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Abstract

Abstract
Various characterization techniques have been used to characterize the
synthesized asymmetrical zinc phthalocyanines (ZnPc) derivatives.
Techniques include Ultraviolet-visible (UV-vis) spectrophotometry, matrix
assisted laser desorption time of flight mass spectrometry (MALD-TOF MS),
proton nuclear magnetic resonance (!H-NMR), elemental analysis and
Fourier-transform infra-red spectroscopy (FT-IR). The complexes are
covalently linked to core/shell and core/shell/shell semiconductor quantum
dots (SQDs) via amide bond formation. Photophysical properties of complexes
improved in the presence of semiconductor quantum dots (SQDs). SQDs
contain cadmium/telluride (CdTe) as core, coated in the first shell with zinc
selenide (ZnSe) or zinc sulfide (ZnS) and with zinc oxide (ZnO) in second shell.
The photophysical properties of the phthalocyanine (Pc) complexes and their
conjugates with SQDs are investigated in solution. Triplet quantum yields of

complexes improved in the presence of semiconductor quantum dots.

The optical limiting behaviour of the Pc complexes and conjugates are
assessed using the open aperture Z-scan technique at laser excitation
wavelength of 532 nm with 10 ns pulse. Pcs complexes showed good nonlinear
optical response with higher nonlinear absorption coefficient. The conjugates

afforded higher nonlinear absorption coefficient than Pc complexes alone.
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Chapter 1 Introduction

Chapter 1 : Introduction

The thesis presents the synthesis of phthalocyanines, multishell
semiconductor quantum dots (SQDs) and their conjugates for applications in

nonlinear optics (NLO).



Chapter 1 Introduction

1.1 Nonlinear optics

Nonlinear optics (NLO) is increasingly investigated for development of
materials that can be used in many areas including information technology,
optical communication, optical computing, data storage and optical switching
[1-5]. There is a need for protection of optical sensors including human eye
from hazardous sources of intense laser. Hence, an investigation on organic
materials for NLO applications is on the increase.

A device designed to keep the power, irradiance, energy or fluence transmitted
by an optical system below some specified maximum value is known as an
optical limiter (OL) [6]. Mechanisms involved in optical limiting behaviour of
NLO absorbers include nonlinear absorption (NLA), nonlinear refraction (NR)
and nonlinear scattering (NLS) [7]. Fig. 1.1 shows the NLA behaviour that
occurs when incident light strongly interacts with a molecule or material. This
is mainly based on reverse saturable absorption (RSA), Fig. 1.2. Various
material including inorganic [8], organic [9] and biological [10] materials have
been previously investigated for the development of materials that can protect
optical sensors from damage resulting from a device at high power intensity.
Reports have proven that organic materials can outperform other NLO

materials [11,12].
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Fig. 1.1: Representation of a phthalocyanine as an optical

limiter.

Organic molecules have attracted intensive research due to the fact that these
materials are readily available at low costs, efficient and flexible; allowing for
structural modification to afford efficient NLO behaviour. The family of organic
materials that often afford good NLO performance are the m-electron
conjugated systems such as phthalocyanines, which are the subject of this
thesis [13-15]. Phthalocyanines remain one of the choice molecules for NLO

applications due to their remarkable physicochemical properties [16].



Chapter 1 Introduction

Transmittance

(]
X
-
o
=
NS
(]

Z-position (cm)

Fig. 1.2: Z-scan profile showing reverse saturable absorption of a molecule

[unpublished work].

1.2 Phthalocyanines

Phthalocyanines (Pcs), are macroheterocyclic complexes consisting of the 18
ri-electron system with four azoporphyrin ring (Scheme 1.1). The symmetry of
Pcs Don increases (to Ds4n) when a metal ion (M) is incorporated into the Pc
cavity, forming metallophthacyanine (MPc). MPcs have a distinctive strong
absorption in the visible region known as Q-band and broader absorption at
350 nm called B-band comprising of two overlapping bands. Fig 1.3 shows a
typical ground state electronic absorption spectrum of
metallophthalocyanine. Gouterman [17] proposed a four-orbital model that
gives an ideal picture of electronic transitions that occur between the lowest

unoccupied molecular orbitals (LUMO) and the highest occupied molecular
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orbitals (HOMO) of MPcs, Fig. 1.3 (inset). The narrow symmetrical Q band of
an MPc is due to electronic transitions n (aiu) =2 n'(eg) and is influenced by
nature of the peripheral and non-peripheral substituent. Two transitions, azu
- eg and bau 2 eg, respectively account for the B; and B2, components of the
broad B band.

Due to unique optical and electronic properties, MPcs have found applications
in nonlinear optics [18], photodyanamic therapy (PDT) [19],
photoantimicrobaterial chemotherapy [20], photocatalysis [21], gas sensors

[22], solar cells [23], and electrochromic devices [24].
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Fig. 1.3: Typical ground state absorption spectra of a metallophthalocyanine

[unpublished work].
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Scheme 1.1: The simplest approaches for the syntheses of symmetrical
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Chapter 1 Introduction

1.2.1 Synthesis of Symmetrical and Asymmetrical Phthalocyanine
Synthesis of symmetrical metallophthalocyanines predominantly involve
cyclotetramerization reactions with precursors such as phthalimide [25]
phthalic anhydride [26], and phthalic acid [27] (Scheme 1.1), to mention a
few. The use of phthalonitriles is considered as the simplest approach
(Scheme 1.1) which often affords high yields and less side products. For
synthesis of substituted Pcs, 3-nitrophthalonitriles or 4-nitrophthalonitriles
are usually employed to synthesize precursors containing desired
substituents (R, R1), Scheme 1.1. The substituted phthalonitriles are cyclised
in the presence or absence of metal salt (M) and an alcoholic solvent such as
1-pentanol at high temperatures. Phthalocyanine can be substituted at a
(non-peripheral) or [ (peripheral) positions (or both) from substituted
phthalonitriles for preparation or for a suitable application (Scheme 1.1).
Design and synthesis of asymmetrical Pcs have recently been a centre of focus
amongst phthalocyanine researchers. Asymmetric synthesis can be achieved
by using different methods such as subphthalocyanine ring expansion route
[28-30], statistical mixed condensation route [28,31,32] and polymeric—
support based route [28,33,34]. However, the most utilized protocol for A3B
Pcs is statistical mixed condensation, with two non-identical phthalonitriles
reacting in the presence or absence of metal salt, Scheme 1.2. A mixture of
six different products are obtained and chromatography is usually used to
isolate the target molecule. In this work a number of AAAB (A3B)

phthalocyanine complexes were synthesized.
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Scheme 1.2: Synthetic route to asymmetric phthalocyanine (M= central metal)
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1.2.2 Metallophthalocyanines as nonlinear optical material

Pcs are promising materials for development of nonlinear optical devices such
as optical switches, and limiters [35,36] due to their conjugated m-electron
ring system. The prerequisite for good optical limiter is to exhibit third order
nonlinear susceptibility properties. Third order nonlinear susceptibility
studies of many organic material including phthalocyanine (Pcs) have been
previously conducted [37-42].

NLO behaviour have been previously studied for phthalocyanines, but mainly
for symmetrical Pcs [43-46]. However, it has been recently reported that
asymmetrical Pcs show improved photophysical and NLO behaviour [47-50]
due to their increased dipole moments which contribute to fast NLO response
and afford specific binding to other molecules in comparison to their
symmetrical analogues. Similarly, diamagnetic metals such as zinc are known
to play indispensable role in optical limiting property of Pcs due to their ability
to contribute towards the high population of the triplet state through rapid
intersystem crossing. Hence, this thesis reports on asymmetrical Pcs with

Zn(Il) as central metal.

1.2.3 Photophysical properties of metallophthalocyanines

A Jablonski diagram (Fig. 1.4) provides a representation of the energy
changes which Pcs undergo upon excitation. In the diagram, the S, and S;
represent the ground and singlet excited states of the Pcs, respectively. The
transition from S, 2 S: populates the excited singlet state; while S1>T; on
the other hand is due to intersystem crossing (isc) to populate the triplet state,

followed by triplet-triplet absorption indicated by T1=2>Tn. Strong intersystem

9
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crossing and triplet-triplet absorption often afford strong mnonlinear

absorption which is very important for NLO.
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Fig. 1.4: Basic Jablonski diagram.

Photophysical properties of metallophthalocyanine (physical changes
associated with MPcs when it interacts with photons) involve estimation of the
following parameters: fluorescence quantum yield (®r) [51-53] and
fluorescence lifetime (tr) [54,55], Foster resonance energy transfer (FRET),
triplet quantum yield (®1) and triplet lifetimes (t1). Comparative methods are
employed in determining fluorescence quantum yield (®r), equation 1.1
[56,57]

F Ageg n?
Op = Qi —Lstd T 1.1
FstaAngiq

10
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where ®rstd is fluorescence quantum yield of the standard. When exciting at
wavelengths where Pcs absorb, unsubstituted ZnPc in dimethylsulfoxide
(DMSO) is used as a standard (®rstd =0.2) [57,58], and where semiconductor
quantum dots (SQDs) absorb, quinine sulphate in sulfuric acid is used
(@pstd=0.52) [59]. A, n, F are absorbance at the excitation wavelength,
refractive index of solvent and integrated fluorescence emission intensity,
respectively. ‘Std’ represent standard.

The n"<n transition energy of MPc (acceptor) lies below the energy of SQDs
(donor), hence intramolecular energy transfer is expected from the excited

donor to the acceptor.

Conjugate

Fluorescence quantum yield of SQDs in the presence of MPc, (CDF(SQDS)

) may

be determined using equation 1.2 [60].

FConjugate
Conjugate _ F(SQDs)
@ = e 1.2
F(SQDs) F(SQDs) F(sqDs)

where ®rsops) is the fluorescence quantum yield of the SQDs alone and is

used as the standard, F(sops) is the integrated fluorescence intensity of the

SQDs alone and Fﬁz’s’ggf)ateis the integrated fluorescence intensity of the SQDs
when coordinated to Pc derivatives.

Fluorescence lifetimes for complexes and conjugates were obtained from Time
Correlated Single Photon Counting (TCSPC) amongst other techniques.

In the presence of semiconductor quantum dots (SQDs) Forster resonance

transfer (FRET) is possible from SQDs (donor) to Pc (acceptor) [61-63]. FRET

efficiencies were determined using equation 1.3 [64-66]:

conjugate

T
Tk (GQDs)

11



Chapter 1 Introduction

where Tpgqn, are fluorescence lifetimes of the SQDs alone and (Té‘)(rggggiﬁ) the

fluorescence lifetimes of the SQDs in the conjugates.

Triplet quantum yield values were determined using comparative methods

and equations 1.4-1.6 [67-72]

td
_ oz std AAT €7
q)T - (DT AAStdg ]..4
T T
AAT
€T = € — 1.5
T S 2
td
gstd L 1.6
td .
AAT

where @54, AASH, £5% are triplet quantum yield of standard (®r =0.65, ZnPc
in DMSO) [67,69], changes in the triplet state absorption and molar extinction
co-efficient of the ZnPc standard, respectively.

Triplet lifetimes of species (measure of the length of time spent in the excited
triplet state) are determined by fitting exponential data of the triplet decay

curves using origin Pro. 8.0 program.

1.3 Semiconductor quantum dots

Nanoparticles are materials which have size (diameter) ranges of 1 to 100 nm.
The difference in size and shape of nanoparticles alters their chemical and
physical properties. Among many nanoparticles (NPs) such as silica,
graphene, and quantum dots to mention just a few, semiconductor quantum
dots (SQDs) remain one of the most interesting NPs with diverse applicability

as will be discussed below.

12



Chapter 1 Introduction

SQDs are photostable, high fluorescent nanocrystals with sizes ranging from
2-20 nm in diameter. Their properties can be manipulated to suit specific
applications by changing their sizes and surface. SQDs have broad absorption
and narrow emission as shown in Fig. 1.5, and have been reported to show
usefulness in drug delivery [73], biomedical imaging [74], fluorescence
sensing [75] and photodynamic therapy [76]. The broad absorption spectra of
SQDs is attributed to discrete energy levels they occupy when excited by
photon. Smaller SQDs exhibit blue shifted absorption due to a large band gap,
the opposite is observed for larger SQDs [77] which are known for their large

bathochromic shifts.

- N\

1.6 -
Absorption

é: 1.2 4
7] . s
g Emission
T 0.8
I

0.4 -

0.0 T

400 500 600 700 800
\ Wavelength (nm) /

Fig. 1.5: Broad absorption and narrow emission spectra of SQDs

[unpublished work].

SQDs can be designed in the form of binary or ternary metal composition such
as CdTe (binary) and CdTeSe (ternary). Additionally, SQDs can be made as

core, core/shell and core/shell/shell depending on their desired applications,

13
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Fig. 1.6. This work focuses on core/shell and core/shell/shell containing
cadmium telleride (CdTe) as core, coated with zinc selenide (ZnSe) or zinc
sulfide (ZnS) to form CdTe/ZnSe or CdTe/ZnS and further coated with zinc
oxide (ZnO) to obtain CdTe/ZnSe/ZnO or CdTe/ZnS/ZnO [78,79].
Glutathione (GSH) functionalized CdTe/ZnSe (SQD1), CdTe/ZnS (SQD2),
CdTe/ZnSe/ZnO (SQD1/Zn0O) and CdTe/ZnS/ZnO (SQD2/Zn0O) SQDs are
employed (Fig. 1.7 ). CdTe quantum dots are chosen as core due to their
ability to exhibit high nonlinear absorption coefficient [80]. On the other hand,
NLO behaviour of ZnSe in crystal form and when incorporated into a polymer
has been investigated [81,82]. Hence, SQDs containing CdTe are employed to
enhance the NLO behaviour of Pcs by synergistic effect.

The presence of shells is known to enhance photoluminescence and stability
of core SQDs [83,84]. Also during synthesis, thiol containing capping agents
have been used to stabilize, improve solubility and allow for linking to other

molecules [85-88].

4 )

\_ J/

Fig. 1.6: Representative structure of bare semiconductor quantum dots (SQDs)
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SQD1 SQD1/Zn0O
H (0]
NH. O HO N OH
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Fig. 1.7 Semiconductor quantum dots employed in this thesis.

There are two main synthetic routes for fabrication of SQDs, namely;
organometallic and hydrothermal routes. Hydrothermal method is preferred
over organometallic due to disadvantages associated with organometallic
preparation of SQDs such as harsh synthetic conditions, toxic reagents, low
fluorescence behavior upon phase transfer and toxic solvents while water
requires mild conditions, hence hydrothermal method is employed in this

work.

15
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1.4 Phthalocyanine-Semiconductor conjugates

Phthalocyanines and semiconductor quantum dots show NLO behaviour with
strong nonlinear optical absorption and the focus of this thesis is on
covalently linkage of phthalocyanines to SQDs (Pc-SQDs). Pcs have been
covalently conjugated to quantum dots for applications in fluorescence
sensing [89], in photodynamic antimicro chemotherapy [90], in PDT [91], and
for photophysical studies [92]. Table 1.1 shows Pcs that were conjugated to
quantum dots for NLO [37,43,93-97]. The table shows that there are limited
reports on investigation of NLO properties of asymmetrical Pc-SQDs. Hence,
evaluation of NLO response of novel asymmetrical Pcs when conjugated to

SQDs is main subject of this thesis.

16
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Table 1.1 Phthalocyanines which have been used with quantum dots in

nonlinear optics.

Phthalocyanaine Bond SQDs Ref.
BuQ pBu Mixed [93]
CdTe
BuO OBu
N
N/ Zn/ \
J N/ N= H
p Z
BuO ' O/\/\
BuO OBu
R I Mixed 2 [43]
N \/ y/ /
LN
N/ /In/ \N @
N N= e
HO// \OH
QNHZ Hal Amide [43]
O
@N\ X /
N N/In/N W
N N=
/ // N/ -
i >
NH; NH,
Bao, [ S-CdSe [94]
é&
Buoﬁ}l HN IN OBu
///HS/\/O
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Again, some NLO studies of these combined systems (Table 1.1) have been
performed in mixture, however in this work the focus is on NLO properties of

phthalocyanines when covalently linked to SQDs.

1.5 Phthalocyanines employed in this work

Pcs employed (Table 1.2) in this work consist of (phenoxy)propanoic acid (1),
carboxyphenoxy (2), (oxy)phenoxy acetic acid (3), benzothiazole (4), pyridiloxy
(5) and hydroxyphenylalanine (6) on 3 position. The syntheses of complexes
1, [98], 2 [99] and 3 [100] have been reported in the literature. Complexes 4-
6 are synthesized for the first time in this work.

NLO properties of 4-hydroxyphenylalanine have been studied in crystal form
[101,102], thus evaluation of NLO properties of 4-hydroxyphenylalanine
substituted phthalocyanine (6) are investigated in this work. Complexes 1-3
and 6 will be compared for the nature of COOH group and the effects of
conjugation to core/shell and core/shell/shell semiconductor quantum dots.
Pcs having one functional group are preferred for covalent linkage for
restrained formation of conjugates. Complexes (1-3, 5 and 6) will be
covalently linked (amide bonds) to glutathione (GSH) functionalized SQDs
through the carboxylic moiety of the MPc and the amino group of the GSH.
Complex 4, on the other hand will be linked to SQDs via amide bond but using
the COOH group of GSH-SQDs and amino group of the complex. The covalent
linkage of complexes to SQDs is expected to promote enhanced photophysical
properties resulting from spin orbit coupling [103-105], thus fostering rapid
intersystem crossing (isc) to the triplet state. SQDs are expected to contribute

to NLO behaviour of MPc through free-carrier absorption (FCA) mechanism

19
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[106]. All Pcs contain Zn central metal to enhance triplet state population and
NLO and contain (COOH or NHj) for linking to SQDs by amide bond.
Complexes 1-3 were conjugated to SQD1 and SQD1/ZnO while 4-6 were

conjugated to SQD2/ZnO.
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Table 1.2: MPcs alone and when

quantum dots (SQDs).

covalently linked to semiconductor

Complexes SQDs NLO Studies
SQD1 and | @p v @r Tr
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1.6 Determination of NLO parameters

The open aperture Z-scan technique was used in this work for the
determination of the NLO parameters. The technique provides nonlinear
absorption and nonlinear refraction behaviour of the samples.

Z-san technique originated as a useful technique in nonlinear optics due to
its simplicity and high sensitivity [107]. Z-scan consists of a beam splitter,
lenses and photodetectors, as shown in Fig 1.8. Nonlinear optical response
of a material using Z-scan involves movement of a sample. Precise results of
Z-scan measurements depend on the quality of the beam and laser stability.
Thus, to maintain stability, the laser beam is divided into two parts viz
reflected beam and transmitted beam. The beam splitter directs the reflected
beam towards photo-detector 1 (D1) while the transmitted beam gets relayed
before reaching the sample in the form of signal through the lens and enters
photodetector 2 (D2). Detecting reference (reflected beam) by D2 makes it
easier for one to observe the stability of the laser as fluctuation of laser energy
can directly impact on results.

Z-scan experiment data are often analyzed using the method described by

Sheik-Bahae et al, equation 1.7 and 1.8 [107]:

1

T(Z) = 1+BeffLes oo/ (1+(2/20)?)) b

1_e—al

1.8

ler =
where Tz is the normalized transmittance of the sample, Ioo is the intensity
of the light on focus, Pefr is the two-photon nonlinear absorption coefficient, zo

is the Rayleigh length, z is the sample position with respect to input intensity,
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Lesr is the effective length for two photon absorption, a is the linear absorption
and 1 is the path length of the sample.

The sensitivity and how fast the material respond to the induced perturbation
by laser pulses is known as third-order susceptibility Im[x(3)]) equation 1.9
[108]

In[x®] = n?eocABers 19

27T

where n and c are the linear refractive index (n = 1.479 for DMSO), and speed
of light, respectively &, is the permittivity of free space and 1 is the wavelength
of the laser.

The ground state absorption cross-section is obtained from absorption
spectroscopy using equation.1.10

Oo=ayy 1.10

where a is the linear absorption and Ny is the number of molecules per cm3.

The magnitude of absorption cross-sections ratio (k) for the conjugates is
obtained from the ratios (dex/d0). Excited state absorption cross—section (dex) is
obtained by fitting experimental data set from Z-scan into excited state

absorption, equations 1.11 and 1.12 [109,110]:

T _ In(1+q) 111
Tiinear q )
a
q = ESexloLeff ].. ].2

Where T, Tinear h, v, A, I, is nonlinear transmittance, linear transmittance,
Planck’s constant, frequency of the laser, wavelength and the total fluence on-

axis, respectively.
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The final parameter is limiting threshold (lim), describing the values input

fluence at which the transmittance is reduced by 50% of the linear

transmittance value [111].

Fig. 1.8: Schematic illustration of open aperture Z-scan set-up. BS = Beam

splitter, L = Lens, D1 and D2 = Photodetectors, Z = Z — Position, and S = Sample.

1.7 Summary of aims of this Thesis

L.

II.

II1.

IV.

The aims of this thesis are listed as follows:

Synthesis of asymmetrical phthalocyanine with amino and
carboxylic functional groups.

Synthesis of glutathione capped semiconductor quantum dots
Covalent linkage of asymmetrical phthalocyanine (Pcs) to
glutathione capped semiconductor quantum dots (SQDs) via
amide bond

Characterization of asymmetrical Pcs, SQDs and nanoconjugates
Investigation of photophysical properties of Pcs in the presence

and absence of SQDs
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VI. Evaluation of nonlinear optical properties of Pcs and

nanoconjugates using Z-scan technique.
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Chapter 2: Experimental
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Chapter 2 Experimental

2.1 Equipment

1.

Fourier transform infra-red (FT-IR) spectra were recorded on a Bruker®
ALPHA FT-IR spectrometer with universal attenuated total reflectance

(ATR) sampling accessory.

. Ultraviolet-visible (UV-vis) absorption spectra were acquired on a

Shimadzu UV-2550 spectrophotometer.
Mass spectra data were acquired on a Bruker Auto FLEX III Smart beam
TOF /TOF mass spectrometer operated in positive ion mode using a-cyano-

4-hydrocinnamic acid as a matrix.

. Proton nuclear magnetic resonance (1H-NMR) spectra were recorded on a

Bruker AMX Advance 600 MHz NMR spectrometer using tetramethyl silane

(TMS) as an internal reference.

. The elemental compositions (CHN) of complexes 4, 5§ and (CHNS) 6 were

measured on a Vario-Elementar Microcube ELIII elemental analyzer.

X-ray powder diffraction (XRD) patterns were measured on a Bruker D8
Discover equipped with a Lynx Eye detector (proportional counter), using
Cu Ko radiation (1 = 1.5405 A°, nickel filter) as described before in the

literature [88].

. The morphologies of the semiconductor quantum dots (SQDs) and their

nanoconjugates were assessed using transmission electron microscope

(TEM) ZEISS LIBRA model 120 operated at 90 kV.

. Energy dispersive X-ray spectrometer (INCA PENTA FET coupled with

VAGA TESCAM operated at 20 kV) was used to qualitatively determine the
elemental compositions of the SQDs and the nanoconjugates with
complexes.
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9. The triplet state quantum yields and lifetimes of the samples were obtained
by laser flash photolysis system consisting of a LP980 spectrometer with a
PMT-LP detector and an ICCD camera (Andor DH320T-25F03). The signal
from the PMT detector was recorded on a Tektronix TDS3012C digital
storage oscilloscope. The excitation pulses were produced using a tunable
laser system consisting of a Nd:YAG laser (355 nm, 135 mJ/4-6 ns)
pumping an optical parametric oscillator (OPO, 30 mJ/3-5 ns) with a
wavelength range of 420-2300 nm (NT-342B, Ekspla). The solution was

deaerated with argon for 30 minutes.

Dual sample chamber
Laser
Beam pump
Steering Chamber
Quantum Plus
pulse generator Oscilloscope
Monochromater
LP controller ICCD Camera
Ph1 Power supply
Software
Power supply

Fig. 2.1: Laser flash photolysis system.
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10. Fluorescence lifetimes were measured using a time correlated single
photon counting setup (TCSPC) (FluoTime 300, Picoquant GmbH) with
diode laser (LDH-P-670 or LDH-P-485, Picoquant® GmbH, 20 MHz
repetition rate, 44 ps pulse width) [112], Fig. 2.2.

11. Fluorescence excitation and emission spectra were obtained on a
Varian Eclipse® spectrofluorometer using a 360 - 1100 nm filter,
absorbance at the excitation wavelength was adjusted to ~ 0.05 to ensure

good statistics [112].

Sample

Laser Beam splitter

(@ (G —

"

Photo diode .}
f Filter

~
113 ”»
Start Monochromater
Computer J
Histogram “Stop”
Electronic

e

Fig. 2.2: Representation of the time correlated single photon counting (TCSPC)

set-up.
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12. Optical nonlinearities of the Pc complexes and their conjugates with
SQDs were studied using a Z-scan set—up as described in the literature
using a frequency-doubled Nd:YAG laser (Quanta-Ray, 1.5 J/10 ns fwhm

pulse duration) as the excitation source [45].
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2.2 Materials

Zinc acetate dihydrate, N,N-dicyclohexylcarbodiimide (DCC), dimethyl
sulfoxide (DMSO), unsubstituted zinc phthalocyanine (ZnPc), 1-pentanol, 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU), phthalonitrile (12), and silica gel were
obtained from Sigma Aldrich®. Ultra—pure water was obtained from a Milli-Q
Water System (Millipore Corp, Bedford, MA, USA). Methanol, tetrahydrofuran
(THF), absolute ethanol and dimethyl formamide (DMF) were obtained from
SAARCHEM®. The following compounds were synthesized as reported in
literature: 4-(benzo[d|thiazol-2-ylthio)phthalonitrile (7) [46], 4-
aminophenoxyphthalonitrile (8) [85], dicyano phenoxy)benzoic acid (9) [113],
3-(3,4- 4-(2-pyridinyloxy)phthalonitrile (10) [45], 4-hydroxyphenylalanine
(tyrosine) phthalonitrile (11) [114], (Table 2.1) . The syntheses of glutathione
(GSH) capped CdTe/ZnSe-GSH (SQD1) [91], CdTe/ZnSe/ZnO-GSH
(SQD1/Zn0O) [91], CdTe/ZnS (SQD2) [88] have been reported. Complexes 1
[98], 2 [99] and 3 [100] were synthesized as previously reported elsewhere in

literature.
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Table 2.1: Precursors employed in this work
? NH, OH — o)
o N
N \ / OH|
\
0]
o) 9 11
2N\ 7N S
Y/ 45 Il
[46] 7\ [45]
N N N
88 7\ [114]
[113]
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2.3 Synthesis of asymmetrical zinc phthalocyanine derivatives

2.3.1 Zn(II) aminophenoxy-tris(benzothiazole) phthalocyanine (4)

(Scheme 3.1)

The synthesis of complex 4 was as follows: compounds 8 (0.80 g, 3.40 mmol)
and 7 (2.99 g, 10.21 mmol) were transferred into a round bottom flask
containing zinc acetate dihydrate (0.63 g, 2.87 mmol) and 5 ml of 1-pentanol.
Catalytic amount of DBU (0.50 ml, 11 mmol) was added to the flask and the
reaction mixture was refluxed in the presence of nitrogen flow at 140 °C for 6
h with constant stirring. The obtained crude product was precipitated out of
solution with methanol. The purification and isolation of the A3B target ligand
was obtained by silica packed column with gradient eluents of

tetrahydrofuran and methanol.

Yield: 39%. UV-Vis in DMSO Amax/nm (loge) 690 (5.28), 617 (4.15), 348 (4.50).
IR [Vmax/cm!]: NH2 (3413), Ar-CH(1240), S-C (780). 'H-NMR (600 MHz in
DMSO-de) d(ppm): 9.40 (6H, m, benzothiazole-H), 8.15-8.28 (6H, m
benzothiazole) 7.25-8.1 (12H, m, Pc macrocycle-H), 6.40-6.93(4H, m, Ar-H),
5.72 (2H, d, amine-H). Anal. Calcd for Cs9H30N120Ss: C, 60.02; H, 2.56; N,
14.42; S, 16.26; Found: C,60.36; H, 2.33; N, 14.44; S, 17.13. MALDI-TOF-MS:

(m/z) Caled 1180.3 Found 1179.3 [M - HJ-
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2.3.2 Zn(II) 3-carboxyphenoxy-tris(pyridin-2-yloxy) phthalocyanine (5)
(Scheme 3.2)

Complex 5 was synthesized as described for 4 except for the use of
compounds 9 (0.50 g and 1.89 mmol) and 10 (1.26 g, 5.68 mmol) instead of
7 and 8. All the other reagents and quantities were the same. Reaction
conditions and purification procedure was as described for complex 4.

Yield = 31%. UV-Vis in DMSO Amax/nm (log €) 678 (4.95), 608 (4.02), 340
(4.32). IR [Vmax /cm1]: 3060 (OH), 2924(N=C),1653 (C=0) (780). 1H NMR (600
MHz in DMSO-d6) § (ppm): 9.40(1H, s, Carboxylic acid—-OH), 8.0-8.5(4H, m,
Ar-H), 7.83-7.96 (12H, m, pyridloxyl-H), 7.00-7.60, 6.25-6.75 (12H, m, Pc
macrocycle-H). Anal. Calcd. for Cs4H20N1106: C, 64.13; H, 3.23; N, 15.240;
Found: C,63.91; H, 4.29; N,15.99 MALDI-TOF-MS: m/z Calcd 992.7, Found

993.2 [M + HJ*

2.3.3 Zn(II) amino-carboxyethylphenoxy phthalocyanine (6)
phthalocyanine (Scheme 3.3)

Complex 6 was synthesized as described for 4 except for the use of
compounds 11 (1.0 g, 3.26 mmol) and 1,2-dicyanobenzene ( 1.3 g, 9.77 mmol)
instead of 7 and 8. All the other reagents and quantities were the same.
Reaction conditions and purification procedure was as described for complex
4.

Yield = 25%. UV-Vis in DMSO Amax/nm (log &) 677 (5.41), 608 (4.08), 343
(4.15).IR [Vmax/cm-1]:3706 (NH2), 2971 (OH), 2868 (C-H), 1716 (C=0), 1056(C-
0O). H! NMR (600 MHz in DMSO - d¢). 8(ppm) 9.44 (1H, s, Carboxylic acid—
OH), 8.27 (2H, d, amine-H), 7.83-7.95 (15H, m, Pc macrocycle-H), 6.63-6.87
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(4H, m, phenyl-H) 3.50 (3H, m, alkyl-H): . Anal. Calcd for C41H25N9O3 Zn: C,
63.53 ; H, 3.35; N, 14.05; Found: C,63.29 ;H, 2.83; N,13.73. MALDI-TOF-

MS: m/z Calcd 755.7 Found 756.86 [M + H]*.

2.3.4 GSH-CdTe/ZnS/ZnO (SQD2/Zn0O) (Scheme 3.4)

The synthesis of GSH functionalized CdTe/ZnS/ZnO (SQD2/Zn0O) was
performed as described in the literature [88] with modifications. Briefly, zinc
acetate (0.45 g, 6.92 mmol) was dissolved in 40 mL ultrapure millipore water.
The resulting Zn solution was added into the refluxing core/shell (CdTe/ZnS-
GSH) SQDs (SQD2) under open air and allowed to stir for 45 min to form
core/shell/shell (CdTe/ZnS/ZnO-GSH) SQDs (SQD2/Zn0O). The resulting
mixture was precipitated with methanol and finally purified with ethanol and

it was air — dried in enclosed fume hood.
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2.3.5 Covalent coupling of complexes 1-3, 5,6 with SQDs (Scheme 3.5)

Complexes 1 to 3, 5,6 (0.0162 mmol each) were each dissolved in dry DMF (2
mL), then DCC (0.015, 0.073 mmol) was added to activate the carboxylic
moiety of the Pcs. The mixtures were stirred for 48 h at ambient temperature.
Thereafter, SQDs (0.02 g each) were added and the mixtures were allowed to
stir for further 48 h to afford the amide bond formation between the QDs and
the MPc complexes. The products were isolated out of solution using ethanol
and successively purified with methanol and air dried in enclosed fume hood.
The conjugates are denoted as:1-SQD1, 1- SQD1/ZnO, 2-SQD1, 2-
SQD1/Zn0O, 3-SQD1 and 3- SQD1/ZnO, 5-SQD2, 5-SQD2/Zn0O, 6-SQD2,

and 6-SQD2/ZnO.

2.3.6 Covalent coupling of complexes 4 with the SQDs (Scheme 3.6)

The amide bond conjugates of 4 with SQD2 or SQD2/Zn0O were formed by the
activated -COOH group of the latter and the amine moiety of the former as
follows: DCC (0.015 g, 0.073 mmol) was transferred into a flask containing
SQDs (0.02 g in 2 ml of a mixture of water/DMF (1:1)) to activate the -COOH
moiety of the SQDs. The solution was left stirring for 48 h and afterwards,
complex 4 (0.012g, 0.0102 mmol) was added to the -COOH activated SQDs
and the mixture was allowed to stir for further 48 h to afford 4-SQD2, 4-

SQD2/ZnO.
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properties of asymmetrical Zn(II) phthalocyanines—quantum dots
conjugates. Inorganic and Nano-metal chemistry, in press.

2. Sithi Mgidlana, David O. Oluwole, Tebello Nyokong, Fabrication of

efficient nonlinear optical absorber wusing Zn phthalocyanine-
semiconductor quantum dots conjugates. Polyhedron, 159 (2019) 102-

115.
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3.1 Synthesis

3.1.1 Phthalocyanines (Pcs)

In the following subsections, the synthesis of complexes 1 to 3 will not be
considered since they are known complexes [98-100]. Complexes 4-6 are
new, hence they will be discussed.

The syntheses of low symmetry complexes 4-6 is achieved by a statistical
cross condensation reaction of two different phthalonitriles (Schemes 3.1-
3.3). Complex 4 is prepared from cross condensation of 4-(benzo|d]thiazol-2-
ylthio)phthalonitrile (7) and 4-aminophenoxyphthalonitrile (8) in the presence
of zinc metal salt, refluxing pentanol and catalytic amount of DBU for 6h. 3-
(3,4-Dicyanophenoxy)benzoic acid (9) and 4-(pyridin-2-yloxy)phthalonitrile
(10); are used for 5 and 4-hydroxyphenylalanine)phthalonitrile (11) and
dicyanobenzene (12) are used for 6.

This method usually results in the formation of a mixture of products which
requires column chromatography for separation to obtain the target AzB
complex. Extensive purification and isolation of the target complex is obtained
using silica-packed column chromatography with gradient eluents of
methanol in tetrahydrofuran resulting in low yield.

The complexes are successfully characterized by spectroscopic techniques
such as UV-Vis, MALDI-TOF MS, FTIR, and elemental analyses and 'H NMR
spectroscopies (Figs. A1, A2, A3 appendix). !H NMR spectrum of complex 4
shows a singlet which integrated into 2 protons as a result of an amine moiety
at 5.72 ppm and 12 protons at 7.25-8.10 ppm for Pc macrocycle. Signals
appearing at 9.40 ppm and 8.15-8.28 ppm corresponding to benzothiazole

aromatic ring.
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Complex 5 show singlet of carboxylic acid at 9.40 ppm, the Pc aromatic ring
and pyridloxyl substituent give 12 protons at 6.25-6.75 ppm and 7.83-7.96
ppm, respectively.

Singlet of carboxylic acid for complex 6 appears at 9.44 ppm and a signal
appearing at 3.50 ppm is a result of alkyl protons while 8.27 ppm account for
doublet from 2 protons of the amine. Aromatic protons of the phenyl ring
appear at 6.63-6.87 ppm and the signal at 7.83-7.95 ppm account for protons
of the Pc ring.

There is a disappearance of the —CN vibrational band at ~ 2230 cm™! of the

phthalonitriles confirming the formation of complexes 4 to 6.
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~N
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N
/8
N + N Zn(OAc),, 1-pentanol
N\\‘\ /,//N
S

140 °C, N,/ 6 h

g
0

Scheme 3.1: Synthetic pathway for Zn(l) mono
aminophenoxytris(benzothiazol-2-ylthio) phthalocyanine (4,).
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Scheme 3.2: Synthetic route for Zn(ll) mono 3-carboxyphenoxy tris(pyridin-2-

yloxy) phthalocyanine (S5).
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Scheme 3.3 Synthetic pathway for Zn(ll) mono amino-carboxyethylphenoxy

phthalocyanine (6)
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3.1.2 Covalent linkage of Complexes 1-6 with SQDs

SQD2/Zn0O semiconductor quantum dots are new, hence discussed here.
Scheme 3.4 shows the synthesis of SQD2/ZnO, prepared from SQD2 using
Zn acetate. All SQDs have CdTe as core. When ZnSe is used as the first shell,
SQDs denoted as SQD1, and when ZnS is used as the first shell denoted as
SQD2. Core/shell SQDs are then coated with ZnO as second shell and these
are denoted with ZnO.

Dicyclohexylcarbodiimide (DCC) was used to activate carboxylic acid
functional groups of the complexes 1-3 and 5, 6 for coupling with GSH
functionalized SQDs (Scheme 3.5) using 5 as an example) while 4 is
conjugated to SQDs through activation of the carboxylic acid of the GSH

functionalized SQDs (Scheme 3.6).

- "
® e

HN
NH ) NH
Reflux, open air
(0]
NH, NHp
SQD2 SQD2/Zn0O
O
OH

OoH

OH

@)

Zn(OAc),, H,0

Scheme 3.4 : Synthetic pathway for glutathione capped CdTe/ZnS/ZnO

(SOD2/Zn0)
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4 0o
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o
o NH N o
HN
0 0]
HO
I)CC/I)MI“
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N7 NN
| _

5-SQD2

Scheme 3.5 : Scheme for covalent coupling of 5 to SQD2 as an example.
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HN
(o) o]
DCC/DMF . \
N1 48 h/RT N N

SQD2/Zn0O

4-SQD2/ZnO

Scheme 3.6: Scheme for covalent coupling of 4 to SQD2/Zn0O as an example.
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3.2 UV-visible absorption spectra

Fig 3.1(A) shows the ground state electronic absorption spectra of all the Pc
complexes in dimethyl sulfoxide (DMSO). Complexes 1-3 exhibit narrow
symmetrical Q bands, typical of monomeric Pc Fig. 3.1 (A) [47]. Complexes
4-6 show broadening in the vibrational band, typical of aggregation [47].
Aggregation in Pcs is evidenced by broadening or splitting of the Q-band with
the low energy band being due to monomer and the high energy band due to
aggregation. Table 3.1 shows red shifted Q — band absorption for complex 4
due to the presence of electron donating sulphur groups in its molecular
structure which is known to account for bathochromic shift of Q-band [115].
The SQDs show their broad absorption at ~460 nm and 550 nm for SQD2 and
SQD2/ZnO, respectively as examples (Fig. 3.1(B)). The red shifted behaviour
of SQD2/Zn0O in comparison to SQD2 is typical of core/shell/shell SQDs

compared to core/shell due to increase in size [91].

Fig 3.1(C) shows the spectra of the conjugates (using and 2, 6, 2-SQD1 and
6-SQD2/Zn0O as examples). There are no significant shifts in the Q bands of
complexes 1 to 6 following conjugation to SQDs, Table 3.1. The slight
increase in the absorption below 600 nm is due to the absorption by SQDs,
Fig 3.1(C). There is no effect of core/shell or core/shell/shell on the spectra
of Pc.

The loading of complexes 1-6 onto the SQDs is investigated following
methods described in the literature [116]. This involves dissolving the

same mass of the Pc alone and the conjugate in an equal volume of
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Fig. 3.1 Electronic absorption, for complexes 1-6 (A), SQD2 and SQD2/ZnO (B)
and complexes 2 and 6 alone and when conjugated to SQDs (using SQD1 and
SQD2/Zn0O as examples) (C).
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solvent and comparing the Q-band absorbance intensity of the Pc in the
conjugate with that of the initial Pc before the conjugation. There is no
significant difference (except for 2-SQD) in loading between
core/shell/shell and core/shell for SQD1 (ZnSe 1st shell). But for SQD2
(ZnS 1st shell) the core/shell/shell (SQD2/Zn0O) have larger loading than
core/shell. Thus larger loading is observed for large SQDs (to be

discussed bellow).
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3.3 FT-IR spectra

FT-IR technique was used to analyse functional groups of complexes, SQDs,
and conjugates (complexes 3 and 5 as examples). Broad OH stretching
appeared at 2971 cm! for 83 and 3060 cm-! for 5 as a result of carboxylic acid,
Fig. 3.2. The intense vibrational peak at 1200 cm-! is attributed to the Ar-O-
Ar for 3 and S.

Broad vibrational stretching at 3504 cm-! is observed for SQDs, indicating the
presence of NH> as a result of GSH used as bifunctional capping ligand, Fig.
3.2 using SQD1 and SQD2 as examples. NH> vibrational stretching in SQDs
disappear in the conjugates, indicating the successful formation of the amide
bond between the SQDs and the Pc complexes. The shift of the carbonyl in 3
from 1710 cm™! to 1648 cm-! could indicate successful formation of the amide
bond; Fig. 3.2(A). Similarly, for 5, carbonyl peak which appears at 1718 cm-

1 shifts to 1680 cm-! after conjugation, forming the amide bond, Fig. 3.2(B).
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Fig. 3.2 FT-IR spectra of SQDI1, 3-SQD1I and 3 (A) and SQD2, 5-SQD2 and §

alone (B) .
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3.4 XRD Patterns

The XRD patterns of Pc complexes (using complex 4 as an example in Fig.
3.3) contain a broad peak between 20 = 17-25° for 4 alone, which is consistent
with the amorphous nature of phthalocyanines [117]. In addition, there are
some sharp peaks for complex 4 alone. Sharp XRD peaks are not unusual in
phthalocyanines [118]. The 26 values of the SQDs alone are in accordance
with zinc blende crystal and cubic structure with three peak indexing to 111,
220, and 311 at 26= 26.3¢, 43.8°, 51.9° (Fig. 3.3) which is consistent with the
literature [91]. The conjugates show weak SQDs peaks.

Debye-Scherrer Equation (3.1) [119] was employed to estimate the sizes of

the SQDs:

_ kA
Bcos6

where A is the wavelength of the X-ray source (1.5405 A), k is an empirical
constant equal to 0.9, [ is the full width at half maximum of the diffraction
peak and 0 is the angular position. The sizes were 9.8 nm, 11.48 nm, 10.3,

13.74 nm for SQD1, SQD1/Zn0O, SQD2 and SQD2/Zn0O, respectively.
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111 SQD2/ZnO
220 311
4
4-SQD2/Zn0O
] ] ] ]
20 30 40 50 60
20

Fig. 3.3: XRD plot showing diffraction patterns of complex 4, SQD2/ZnO

and conjugates.
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3.5 TEM images and EDX

TEM images (Fig. 3.4) revealed polydispersed and nanospherical
semiconductor quantum dots. Following covalent linkage of the SQDs with
Pcs, aggregation was observed which is typical of -t stacking interaction of
the Pc aromatic rings on the adjacent SQDs. Pc are known for n-n stacking
[120].

The elemental compositions of the complexes and nanoconjugates were
qualitatively determined using an energy dispersive X-ray spectrometer (EDX)
as shown in Fig. 3.5. The EDX spectra of complex 6 (as an example) showed
the presence of C, N, O and Zn, which are the expected elements for Pcs. SQDs
alone showed the expected atoms and additional peaks were observed upon

conjugation.

SQD2/ZnO

Fig. 3.4 TEM images of SQDI1, SQD2/ZnO and conjugates, using complex 1
and 5 as examples.
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Fig. 3.5 Representative EDX spectra for SQD2, 6-SQD2 and 6 alone as

examples.
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3.6 Dynamic Light Scattering

Dynamic light scattering (DLS) measurement of SQDs and conjugates were
carried out in order to determine their sizes, Fig. 3.6. Generally, SQDs have
small sizes ranging from 2 to 20 nm as reported in the literature [121]. The
DLS sizes are 10.10 nm, 11.70 nm, 10.71 nm nm, 14.74 nm for SQDI1,
SQD1/Zn0O, SQD2 and SQD2/ZnO, respectively (Table 3.1). Following Pc
conjugation to SQDs, the sizes of the conjugates were larger than the SQDs
alone which could be attributed to aggregation, as previously stated, Table
3.1. 6-SQD1 and 6-SQD2, had the largest DLS size compared to the other
samples due to the larger loading, Table 3.1. Except for 2, core/shell-based
conjugates had smaller size than core/shell/shell conjugates. This could be

related to the high loading for shell than shell/shell and the reverse for 2.

14.74 nm
10.71am 30 A

Intensity

57 50QD2 SQD2/Zn0

.23%m
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1

5-3QD2

20 40 60 80 100
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IlAam 433lom

Intesity
p v 5 F % ¥ ¥ ¥

6-5QD2/Zn0

F 0 60 0 w00

Sz (o) Szc daom Sl

Fig. 3.6 Dynamic light scattering of the SQDs and nanoconjugates, SQD2 and

SQD2/Zn0O used as examples.
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Table 3.1: Absorption, loading and DLS sizes of the samples.

Complexes and | Abs (nm) Loading DLS size
conjugates in DMSO (ug/mg) (nm)
1 677 - -
1-SQD1 676 6 15.7
1-SQD1/Zn0O 676 S 17.0
2 674 - -
2-SQD1 674 11 32.7
2-SQD1/Zn0O 675 8 22.4
3 675 - -
3-SQD1 676 4 14.0
3-SQD/Zn0O 675 3 17.2
4

690
4-SQD2

693 5 28.40
4-SQD2/ZnO

694 14 34.43
5

678 -
5-SQD2

680 4 25.31
5-SQD2/ZnO

680 7 31.31
6

677 -
6-SQD2

678 8 32.32
6-SQD/ZnO

685 22 43.31
SQD1 - 10.10

479
SQD1/ZnO -- 11.70

563
SQD2 460 --

10.71
SQD2/Zn0O 550 --
14.74
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Conclusion
The synthesis and characterization of novel Pcs are reported in this work.
Successful conjugation of Pcs to glutathione capped quantum dots is

confirmed using techniques FT-IR, EDX, XRD, DLS, TEM and UV-vis spectra.
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4.1 Photophysical properties

Photophysical studies of complexes 1-6 and their conjugates were evaluated
in dimethyl sulfoxide. Firstly, it is presumed that triplet quantum yield of the
complexes will be enhanced due to the lack of symmetry of the molecules
arising from their increased molecular dipole moments [48,49]. Additionally,
the complexes are designed with functionalities that can foster covalent
linkage to semiconductor quantum dots (SQDs). The presence of SQDs in the
conjugates is expected to deactivate the fluorescence behaviour of the
complexes and improve triplet quantum yields due to the external heavy atom
effect resulting from the heavy atoms in the SQDs components. The essential
aim of having the SQDs in the conjugates is to increase triplet state quantum
yield of Pcs, thus improving their NLO response.

4.1.1 Fluorescence Quantum yield (®r) and lifetime.

The fluorescence quantum yield of the complexes and the SQDs were
determined when alone (Equation 1.1) and SQDs in the composites (Equation
1.2), using unsubstituted ZnPc as standard in DMSO (®r = 0.2 [57] for Pcs.
When exciting where SQDs absorb, quinine sulphate in HoSO4 (©r = 0.52) [59]
was used as the standard (discussed in Chapter 1).

The ®rvalues for the Pc complexes alone range from 0.09 to 0.20 with 1 and
3 showing the highest (0.20) and 4 the least (0.09), Table 4.1. The low ®f
value for complex 4 could be related to the fact that amino groups are known
to quench the excited state of the phthalocyanines [122]. The conjugates
afforded decreased ®r values implying quenching of the fluorescence of the
Pcs by SQDs in the composites as compared to the values obtained for the Pc

complexes alone. Lifetimes determined by time correlated single photon
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counting (TCSPC), decay in Fig. 4.1. Conjugates afforded shortened
fluorescence lifetimes compared to Pcs alone corresponding to their low ®r
values Table 4.1. The decrease in ®r and lifetime values of the Pcs in the
presence of SQDs is adduced to the heavy atom effect of the latter, which

promotes rapid intersystem crossing to the excited triplet state of the former.

10000 4

8000 4

6000 4

4000

Intensity (counts)

2000 4+

4

Residuals
(=]
1

Time (ns)

Fig. 4.1: Fluorescence decay curve for complex 2 in DMSO with the fitting

curve.
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Photophysical properties

Table 4.1: Photophysical properties of Pc

complexes and their conjugates.

Complexes and | Or TF Pr T FRET
conjugates (Pc)? (ns)2 (us) eff
0.20 3.21 0.67 231 --
1
1-SQD1 0.03 (0.02) 2.45 0.71 254 0.92
(0.16)
1-SQD1/Zn0O 0.02 (0.04) 2.56 0.78 254 0.94
(0.09)
2 0.16 3.27 0.41 259 --
2-SQD1 0.03 (0.03) 2.65 0.86 281 0.90
(0.19)
2-SQD1/Zn0O 0.02 (0.03) 2.16 0.61 275 0.91
(0.01)
3 0.20 3.16 0.48 271 --
3-SQD1 0.02 (0.02) 3.10 0.70 268 0.87
(0.27)
3-SQD1/Zn0O 0.03 (0.02) 2.89 0.81 303 0.98
(0.02)
SQD1 (0.69) (2.03) - -- -
SQD1/Zn0O (0.23) (1.58) - -- -
4
0.09 4.55 0.67 203 --
4-SQD2
0.05 2.9 0.72 310 0.39
(0.01) (1.07)
4-SQD2/Zn0O
0.08 2.23 0.76 234 0.49
(0.001) (1.08)
5
0.14 3.09 0.70 232 -
5-SQD2
0.07 2.81 0.86 319 0.30
(0.04) (1.09)
5-SQD2/Zn0O
0.02 2.73 0.87 220 0.60
(0.03) (0.85)
6 0.12 208 -
2.86 0.69
6-SQD2 0.07 301 0.66
(0.03) 2.54 0.72
(0.52)
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6-SQD2/Zn0 0.06 230 0.78
(0.04) 2.25 0.72
(0.47)
SQD2
(0.45) (1.55)
SQD2/Zn0O
(0.39) (2.12) --

ayalues in brackets obtained when exciting where QDs absorb

4.1.2 Forster resonance energy transfer (FRET)

Fig. 4.2 shows the mechanism of FRET, it involves energy transfer from SQDs
(donor) to a MPc (acceptor). The energy transfer usually appears with decrease
in the fluorescence emission intensity of the SQDs and the appearance of an

induced fluorescence emission for MPcs.

/m\/\

]
(VR
¥

S, &'-Q@?'

Abs Emission

Energy

AE ASE

S | Dipole-Dipole +

Fig. 4.2: Energy transfer from SQDs to MPc (M = Zn). Abs = Absorption, AE

non-radiactive acceptor excitation, ASE = acceptor stimulated emission, VR

vibrational relaxation.
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When exiting where SQDs absorb, the observed decrease in ®r and lifetime
values could be due to FRET and other processes which deactivate the excited
states of the SQDs. For FRET to occur, there must be a spectral overlap
between the emission spectra of the donor (in this case, SQDs) and the
absorbance spectrum of the acceptor (Pc complexes), Fig. 4.3 (complexes 1
and 6 used as examples). When the conjugates are excited at the wavelengths
where the SQDs absorb and Pcs do not, decreased emission intensity of the

SQDs is observed with enhancement of an emission peak of the Pcs, Fig. 4.4.
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Fig. 4.3 (A) (a) Absorption spectrum of 1 (a) overlaid with emission spectra of

SQD1/Zn0O (b) and SQDI (c). (B) absorption spectrum of 6 (a) overlaid with

emission spectra of SQD2/ZnO (b), and SQD2 (c).
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Fig. 4.4 (A) Emission spectrum of SQD1/ZnO alone (a), 2-SQD1/Zn0O (b) and
complex 2 alone (c). (B) Emission spectrum of SQD2 alone (a) 4-SQD2 (b), and 4

alone (c) excitation wavelength = 430 nm.

This phenomenon is adduced to intramolecular FRET, which is known to be
responsible for the deactivation or quenching of the emission of SQDs leading
to transfer of energy to the acceptor molecule (in this case, Pcs). Additionally,
other factors like temperature could have contributed to the quenching of the
SQDs emission besides the Pcs [65,67]. FRET efficiency (Eff) values are
obtained using equation 1.3 (discussed in Chapter 1).

The FRET efficiency values of conjugates of Pcs and SQD1/ZnO and SQD1
were larger than those of Pcs and SQD2 and SQD2/ZnO, Table 4.1. This
phenomenon is attributed to the closer emission spectral overlap of SQD1

(540 nm) and SQD1/ZnO (582 nm) with the Pcs absorption spectra as
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compared to SQD2 (530 nm) and SQD2/Zn0O (578 nm ) due to red shifted

signal of the former, Fig. 4.3.

4.1.3 Triplet Quantum yield and life time

Triplet quantum yields (®1) are determined using comparative methods,
equations discussed in chapter 1 (1.4-1.6) [67-72]

Fig. 4.5 shows the triplet decay curve for complex 6 as an example. The triplet
decay curve obeys second order kinetics, which is typical of MPc complexes
at high concentration used for triplet state studies [123]. The triplet quantum
yield values of the Pc complexes (1, 4-6) alone range from 0.67 to 0.70 with
complex 5 showing the highest ®t values (0.70) and complex 1 and 4
accounted for the least ®r (0.67). It has been reported that alkyl substituents
increase triplet state population [124], hence the larger ®rvalue for complexes
1 and 6 compared to 2 and 3 could be due to the alkyl group separating the
phenoxy ring from the COOH group, without the oxygen in the linker as is the
case with complex 3. The high triplet quantum yield of complexes 4 and 5 is
due to extensive mn-electron system and electron donating heteroatoms
(nitrogen and sulfur), which prevent radiative deactivation of the singlet

excited state.

In the presence of the semiconductor quantum dots, increase in the ®rvalues
of the Pc complexes is attributed to the spin orbit coupling. As previously
mentioned, heavy atoms are known to encourage high population of the

excited triplet state by deactivation of the excited singlet state which favours
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rapid intersystem crossing. The triplet quantum yields of the Pcs (1 to 6)
increase in the presence of SQD1 and SQD2 due to the heavy atom effect. For
SQD1, there is a larger increase in ®rvalue for 2-SQD1 (0.86) as compared to
2-SQD1/Zn0O (0.61) most likely due to the larger loading in the former. The
drvalues are larger for SQD1/ZnO compared to SQD1 containing conjugates
except for 2. This trend is in agreement with DLS sizes where the SQD1/ZnO
containing conjugates were larger than the SQD1 conjugates for complexes 1
and 3 and not for 2, suggesting that the size of the nanoconjugate affects its

triplet state parameters.

There is no difference in the ®drvalues of 6-SQD2 compared to 6-SQD2/ZnO.
The same applies to 5-SQD2 compared to 5-SQD2/Zn0O and only a slight
increase for 4-SQD2 compared to 4-SQD2/Zn0O. Thus, there is no effect of
the extra shell on the triplet quantum yield values for 5 and 6 conjugates
containing ZnS. Increase in the &r values is expected to result in the
shortening of the triplet lifetime [125]. However, this is not always the case,
in this study, increase in ®r values also afforded lengthening of the triplet

lifetimes in most cases, due to the possible protection of the Pcs by the SQDs.
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Fig. 4.5 Triplet absorption decay curve for complex 6 in DMSO with the fitting

curve.

Conclusions

Photophysical properties of complexes alone and when conjugated to SQDs
were studied. Increase in triplet quantum yield of complexes agree with
decrease in fluorescence quantum yield. The triplet quantum yields of the Pcs
increased in the presence of SQDs and decrease in fluorescence quantum
yield was observed.

FRET efficiency was found to be higher for core/shell/shell than core/shell.
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5.1 Nonlinear optical parameters

Z-scan measures transmittance through sample as a function of incident
laser intensity. Third order nonlinear susceptibility (I,[x®]), nonlinear
absorption coefficient (Bef), limiting threshold (Lim), ratio of excited state to
ground state absorption (k) of phthalocyanines alone and when linked to
SQDs were obtained using the open aperture Z-scan technique. The Berr values
give an estimate of the degree of nonlinear absorptivity which depends on the
population of molecules in the triplet state upon excitation and is evaluated
in cm/GW using equations 1.7 and 1.8 (discussed in Chapter 1). Third order
nonlinear susceptibility measures the degree of polarizability and fast
response time of the molecule when light is applied on it and is measured in
esu using equation 1.9 (discussed in Chapter 1). The absorption cross-section
ratio (k) are obtained from using equations 1.10-1.12 (also discussed in
Chapter 1). Limiting threshold (Lim) describes the values input fluence at
which the transmittance is reduced by 50% of the linear transmittance values
[126].

Complexes 1-6 and conjugated are investigated for NLO studies. The
complexes exhibited the following important properties: reduced symmetry,
extensive n-electron conjugation system and heavy atom effect on the SQDs.

These properties are known to enhance NLO response.
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5.2 Mechanism of NLO

Fig. 5.1 shows the five-energy model Jablonski diagram to describe the
nonlinear optical dynamics in the studied complexes and the nanoconjugates.
In this model, a molecule in the ground state is excited to the first excited
singlet S; (30) followed by transition from S; to higher excited singlet state S,
(01). Since the lifetime S, is very short, rapid relaxation occurs almost
immediately from S, to Si (11) followed by intersystem crossing (isc) from S;: to
the first excited triplet T:. The triplet state population will depend on the
intersystem crossing rate and the triplet period. Since the triplet lifetime is
longer than the intersystem crossing lifetime, there will be more crossovers
through intersystem crossing to populate the triplet state. Subsequent
absorption of laser radiation will result in further excitation of molecules from
the T: state to a higher energy Tn state with excited state absorption cross

section, Jex.
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Fig. 5.1: Five level energy diagrams explaining the dynamics of the excited

state absorption in the Pc complexes, isc= intersystem crossing.

5.3 Nonlinear optical studies of complexes 1-6 alone
NLO response of all the Pc complexes is studied in DMSO at the same
absorbance (2 at the Q-band). The effect of substituents of Pcs on nonlinear

properties are investigated.

5.3.1 Carboxylic acid Pcs

The effect of carboxylic acid (and no other substituents) on the NLO response
of complexes is evaluated using complexes 1, 2, 3 and 6. These complexes
contain a single substituent on the peripheral position of the Pc. Fig 5.2

shows Z-scan profiles of complexes 1, 2, 3 and 6. Reverse saturable
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absorption (RSA) is shown by the decrease in transmittance by more than
50% which is typical of phthalocyanines. For complexes 1-3 there is no
significant difference in open aperture Z-scan curves Fig 5.2 (A). Fig 5.2 (B)
shows a lower reduction in transmittance curve for complex 6 compared to 1-
3, (using 1 as an example). One would expect the decrease in transmittance
to be the same for complexes 1 (Ot = 0.67) and 6 (@t = 0.69) due to similar
quantum yields, however it is not the case. This could be attributed to the
shorter triplet lifetime for complex 6 (tr = 208 ps) compared to 1 (tr= 231 ps).
As stated above complexes 1 and 6 have about same high triplet quantum
yields but the latter larger Berr, Table 5.1 due to bioorganic nature on of the
substituent (tyrosine) which contain both COOH and amino functional group.
The similar trend is observed in k values (The ratio of excited state absorption
(0ex) to ground state absorption cross-sections (do0)). Im[x®)] values are within the
range (1012 — 109 reported for macrocycles like phthalocyanines [127], which

indicates that these complexes are good optical limiters.

The ability of a material to perform as better optical limiter is determined by
lower Lim value. The limiting threshold (Lim) is defined as the input fluence at
which the transmittance is 50% of the linear transmittance value [126]. Fig.
5.3 shows plots of transmittance versus incident fluence obtained. Lim is
lowest for complex 3 at 0.83 compared to 1 at 0.92, 6 at 1.39 and 2 at 1.41,

Table 5.1.
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Table 5.1: Nonlinear optical parameters of complexes 1-6 and conjugates.

Samples Best Im[x(3)](esu) Lim(J-cm- | K(Sex /80) | 00X1012 | Jexx10-19 Ot
(cm.GW- 2)
1)

1 14.0 1.20 x 10-11 | 0.92 1.06 8.28 8.78 0.67
1-SQD1 17.5 1.50 x 1011 | 0.77 1.15 8.28 9.52 0.71
1-SQD1/Zn0O 18.0 1.54 x 1011 | 0.60 1.42 8.28 11.76 0.78
2 12.2 1.03 x 10-11 1.41 0.89 8.75 7.79 0.41
2-SQD1 15.5 1.33 x 1011 | 0.55 1.10 8.75 9.63 0.86
2-SQD1/Zn0O 15.0 129 x 10-11 | 0.77 1.12 8.75 9.80 0.61
3 12.6 1.05 x 10-11 0.83 1.02 4.35 4.44 0.48
3-SQD1 24.0 2.06 x 10-11 | 0.53 2.59 4.35 11.27 0.70
3-SQD1/Zn0O 24.0 2.06 x 10-11 | 0.56 2.53 4.35 11.01 0.81
4 48.0 6.04x10-11 1.23 1.34 6.33 8.40x10-19

0.67
4-SQD2 70.0 5.90%x10-11 0.39 1.99 6.33 1.26x10-18

0.72
4-SQD2/Zn0O 74.0 6.25x10-11 0.38 2.08 6.33 1.32x10-18

0.76
5 78.1 6.66x10-11 0.55 6.08 2.96 1.80%10-18

0.70
5-SQD2 80.0 6.75x10-11 0.28 6.42 2.96 1.90x10-18

0.86
5-SQD2/Zn0O 80.8 7.07x10-11 0.27 6.69 2.96 1.98x10-18

0.87
6 42.2 3.56x10-11 1.39 1.15 8.54 9.6x10-19

0.69
6-SQD2 52.2 4.04x10-11 0.48 1.76 8.54 1.5x10-18

0.72
6-SQD12/Zn0O | 71.2 4.69x10-11 0.44 2.11 8.54 1.80%x10-18

0.72
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Fig. 5.2: Open aperture Z-scan signature of complexes 1-3 (A), and 6 and 1 (B)

in DMSO at A = 532 nm.
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Fig. 5.3: Transmittance versus incident fluence for complexes 1-6 and their

nanoconjugates with SQDs
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5.3.2 NLO properties of complexes 4 & S

Table 5.1 shows complex 5§ recorded a fast NLO response with Im[x(?’)]

6.66 x 10-11esu value and strong nonlinear absorption coefficient (Besf) of 78.1
cm/GW due to higher triplet quantum for compared to 4. Z-scan profiles of
Pcs in Fig. 5.4 follow the same trend. Absorption cross-sections ratio (k) for
5 is 6.08 compared to 1.34 for complex 4. High k values result from large area

occupied by the molecule in the excited state upon excitation.
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Fig. 5.4 Z-scan profiles of complexes 4 and 5 in DMSO at A=532 nm
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5.4 Phthalocyanine-Quantum Dots NLO parameters

Comparing NLO response of conjugates of core/shell and core/shell/shell,
shows that the latter (except for conjugates of complexes 2 and 3), generally
give larger Perr and Im[x(3)] values even though the ®r values and reduction in
transmittance are about the same in most cases. The increased Besrand I, [x(3)]
values correspond with increase in ®t values. SQDs contribute to NLO
behaviour of Pcs due to free carrier absorption (FCA) mechanism which occurs
when there is linear absorption at excitation wavelength [43]. The SQDs alone
showed good NLO behaviour with the core/shell/shell showing better activity
as compared to the core/shell but their conjugates with the low symmetry Pc
complexes afforded the best NLO features (Fig. 5.5), using complex 4-SQDs
as an example. This is judged by the lower dip in transmittance for the
conjugates. SQDs with ZnS shell (SQD2) afforded better NLO responses on Z-
scan than ZnSe shell (SQD1) (Fig. 5.4), hence generally higher Bes, In[x®],
and k values for the conjugates of the former (Table 5.1). This could be
attributed to stronger absorption of SQD2 with ZnS at 532 nm hence more
free carrier absoption. Lim values improve (decrease) in the presence of SQDs.
Again, complex 5, 4 and their conjugates showed the best OL behaviour with

the lowest Iim values.
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Fig. 5.5: Z-scan signature of SQDs and Pcs-SQDs, using complex 4 as an

example.
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Conclusion

Nonlinear optical studies of asymmetrical MPcs alone and when conjugated
to SQDs were investigated using open aperture Z-scan technique. Complexes
4 and 5 alone showed better NLO response in terms of third order nonlinear
susceptibility In[x®], nonlinear absorption coefficient (Be) and limiting
threshold (lim) compared to the rest of the Pcs studied. Enhanced NLO
behaviour of MPcs when linked to SQDs was observed compared to Pc

complexes alone.
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Chapter 6 : Conclusion and Future prospect

This chapter summarizes the syntheses, photophysical and nonlinear optical
response of asymmetrical phthalocynines with zinc central metal and their

nanoconjugates.
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6.1 Conclusion and future prospect

The synthesis of asymmetrical phthalocyanines with zinc central atom was
achieved and characterized using various techniques. Evaluation of the
photophysical properties of asymmetrical phthalocyanines showed high
triplet quantum yields due to increased dipole moment.

Improved photophysical properties of asymmetric Pcs were achieved by
covalently linking phthalocyanines to semiconductor quantum dots. Foster
resonance energy transfer revealed positive changes in photophysical
properties of asymmetric phthalocyanines.

Nonlinear optical response of asymmetrical phthalocyanine alone and
conjugates is investigated in solution using Z-scan. Phthalocyanines show
reverse saturable absorption behaviour. Complexes 4 and 5 exhibit higher
third order nonlinear susceptibility, nonlinear absorption coefficient and
lower limiting threshold (Lim), hence better optical limiting behaviour. The

complexes and nanoconjugates show great promise as optical limiter.

6.2 Future prospect

Nonlinear optical response of studied phthalocyanines incorporated to heavier
central metal can be explored. It would be of interest to see changes in optical
limiting behaviour of phthalocyanine-semiconductor quantum dots

embedded in thin film.
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Fig. Al: 'H-NMR spectrum of complex 4 in DMSO.
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Fig. A2: ' H-NMR spectrum of complex § in DMSO.
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Fig. A3: ' H-NMR spectrum of complex 6 in DMSO.
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