2('Ag) phosphorescence decay, tr is the triplet state lifetime of
standard or sample and B is a coefficient involved in sensitizer concentration and
singlet oxygen quantum yield. The singlet oxygen quantum yield, ®a, of the
phthalocyanine is then determined by a comparative method using Eq. 1.7 [110]:

_ psu B-OD™

where @ is the singlet oxygen quantum yield for the standard usually
unsubstituted zinc phthalocyanine. B and BSd refer to coefficient involved in
sensitizer concentration and 'O quantum yield for the sample and standard
respectively and; OD and ODStd are the optical density of the sample and standard

correspondingly at the excitation wavelength.
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1.4.4 FRET parameters

Foster resonance energy transfer (FRET) efficiency (Eff) may be determined

experimentally from the fluorescence quantum yields of the donor in the absence

(®r@p)) and presence (CD%D) or d)';?gg‘i) of the acceptor using Eq. 1.8 [111, 112]:

cDMiX
Eff = 1-@ 1.8
(Prqn))

or using weighted fluorescence lifetimes, employing Eq. 1.9 [89, 113]:

Eﬁ”zl—fﬂ 1.9
Tp

where 7,, and 7, express the average fluorescence lifetimes of the donor QDs in the

presence and absence of the acceptor respectively. FRET efficiency (Eff) is related to r

(A) by Eq. 1.10 [89]

g R 1.10
RS +7° '

where r expresses the centre-to-centre separation distance (in A) between donor and
acceptor, Ry (the Forster distance, A) is the critical distance between the donor and
the acceptor molecules at which the efficiency of energy transfer is 50% and depends

on the quantum yield of the donor Eq. 1.11 [89, 113]:

Ro® = 8.8 x 1083xn*DfQp)] 1.11
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where « is the dipole orientation factor, n the refractive index of the medium, ®r the
fluorescence quantum yield of the donor (QD), and ] is the Forster overlap integral,

given by Eq. 1.12:
T = [ for (D 1 (DA 5 1.12

where fop is the normalized QD emission spectrum and ¢,,,. is the molar extinction

coefficient of ZnPc derivatives, A is the wavelength of the acceptor, at the Q-band. It
is assumed that x? is 2/3 (0.667) for mixed QDs with ZnPc. Such assumptions are
usually made for donor-acceptor pairs in a liquid medium, which are considered to
be isotropically oriented during their lifetime. This value of x2 is also employed for

the linked conjugate. FRET parameters may be computed using the program

PhotochemCAD [114].

1.5 Summary of aims

1. To link carboxylated phthalocyanines (zinc tetra- and octacarboxy
phthalocyanines) to CdTe@ZnS-QDs capped with glutathione. Table 1.3
shows the Pc and the conjugates to be studied.

2. Characterize the samples using UV-Visible spectroscopy, fluorescence
spectroscopy, infrared spectroscopy, Raman spectroscopy, time-correlated
single photon counting, flash photolysis, X-ray diffraction, atomic force
microscopy, transmission electron microscopy, as well as X-ray photoelectron

spectroscopy.
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3. To study their photophysical and photochemical behaviour (including
fluorescence quantum yields, triplet quantum yields and lifetimes, singlet
oxygen) and,

4. To study the FRET behaviour of the conjugates.
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Table 1.3: Carboxylated phthalocyanines and coreshells used in this thesis.

Molecule Abbreviation

ZnPc(COOH)s
ZnPc(COOH)4

HOOC COOH

HOOC COOH
CdTe@ZnS-GSH
(o]
H
Hoow N._ CooH
INH2
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CdTe@ZnS-GSH-ZnPc(COOH)s-linked
S
[0}
H
Hoowu N._—cooH
NH 0
HOOC éO

N=—
Hooc LY COOH
N---Zn--N
HoOC r\‘ | COOH
N N
E\ /E

HOOC COOH

S
(o]
H
Hoow Njww/N\/COOH
H
NH o

COOH \\p/go
N\
~
Q \r =
N\ N_

CdTe@ZnS-GSH-ZnPc(COOH);-linked
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Experimental

2.1 Materials

Cadmium acetate dehydrate, L-glutathione (GSH) was purchased from Fluka.
Tellurium powder (Te), thioglycolic acid (TGA) and N-N’-dicyclohexylcarbodiimide
(DCC) were purchased from Sigma-Aldrich. 1,8-Diazabicyclo[5.4.0]-undec-7-ene
(DBU), sulphuric acid and sodium hydroxide pellets were purchased from Merck.
Aqueous solutions were prepared using Millipore water Milli-Q Water Systems
(Millipore Corp., Bedford, MA, USA). Zinc chloride and N,N-dimethylformamide
(DMF) were purchased from SAARCHEM. Isopropanol was purchased from B & M
Scientific cc. Ammonium molybdate was purchased from uniLAB. Mixed-sulfonated
aluminium phthalocyanine (AIPcSmix) standard was synthesized following a

method published elsewhere [115]. Rhodamine 6G was purchased from Sigma.

2.2 Instrumentation

*

% Infrared spectra were recorded on a Perkin Elmer 100 ART FT-IR spectrometer.

% Ultraviolet-visible spectra (UV-Vis) were recorded on a Shimadzu UV-Vis 2550
spectrophotometer. All spectral measurements were performed in a quartz cell

of 1 cm path length.

K/

%  The emission spectra were recorded on a Varian Cary Eclipse fluorescence

spectrophotometer.
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Luminescence lifetimes were measured using time correlated single photon
counting setup (TCSPC) (PicoQuant FluoTime 200), Figure 2.1. The excitation
source was a diode laser (LDH-P-C-485, 480 nm, 10 MHz repetition rate for
excitation of QDs, or LDH-P-670 with PDL 800-B, 670 nm, 20 MHz repetition
rate Picoquant GmbH, for excitation of ZnPc(COOH)s) and ZnPc(COOH)s.
Fluorescence was detected under the magic angle with a peltier cooled
photomultiplier tube (PMT) (PMA-C 192-N-M, Picoquant) and integrated
electronics (PicoHarp 300E, Picoquant GmbH). A monochromator with a
spectral width 4 nm was used to select the required emission wavelength. The
response function of the system, which was measured with a scattering Ludox
solution (DuPont), had a full width at half-maximum (FWHM) of 300 ps. All
luminescence decay curves were measured at the maximum of the emission
peak and the lifetimes obtained by deconvolution of the decay curves using the
FluoFit Software program (PicoQuant GmbH, Germany). The support plane

approach [89] was used to estimate the errors of the decay times.
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Sample
Beam splitter
Laser
Filter
Photodiode
Monochromator (MCP)-PMT
“Start”
PC

“Stop!!

Histogram

electronic

Figure 2.1: Schematic diagram of time-correlated single photon counting (TCSPC)
setup. (MCP)-PMT = Monochromator photomultiplier tube, PC = Personal

computer.

%  Transmission electron microscopy (TEM) images were obtained using ZESISS

LIBRA® 120 transmission electron microscope which operates at 90 kV.

% Atomic force microscopy (AFM) images, from which distribution histograms
were obtained, were recorded in the non-contact mode in air with a CP-11
Scanning Probe Microscope from Veeco Instruments (Carl Zeiss, South Africa)
at a scan rate of 1 Hz. Samples for AFM were prepared by spin coating samples
of QDs in NaOH (in the absence or presence of ZnPc(COOH)s or
ZnPc(COOH)4).
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X-ray photoelectron spectra (XPS) were acquired on a Kratos Axis Ultra DLD
operating at pressures below 5 x 10 torr. A monochromatic Al anode with
emission currents and voltages set at 10 mA and 15 kV, together with a charge
neutraliser, were used to acquire the spectra. Survey scans were obtained using
a hybrid lens, in slot aperture mode with the pass energy set at at 160 eV. Scans
were acquired from 1200 to -5 eV (binding energy) with steps at 0.1 eV and

dwell times at 300 ms.

X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8,
Discover equipped with a proportional counter using Cu-K radiation (= 1.5405
A, nickel filter). Data for CdTe-TGA, CdTe@ZnS-GSH and CdTe@ZnS-GSH-
ZnPc(COOH)s- linked or CdTe@ZnS-GSH-ZnPc(COOH)s-linked were collected
in the range from 20 = 5°to 60°, scanning at 1° minl. The filter time-constant
and the slit width were 2.5 s per step and 6.0 mm respectively. Samples were
placed on a silicon wafer slide. The X-ray diffraction data were processed using
the Eva (evaluation curve fitting) software. Baseline correction was performed
on each diffraction pattern by subtracting a spline fitted to the curved

background.

Raman spectra were obtained using a Bruker Vertex 70-Ram II spectrometer
equipped with a Nd:YAG laser that emit at 1064 nm and liquid nitrogen cooled

germanium detector.
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Laser flash photolysis experiments were performed with light pulses produced
by a Quanta-Ray Nd:YAG laser providing 400 mJ, 9 ns pulses of laser light at
10 Hz, pumping a Lambda-Physik FL3002 dye laser (Pyridin 1 dye in
methanol), Figure 2.2. Single pulse energy ranged from 2 to 7 m]. The
analyzing beam source was from a Thermo Oriel Xenon arc lamp, and
photomultiplier tube (a Kratos Lis Projekte MLIS-X3) was used as a detector.
Signals were recorded with a two-channel 300 MHz digital real time
oscilloscope (Tektronix TDS 3032C); the kinetic curves were averaged over 256

laser pulses.
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Figure 2.2: Schematic diagram for a laser flash photolysis setup.

%  Time resolved phosphorescence decay of singlet oxygen at 1270 nm was used
to determine singlet oxygen quantum yield in NaOH (pH 11). The dynamic
phosphorescence decay of singlet oxygen (O2('Ag), was demonstrated using
time resolved phosphorescence of Ox('Ag) at 1270 nm. For these studies (Figure
2.3) an ultra sensitive germanium detector (Edinburgh Instruments, EI-P)
combined with a 1000 nm long pass filter (Omega, RD 1000 CP) and a 1270 nm
band-pass filter (Omega, C1275, BP50) was wused to detect Oxz(1A)
phosphorescence under the excitation using Quanta-Ray Nd:YAG laser

providing 400 mJ, 90 ns pulses of laser light at 10 Hz pumping a Lambda-
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Physik FL3002 dye laser (Pyridin 1 dye in methanol), with a pulse period of 7
ns and repetition rate of 10 Hz. The near-infrared phosphorescence of the
samples were focused onto the germanium detector by a lens (Edmund, NT 48-
157) with detection direction perpendicular to the excitation laser beam. The
detected signals were averaged with a digital oscilloscope (Tektronics, TDS

360) to show the dynamic decay of Oz(1Ag).

Figure 2.3: Schematic diagram for the singlet oxygen detection setup using its

phosphorescence.
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2.3 Synthesis

The syntheses of ZnPc(COOH)s [25] and ZnPc(COOH)s [24] have been reported
before. The syntheses of both CdTe-TGA [60, 116] and CdTe@ZnS-GSH [63] have

been reported.

Coordination of phthalocyanines to coreshell quantum dots was achieved by
dissolving a ZnPc(COOH)s or ZnPc(COOH)4 complex (10.0 mg) in dilute NaOH (pH
10, 10 mL), then DCC (30.00 mg) was added to convert the carboxylic group (-
COOH) of the Pc into an activated carbodiimide ester group. The mixture was left to
stir at room temperature under argon atmosphere for 68 h. After this time,
CdTe@ZnS-GSH (2 mL) was added to the activated Pc and the mixture was stirred

for 20 h to allow for conjugation of the Pc to the QDs to take place.

Precipitation and purification of conjugates formed was achieved by centrifugation
in isopropanol, addition of DMF to dissolve the unreacted DCC, suspension in
isopropanol for the second precipitation and then employing size exclusion
chromatography, with an aqueous solution at pH 11 serving as an eluent, to separate

MPcs as well as QDs that did not take part in the coordination process.
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2.4 Photophysical studies
2.4.1 Fluorescence quantum yields and lifetimes

Fluorescence quantum yields (®r) of the zinc octacarboxy phthalocyanines [117]
and zinc tetracarboxy phthalocyanines [76] have been determined elsewhere.
Fluorescence quantum yields (®Pr) of QDs and conjugates were determined in water
by a comparative method, Equation 1.1 and 1.2. Rhodamide 6G was dissolved in
ethanol and employed as a standard (@} = 0.94 [89]). Both the samples and

standard were excited at the same wavelength. The absorbances of the solutions at

the excitation wavelength were about 0.05 to avoid any inner filter effects.

The fluorescence lifetimes were evaluated from the tri-exponential decay curve of

CdTe-TGA and CdTe@ZnS-GSH. A good fitting was judged by weighted residuals
and y’values. The calculation of the average fluorescence lifetime for conjugates

and QDs was achieved using the values obtained from the fit by employing Eq. 2.1

[118].

T, = Zairl_ 2.1

where ajis the relative amplitude contribution to the lifetime ;.

2.4.2 FRET Parameters

Employing QDs (donors) in the presence of Pcs (acceptors), all FRET parameters

were obtained spectroscopically using steady state data and lifetime data, with
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PhotochemCAD software being employed to determine |, the Forster overlap

integral between the QD and Pc.

2.4.3 Triplet quantum yields (®r1) and lifetimes (7, )

The decay kinetics of the triplet absorption of the phthalocyanines were recorded
using laser flash photolysis setup, Figure. 2.2. The absorbance of sample solutions
and that of the standard were adjusted to be nearly 1.5 at their Q-band maximum.
All samples were introduced into a 1 cm quartz cell and then bubbled with argon for
10 min to remove dissolved oxygen before taking readings. The triplet quantum
yields of the sample phthalocyanines alone and in the presence of quantum dots
were determined using Equation 1.3. Mixed-sulfonated aluminium phthalocyanine
(AIPcSmix) was employed as a standard {AIPcSmix in aqueous medium ( ®§*¢ = 0.44
[117])}. Triplet lifetimes were determined from the kinetic data obtained, using

ORIGIN Pro 8 software to fit the kinetics decay curves.

2.4.4 Singlet oxygen (P»)

The determination of @, was achieved by employing an optical method. The optical
method involves the observation of the fluorescence kinetic decay of the singlet
oxygen generated at 1270 nm in air using equipment shown in Figure 2.3. Sodium
azide (NaNs) was used as singlet oxygen quencher. The dynamic course of the
singlet oxygen concentrations were clearly recorded following Equation 1.6. The ®a

values were then determined using Equation 1.7, and employing AlIPcSmix in H>O

(@3 =0.38 [119]) as a standard.
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3.1 Characterization of conjugates of quantum dots with ZnPc(COOH)s and

ZnPc(COOH),

Schemes 3.1 and 3.2 show the formation of CdTe@ZnS-GSH-ZnPc(COOH)s-linked
and CdTe@ZnS-GSH-ZnPc(COOH)s-linked respectively by linking of the carboxyl
group of the phthalocyanine to the amino group of GSH capped QD. It is possible
that more than one phthalocyanine molecule will link to the QDs. The number of
binding sites for MPcs on QDs has been shown to vary between 1 and 2 depending
on the capping agent [84]. Scheme 3.3 shows the formation of CdTe@ZnS-GSH from

core QDs.
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Scheme 3.2: Coordination of ZnPc(COOH)4 to CdTe@ZnS-GSH.
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Scheme 3.3: Encapsulation of CdTe into a zinc sulphide shell (ZnS).

3.1.1 FTIR spectra

The IR spectra, Figure 3.1, show a disappearance of the S-H vibration for free GSH
following the formation of CdTe@ZnS-GSH, indicating engagement of the S-H
functional group on the GSH capped QDs. The N-H broad vibration shifted from
3259 cm! of CdTe@ZnPc-GSH to 3315 cm! upon formation of the CdTe@ZnS-GSH-
ZnPc(COOH)s-linked conjugates. The C=O vibrations (1623 cm® on MPc and
CdTe@ZnS-GSH-ZnPc(COOH)s-linked conjugate) became more resolved on
conjugation. In general there is sharpening of peaks between 2000 and 3500 cm-! for
the CdTe@ZnS-GSH-ZnPc(COOH)s-linked conjugate compared to ZnPc(COOH)s or
QDs alone, Figure 3.1. Amide bonds are also present in the GSH backbone, hence

making definite assignments difficult. However it is known that shift in IR bands
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confirm structural change [120], as observed in this work. All the changes indicate
the formation of a different complex. Similar changes were observed for

ZnPc(COOH)y, Figure 3.2.
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Figure 3.1: IR spectra of (a) GSH, (b) CdTe@ZnS-GSH, (c)) CdTe@ZnS-GSH-

ZnPc(COOH)s-linked and (d) ZnPc(COOH)s alone.
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Figure 3.2: FTIR spectra of (i) ZnPc(COOH)4, (ii) CdTe@ZnS-GSH and (iii)

CdTe@ZnS-GSH-ZnPc(COOH)s-linked.
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3.1.2 Raman spectra

An amide bond formation was further investigated by Raman spectroscopy, Figure
3.3. There were shifts and weakening of the OH (near 3200 cm) and NH vibration
(near 2940 cm') upon conjugation of Pc with CdTe@ZnS-GSH. The amide bond area
for the conjugate showed very weak bands compared to CdTe@ZnS-GSH alone or
ZnPc(COOH)s alone. The insert in Figure 3.3a, shows an expansion of the amide
bond area of the conjugate. Though weak, the amide bonds (amides I and II) are
observed at 1523 cm and 1444 cm’ in comparison with literature [121]. These
values are different from the CO vibration values in this region which are no longer

visible in the conjugate. The changes indicate formation of a new complex.
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Figure 3.3: Raman spectra of (a) CdTe@ZnS-GSH-ZnPc(COOH)s, (b) CdTe@ZnS-

GSH and (c) ZnPc(COOH)s.

3.1.3 XRD

The XRD pattern showed a relatively large shift to higher 26 values for the coreshell
(CdTe@ZnS-GSH) compared to the core (CdTe-TGA ) alone (Figure 3.4A).The
diffraction peaks are broad [122] and centred at approximately 20 = 24°, 40° and 47°
corresponding to the three most intense peaks for bulk CdTe (ZnS-type structure, 26
= 23.8° 39.3°% and 46.5°) as they appear on the simulated pattern obtained from The
International Centre for Diffraction Data (ICDD). The shift and broadening of the
diffraction patterns to higher angles due to the growth of ZnS shells has been

reported before and is typical of the formation of a shell over the core [123]. The
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main XRD peak is shifted further to larger 26 values for the XRD pattern of
CdTe@ZnS-GSH-ZnPc(COOH)s-linked ~ (Figure  3.4B)  suggesting  phase
transformation or additional coating [124]. Only the main peak is observed for the
conjugate since the other peaks are too weak to be observed due to the small amount
of CdTe@ZnS-GSH QDs within the conjugate. The XRD peak of Pc alone was too
broad to be observed. The sizes of CdTe@ZnS-GSH and CdTe@ZnS-GSH-
ZnPc(COOH)s-linked employed in this work are 2.3 nm and 3.0 nm respectively and
were obtained using the Debye-Scherrer Eq. 3.1:

J 0.94 31
PCos 6

where d = the mean diameter in nm, 2 is the wavelength of the X-ray source, (1.5405
A), B is the full width at half maximum of the diffraction peak, and 0 is the angular

position of the peak.
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Figure 3.4: XRD spectra of (A) CdTe-TGA and CdTe@ZnS-GSH and (B)

CdTe@ZnS-GSH-ZnPc(COOH)s-linked.
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Figure 3.5 shows the XRD spectra of the CdTe@ZnS-GSH QD alone and that of the
CdTe@ZnS-GSH-ZnPc(COOH)s-linked complex. The XRD patterns for the
CdTe@ZnS-GSH QDs (Figure 3.5) shows one main peak at 20 = 26.5 © which is
shifted to 28° in the conjugates. The size of the CdTe@ZnS-GSH QD and its linked
complex, CdTe@ZnS-GSH-ZnPc(COOH)s-linked, were found to be 2.3 nm and 3.0
nm respectively. For CdTe@ZnS-GSH-ZnPc(COOH)s-linked, the size was found to

be the same as that of CdTe@ZnS-GSH-ZnPc(COOH)s-linked conjugate.

Intensity (a.u.)

20

Figure 3.5: XRD spectra of CdTe@ZnS-GSH (i) and CdTe@ZnS-GSH-

ZnPc(COOH),-linked (ii).

6l|Page



Chapter Three Results and Discussion

3.1.4 Microscopic data

Figure 3.6 shows the TEM images of (i) CdTe@ZnS-GSH QDs and (ii) CdTe@ZnS-
GSH-ZnPc(COOH)s-linked. CdTe@ZnS-GSH QDs (Figure 3.6(i)) are slightly
aggregated as shown by a chain-like pattern which brings about difficulty in
measuring the size of individual particles using TEM technique. The aggregation of
CdTe@ZnS-GSH QDs increased upon covalently linking a Pc to form the
CdTe@ZnS-GSH-ZnPc(COOH)s-linked (Figure 3.6(ii)) complex. TEM
characterization for CdTe@ZnS-GSH-ZnPc(COOH)4-linked was not performed and

therefore is not discussed in this thesis.

Figure 3.6: TEM images of (i) CdTe@ZnS-GSH QDs and (ii) CdTe@ZnS-GSH-

ZnPc(COOH)s-linked.

Figure 3.7A shows the size distribution histograms (from AFM) for CdTe@ZnS-GSH

QDs and CdTe@ZnS-GSH-ZnPc(COOH)s-linked. The average size for CdTe@ZnS-
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GSH QDs (Figure 3.7A) was estimated to be 2.4 nm, which is nearly the same as the
one determined by XRD (2.3 nm). The average size for CdTe@ZnS-GSH-
ZnPc(COOH)s-linked (Figure 3.7B) was found to be 3.5 nm which differs slightly
from that which was estimated by XRD (3.0 nm). Similar AFM results for

CdTe@ZnS-GSH-ZnPc(COOH)s-linked were obtained.
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Figure 3.7: AFM size distribution histograms for (A) CdTe@ZnS-GSH QDs and (B)

CdTe@ZnS-GSH-ZnPc(COOH)s-linked.

3.1.5 XPS spectra of coreshell QD alone and in the presence of ZnPc(COOH)s

Figure 3.8 shows the XPS spectra of (i) CdTe@ZnS-GSH QDs and (ii) CdTe@ZnS-
GSH-ZnPc(COOH)s-linked. The S 2p peak at 164 eV and S 2s peak at 223 eV for
CdTe@ZnS-GSH QDs become weaker after linking to the Pc since the ZnS is now
partially shielded by the Pc in CdTe@ZnS-GSH-ZnPc(COOH)s-linked. The C 1s (at
284.8 eV) and O 1s (at 531 eV) peak areas increase on conjugation due to the presence
of additional carbon and oxygen atoms in ZnPc(COOH)s conjugate. The Zn 2p peak
(at 1020 eV), for example, is more greatly enhanced for CdTe@ZnS-GSH than for
CdTe@ZnS-GSH-ZnPc(COOH)s-linked due to the presence of additional Zn atoms

on the surface for the QD as a result of the presence of ZnS.
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Figure 3.8: XPS spectra of (i) CdTe@ZnS-GSH QDs and (ii) CdTe@ZnS-GSH-

ZnPc(COOH)s-linked.

3.1.6 UV-Vis spectra

Figure 3.9A shows the UV-Vis spectra of CdTe-TGA and CdTe@ZnS-GSH. Red
shifting of the spectrum is observed on the UV-Vis spectrum of CdTe@ZnS-GSH as a
direct result of nanoparticle growth. The absorption spectra are broad and the
emission spectra are narrow as is typical of QDs. Figure 3.9B shows typical

absorption spectra of (i) ZnPc(COOH)s in NaOH (0.1 M) showing no aggregation.
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Aggregation is due to coplanar association of rings which may result in the splitting
and broadening of spectra with a blue shifted peak at ~ 630 nm being due to the so
called “H” aggregates [44]. It has been reported that positively charged
phthalocyanines form aggregates in the presence of negatively charged QDs, which
results in complete collapse of the Q band and the formation of a broad band
[125,126]. In the current work both the QDs and Pcs are negatively charged and the
type of aggregation reported in literature was not observed. For the QDs mixed or
linked to ZnPc derivatives, there is an increase in the absorption from 600 nm and
below due to QDs absorption, Figure 3.9B. There was no change in the Q band
maxima when comparing the mixed and linked conjugates. Also there is no shifting

of the Q band of the conjugate compared to ZnPc(COOH)s alone.
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Figure 3.9: (A) Absorption (a,b) and fluorescence (c,d) spectra of CdTe-TGA (a,c)
and CdTe@ZnS-GSH (b,d) and (B) absorbance spectra of (i) CdTe@ZnS-
Zn(COOH)s-mixed, (ii) CdTe@ZnS-Zn(COOH)s-linked and (iii) Zn(COOH)s in

NaOH (0.1 M) alone.
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Figure 3.10A shows the typical absorption spectra for ZnPc(COOH)4 in NaOH (0.1
M) and in a NaOH (0.1 M):ethanol (1:1) mixture. ZnPc(COOH)s shows severe
aggregation in NaOH alone. This aggregation was reduced by dissolving the
ZnPc(COOH)4 in a mixture of NaOH (0.1 M) and ethanol in a 1:1 ratio. Ethanol was
chosen in our study as a suitable additional solvent in aqueous media since organic

solvents are able to break the aggregates to give monomers.

Figure 3.10B shows the absorption spectrum of CdTe@ZnS-GSH-ZnPc(COOH)s-
linked, CdTe@ZnS-GSH-ZnPc(COOH)s-mixed and ZnPc(COOH); in NaOH (0.1
M):ethanol (1:1). The presence and increase in absorption from 600 nm and below
(Figure 3.10B (ii)) for the CdTe@ZnS-GSH-ZnPc(COOH)s-linked and CdTe@ZnS-
GSH-ZnPc(COOH)s-mixed complexes are due to QD’s absorption. For the mixed
solutions, Figure 3.10B, there is a slight red shift in the Q band, while no shift is

observed for the conjugate compared to ZnPc(COOH)4 alone.
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Figure 3.10: Absorbance spectra of (A) ZnPc(COOH); in NaOH (0.1 M) (i) and in a
NaOH (0.1 M):ethanol (1:1) mixture (ii); and (B) absorption spectra of CdTe@ZnS-
GSH-ZnPc(COOH)s-linked (i), CdTe@ZnS-GSH-ZnPc¢(COOH)s-mixed (ii) and

ZnPc(COOH)4 (iii) in a NaOH (0.1 M):ethanol (1:1) mixture.
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3.2 Photophysical parameters

3.2.1 Fluorescence quantum yields and lifetimes

The fluorescence lifetimes of CdTe-TGA, CdTe@ZnS-GSH, ZnPc(COOH)s, and
conjugates were determined by TCSPC. The fluorescence decay curves of
CdTe@ZnS-GSH and CdTe@ZnS-GSH-ZnPc(COOH)s-linked conjugates are similar
to those shown in Figure 3.11A and B for CdTe@ZnS-GSH and CdTe@ZnS-GSH-
ZnPc(COOH)s-linked conjugates. Table 3.1 shows the amplitude weighted lifetimes
(average lifetimes) for QDs and conjugates as well as a single lifetime for
ZnPc(COOH)s. The fitting of the fluorescence decay curves for QDs or conjugates
resulted in three lifetimes for QDs.

The longer lifetime for QDs may be due to the involvement of surface states in the
carrier recombination process [127]. The second (intermediate) fluorescence lifetime
component, is a result of radiative electron-hole recombination processes due to
surface defects [128-130] and the shortest lifetime is caused by the band-edge

recombination at the surface [131].
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Figure 3.11: Fluorescence decay curves of (A) CdTe@ZnS-GSH and (B) CdTe@ZnS-

GSH-ZnPc(COOH)s-linked in NaOH:ethanol (1:1).

When ZnPc(COOH)s alone was excited at 705 nm, one lifetime was obtained
showing purity of the complexes. The fluorescence lifetimes at 2.9 ns are typical of
Pc complexes [132]. The fluorescence decay curves with a tri-exponential fit for
CdTe@ZnS-GSH and CdTe@ZnS-GSH-ZnPc(COOH)s-linked are shown in Figure

3.11A and B. The lifetime of QDs were shorter for the conjugates of QDs with
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ZnPc(COOH)s, due to energy transfer from the former to the latter to be discussed
later. Average lifetimes are listed in Table 3.2. Similar quenching in the fluorescence
lifetimes of QDs was found for ZnPc(COOH)s-linked and -mixed conjugates, Table
3.2. The shortening of lifetimes was more pronounced for the tetrasubstituted
complexes than for the octasubstituted derivatives. This could be related to residual
aggregates for the former which may not have been broken with ethanol.
Fluorescence lifetimes are shortened by aggregation.

The @ values for QDs in the mixed and linked conjugates were found to be lower
than ®r values for QDs alone as shown Tables 3.1 and 3.2. This is due to the
quenching of the QD’s fluorescence by ZnPc(COOH)s or ZnPc(COOH)s, which will

be discussed later.

The decrease in the ®r value of QDs of the same size is more pronounced for the
CdTe@ZnS-GSH-ZnPc(COOH)s-linked conjugate Table 3.1, compared to that of
CdTe@ZnS-GSH-ZnPc(COOH)4, Table 3.2. This contradicts the more enhanced

shortening of the fluorescence lifetimes for the latter.
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Table 3.1: Fluorescence quantum yields and lifetime data of QDs, ZnPc(COOH)s

and the conjugates in NaOH (0.1 M).

Compound aq)ggginked bT x> J Ro r | Eff
(ns) for T values | (x10™"* cm®) (A) (A)
( 0.04)
(+0.91)
CdTe@ZnS-GSH- 0.019 13.3 1.30 9.49 68.1 | 68.6 |0.49
ZnPc(COOH)s -
linked
CdTe@ZnS-GSH- 0.20 17.1 1.19 3.83 585 164.9 |0.35
ZnPc(COOH)s -
mixed
CdTe-TGA- 0.27 11.2 1.19 24 62.3 |70.7 | 0.47
ZnPc(COOH)s -
mixed
CdTe-TGA 0.39 21.2 1.05 - - -
CdTe@ZnS-GSH 0.56 26.2 1.05 - - -
ZnPc(COOH)s Drovre) = | 2.9 1.01 - - -
0.23 [117]

aExcitation wavelength = 510 nm for QDs (alone, linked or mixed) . References are in square

brackets. For linked and mixed complexes the fluorescence quantum yields are represented as

Mi

x . linked
ropy O linked @pp,

, respectively in the text P Excitation wavelength = 574 nm for CdTe@ZnS-

GSH (alone, linked or mixed). For ZnPc(COOH)s alone, the excitation wavelength is 705 nm and

only one lifetime was obtained, hence 7, =7 .
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Table 3.2: Fluorescence quantum yield and lifetime data of QDs, ZnPc(COOH)4

and the conjugates.

Compound a q);ﬁg&iﬂked T, ] Ro r Eff
(& 0.04) (ns)b ( x10™" cm®) (A) (A)
hexe =500nm |3 o'g
(x?
CdTe@ZnS-GSH- 0.044 9.7 713 64.4 58.9 10.63
ZnPc(COOH)4 - (1.20)
linked
CdTe@ZnS-GSH- 0.10 10.7 6.76 639 |60.1 ]0.59
ZnPc(COOH)4 - (1.20)
mixed
ZnPc(COOH)s- C C c c c C
CdTe-TGA-
mixed
ZnPC(COOH)4 Drvpc) 3.2 - - - -
<0.01 [76] | (1.02)
CdTe-TGA 0.11 C - - - -
CdTe@ZnS-GSH 0.56 26.2 - - - -
(1.05)

Footnote the same as for Table 3.1. ¢ = not determined.
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It has been reported before that the addition of quenchers to QDs caused a decrease
in the fluorescence quantum yield with less effect on the fluorescence lifetime [133].
This was explained in terms of the quencher occupying hole sites on the QDs. It is
possible by modifying the surface of the QDs with phthalocyanines, the fluorescence
quantum yields and lifetimes are effected differently. This is because fluorescence
lifetimes do not depend upon factors that influence the fluorescence intensity such
as fluorophore concentration, and are largely unaffected by photobleaching of the

fluorophores [134].

3.2.2 Triplet quantum yields, lifetimes and singlet oxygen quantum yields

A triplet decay curve for CdTe@ZnS-GSH-ZnPc(COOH)s-linked is shown in Figure
3.12. The increase in 7, values (Table 3.3) has been observed before [80, 84]. The
increase could be related to the protection of the Pc by the QDs. However, for
ZnPc(COOH)s-mixed and linked, there was a trivial difference observed in the z,

values. @ values increase was due to heavy atom effect of quantum dots, Table 3.3.
Figure 3.13 shows singlet oxygen kinetics decay curve of ZnPc(COOH)s. The ®, and
®, values of ZnPc(COOH)s complex were lower than those of CdTe@ZnS-GSH-
ZnPc(COOH)s-mixed or -linked. Such a difference is due to intersystem crossing
being enhanced on CdTe@ZnS-GSH-ZnPc conjugates. ®,, 7, and &, for

ZnPc(COOH)4 and its conjugates were not determined.
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Figure 3.12: Triplet lifetime decay curve of CdTe@ZnS-GSH-ZnPc(COOH)s-linked

in NaOH (pH 11).
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Table 3.3: Triplet quantum yields and lifetime values of ZnPc(COOH)s and its

conjugates dissolved in NaOH (pH 11).

Complex D, D, T, (us)
Aexc =674 nm | A\=674nm | A=674 nm

ZnPc(COOH)s 0.38 0.24 69

CdTe@ZnS-GSH- 0.65 0.29 130

ZnPc(COOH)s - linked

CdTe@ZnS-GSH- 0.59 0.27 128

ZnPc(COOH)s - mixed
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Figure 3.13: Singlet oxygen kinetics decay curve of ZnPc(COOH)s in NaOH (pH

11).

3.2.3 Forster Resonance Energy Transfer (FRET) Parameters

FRET was observed between CdTe@ZnS-GSH and ZnPc(COOH)s in NaOH. The
non-radiative energy transfer from the donor to the acceptor is facilitated by the
good spectral overlap between the donor (QD) emission and the acceptor

(ZnPc(COOH)s derivatives) absorbance spectra (Figure 3.14).
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Figure 3.14: Normalized absorption spectrum of (i) ZnPc(COOH)s in NaOH (0.1

M) and emission spectrum of (ii)CdTe@ZnS-GSH in NaOH.

Figure 3.15A and B shows fluorescence emission enhancement via FRET by exciting
the mixed or linked conjugate of CdTe@ZnS-GSH with ZnPc(COOH)s at the
wavelength where QDs absorb and Pcs do not (A = 510 nm). There is greater
enhancement of the Pc fluorescence for the mixed CdTe@ZnS-GSH-ZnPc(COOH)s-
mixed than for the CdTe@ZnS-GSH-ZnPc(COOH)s-linked conjugate. The relative
amounts of Pc and QDs will be different in the mixed and linked conjugates, making
comparison difficult. The FRET parameters were determined from the

photoluminescence decrease of the donor.
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Figure 3.15: Emission spectra of (A) (i) CdTe@ZnS-GSH, (ii) CdTe@ZnS-GSH-
ZnPc(COOH)s-mixed (iii) ZnPc(COOH)s and (iv) CdTe@ZnS-GSH-ZnPc(COOH)s-
linked. (B) (i) CdTe-TGA, (ii) CdTe-TGA-ZnPc(COOH)s-mixed (iii) and

ZnPc(COOH)s. Excitation wavelength = 510 nm.
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There are many factors reported (and are still under debate) that influence
photoluminescence decrease other than FRET [135-137]. It has been reported that for
QD-Porphyrin nano-composites, the major part of the observed quenching of QD
photoluminescence can neither be assigned to FRET nor to photoinduced charge
transfer between the QD and the porphyrin [137]. This photoluminescence
quenching was dependent on QD size and shell and is stronger for smaller quantum
dots. It was concluded (from experimental data and quantum mechanical
calculations) that QD photoluminescence quenching in QD-Porphyrin nano-
composites can be explained in terms of a tunnelling of the electron (of the excited
electron-hole pair) followed by a self-localization of the electron or formation of trap
states. Similar explanation may be provided in the case of ZnPc(COOH)s - QDs
conjugates. Thus the values of Eff presented here are estimates and will be used only
for comparative purposes. The emission spectra of the conjugates show broadening
in Figure 3.15B compared to Figure 3.15A (when the QDs are mixed with Pcs
without a chemical bond). Broadening in the emission of QDs is associated with
inhomogeneity or aggregation [85]. Compared with the TEM images in Figure 3.6,
we suggest that the broadening of the emission peaks in Figure. 3.15B may be

associated with aggregation.

The spectral term (J) was estimated by overlapping QD emission with the
absorbance of ZnPc derivative. The PhotochemCAD program gives ] units as cm®
following the use of eznpc in M-lcm-! and the wavelength A in nm. The ] and Ro values
in this work were computed using PhotochemCAD [114] whilst the r values were

calculated using Equation 1.10 and are listed in Tables 3.1 and 3.2. For porphyrin-
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based complexes, ] values are generally of the order of 1014 cm®. The ] values
obtained for QDs (CdTe@ZnS-GSH) mixed with ZnPc(COOH)s or for CdTe@ZnS-
GSH-ZnPc(COOH)s-linked were of the order of 1013 cm®, Tables 3.1 and 3.2. Such ]
values indicate a good spectral overlap of the emission spectrum of the donor and
the absorption spectrum of an acceptor. The efficiency of FRET (Eff) values were
computed using Equation 1.9. Since the value of r was greater than that of Ro for
CdTe@ZnS-GSH-ZnPc(COOH)s-linked and CdTe@ZnS-GSH-ZnPc(COOH)s-mixed,
Eff values less than 50% were obtained, Table 3.1. The values are larger for the
conjugates due to the presence of the chemical bond. The advantage of time-resolved
(using Equation 1.9) over steady state (using Equation 1.8) techniques for FRET
efficiency determinations is that donor-acceptor separation distances can be mapped
with greater quantitative accuracy in the former. As stated above, this is because
fluorescence lifetimes do not depend upon factors that influence the fluorescence
intensity such as fluorophore concentration, and are largely unaffected by
photobleaching of the fluorophores [134], hence the Eff determined by fluorescence
lifetimes may be more accurate.

FRET was observed to take place between CdTe@ZnS-GSH QDs and the
ZnPc(COOH)s complexes in a NaOH (0.1 M):ethanol (1:1) mixture. A spectral
overlap, Figure 3.16, similar to that of ZnPc(COOH)s (Figure 3.14), was observed for

the ZnPc(COOH)4 complex.
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Figure 3.16: (i) Normalized absorption and (ii) emission spectra of ZnPc(COOH)4

and CdTe@ZnS-GSH in NaOH (0.1 M):ethanol (1:1) mixture, respectively.

Figure 3.17 shows the emission spectra of the Pc upon excitation at 500 nm (inset),
where only the QD absorbs (thus emission from the Pc is not expected). This
stimulated, weak Pc emission (obtained for both the mixed and linked samples) is
due to the non-radiative energy transfer from the donor QD to the ZnPc(COOH)4. A

large reduction in the emission intensity of the QDs is also observed.
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Figure 3.17: Emission spectra for the CdTe@ZnS-GSH QDs, CdTe@ZnS-GSH-
Zn(COOH)s-mixed conjugate, CdTe@ZnS-GSH-ZnPc(COOH)s-linked conjugate
and ZnPc(COOH)4 alone in a NaOH (0.1 M):ethanol (1:1) mixture. Excitation

wavelength = 500 nm.

The calculated r distances were found to be smaller than the Ro values for the
CdTe@ZnS-GSH-ZnPc(COOH)s-linked (or mixed) conjugates, implying efficiencies
(Eff) greater than 50% (Table 3.2) except for core CdTe-TGA-mixed where Eff < 50%.
The opposite is true for the CdTe@ZnS-GSH-ZnPc(COOH)s - linked conjugates
where r > Ro. The FRET efficiencies were found to be relatively high for the linked

complexes compared to their mixed counterparts, suggesting that linking the MPcs
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complexes to the QDs is beneficial to energy transfer efficiencies as the distance
between the donor and acceptor are shorter compared to mixed conjugates. Also, the
FRET efficiencies are lowered when the number of substituents are increased
(CdTe@ZnS-GSH-ZnPc(COOH)s conjugates). The tetrasubstituted Pc is, however, a
mixture of isomers and upon conjugation to QDs, the isomers may behave

differently in solution.
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General conclusions

The spectroscopic techniques, including UV /Vis, IR and XPS spectroscopies as well
as TEM and AFM, confirmed successful coordination of ZnPc derivatives to
coreshell CdTe@ZnS quantum dots capped with glutathione (GSH). Upon
conjugation with ZnPc derivatives, the fluorescence quantum yields and the
fluorescence lifetimes of the QDs decreased due to energy transfer from the latter to
the Pc. A stimulated emission of ZnPc derivatives was also observed in the presence

of QDs.

The CdTe@ZnS-GSH-ZnPc(COOH)s samples showed higher FRET efficiencies than
those for the similarly sized QD conjugate, CdTe@ZnS-GSH-ZnPc(COOH)s. The
triplet quantum yield, lifetime and singlet oxygen quantum yield of ZnPc(COOH)s

increased upon conjugation with QDs.
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