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ABSTRACT

ABSTRACT

This work describes the synthesis, photophysical and nonlinear optical characterizations of
alkynyl Pcs (1, 2, 3, 8 and 9), 1,2,3-triazole ZnPc (4), mercaptopyridine Pcs (5, 6 and 7)
and amino Pcs (10 and 11). Complexes 1, 2, 4, 7, 8, 9 and 11 were newly synthesized and
characterized using techniques including 'H-NMR, MALDI-TOF, UV-visible
spectrophotometry, FTIR and elemental analysis. The results of the characterizations were
in good agreement with their molecular structures, and confirmed the purity of the new
molecules. Complex 10 was covalently linked to pristine graphene (GQDs), nitrogen-
doped (NGQDs), and sulfur-nitrogen co-doped (SNGQDs) graphene quantum dots;
gold nanoparticles (AuNPs); poly(acrylic acid) (PAA); Fe;O,@Ag core-shell and Fe;O,-
Ag hybrid nanoparticles via covalent bonding. Complex 11 was linked to Ag, Auy alloy
nanoparticles via NH;-Au and/or Au-S bonding, 2 and 3 were linked to gold
nanoparticles (AuNPs) via clicked reactions. Evidence of successful conjugation of 2, 3,
10 and 11 to nanomaterials was revealed within the UV-vis, EDS, TEM, XRD and XPS

spectra.

Optical limiting (OL) responses of the samples were evaluated using open aperture Z-scan
technique at 532 nm and 10 ns radiation in solution or when embedded in polymer
mixtures. The analyses of the Z-scan data for the studied samples did fit to a two-photon
absorption mechanism (2PA), but the Pcs and Pc-nanomaterial or polymer composites
also possess the multi-photon absorption mechanisms aided by the triplet-triplet
population to have reverse saturable absorption (RSA) occur. Phthalocyanines doped in
polymer matrices showed larger nonlinear absorption coefficients (B.ff), third-order
susceptibility (I,,[x®]) and second-order hyperpolarizability (y), with an accompanying
low intensity threshold (I;;,,) than in solution. Aggregation in DMSO negatively affected
NLO behaviour of Pcs (8 as a case study) at low laser power, and improved at relatively
higher laser power. Heavy atom-substituted Pcs (6) enhanced NLO and OL properties
than lighter atoms such as 5 and 7. Direct relationship between enhanced photophysical
properties and nonlinear effects favoured by excited triplet absorption of the 2, 3, 10 and
11 in presence of nanomaterials was established. Major factor responsible for the
enhanced nonlinearities of 10 in the presence of NGQDs and SNGQDs were fully
described and attributed to the surface defects caused by the presence of heteroatoms

such as nitrogen and sulfur. The studies showed that phthalocyanines-nanomaterial
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composites were useful in applications such as optical switching, pulse compressor and

laser pulse narrowing.
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1.1 Phthalocyanines
1.1.1 Discovery of Phthalocyanines (Pcs)

The phthalocyanine (Pc), Figure 1.1, was first accidentally observed as a dark bluish
material by von Braun and Tcherniac in 1907 [1]. The first attempt at the isolation of the
coloured product was made by Henri de Diesbach and van der Weid in 1927, during the
reaction of orthodibromobenzene with copper(l)cyanide in pyridine [2]. The
exceptionally stable blue pigment obtained was not properly characterized. Inspired by
this attempt, further studies on the elucidation of the molecular structures of metal-free
phthalocyanines (H.Pc) and its metal derivatives (MPcs) were carried out and
documented in the literature by Linstead and Robertson, and co-workers from Imperial

College, London, U.K. [3-10].

1.1.2 Structure of Phthalocyanine (Pcs) Complexes

Phthalocyanines are synthetic tetrapyrrolic macrocycles containing four iminoisoindoline
rings with a conjugated 18 m-electron system. They are structurally related to other
macrocylic pigments such as porphyrins. Metal-templated phthalocyanines are referred to
as metalophthlocyanines [11]. The central cavity of phthalocyanine can accommodate
sizeable numbers of metals without any form of distortion to the Pc ring [12,13], while
inclusion of heavier metals like lead have been reported to distort the shapes of the MPc

ring [14,15].

The numbering system of phthalocyanine is broadly divided into two (Figure 1.1),
depending on the location of the substituents on the phthalocyanine macrocylces. The
ease of modification of Pcs allow for possible attachment of substituents either on a (non-
peripheral) or B (peripheral) positions of the phthalocyanine ring. According to
nomenclature of tetrapyrroles [3], a—substituents are positioned at 1, 4, 8, 11, 15, 18, 22,
and 25 on the phthalocyanine ring, while substituents located at 2, 3, 9, 10, 16, 17, 23,
and 24 are called B-substituents, Figure 1.1A and B. The extensive n-n conjugative system
of the Pc ring causes aggregation and make them insoluble in many organic solvents [16-
18]; this problem can be easily overcome by attaching bulky substituents on the peripheral
and/or non-peripheral positions of Pc ring [19-21].

The unique spectroscopic, photophysical and photochemical properties [22-24] of Pcs

have made them the most studied organic macrocyles. These properties are critical to
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their performances in diverse state-of-the-art technological applications such as
photosensitizers, liquid crystals, dye-sensitized solar cells, electrochemical sensors, organic

photovoltaic (OPV) devices, and as nonlinear optical (NLO) materials [25-33].

M = metal jon (metallophthalocyanine, MPCy

=H, (Free base phthalocyanine, |-|2|:>c)

Figure 1.1: Phthalocyanine ring showing (A) peripheral (B) and non-peripheral
position substitutions for IUPAC numbering systems.

1.1.3 General synthesis of symmetrical and unsymmetrical Phthalocyanines

Symmetrically tetra-substituted MPcs can be prepared by cyclotetramerization of
substituted phthalonitrile precursors in the presence of metal salts, high boiling solvents
and catalysts [34], Scheme 1.1. High boiling solvents such as dimethyl formamide (DMF),
dimethylaminoethanol (DMAE), pentanol and quinolone are commonly used for
cyclization of Pcs in the presence of catalysts such as 1,8-diazabicyclo-[5.4.0]-undec-7-ene
(DBU) or urea. When Li metal is used during the cyclization reaction, a metallated LiPc
with loosely held Li metal is obtained which can be easily demetallated to give metal-free
Pcs when treated with acids [4,35]. This method is employed for the synthesis of metal-

free phthalocyanines reported in this thesis.
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In the case of tetra substituted triazole-functionalized phthalocyanines (also reported in
this work) using Huisgen cycloaddition "click chemistry" reaction [36-38], two synthetic
strategies are usually employed, Scheme 1.2. The first strategy involves the cyclization of
triazole ring substituted-phthalonitrile precursor in the presence of suitable solvent such as
DMAE, routes i/ii (Scheme 1.2) [39]. The second strategy followed post-modification
approach in which the reactive alkyne phthalocyanines are converted to the triazole-
functionalized molecules via click reactions, routes iii (Scheme 1.2) [40-42]. Both strategies
are reported in this thesis; the former was employed to afford 1,2,3 triazole-fused
nitrophenyl zinc phthalocyanines; and the later was employed to prepare

nanocomposites of indium or zinc phthalocyanines-gold nanoparticles.

Asymmetrical phthalocyanines (Pcs) are essential molecules, particularly in the design of
optical limiting materials [43,44] and liquid crystals [45,46] due to their unique
photophysical properties and reduced symmetry. The presence of single anchor group on
asymmetrical Pcs provide specific point of attachment to form stable covalent linkage to
other organic molecules or nanoparticles for improved functionalities [47,48]. Synthetic
methods of preparation of asymmetrical substituted Pcs include sub-phthalocyanine routes
[49,50], polymer support method [51], and conventional statistical mixed condensations
of dinitriles [52,53]. For the mixed condensations approach, two different substituted
phthalonitriles or 1,3-diiminoisoindolines are mixed in ratio 3:1 and in the presence of
metal salt to give six possible constitutional isomers with varying percentage yields,
Scheme 1.3 [52]. Though the ABs type isomer is favoured with about 40% vyield, its
Isolation and purification are complicated due to the presence of other isomers. The
formation of other isomers can be suppressed by increasing the ratio of the dinitrile
precursors to 10:1 or above [54]. Asymmetrical substituted (As;B-type) ZnPcs covalently
linked to nanomaterials such as gold, Fe:Os@Ag core-shell, Fe;O4-Ag heterodimer,
graphene quantum dots (GQDs); nitrogen-doped quantum dots (N-GQDs), sulfur and
nitrogen co-doped quantum dots (SN-GQDs), and polyacrylic acid for photophysical and

nonlinear applications, are reported in this work.
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3P’4
N\
| N s
A~ . /
CN
3
substituted phthalonjtrjje 4 \(4R
~—

tetrasubstituted Pc

Reaction conditions

- M = metal salt (MPC) or H2 (H2PC)

- solvents (DMF, DMAE, pentanol, quinoline etc)
-catalysts (DBU, urea)

-inert environment (N2 or Ar)

-position 3 ga- substituents)

-Eosition 4 (b - substituents)

-R = substituents

Scheme 1.1. Synthetic routes to preparation of symmetrically substituted MPcs from
substituted 4 or 3-nitrophthalonitriles. DMF = dimethyl formamide, DMAE =
dimethylaminoethanol, DBU = 1,8-diazabicyclo-[5.4.0]-undec-7-ene.
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Reaction conditions

M = metal salt

i = CuS04.5H,0, sodium ascorbate, THF/H,0, rt
ii- DMAE, reflux, Ar or N, 18-24 h

lii- n-Pentanol, DBU, Ar or N,, 18-24 h

R' = alkynyl group

X = alkyl group, benzyl or nanoparticles etc.

Scheme 1.2: General Synthetic routes to triazole-functionalized tetra substituted MPcs
at peripheral positions. THF = tetrahydrofuran, CuSO,.5H,O = copper (ll) sulfate
pentahydrate. DMAE and DBU as described above
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Scheme 1.3: Method of preparing asymmetrical phthalocyanines [17,24].
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Figure 1.2: Electronic absorption spectra of MPc and H2PC.

1.1.4 UV/Vis Absorption Spectra of phthalocyanines

The UV/Vis absorption spectrum of MPc is characterized by the presence of single intense
Q band corresponding to Dsh symmetry; while electronic absorption spectrum of HzPc
show split Q bands attributed to lower D:h symmetry, Figure 1.2. The increase in
symmetry for MPc compared to Hz2Pc is as a result of the change in geometry resulting in
the reduction of number of allowed transitions. According to four-orbital model
proposed by Gouterman and coworkers [55-57], the split Q bands of H:Pc are due to
electronic transitions from awuof the highest occupied molecular orbitals (HOMO) to the
non-degenerate bzgand bsgof the lowest unoccupied molecular orbitals (LUMO), Figure
1.3. The characteristic Q band of MPc is due to n (ai) ~n* (eg) electronic transitions,
Figure 1.3. The less-intense Soret or B-band (in both spectra) appears at around 350 nm in
the ultraviolet (UV) region, it originates from two transitions; B: and B: which

corresponds to azu”eg and bxu”eg respectively, Figure 1.3.

The position of Q band absorption in MPc complexes can be influenced by the
parameters which include; nature of central metal, peripheral or non-peripheral

substitution of substituents, nature of the substituents etc. Any of these parameters can
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also be used to tune the nonlinear absorption (NLA) and/or optical limiting (OL)

properties of phthalocyanines for enhanced activities.

Figure 1.3: Gouterman’s four-orbital model of electronic transitions in
metallophthalocyanine and metal-free phthalocyanine.

1.1.5 Photophysical properties of phthalocyanines

Photophysical properties are the physical changes induced when a fluorophore interacts
with photons without formation of new product. Photoexcitation of phthalocyanine
usually result in radiative and radiationless transitions as depicted in the modified
Jablonski diagram, Figure 1.4 [58-60]. Pc molecule absorbs a photon to undergo
transition (A) from the ground state (So) to the highest vibrational level of excited singlet
excited state (S1), and subsequently relaxed (VR) to the lowest vibrational level of & upon

collision with other molecules. Due to the limited life times of the excited states of Si, Pc
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molecule can either return to the ground states (So) through fluorescence (F) and internal
conversion (IC), or by undergoing intersystem crossing (ISC) to populate the triplet
excited states (Ti). Enhanced triplet-triplet absorption in a molecule is important for
photo driven applications in bio-medicine, catalysis, organic solar cells and optical limiting
devices [61-64]. Estimation of the photophysical parameters obtained during
photoexcitation processes of MPcs such as fluorescence quantum yields, lifetimes, triplet

quantum yields and lifetimes are discussed further.

Figure 1.4: Modified Jablonski diagram showing the photoexcitation processes in
MPcs. S = singlet ground state, S = singlet excited state, A = absorption, F=
fluorescence, IC = internal conversion, VR = vibrational relaxation, ISC = intersystem
crossing, P = phosphorescence and T1 = triplet excited state.

1.15.1 Fluorescence quantum yield (®f) and life-time (tf)

Fluorescence quantum yields denoted as ®f, measure the ratio of photons absorbed to
the photons emitted by the fluorophores (MPcs) through fluorescence emission. Factors
such as size of the central metal, extent of aggregation, nature of solvents, type and

position of substituents on the Pc ring, extended n-n conjugative system, temperature, pH

10
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as well as presence of nanoparticles have been reported to influence the quantum yields
of fluorophores [65,66]. The @ values for the studied complexes in dimethyl sulfoxide
(DMSO) or tetrahydrofuran (THF) were determined using previously reported
comparative methods (Eq. (1.1)) [67,68]. Unsubstituted ZnPc in DMSO was employed as
standard for all the studies conducted in this thesis. The samples and ZnPc standard were
excited at the same excitation wavelengths and the emission spectra recorded from ~610

nm to 800 nm.

F Agrg n?
Op = OpFf (1.1)
FstaA Mg

where d)f;td is the fluorescence quantum vyield of the ZnPc standard, (= 0.2 [69]), F and

F,;q are the areas under the fluorescence emission curves of the MPcs and the ZnPc
standard, respectively. A and Ay, are the respective absorbance of MPcs and standard at
the excitation wavelengths. n and ng, are the refractive indexes of the solvents (DMSO
or THF) used for the samples and the standards, respectively.

The fluorescence lifetimes (t) for all the samples were obtained from Time Correlated
Single Photon Counting (TCSPC) technique [70,71] by fitting their fluorescence decay

dataset to mono or bi-exponential functions using OriginPro programes.

1.1.5.2 Férster resonance energy transfer (FRET)

Forster resonance energy transfer (FRET) is a non-radiative energy transfer process
through which a photo-excited fluorescent donor molecule (e.g. quantum dots) transfers
energy to an acceptor molecule (MPcs) through dipole-dipole coupling [72-75]. The
fluorescence quantum vyields and lifetimes of acceptor molecule are increased following
energy transfer process, while fluorescence quantum vyields and lifetimes of donor
molecules are reduced [74,76-78]. Forster resonance energy transfer between MPcs

(acceptors) and graphene quantum dots (donors) were evaluated in this work. The

fluorescence quantum yields of the donor in presence of acceptor (d),(,PC_QDS)) were

estimated using Eq. 1.2:

ODs F(Pc—QDs)

q)](:'PC_QDS) — q)F

(1.2)

Fops

where F(Pc=@Ds)gnd Fyp are the fluorescence intensities of donor in presence and absence

of acceptor, respectively. @,2”5 represents fluorescence quantum vyield of the donor alone

QDs
F

and was used as a standard. Fluorescence quantum yields (®f ) of the donor in absence

11
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of acceptor was determined using comparative methods described above (Eq. 1.1), and
rhodamine 6G in ethanol used as a standard (®g= 0.94 [73]). The conjugates were all

excited at the wavelengths where only the donor absorbs.

FRET efficiencies (Eff) were determined from the fluorescence quantum vyields of the

donor in the presence (@Y %) and in the absence (®{°"®) of the acceptor using Eq. 1.3
[73,771]:
q)%Pc—QDs)
F

Eff can also be calculated in terms of lifetime of the donor in the presence (T}(,PC_QDS)) and

in the absence (T}(,QDS)) of the acceptor according to Eq. 1.4 [77,79]:

(Pc—Q@Ds)

T
Eff =1 - FT;Q—D) (1.4)

1.1.5.3 Triplet quantum yield (&) and lifetime ()

The values of & and Tt provide necessary information for determining the magnitude of
multi-photon absorption processes responsible for positive nonlinear absorption effects in
organic molecules [80-83]. Samples for triplet quantum yields were first de-gassed with
argon and irradiated at the Q band maxima in a spectrophotometric fluorescence cell
using nanosecond flash photolysis laser system. The triplet quantum yields were
determined using a comparative method, Eq. 1.5 [84,85];

std
Op = @SFAEArer (1.5)

T AA;—-td&'T

where @5 is the triplet quantum yield for the unsubstituted ZnPc standard ((®;)= 0.65
for ZnPc in DMSO) [86], AA; and AAS? are the changes in the triplet state absorption of
the sample and standard, respectively, and ey and e$'are the triplet state molar
extinction coefficients of the sample and the standard, and can be determined using Egs.

1.6 and 1.7 [86]

AAr

ST = 85 A_AS (1'6)
std _ .std AA;"td 7
ST - SS AAgtd (1' )

12
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where % and £stdare the singlet state molar extinction coefficients of the sample and the

standard, respectively.

The triplet lifetimes of a molecule measure the average time an already excited molecule
remains in the triplet excited state. Triplet lifetimes were determined by exponential

fitting of the triplet decay curves (Figure 1.5) [87] using OriginPro 8.0 program.

Figure 1.5: Typical triplet decay curve for MPc [87]

1.1.6 Phthalocyanines used in this work for NLO
Metallophthalocyanines and their derivatives have been extensively studied macrocycles
for the development of nonlinear optical devices used for protecting light sensitive
materials [88,89] from dangerous laser radiations, and to manipulate or process optical
signals in telecommunication systems [90,91]. MPcs have numerous advantages over
other macrocycles as passive optical limiters due to their degree of aromaticity, low di-
electric constant, large third-order nonlinear susceptibility and polarizability, and their
facile processing to optical components [92-95]. Optical limiting effects of MPcs are based
on reverse saturable absorption (RSA) in which the nonlinear absorption coefficient
increases as the optical input intensity increases [96]. The mechanism of RSA in MPcs is

due to strong absorption in the triplet excited states mediated by already excited
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molecules [15,80,97,98]. The structures and naming of phthalocyanine molecules used in

this work are summarized in Table 1.1.

Table 1.1: Summary of phthalocyanine complexes and names used in this work

Molecular structure Name Complex number
Cl
(New)

2,9(10),16(17),23(24)-
tetrakis(hex-5-
ynoxy)phthalocyanatoindiu
m (Ill) chloride.

Studies: photophysics and
nonlinear optics.

R = 2

/\Q
2,9(10),16(17),23(24)- (New)
tetrakis(prop-2-ynoxy)
phthalocyanato  indium(ll1)
chloride.

Linked to AuNPs

Studies: photophysics and
nonlinear optics

/
]

2,9(10),16(17),23(24)- 3
tetrakis(prop-2-ynoxy)
phthalocyanine zinc(ll)

Linked to AuNPs

Studies: photophysics and
nonlinear optics.

14
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Molecular structure

Name

Complex number

2,9(10),16(17),23(24)-
tetrakis 4-nitro-1-benzyl-4-
(3.4-
dicyanophenoxymethyl)-
1H-1,2,3-triazole

Studies: photophysics and
nonlinear optics

4

(New)

M=12n

2,9(10),16(17),23(24)-
tetrakis(2-
mercaptopyridiny)Phthaloc
yanine zinc (I1)

Studies: nonlinear optics in
solution and thin films
(PBC).

M=1In

2,9(10),16(17),23(24)-
tetrakis(2-
mercaptopyridiny)
phthalocyanine indium (ll1)

Studies: nonlinear optics in
solution and thin films
(PBC).

15




CHAPTER 1 INTRODUCTION

Molecular structure

Name

Complex number

‘%9
Cfﬁ%

N

M:H2

2,9(10),16(17),23(24)-
tetrakis(2-
mercaptopyridiny)
phthalocyanine

Studies: photophysics and
nonlinear optics in solution
and thin films (PBC).

7

(New)

M:H2

2,9(10),16(17),23(24)-
tetrakis-(4-(5-methylhex-1-
yn-3-yloxy))
phthalocyanine

Studies: photophysics and
nonlinear optics in solution
and thin films (PSU).

(New)

M=12n

2,9(10),16(17),23(24)-
tetrakis-(4-(5-methylhex-1-
yn-3-yloxy))
phthalocyanine zinc (1)

Studies: photophysics and
nonlinear optics in solution
and thin films (PSU).

(New)

7\

‘d 1 ~
O—O¢N—%n-N§I;—o
— N _
N&N

NH,

2,9(10),16(17)-trikis-(4-
tertbutylphenoxyl)-4-
aminophthalocyaninato
zinc (11)

Linked to
Fe;O.@Ag,
GQDs,
SNGQDs

AUNPs,
Fego4'Ag,
NGQDs and

Studies: photophysics and
nonlinear optics in solution
and thin films (PAA).

10

16
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Molecular structure Name Complex number
i g 2,9(10),16(17),23(24)- 11
" tetrakis-(4-(4,6-

g Diaminopyrimidin-2-ylthio) | (New)

S
1
zinc (ll) phthalocyanine
N
C/)—S— ,N in Ni\j@
;
1

N3 HoN
Linked to Ag,Au, nano-

—Z

s alloys.
O
HZJ\¢LH2 Studies: photophysics and
nonlinear optics.
AuNPs = gold nanoparticles, Fe;O.@Ag = magnetite-silver core-shell nanoparticles,

FesOs-Ag = magnetite-silver hybrid nanoparticles, GQDs = graphene quantum dots,
NGQDs = N-doped graphene quantum dots and SNGQDs = S, N co-doped graphene
quantum dots, Ag,Au,= silver and gold Nano alloys, PSU = polysulphone, PBC =

poly(bisphenol A) carbonate, PAA = polyacrylic acid.

The Pcs used in this work are broadly classified into three (3) major groups as;

(i) Alkynyl and/or 1,2,3-triazole functionalized indium, zinc and metal-free Pcs (1, 2, 3, 4,

8, 9);
(ii) Mercaptopyridine-substituted indium, zinc, and metal-free Pcs (5, 6, 7); and

iii) Tetra (11) or mono-substituted (10) amino Zn-centered Pcs.

1.1.6.1 Group i: Alkynyl Pcs (1, 2, 3, 8, 9) and 1,2,3-triazole functionalized ZnPc

(4)
Table 1.2 lists alkynyl Pc complexes which have been studied for photophysics, and
electrochemical studies only [99-108]. No heavy atoms such as In have been employed,
hence this work explored the photophysics of In containing Pcs for enhanced intersystem
crossing required for the multi-photon absorption processes in nonlinear optics. It can be
seen in Table 1.2, that the &1 values recorded for the selected Pcs are generally low,

suggesting quenching of the excited states of the molecules by fluorescence rather than

17
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intersystem crossing. It is shown in this work that the &1 values can be significantly

improved using In as central metals.

Table 1.2: A selection of some of the alkyny! or triazole functionalized Pc molecules
that have been reported in literature

A selection of | Photophysical parameters Application Ref Complex/
MPc + NPs conjugate
@ | Tr (ns) Py Tr (us) number

PANI-N3/TA-CoPc | - - - - Electrochemistry 99 12

ZnPAl/ZnPTr - - - - Semiconductor/ 100 13
electrochemistry 14

FePc - - - - Electrocatalysis 101 15

TEZnPc 0.21 | 0.7 - - Fluorescence 102 16
sensing

TEZnPc-6AH 0.15 | 0.04 - - Fluorescence 103 17
sensing

3HBsZnPc-SiNPs 0.20 | 2.92 0.40 352 Photophysical 104 18
studies

4HB;ZnPc -SiNPs 0.22 | 3.00 0.49 373 19

3HB4ZnPc-SiNPs 0.20 | 2.90 0.37 484 20

MnTHOPCc - - - - Electrochemistry 105 21

TBZnPc 0.4 |3.92 - - Electrochemistry/ | 106 22
fluorescence

TBBNZnPc 0.01 | 3.34 - - studies 23

SWNT-ZnPc - - - - Photovoltaic 107 24
device

FePc-QDs - - - - Electrocatalysis 108 25

PANI-N3/TA-CoPc= tetrakis(pent-4-ynoxy) phthalocyaninato cobalt(ll)-azido aniline, ZnPAl
= tetrakis (propyn-3-yloxy) phthalocyanine zinc (ll), ZnPTr=tetrakis (1-Benzyl-4-(3,4-
dicyanophenoxymethyl))-1H-1,2,3-triazole, FePc = tetrakis(5-hexyn-oxy) Fe(ll)
phthalocyanine, TEZnPc = tetrakis(2-ethynylcyclohexyloxy)phthalocyaninatozinc(ll), TEZnPc-
6AH = tetrakis(2-ethynylcyclohexyloxy)phthalocyaninatozinc(ll) clicked to 6-azido-hexanoic
acid, 3HBs;ZnPc = 3-(hex-5-ynyl 3-hydroxybenzoate)phthalocyaninato zinc (ll), 4HBs;ZnPc =
4-(hex-5-ynyl 3-hydroxybenzoate)phthalocyaninato zinc (ll), 3HBsZnPc = 3-(hex-5-ynyl 4-

hydroxybenzoate)phthalocyaninato  zinc (),  MnTHOPc = Mn  tetrakis(5-
hexynoxy)phthalocyanine, TBBNZnPc = 1,4-Bis(1-(tri-tert-butylphthalocyaninate zinc(ll))-1H-
1,2,3-triazol-4-yl)benzene, TBZnPc = 23-ethynyl-2(3),9(10),16(17)-tri-tert-
butylphthalocyaninate zinc(ll), SWNT-ZnPc = single-wall carbon nanotubes-Zn(ll)

azidophthalocyanine, QDs =azide-funtionalised CdSe/ZnS, SiNPs = silica nanoparticles.

18
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Figure 1.6: Selection of alkynyl Pc molecules that have been reported for nonlinear
optical characterizations in literature.

Table 1.3 lists a selected Co or Zn alkynyl MPcs [108,109] (structures shown in Figure
1.6) which have been used for nonlinear optics (NLO). It is surprising that despite the
number of alkynyl or triazole-functionalized phthalocyanines reported (Table 1.3) so
far in literature only few of them have been reported for nonlinear optical

characterizations. Asymmetrical alkynyl Pcs have been used, but with central metals
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such as Co which are not good for NLO due to their paramagnetic nature, which
shortens the triplet excited states.
Table 1.3: Summary of NLO parameters for selected alkynyl phthalocyanines that

have been reported in literature. The nonlinear optical characterizations were
monitored under nanosecond laser pulse durations using Z scan technique in Toluene

Pc [Conc. | Amex | @ I,, Besr L, [x®] ¥ k Ref
(/L) | Qpana | (e | (GW/em?) | (em/GW) | (esu) x 101 | (esu)x 10 | (o1/00)
(nm) |[1) 33
26 | 0.5 677 1.8 | 1.0 7.2*x14 0.27+0.05 | 2.3x04 4.9+0.3 | 108
27 | 0.5 684 1.95 | 0.5 35.0x7.0]1.3x0.2 8.3x1.6 8.9+0.3 | 108
28| 0.5 673 1.76 | 2.0 1.4+0.3 0.05+0.01 | 0.32+0.06 | 3.3+0.8 | 108
29 | 0.5 678 1.06 | 0.2 12.0+2.0 | 0.46+0.08 | 5.8=1.1 3.0+0.1 | 108,109
30 (0.5 677 1.22 | 0.5 5.6x1.1 0.21£0.04 | 2.6x0.5 1.8+0.1 | 108
31 [ 0.5 709 1.19 | 0.5 23.0£5.00.87x1.6 11.0x£2.0 5.4+0.2 | 108,109
32 (0.5 691 1.60 | 0.5 35.0x7.0]1.3x0.2 17.0+3.0 11.0+£0.1 | 108,109

Alkynyl moieties on the peripheral positions of complexes 1, 2, 3, 8 and 9 were chosen
for improved solubility and to allow for future modification with azide containing
nanoparticles or molecules using Huisgen cyclo-addition "click" reactions. Increased
intersystem crossing (ISC) has been reported for triple bonds containing groups [27].
Hence improved population of triplet states required for reverse saturable absorptions are
expected for complexes 1, 2, 3, 8 and 9. Indium and Zinc were chosen as the central

metal for complexes 1 and 2 because of its heavy atom effect which can induce increased
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rate of intersystem crossing to triplet states via spin-orbit coupling, and consequently,

enhance the optical limiting (OL) performances of the Pcs [90,110,111].

Enhanced OL characterizations of 1,2,3 triazole-fused nitrophenyl ZnPc (4) was
explored for the first time in this report and the results were compared to complex 3.
It is noteworthy to mention that no optical limiting (OL) parameter (1;;,,) was
reported in Table 1.3. Also, the reported f.s I,[¥*], and y are lower than those that

will be reported in this thesis.

1.1.6.2 Group ii: Mercaptopyridine substituted Pcs (5 - 7)

Table 1.4 lists Pcs in general which have been used for NLO/OL in solution or in thin films
[112-122]. The structures are shown in Figure 1.7. From Table 1.4, it is evident that poly
(methyl methacrylate) (PMMA) is preferred as host polymer for Pc complexes for NLO
characterizations. Other polymers such as poly(vinylchloride) (PVC) [123], polyacrylic
acid (PAA) [117] and poly(bisphenol A carbonate) (PBC) [124] have also been investigated
to host phthalocyanine molecules for practical OL applications. Recently, improved
optical limiting behaviour of MPcs-doped in PBC compared to PMMA have been
reported [125]. The enhancement of MPcs in presence of PBC was attributed to its higher
mechanical strength and improved stability compared to PMMA. Encouraged by the
improved NLO responses of MPcs-doped PBC above, nonlinear optical properties for
complexes 5, 6 and 7 are investigated in solution and in PBC. The NLO parameters such
as Ber In[¥®]. and y are highly improved in this work when PBC is employed coupled

with the use of In as the central metal for 6.

The choice of mercaptopyridine substituents for complexes 5, 6 and 7 was due to good
spectroscopic, photochemical and improved optical limiting properties of sulfur-
substituted phthalocyanines [126-130]. The tuning of NLO properties of Pc complexes 5, 6
and 7 was achieved in this work by varying the central metal atom of the complexes. As
stated above, Pcs containing heavy metals such as indium and zinc are expected to show
improved NLO behavior compared to metal-free Pcs. However, good OL properties of
metal-free Pcs have also been reported in the literature [131,132], hence they are studied

in this work and compared to metal Pc analogues.
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Figure 1.7: Selected Pc molecules doped in polymer matrices or in solution that have
been characterized for optical limiting applications. They have been grouped into 6
categories based on their structures and/or points of substitutions on Pc rings.
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Legends for Figure 1.7

CATEGORY A

33:M=n, X = CI, R-R, = 1-(benzyloxyybenzene
34> M=1n X =Cl,R;-R, = -C(CHy);
: = = - = S O
35. M=1n,X=Cl,R-Ry= S _~Nog O~
36: M =1In, X = Cl, R{-R, = 4-((pyren-1-yhmethyleneamino)-phenoxy
37: m= In, X = Cl, R; = 4-aminophenoxyl, R,R;=R,= 4-((pyren-1-yl)methyleneamino)-
phenOXy)
38: M =In, X = ClI, R;-R, = 4-aminophenoxy|
39: M =1In, X = CI, Ry-R, = 1-(2,3-Dihydro-1H-inden-1-yloxy)
40: M =1In, X = CI, R{-R, = 4-tert-butylphenoxyl
41: M=1n, X =Cl,R-R, = OCgHs
42: m=2zn, X = nil, R-R, = H

43: M= zn, X = nil, R;-R, = -C(CHy)3 ~—
44: M =2H, X = nil, R;-R, = -C(CHz); HoOC OOH
45: M = zn, X = nil, R,"R;=R, = -C(CHy)3, R{=

CATEGORY B

46: M = In, X = CI, Ry-R, = 4-tert-butylphenoxy|
47:M=In, X =Cl, R;-R, = OC4Hs5
48: M = In, X = CI, R-R, = 1-(benzyloxyybenzene

. — — - — s O
49: M=1n,X=Cl,R;Ry = S _~Ng O

CATEGORY C
50: M=1n X=Cl,R;-Rg = -CgHys
511 M=1n X =F Ry-Rg =-CgHi3
CATEGORY D
52: M= In, X = CI, Ry-Rg = 1-(benzyloxy)benzene
83" M =1In, X = CI, Ry-Rg = 4-tert-butylphenoxy|
54: M=1In X =Cl,R-Rg = OC¢Hs
65: M=2zn, X = nil, R;-Rg = OC;H,5
56: M =2H, X = nil, R;-Rg = OC,H5
o

7~
87 M=1n X=CI,R;Rg =
~o
CATEGORY E

58: M=M=In R-R,=-C(CHy);
59: M=In, M’ =Ga, R{-R,=-C(CHj)3
CATEGORY F

60: [CUy(tBU4PCGa)(tBU4PCINS, TPP,)
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Table 1.4: Pc molecules doped in polymer matrices or in solution that have been reported for optical limiting characterizations in the
literature. Laser excitations varied from 532 to 800 nm in the nanosecond region using Z scan technique

Sample Solv | Conc. a I, Besr L [x®] Y k Ijim( Ref
(g/L) (cm-Y) (GW/cm?) (cm/GW) (esu) x 10 (esu) (or/0,) |I/em?)
33 C 1.0 0.30 0.5 59.0x11.0 NA NA 23.1+0.8 NA 112
33/PMMA | TF | NA 2014 |02 1.0 x 10° NA NA 8.6+0.6 |NA 12
34 T 0.5 0.53 0.5 44.0+9.0 1.6+0.3 13.0 x 1033 27.4+0.6 NA 110
34/PMMA | TF | NA 1766 | 0.2 89.7 335 NA 3.68+0.1 | 1.64 113
35 C NA 1.4 0.15 398 NA NA NA NA 114
35/PMMA | TF | NA 15 0.15 NA NA NA NA NA 14
36 D 1.5 NA 0.3 9.9 0.35 2.63 x 1028 NA 2.93 115
37 D 1.5 NA 0.3 53.8 1.89 1.02 x 10?7 NA 0.54 115
38 D 1.5 NA 0.26 221.6 7.80 3.9 x 10?7 5.9 X 102 0.28 116
38/PMMA | TF | NA NA 0.1 10000 NA NA 1.8X 10° | 0.006 17
38/PAA TF | NA NA 0.1 11500 NA NA 16X 10* | 0.005 17
39 D 1.5 NA 0.1 650 22.9 1.16 x 10%6 4.18 X 103 0.095 117
39/PAA TF | NA NA 0.1 7000 NA NA 3.49X 105 | 0.009 17
39/PMMA | TF | NA NA 0.1 3300 NA NA 230X 105 | 0.019 17
40 D NA NA NA NA 3.23 1.41 x 1035 1.24 1.71 118
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Sample Solv | Conc. a I, Befs L. [x®)] k Ijjm@/cm | Ref
(/L) (cm) (GW/erm?) (cm/GW) (esu) x 10" (esu) (or/0,) |2
41 D NA NA NA NA 9.19 401x10% | 258 1.93 118
42/PMMA |TF |05 1946 | 12.7 43.0 NA NA NA NA 119
43/PMMA | TF |01 NA 200 15 2.10 NA NA 0.55 120
44/PMMA | TF |01 NA 200 60 3.71 NA NA 0.131 120
45/PMMA | TF | 0.1 1.2 200 200 16.2 NA NA 0.112 120
46 D NA NA NA NA 8.40 3.66 x 105 | 5.04 1.81 118
47 D NA NA NA NA 1.12 4.83 x 1035 2.12 2.11 118
48 C 1.0 0.18 0.5 41.0+8.0 NA NA 25.7+0.8 NA 112
48/PMMA | TF | NA 1594 |02 4100 NA NA 91+0.6 |NA 112
49 C NA 1.4 0.15 237 NA NA NA NA 114
49/PMMA | TF | NA 265 0.15 NA NA NA NA NA 14
50 T 1.0 0.93 0.15 32.0+6.0 1.2+0.2 (7.3£1.4) x| 16.1£0.3 NA 110
33
51 T 1.0 0.93 0.5 35.0+0.6 1.2+0.2 }2.1'_"1.6) x | 16.2+0.3 NA 121
33
52 C 1.0 0.62 0.5 130+4.0 NA :\?A 20.0+0.9 NA 112
52/PMMA | TF NA 378.95 0.2 70000 NA NA 7.5+0.5 NA 112
53 D NA NA NA NA 2.87 3.07 x 1035 53.4 1.92 118
54 D NA NA NA NA 4.59 2.00x10%5 | 41.4 1.16 118
55/PMMA | TF | O.1 NA 200 180 1.3 NA NA 0.137 120
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Sample Solv | Conc. a I, Befs L. [x®)] k Ijjm@/cm | Ref
(g/L) (em?) | @W/emd) | (cm/GW) (esu) x 10 (esu) (or/0,) |
56/PMMA | TF |01 NA 200 60 4.86 NA NA 0.164 120
57 DF | 1.01 1.1 NA 34 NA NA NA 0.43 122
58 T 0.5 1.13 0.5 46.0+9.0 1.5+0.3 240x10%® [12.4x03 |NA 110
59 T 0.5 1.02 0.5 29.0+5.0 1.120.2 150 x 10 [10.0£0.2 |NA 110
60 T NA 0.95 0.2 23.7 0.89 NA 1824+2 |23 113
60/PMMA |TF [ NA 14535 | 0.2 3310 184 NA 4.41%0.14 | 3.2 113

T= toluene, TF = thin films, D = DMSO, C = chloroform, PMMA = poly (methyl methacrylate), PAA = polyacrylic acid, DF = DMF,

NA= not available, Solv = solvent or medium which the studies occurred.
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1.1.6.3 Group iii: Amino groups containing Pcs (10 and 11)

The presence of NH, groups on complexes 10 and 11 allows for possible covalent or
n — m linking to nanoparticles. Phthalocyanine complexes substituted with tert-butyl
and/or amino groups have been studied extensively for optical limiting applications.
Statistical mixing of the two groups will give rise to material (complex 10) with significant
enhanced optical limiting properties compared to tetra-tert-butyl or amino substituted

Pcs.

1.2 Introduction to nanomaterials

Improved optical and electronic properties of nanomaterials compared to bulk material
[133-135] are attributed to increased ratio of surface area-to-volume of the
nanostructures; and quantum confinement effects of the particles which have the same
size scale as the wavelengths of electrons [135-142]. Because of their shapes and tiny sizes,
nanomaterials such as Au, Ag, FesO, and graphene quantum dots have been found useful
in many state-of-the-art technological applications such as in the development of

electronic and optical limiting devices [143-148].

Recent studies have shown that photophysical and photochemical properties of MPcs can
be greatly enhanced in the presence of metallic nanoparticles such as AuNPs, AgNPs and
FesO4 NPs) [149-154]; and carbon-based nanostructures [155-158]. Optical limiting of
MPcs in presence of graphene quantum dots have not received enough attention, hence
are also a subject of this thesis. Enhanced photophysical properties of MPcs-nanomaterial
composites have been attributed to increased rate of ISC to the excited triplet states

favoured by diminished fluorescence of MPcs in presence of nanomaterials [150,151,155].

MPcs are good passive optical limiting materials due to their good photo-thermal stability
against laser radiation [159]; and the ease at which they undergo reverse saturable
absorptions even at low laser power. Unlike MPcs, metallic NPs are known to alternate
between saturable absorption (SA) at low laser input intensity, and reverse saturable
absorption (RSA) at higher laser intensity [160-163]. Hence, at the appropriate
concentrations and laser input intensities, exciting functional molecular materials
composed of metallic nanoparticles (SA) and MPcs (RSA) could be generated for potential
applications in optical switching, optical pulse compressor and for narrowing laser pulses

[161,164].
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In this thesis, comparative studies on the photophysical and nonlinear optical responses of
phthalocyanine-nanoparticle composites explored; and the studies are broadly classified

into two as follows (Table 1.1 lists the studies conducted in this thesis):
Phthalocyanines conjugated to metallic nanoparticles

e low symmetry ZnPc (10) with mono-amino group was covalently linked to the
mercaptopropionic acid (MPA) capped gold AuNPs to form amide linkage;

e low-symmetry ZnPc (10) was covalently linked to mercaptopropionic acid (MPA)
capped Fes;Os@Ag core-shell or Fe;O4-Ag heterodimer nanoparticles;

e Alkynyl moieties on complexes 2 and 3 were coupled to azide-derivatized AuNPs
using Huisgen cyclo-addition "click" reactions.

e complex 11 was conjugated to AgAu nano-alloys. Unlike 10 with single point of
attachment, complex 11 was used to form Pc-AgAu conjugates through amine or
thiol-metallic plasmonic bondings depending on the orientation of the Pcs on the

nano-alloys.
Phthalocyanines conjugated to non-metallic nanoparticles (graphene QDs)

e low-symmetry ZnPc (10) was covalently linked to graphene quantum dots
(GQDs), N-doped (N-GQDs) and S, N co-doped graphene (S, N-GQDs) quantum
dots.

It is noteworthy to mention that this is the first time plasmonic metallic nanoparticles and
graphene quantum dots are linked to MPcs complexes for OL studies. OL
characterizations of tetra-substituted MPc covalently linked to polyacrylic acid (PAA) has
been reported before [165]. However, OL characterizations of low symmetry analogues
linked to PAA is reported here for the first time. In order to ensure ideal optical limiting
material with high stability capable of withstanding long term laser irradiation [166-169],
studies were also done where MPc (complex 10 as an example) covalently linked to

AuNPs or PAA blended into thin-films for practical purposes.

1.2.1 Gold (AuNPs) and Silver (AgNPs) Nanoparticles

What differentiates AUNPs and AgNPs from other metallic nanoparticles is the presence of
intense surface plasmon bands caused by the interaction of the “free electrons” within the
conduction band (Figure 1.8) [170,171]. The surface plasmon of AuNPs and AgNPs

exhibit interesting scattering and absorbance properties that are primarily dictated by the
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particle size, interparticle distance, shape, and refractive index of the medium [172-175].
As Table 1.5 shows [116,176-182], no conjugates of asymmetrical Pcs [structures in Figure

1.9] with AuNPs and/or AgNPs have been reported before, hence a subject of this thesis.

The colloidal Au nanospheres synthesized are either functionalized with MPA prior
covalent linkage to Pc 10, or functionalized with azidopropylamine for Huisgen
cycloaddition reactions with complexes 2 and 3. This is the first time AuNPs are linked to

Pc via click reactions.

Extensive investigations into optical limiting characterizations of metallic nanoparticles
[183-185] and MPcs have been reported separately. Gowda et al [181] recently reported
on enhanced nonlinear optical absorption of silver and gold nanoparticles in a metal-free
phthalocyanine liquid crystalline matrix. However, nonlinear optical absorption response
of metal-based phthalocyanine conjugated to gold or silver nanoparticles have not been
reported in the literature. Herein, enhancement of optical limiting responses of MPc
complex (11) in presence of nanoalloys of AgAu nanoparticles prepared at different molar
ratios was described for the first time. Also, comparative photophysical and optical
limiting characterizations of Pc 10 covalently linked to FesO4@Ag core-shell or FesO4-Ag

heterodimer nanoparticles are reported in this thesis.

Figure 1.8: Localized SPR collective Oscillations of free electrons due to applied
electric field.

Table 1.5 shows [116,176-182] MPc complexes (structures shown in Figure 1.9) which have

been studied for NLO in the presence of nanomaterials; and confirms there have been no
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studies of asymmetrical MPcs in presence of Ag NPs, only symmetrical MPc in presence of

magnetite nanoparticles have been reported before [176].

s
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RS =XR,

61: M =zn, X =nil, R;-R, =NH,

62: M =zn, X =nil, R;-R, =1-(benzyloxy)benzene

63: M =Ga, X =CI, R4-R, =OCgHs

64: M =zn, X =nil, R,-R, =COOH

66: M =zn, X =nil, R,=R,=R~tertbutyl, R,=NH,
R
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66: M =Ga, X =CI, R{-Rg =4-tert-butylphenoxy|
67: M =2zn, X =nil, Ry-R4 =1-(benzyloxy)benzene
68: M =Ga, X =CI, R{-Rg =1-(benzyloxy)benzene
69: M =Ga, X =CI, R;-Rg =OCgH5

o ~AAK

* M =2H, X =nil, Ry-Rg=
1

/
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3
712 M =2zn, X =nil, R;-R, = O~ O~oH

Figure 1.9: MPc complexes conjugated to nanomaterials for NLO applications (Data
presented in Table 1.5).
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Table 1.5: Lists of some Pc-nanomaterial composites that have been reported for NLO characterizations in the literature. Laser
excitations conditions at 532 nm and ns-regime unless otherwise stated

Sample Solv | Conc. | a I,o |Per L [x®)] 14 k Ljym | Ref
(g/L) | (cm?) 2()C’\‘WC"“ (em/GW) | (esu) x 10 (esu) (or/0,) | (J/cm?)

38+SIMNP | D |NA |15 |0.122 |400 14.1 7.03x1027 | NA 016 |176

38+SiNP D |[NA |15 |0122 |200 7.04 351x107 | NA 030 |[176

38+Cdse/ | D  |od 15 |0.141 | 700 24.6 124x10% | NA 0092 [177

ZnS QDs

38+4CdSe D 0.1 1.5 0.141 310 10.9 5.47 x 1027 NA 0.21 177

QDs

384SWCNT |D |NA |15 |0260 |300 6.25 2.93x1027 | NA 034 116

384SWCNT |DF |NA |15 |0260 |120 3.95 1.85x 1027 | NA 057 |116

40+CdTe- |D+H [NA |NA |NA 687 2.39 119x10%° | NA 0.049 |178

TGA QDs

61+CdTe- |D+H |[NA |[NA |NA |17 0.142 0.149x 10% | NA 0.043 | 178

TGA QDs

62+CdTe- D+H | NA NA NA 14.5 5.04 1.34 x 103° NA 0.039 178

TGA QDs

63+CdTe- D+H | NA NA NA 6.94 2.41 1.16 x 1030 NA 0.062 178

TGA QDs

64-GO D 0.13 NA 0.326 200 NA NA NA NA 179

64-NGO D 0.13 NA 0.326 370 NA NA NA NA 179
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Sample Solv | Conc. | a Ioo | Per L [x®)] y k Ijim | Ref
(g/L) | (em) 2()0“"/ cm | (em/GW) | (esu) x 10 (esu) (or/0,) | (/cm?)

65-GO DF |10 6.28 | NA 51.2+11.7 | 1.7£403 |NA NA NA 180
65-GO? DF [1.0 6.83 | NA 31.0£6.3 |2.1¥433 | NA NA NA 180
52+CdTe- D+H | NA NA [ NA 43.3 15.0 6.55 x 103° | NA 0.036 |178
TGA QDs

66+CdTe- D+H | NA NA [ NA 109 38.0 23.2x10% | NA 0.03 |178
TGA QDs

67+CdTe- D+H | NA NA [ NA 17.8 6.18 3.31x10%° | NA 0.034 |178
TGA QDs

68+CdTe- D+H | NA NA [ NA 96.1 33.4 153x10% | NA 0.03 |178
TGA QDs

69+CdTe- D+H | NA NA [ NA 14.2 4.93 1.3 x 100 NA 0.047 | 178
TGA QDs

40+CdTe- |D+H [NA NA [ NA 3.49 1.21 0.514x 10%° | NA 0.051 |178
TGA QDs

70+Ag LCM | NA NA [o0.51 30 NA NA NA o.101 | 181
70+Au LCM | NA NA [o0.51 50 NA NA NA 0.082 | 181
71+GO D 0.13 NA [043 |[300 NA NA NA .74 [182
71+RGO D 0.13 NA [043 |[1500 NA NA NA 098 [182

astudies at 1064 nm, SWCNT = single-walled carbon nanotubes, GO = graphene oxide, RGO = reduced graphene oxide, NGO = amino-
functionalization graphene oxide, TGA = thioglycolic acid, SiIMNP = silica coated magnetic nanoparticles, SiNP = silica nanoparticles, QDs
= quantum dots, Ag = silver nanoparticles, Au =gold nanoparticles, D+H = DMSO + H,O, LCM = liquid crystalline matrix, others as

stated above.
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1.2.2 Iron Oxide Nanoparticles, FesO, (Magnetite)

Magnetite are black magnetic mineral containing both divalent (ferrous oxide) and
trivalent (ferric oxide) iron species as shown in the simplified chemical reaction for the
preparation of magnetite (Figure 1.10) [186,187]. Like any other nanoparticles, particle
sizes and controllable morphologies are the intriguing features through which the
magnetic properties of magnetite can be tuned from ferromagnetic to superparamagnetic

properties [188].

Ferrous oXide Ferric oXide Magnetite

. /

Figure 1.10: Simplified chemical reaction for the preparation of magnetite.

Two-photon absorptions and other nonlinear optical phenomena have been reported for
superparamagnetic iron oxide NPs [189-192]. These nonlinear optical responses can be
enhanced further when iron oxide NPs are in nano-contact with plasmonic NPs like Au
and Ag [185,193]. Bare magnetic nanoparticles are susceptible to aggregation due to their
high surface energies. They easily undergo oxidation when exposed to air which could
result in loss of dispersibility and magnetism [187]. Hence, coating the nanoparticles with
non-magnetic NPs such as Au, Ag etc., is required to reduce the aggregation tendency of
bare NPs, improve the stability and enhance the dispersibility of colloidal NPs in common

organic solvents [187,194], hence the magnetites were coated with Ag in this thesis.

In this study, iron oxide nanoparticles with average size of 7 = 2 nm were successfully
prepared through polyol method; the resulting NPs were either coated with Ag shells or
formed hybrid nanoparticles with Ag domains. Both core-shell and hybrid nanoparticles
were functionalized with mercaptopropionic acid (MPA) prior covalent linking to
complex 10. Nonlinear optical characterizations of low symmetry MPcs linked to
plasmonic and/or metallic nanoparticles such as Ag or FesO4 have not been reported

before.
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1.2.3 Graphene Quantum Dots (GQDTs)

Graphene quantum dots (QDs) are zero dimensional (OD) sp?-hybrid carbon systems that
have attracted tremendous attention for a wide range of applications [195]. In contrast to
other carbon based nanostructures, such as graphene (2D), nanotubes (1D), graphene
oxides (2D), or graphite (3D), GQDs have lateral dimensions less than 100 nm with
enhanced quantum confined electronic state and unique edge effects which confer
superior optical and electronic properties on GQDs [195,196]. GQDs with new or
improved intrinsic properties can be prepared by selective surface functionalization with
heteroatoms such as N and S, Figure 1.11 [197,198]. N and/or $/N doped GQDs analogues
have been found useful in many state-of-the-art technological applications such as

photocatalysis, fuel cells and many more [198-200].

Recently, Bourlinos et al [148] reported enhanced optical limiting responses of
nitrogeneuos boron doped carbon dots at pico and nanosecond laser excitation
conditions. The origin of the OL responses was believed to be similar to that of
conventional semiconductor QDs. This is the only optical limiting characterizations of
GQPDs reported in the literature to date. However, extensive studies on nonlinear optical

characterizations of MPcs in the presence of other carbon-based materials have been

reported [116,179-182].

Encouraged by the improved NLO responses reported for MPcs in presence of carbon-
based nanostructures, photophysical and nonlinear optical characterizations of graphene
quantum dots (GQDs), N-doped (N-GQDs) and S, N co-doped graphene (S, N-GQDs)
quantum dots conjugated to complex 10 are reported for the first time. It is evident from
Table 1.5 that no MPcs linked to GQDs have been reported before, hence they are

studied in this work.
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Figure 1.11: Representative of N, S co-doped graphene quantum.

1.3 Nonlinear optics (NLO)
1.3.1 Basics

Optics is an area of research in science which studies the interaction of light with
molecular materials [201]. The interactions can be either linear optics (LO), where the
properties of the molecular material exhibit linear optical response with increasing input
intensity, Figure 1.12A [201], or nonlinear optics (NLO), where there is induced nonlinear
optical response of the molecular materials to the transmitted optical intensity, Figure
1.12B [201]. The latter process, specifically, has led to the development of nonlinear
optical materials which can be used to manipulate the phase, polarization, frequency
and/or the path of laser fluence for variety of technological applications [90,91,146-

148,202].

The first nonlinear optical effects of induced second harmonic generation (SHG) by a
Ruby laser in crystal quartz at 347.1 nm was successfully demonstrated in 1961 by Franken
et al [203]. The success of this experiment sparked intense research efforts related to the
development of optical limiting materials like conjugated organic molecules, polymers
and nanomaterials against potentially dangerous laser radiations [88-95]. Optical limiting
materials protect optical sensors and human eyes by absorbing potentially harmful high
intensity laser radiation and transmit at low intensity below the damage thresholds [90-

95].
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Figure 1.12: Schematic representation showing (A) linear optical transmission for linear
optics and (B) nonlinear optical transmission for nonlinear optics.

The primary NLO process which best describes OL behaviour of molecular material for
protecting light sensitive material is that which result from nonlinear absorption (NLA)
while nonlinear scattering (NLS) and nonlinear refraction (NR) are secondary processes.
Hence, only nonlinear absorption parameters and the associated nonlinear absorption
coefficients are considered in this report. NLA can give rise to either reverse saturable
absorption (RSA), when the absorption coefficient increases as input intensity increases
[160,204,205] (Figure 1.13A), or saturable absorption (SA), when absorption coefficients
of the material decreases with increasing input intensity [160,205] (Figure 1.13B). RSA is a
multiphoton process that occurs when the excited states absorption cross-sections are
larger than the ground state cross sections [90-95]. SA on the other hand is a one-photon
absorption process which occurs when the ground states are more populated than the

excited cross-section states [160,205].
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Figure 1.13: Typical open aperture (OA) Z-scans for (A) reverse saturable absorption
(RSA) profile and (B) saturable absorption (SA) profile. Unpublished work.

1.3.2 Nonlinear optical (NLO) parameters

Optical limiting characterizations of complexes and composites studied in this thesis were
carried out using the open-aperture (OA) Z-scan technique that has been described by
Sheik-Bahae and coworkers [206,207]. The basic working principle of the technique
involve measuring the transmitted light (transmittance) by the samples due to the passage
of the sample under tightly focused Gaussian laser beam. The magnitude of nonlinear
interactions (nonlinear absorption coefficients) between the samples and the incident laser
irradiance were estimated as function of sample position (z) relative to the focus (z = 0).
Transmittance (T(Z)) is related to sample position (z) and nonlinear absorption coefficient
Peff by Eq. 1.8

7(2) = 1+PeffLeff(lef (1 Hz/292))

(1.8)
where 100 is the intensity of the light on focus, ~eyy is the effective nonlinear absorption

coefficient, zO0 is the diffraction length of the beam, z is the sample position with respect
to input intensity, Leyy is the effective length, respectively. Leyy in the sample of length L

is defined in terms of the linear absorption coefficient, a, in Eq. 1.9:
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A simpler numerical form of Eq. 1.8 which is well suited to the experimental data directly

was employed as shown in Eq. 1.10:
—9@ —4@ —4@ —q(2) —4(2)
T(Z) = 0.363e560 + 0.286e 121 + 0.213ez162 + 0.096€11595 + 0.038e96508 (1.10)

where q(z), the dependence of the nonlinear absorption parameter on the normalized

transmittance T (Z), is calculated for above equation using Eq. 1.11:

_ Berrlefrloo
1(2) = T . (1.11)

The imaginary part of the third-order susceptibility (I,[x(®]) is related to the nonlinear
absorption coefficient, f,rr, and can be calculated using Eq. 1.12 [208]:

In[x®] = nZSOCZ)\,Beff/47T2 (1.12)

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

The relationship between second order hyperpolarizability (y) and imaginary third-order
susceptibility (I,,, /x(®]) of the samples is expressed in equation Eq. 1.13 [208]:

_ Imx®)]
N f4cmolNA (]13)

where G, is the molar concentration of the active species in the triplet state, 7 is the
Lorentz local field enhancement factor defined as 7= (/2 + 2)/3; n is the refractive index

of the sample and N, is the Avogadro constant.

The oscillating free electrons on the surface of metallic plasmonic NPs like AuNPs are
known to generate free carriers around 500-550 nm, corresponding to the localized SPR
bands of AuNPs. Hence possible interference due to strong absorption of MPc-NPs
composites at the region of the excitation laser wavelengths are expected. The free carrier
absorption (FCA) mechanisms contributing to OL of MPc-AuNPs conjugates are estimated

using, (Eq. (1.14)) [209]:

1@ = KFE/B)INA + K/E) (1.14)
4hmy

where: .= ———
¢ opca(1-To)

where T, and F, are the linear transmission and incident fluence, respectively, h = h/
2m(where h is the Planck’s constant), v is the frequency of the laser, and oz, is the FCA

cross-section.
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1.4 Summary of aims of thesis

1. Synthesis of peripherally tetra-substituted alkynyl terminated indium phthalocyanines
(complexes 1 and 2); the effects of the carbon chain length of the substituents on the

photophysical and nonlinear optical behaviour of the complexes were described.

2. Comparative studies of the photophysical, spectroscopic and nonlinear optical
characterizations of tetraakynyl ZnPc and when *“clicked” to nitrophenyl azide

(complexes 3 and 4).

3. Nonlinear optical characterizations and optical limiting properties of complexes 5, 6
and 7 are investigated in solution (CHCl;) and when doped on poly (bisphenol A
carbonate) (PBC) thin films.

4. Synthesis, Spectroscopic, photophysical and NLO studies of complexes 8 and 9 in
solution and when embedded in polysulfone (PSU) as thin films: effects of aggregation

were investigated in THF and DMSO.

5. Spectroscopic, photophysical and NLO studies of synthesized asymmetric ZnPc

(complex 10) when:

i. covalently linked to gold nanoparticles (AuNPs) and polyacrylic acid (PAA). The

composites were also blended in PAA and results compared to those in solution.

ii. covalently linked to Fe;:O.@Ag core-shell, FesOs-Ag hybrids nanoparticles studied in
DMSO.

iii. covalently linked to graphene quantum dots (GQDs), N-doped (N-GQDs) and S, N co-
doped graphene (S, N-GQDs) quantum dots; studies were carried out in DMSO.

6. Synthesis, spectroscopic, photophysical and NLO  characterizations of
diaminopyrimidin-2-ylthio  tetra-substituted Zn(ll) phthalocyanine (complex 11)

conjugated to Ag,Au, nano-alloys.

7. Spectroscopic, photophysical and optical limiting comparative studies of complexes 2
and 3 conjugated to azide-derivatized gold nanoparticles (AuNPs) via Huisgen

cycloaddition  “click” reactions. The studies were carried out in DMSO.
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2.1 Materials

2.1.1 Solvents
The following solvents were supplied by Merck: Ethanol, acetone, methanol, toluene, n-
hexane, dichloromethane (DCM), chloroform, diethylether, N, N-dimethyl formamide
(DMF) and dimethyl sulphoxide (DMSQO). Deuterated dimethyl sulphoxide (DMSO-db)
and chloroform (CDCl;) were supplied by SAARCHEM. Sigma Aldrich supplied
spectroscopic dimethyl sulfoxide (DMSO), tetrahydrofuran (THF) and chloroform for
photophysical characterizations. Ultra-pure water was obtained from Milli-Q water

system (Millipore Corp., Bedford, MA, USA).

2.1.2 Nanomaterials, polymers and their conjugation to MPcs

Gold (lll) chloride trihydrate (99.9%), silver acetate (Ag(ac)s; 99.99%), oleic acid (OA),
oleylamine (technical grade), diphenyl ether (99%), tetraoctylammonium bromide
(TOABr), 3-mercaptopropionic acid (MPA), 1,2-dodecanediol, tert-butanol, citric acid,
sodium hydroxide (NaOH), thiourea, urea, poly(bisphenol A carbonate) (PBC) (Mw
~45,000 by GPC), Poly acrylic acid (PAA) (Mw ~450,000 by GPC), N,N'-
dicyclohexylcarbodiimide (DCC), polysulfone (PSU) (Mw ~35,000 g/mol by GPC), and
tetramethylammonium hydroxide (TMAOH) were purchased from Sigma-Aldrich. N-
hydroxysuccinimide  (NHS) and  N-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC) were from Fluka. 4-dimethylaminopyridine (DMAP) was obtained
from SAARCHEM. 4-Nitrophthalonitrile (1a, Scheme 3.1) from Sigma Aldrich.

2.1.3 Phthalocyanines syntheses and precursors

5-Hexyn-1-ol, 5-methylhex-1-yn-3-ol, n-pentanol, 2-dimethylaminoethanol (DMAE), n-
hexanol, anhydrous potassium carbonate, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),
lithium metal, copper sulfate pentahydrate, sodium ascorbate (NaAsc), Zn (ll) acetate,
zinc phthalocyanine (ZnPc), and indium (lll) chloride were all obtained from Sigma
Aldrich. Hydrochloric acid, silica gel for column chromatography and glacial acetic acid

were purchased from Merck or SAARCHEM.
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2.2 Instrumentation and methods

e Ground state electronic absorption spectra for the samples either in solution or as
thin films were recorded on a Shimadzu UV-2550 UV/Vis spectrophotometer.

e Infra-red spectra were collected on a Perkin-Elmer or Bruker ALPHA FT-IR
Spectrometer with Universal ATR Sampling accessory spectrum 100 FT-IR

spectrometer.

e 'H-NMR spectra were analysed using either a Bruker AMX400 MHz NMR or a
Bruker AVANCE 1l 600 MHz spectrometer in deuterated (CDCl; or DMSO-dj)
Solvents.

e Elemental analyses were done using a Vario-Elementar Microcube ELIII.

e Mass spectra data were collected on a Bruker AutoFLEX Il Smart-beam TOF/TOF
mass spectrometer using o-cyano-4-hydrocinnamic acid as the matrix in the
positive ion mode.

e Fluorescence emission spectra were recorded on a Varian Eclipse
spectrofluorimeter.

¢ Time Correlated Single Photon Counting (TCSPC) setup (FluoTime 200, Picoquant
GmbH) was used for the fluorescence decay studies. The excitation source was a
diode laser (LDH-P-670 driven by PDL 800-B, 670 nm (or 485 nm for quantum
dots), 20 MHz repetition rate, 44 ps pulse width, Picoquant GmbH), Figure 2.1. A
monochromator with a spectral width of about 4 nm was used to select the
required measured 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 about 300 ns. The ratio of stop to start pulses was
kept low (below 0.05) to ensure good statistics. All luminescence decay curves
were measured at the maxima of the emission peak. The data were analysed with
the program FluoFit (Picoquant GmbH).

e Energy dispersive X-ray spectroscopy (EDS) was done on an INCA PENTA FET
coupled to the VAGA TESCAM using 20 kV accelerating voltage.

42



CHAPTER 2 EXPERIMENTAL SECTION

Figure 2.1: Schematic diagram of time-correlated single photon counting (TCSPC)
setup. (MCP)-PMT = (Multi channel plate detector)-Photomultiplier tube, PC =
Personal computer.

e Transmission electron microscope (TEM) images were obtained using a JEOL TEM
1210 transmission electron microscope at 100 kV accelerating voltage. TEM
samples were prepared by placing a drop of conjugates or nanoparticle solution
on the sample grid and allowing it to dry before measurements.

e Laser flash photolysis (nanosecond absorption spectroscopy) experiments, Figure
2.2, 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). Single pulse energy ranged from 2
to 7 mJ. The analysing 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 representation for laser flash photolysis setup. PMT =
Photomultiplier.

e X-ray powder diffraction patterns were recorded on a Bruker D8 Discover
equipped with a LynxEye detector, using CuKa radiation (A = 1.5405 A, nickel
filter). Data were collected in the range from 20 = 5° to 100°, scanning at 1° min-1
with a filter time-constant of 2.5 s per step and a slit width of 6.0 mm. Samples
were placed on a zero background silicon wafer slide. The X-ray diffraction data
were treated using Eva (evaluation curve fitting) software. Baseline correction was
performed on each diffraction pattern.

« X-ray photoelectron spectroscopy (XPS) analysis was done using an AXIS Ultra
DLD, with Al (monochromatic) anode equipped with a charge neutraliser,
supplied by Kratos Analytical. The following parameters were used: the emission
was 10 mA, the anode (HT) was 15 kV and the operating pressure below 5 x 109
torr. A hybrid lens was used and resolution to acquire scans was at 160 eV pass
energy in slot mode. The centre used for the scans was at 520 eV with a width of
1205 eV, with steps at 1 eV and dwell time at 100 ms as reported before [210].
The high resolution scans were acquires using 80 eV pass energy in slot mode.

e All Z-scan analyses were performed using a frequency-doubled Nd:YAG laser
(Quanta-Ray, 15 J/10 ns fwhm pulse duration) as the excitation source. The laser

was operated in a near Gaussian transverse mode at 532 nm (second harmonic),
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with a pulse repetition rate of 10 Hz and energy range of 0.1 uJ — 0.1 mJ, as
limited by the energy detectors (Coherent J5-09). The low repetition rate of the
laser prevents cumulative thermal nonlinearities. The beam was spatially filtered to
remove the higher order modes and tightly focused with a 15 cm focal length lens.
The Z-scan system size (I X w X h) used was 600 mm X 300 mm X 350 mm
(excluding the computer, energy meter, translation stage driver and laser system).
The liquid samples were placed in a cuvette (internal dimensions: 2 mm X 10 mm
X 55 mm, 0.7 mL) and a path length of 2 mm (Starna 21-G-2).

e Thin-films of MPc-polymer composites were measured using knife edge

attachment of the Bruker D8 Discover X-ray diffraction (XRD).

2.3 Synthesis
2.3.1 Synthesis of phthalonitriles

Substituted phthalonitriles such as 4-(2-propynyloxy)-phthalonitrile (1b(ii), Scheme 3.1)
[102], 4-(2-mercaptopyridine) phthalonitrile (7a, Scheme 3.4) [211], and 4-(4-6-
Diaminopyrimidin-2-ylthio) phthalonitrile (11a, Scheme 3.5) [212] were synthesized and

purified as outlined by previous reports.

2.3.1.1 4-hexy-5-ynyloxy-phthalonitrile, 1b(i) (Scheme 3.1)

Nitrophthalonitrile (la, 2g, 11.5 mmol) and 5-hexyn-1-ol (1b(i), 1.69g, 11.5 mmol) were
dissolved in dry DMSO (20 ml) and stirred for 10 min; finely ground anhydrous K,CO;
(2.16 g, 15.56 mmol) was added in portions over 2 h and stirred at 40 °C for 48 h under
nitrogen. Then product was poured into 300 ml of cold water. The precipitate was
filtered off and washed with water, until the filterate was neutral. The recrystalization
from hexane and methanol gives the desired compound as a yellow crystalline powder.
Yield: 1.74 g (60%). IR (KBr) vma/cm: 3281.88 (= C-H); 2228.24 (CN); 2221.56 (C=C);
1557.31, 1488.16 (C=C phenyl); 1287.31 (Ar-O-C); 1307.74, 1250.93, 1002.56, 839.99,
660.14 . Anal. Calcd for Ci4HiN,O: C 74.98 , H 5.39, N 12.49%; found: C 73.66, H
5.522, N 12.88%. '"H NMR (600 MHz, DMSO-dy): 8, ppm: 8.02 (Ar-H,s, 1H), 7.75 (Ar-
H.d, TH), 7.43 (Ar-H.d, TH), 4.15 (CH,-O-, t, 2H), 2.77 (C=CH, s, 1H), 2.22 (CH,, t, 2H),
1.81 (CHz, m, 2H), 1.58 (CH., m, 2H).
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2.3.1.2 5-Methylhex-1-yn-3-yloxy phthalonitrile (8b) (Scheme 3.2)

A mixture of 4-nitrophthalonitrile (1a, 1.00 g, 5.77 mmol) and 5-methylhex-1-yn-3-
ol (8a, 0.65 g, 5.77 mmol) was stirred at 50 °C in DMF (15 mL) under nitrogen for
15 min. While still under continuous and efficient stirring, finely ground anhydrous
K,COs; (1.60 g, 11.59 mmol) was added portion-wise during a 2 h period at room
temperature, after which, the reaction mixture was heated again to 50 °C and was
allowed to stand for further 36 h at this temperature. The crude product was
cooled to room temperature, poured into ice water (150 mL) and extracted with
DCM. The organic phase was washed several times with water, and the solvent
evaporated under reduced pressure to afford compound 8b (yellow viscous liquid).
Yield: 0.60 g (44%). FT-IR (ATR): v (cm): 3292 (H-C=C-), 3084-3050 (CH,
aromatic), 2959-2872 (CH, aliphatic), 2232 (C=N), 2119 (C=C). 'H NMR (400
MHz, CDCls), 6 (ppm): 0.98 (d, J= 3 Hz, 6H, CH3s), 1.84 (m, J= 3 Hz, 2H, CH.),
1.96 (m, J= 3 Hz, 1H, CH), 2.60 (d, J = 2 Hz, 1H, C=CH), 4.82 (dt,J = 2 Hz,J =
3 Hz, 1H, CH), 7.31 (dd, J = 3 Hz, J = 6 Hz, 1H, Ar-H), 7.39 (d, J = 3 Hz, 1H, Ar-
H), 7.73 (d, J = 6 Hz, 1T H, Ar-H). 3C NMR (400 MHz, CDCls), 6§ (ppm): 22.6,
248, 44.1, 67.7, 76.9, 77.3, 80.0, 108.0, 115.4, 115.8, 117.5, 120.6, 120.8, 135.2,
160.7. MS, m/z: calcd 238; found 238 [M]*. Anal. for C;sHisN2O %: caled C 75.61,
H 5.92, N 11.76; found C 74.51, H 5.72, N 12.20.

2.3.1.3 4-Nitro-1-benzyl-4-(3,4-dicyanophenoxymethyl)-1H-1,2,3-triazole  (4b)
(Scheme 3.3)

4-Nitrophenyl azide (4a) was synthesized following a procedure reported by Pagoti et al.
[213]. A mixture of 4-(2-propynyloxy)-phthalonitrile (1b(ii), 131.6 mg, 0.72 mmol), 4-
nitrophenyl azide (4a, 130.0 mg, 0.792 mmol), CuSO4.5H,O (14.3 mg, 0.072 mmol,
0.leq) and sodium ascorbate (8.9 mg, 0.036 mmol, 0.05 eq) in 10 mL of THF/H,O (1:1)
was stirred at room temperature for 48 h under Ar, then poured into 100 mL of cold
water. The precipitate was filtered off and washed with water, until the filtrate was
neutral. The crude residue was crystallized from THF-methanol (1:1) to give the desired
product 4b as brown powder. Yield: 79%. IR (KBr) vma/cm: 3155.53 (triazole Ns);
2232.36 (CN); 1525.98 (As-NOy); 1593.15, 1503.63 (C=C phenyl); 1341.44 (Sym-NO.);
1316.49 (Ar-O-C); 1305.94, 1255.95, 1010.76, 828.96, 669.64. Anal. Calcd for
Ci7HioNeO3: C 58.96, H 2.91, N 24.27%; found: C58.77, H 3.61, N 24.13%. 'H NMR
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(600 MH z, DMSO-dk): 0, ppm: 9.21 (s, TH, Huiiazole), 8.25 (Ar-H, d, 2H), 8.25 (Ar-H, d,
2H), 8.12 (Ar-H, d, 1H), 7.95 (Ar-H, d, 1H), 7.62 (Ar-H, dd, 1H), 5.50 (CH;-O-, t, 2H).

2.3.2 Syntheses of phthalocyanines

The syntheses of zinc centred phthalocyanine complexes 3, 5 and 10, and ClInPc (6) have

been reported [102,214-218].

2.3.2.1 Hex-5-ynoxy phthalocyanine indium (ll1) chloride (1, Scheme 3.1)

A mixture of 4-hexy-5-ynyloxy-phthalonitrile (1b(i), 0.25g, 1.11 mmol), indium (lll)
chloride (0.246 g, 1.11 mmol) and few drops of catalytic DBU in n-pentanol (1.5 mL) was
stirred under reflux at 140 °C for 20 h under argon atmosphere. The crude dark blue
product (1) was cooled to room temperture and washed with methanol, ethanol,
acetone, 1 M HCIl and acetone in succession. Column chromatography on silica gel as
stationary phase and THF:methanol as eluent was used for final purification. The blue-

green indium phthalocyanine obtained was thereafter concentrated and dried.

Yield: 64.55 %, UV-Vis (DMSO): Ana/nm: 699, 629, 358 . FT-IR [KBr disc (vma/cm-1)]:
3284.87 (C-H); 2934.29 (CH aliphatic); 3088.56 (Ar-H); 2221.56 (C=C); 1227.75,
1117.90, 1081.06, 1045.03 (C-O-C), 966.22, 824.45, 740.93, 650 (Pc-Skeleton). Anal.
Calc. for CsgHsoNgO4InClLHO: C 63.31, H 4.70, N 10.52; Found: C 63.26, H 4.91 N
10.68. MS (MALDI-TOF) m/z: Calcd. 1046.36; Found: 1049.22 [M+3H]+. 'H NMR (600
MH z, DMSO-dy): &, ppm: 8.53 (Ar-H, d, 4H), 7.62 (Ar-H, s, 4H), 7.18 (Ar-H, dd, 4H),
4.09 (CH;-O-, t, 8H), 2.11 (C=CH, s, 4H), 1.75 (CH,, m, 8H), 1.48 (CH,, m, 8H), 1.09
(CHy, t, 8H).

2.3.2.2 Prop-2-ynoxy phthalocyanine indium(lll) chloride (2, Scheme 3.1)

The synthesis and purification of complex 2 was similar as outlined for complex 1 except
that 4-propy-2-ynyloxy-phthalonitrile (1b(ii), 0.3g, 1.64 mmol) was employed instead of
4-hexy-5-ynyloxy-phthalonitrile (Ib(ii). Complex 2 vyield: (75%). UV-Vis (DMSO):
Amax/nm (log €): 693 (5.01), 625 (4.35), 360 (4.75). FT-IR [KBr disc (vmax/cm™)]: 3286
(EC-H); 2929 (CH aliphatic); 3077 (Ar-H); 2161 (C=C); 1604 (Ar C-C), 1280, 1215, 1084,
1011 (C-O-C), 939, 825, 742, (Pc-Skeleton). Anal. Calc. for CssH24NsOsInCl: C 60.12, H
2.75, N 12.75%; Found: C 60.01, H 2.74, N 12.01. MS (MALDI-TOF) m/z: Calcd.
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878.86; Found: 879.36 [M+H]*. 'H NMR (600 MH z, DMSO-dy): §, ppm: 8.44 (Ar-H, d,
4H), 7.78 (Ar-H, s, 4H), 7.36 (Ar-H, dd, 4H), 4.45 (CH»-O-, t, 8H), 2.70 (C=CH, s, 4H).

2.3.2.3 5-Methylhex-1-yn-3-yloxy phthalocyanine zinc (ll) (9, Scheme 3.2)

A mixture of 4-(5-methylhex-1-yn-3-yloxy) phthalonitrile (8b, 200 mg, 0.84
mmol), excess zinc (1) acetate (160 mg, 0.87 mmol), DBU (0.25 mlL) and n-
pentanol (2 mL) were refluxed under nitrogen atmosphere at 140 °C for 6 h. The
crude product was washed in MeOH before the final purification on a silical gel
stationary phase, using THF as eluent. The pure compound 9 was obtained as

shining green solid.

2.3.2.4 5-methylhex-1-yn-3-yloxy phthalocyanine (8, Scheme 3.2)

The synthesis and purification of compounds 9 and 8 were similar, except that 8

required no metal salt instead of excess zinc acetate used in 9.

Complex 8 yield: 70 mg (35%). UV-vis, Anax/nm(log €): (THF) 704 (5.21), 668
(5.18), 646 (4.92), 610 (4.74), 334 (4.85). IR (ATR): v (cm™): 3644 (N-H), 3286
(H-C=C-), 3070 (CH, aromatic), 2955-2870 (CH, aliphatic), 2114 (C=C). '"H NMR
(400 MHz, CDCls), 6 (ppm): 1.44 (d, 24H, CH3), 1.54 (t, J = 3 Hz, 8H, CH,), 1.75
(m, J = 3 Hz, 4H, CH), 2.27 (s, 4H, C=CH), 5.0 (t, J = 3 Hz, 4H, CH), 6.98-7.70
(m, 12H, Ar-H). MS, m/z: calcd. 955; found 955 [M]*. Anal. for CsoHssNgOs %:
caled C, 75.45; H, 6.12; N, 11.73; found C, 74.92; H, 5.45; N, 12.15.

Complex 9 yield: 90 mg (42%). UV-vis, Anax/nm (log €): (DMSO) 687 (4.99), 616
(4.30), 322 (4.83); (THF) 680 (5.00), 616 (4.25), 352 (4.70). IR (ATR): v (cm-1):
3285 (H-C=C-), 3070 (CH, aromatic), 2955-2870 (C-H, aliphatic), 2114 (C=C). 'H
NMR (400 MHz, CDCls), 6 (ppm): 1.25 (d, 24H, CHs), 1.50 (t, J = 3 Hz, 8H,
CHy), 1.72 (m, J = 3 Hz, 4H, CH), 2.15 (s, 4 H, C=CH), 4.96 (t, J = 3 Hz, 4H,
CH), 7.15-7.76 (m, 12H, Ar-H). MS, m/z: calcd. 1016; found 1016 [M]+*. Anal. for
CeoHs6NgO4Zn %: caled C, 70.74; H, 5.54; N, 11.00; found C, 69.90; H, 6.49; N,
10.95.
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2.3.2.5 4-Nitro-1-benzyl-4-(3,4-dicyano phenoxy methyl)-1H-1,2,3-triazole ZnPc
(4, Scheme 3.3)

A mixture of 4-nitro-1-benzyl-4-(3,4-dicyanophenoxymethyl)-1H-1,2,3-triazole (4b, 0.065
g, 0.187 mmol) and Zn(CHsCOO):2 (0.011 g, 0.052 mmole) in DMAE (5 mL) was heated
to 180 °C for 18 h under nitrogen. The dark green coloured product was cooled to room
temperature and washed with methanol and ethanol. The residue was further purified by
Soxhlet extraction using methanol-water (1:11) for 72 h. The blue-green zinc
phthalocyanine obtained was thereafter concentrated, dried and ground. Yield: (75%).
UV-Vis (DMSO): W nm (log s): 683, 625, 360.50. FT-IR [KBr disc (w/cm-1)]: 3096.53
(triazole N3); 2931.83 (CH aliphatic); 3076.86 (Ar-H); 1525.98 (As-NO2); 1593.15,
1503.63 (C=C phenyl); 1341.44 (Sym-NO2); 1316.49 (Ar-O-C); 1279.87, 1214.91,
1083.84, 1011.45 (C-O-C), 939.47, 825.16, 741.93, 85 (Pc-Skeleton). Anal. Calcd for
CesH40N24012Zn: C 56.30, H 2.78, N 23.17%; found: C55.90, H 2.54, N 23.95%. MS
(MALDI-TOF) m/z: Calcd. 1450.6; Found: 1453.56 [M+ 3H]+. H NMR (600 MH z,
DMSO-d): 5, ppm: 9.38 (s, 4H, Hmazde), 8.41 (Ar-H, d, 8H), 8.35 (Ar-H, d, 8H), 8.62
(Ar-H, d, 4H), 8.2 (Ar-H, d, 4H), 7.70 (Ar-H, dd, 4H), 5.82 (CH2-O-, t, 8H).

2.3.2.6 4-(2-Mercaptopyridine) phthalocyanine (7, Scheme 3.4)

4-(2-Mercaptopyridine) phthalonitrile (7a, 2.0 g, 8.44 mmol) and lithium metal (3.80 g,
54.7 mmol) were suspended in 20 mL of dry n-pentanol and heated at 140 °C in a sealed
glass tube for 5 h under a nitrogen atmosphere. The crude product was heated under
reflux with glacial acetic acid (50 mL) at 100 oC for 2 h. On cooling to room temperature,
the product was precipitated with methanol and washed several times with distilled water
and dried under vacuum. The solid residue was purified on a silica gel column
chromatography with chloroform/methanol (9:1) solvent system as eluent to afford
metal-free phthalocyanines (7). Yield: 51%. UV/Vis (CHCh): Amex/nm (log s): 705 (4.97),
671 (4.96), 649 (4.70), 615 (4.52), 342 (4.81). MS (MALDI-TOF) m/z: Calcd: 950.2;
Found: 950.5 [M]+. FT-IR Vimex/cma: 3286 (N-H, stretch), 3040 (Ar-H), 1602 (NH, bend),
1557 (C=N), 1571 (C=C), 1007, 695 (C-S-C). Anal. Calcd for Cs2H3oN12S:: %C 65.66,
%H 3.18, %N 17.67, %S 13.48; found: %C 65.40, %H 3.21, %N 17.20, %S 13.20.1H
NMR (600 MHz, CDCh) 5, ppm: 9.20-7.92 (pyridyl-H, 16H, m), 8.64 (Pc-H, 4H, m),
7.78-7.50 (Pc-H, 8H, m).
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2.3.2.7 4-(4,6-Diaminopyrimidin-2-ylthio) zZn (II) phthalocyanine (11, scheme
3.5)

A mixture of 4-(4-6-diaminopyrimidin-2-ylthio) phthalonitrile (11a, 1.0 g, 1.467 mmol),
Zn(CHsCOO)2 (0.081 g, 0.368 mmol) and 0.3 mL of catalytic DBU in n-hexanol (5 mL)
was refluxed under nitrogen for 6 h. The reaction mixture was cooled to room
temperature. The product was precipitated with methanol and subsequently washed with
methanol and acetone. The crude green product was subjected to silica gel column
chromatography and eluted with diethyl ether/DMF (5:1) as eluents, to isolate the
required product 11 Yield: (48%). UV-Vis (DMSO): W nm (log s): 689 (5.21), 622
(4.51), 356 (4.91). FT-IR [KBr disc (w/cm-13]: 3320, 3189 (N-H str.), 2929 (C-H
aromatic), 1613, 1572 1572 (N-H bend), 1348 (C-N aryl). Anal. Calc. for
CssH32N24%Zn: C 50.63, H 2.83, N 29.52, S 11.26%; Found: C 50.05, H 3.75, N 28.96,
$11.25. MS (MALDI-TOF) m/z: Calcd. 1138.1; Found: 1141.82 [M+ 3H]+. H NMR (400
MH z, DMSO-d): 5, ppm: 5.20 (s, 16H, NH), 8.97 (s, 4H, pyrimidinyl-H), 7.77-7.89 (m,
12H, Ar-H).

2.3.3 Preparation of nanomaterials
2.3.3.1 MPA capped AuNPs

Tetraoctylammonium bromide (TOABr) stabilized AuNPs was prepared according to
known procedure [219]. The synthesis of MPA-capped AuNPs was adapted from a
previously reported procedure for glutathione (GSH)-capped AuNPs [220]. Briefly, 2.87
UL of MPA in 15 mL of degassed ethanol:water (1:1) solution was added to 15 mL of
TOABr-stabilized AuNPs in toluene. The mixture was vigorously stirred under N2
atmosphere for 24 h to allow ligand exchange to take place. The dark brown water
soluble MPA-capped AuNPs was precipitated and washed with ethanol. Finally, about 70

mg product was obtained after drying at room temperature.

2.3.3.2 Synthesis of azide-derivatized gold nanoparticles

The synthesis of 3-azido-1-propylamine has been reported before [221]. A mixture of
concentrated toluene (4.5 mL) solution of as-synthesized TOABr-AuNPs and 459 mg (4.6
mmol) of azidopropanamine were stirred in an air-tight vial under argon atmosphere
overnight to allow ligand exchange between TOABr and azidopropanamine to take

place. At the completion of the reaction, the solvent was removed by rotary evaporator,
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centrifuged once (15, 000 rpm, 10 min) in absolute ethanol; and dispersed in minimum
amount of toluene for further use in click reactions. Yield: 63 mg.IR (KBr) Vimax/cml 2102
(As-Na); 2926, 2857 (alkyl chains).

2.3.3.3 Synthesis of AgxAuy alloy nanoparticles

Figure 2.3 shows the typical preparation of AgxAuy alloy nanoparticles. The synthesis and
purification of the AgxAuy nano-alloys at different mole ratios were similar, and followed
the method reported by Liu et al [222] with slight modification. In a typical reaction, 0.3
mmol of silver acetate and HAuUCU™"™O mixture at 3:1 (AgsAu) and 1:3 (Ag:iAus) ratios
were separately added to 100 mL round bottom flask containing 20 mL diphenyl ether, 4
mL oleylamine and 2 mL oleic acid. Each mixture was refluxed at 150 °C for 5 h under
argon atmosphere. The reaction mixture was cooled to room temperature, washed
several times with dry ethanol, dried at room temperature under vacuum, and dried re-

dispersed in hexane.

Solvent: Phenyl ether Ag. AU,
Surfactants: Oleylamine, Oleic acid

Figure 2.3: Typical synthetic pathway for preparation of AgxAuy alloy nanoparticles.
The subscripts x and y are the mole ratios of the precursors.

2.3.3.4 Preparation of MPA capped FesO+@Ag Core-Shell NPs

FesOs@Ag core-shell NPs was prepared following similar procedure reported for
FesOs@Au core-shell NPs but with silver acetate as precursor for AQNPs [223]. Briefly, as-

prepared FesOs4 NPs (0.33 mmol) [223] dispersed in phenyl ether (10 mL) solution,
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Ag(ac); (367 g, 2.2 mmol), oleic acid (I mL) and oleylamine (4 mL) were added to
diphenyl ether (20 mLl). The solution was refluxed to ~200 °C under nitrogen
atmosphere for 2 h. After cooling to room temperature, the crude product (Fe;:Os@Ag
NPs) was precipitated with ethanol, washed several times with ethanol and magnetically
decanted. The pure Fe;O.@Ag NPs were dried under vacuum, and re-dispersed in
toluene. MPA capped Fe:O.@Ag NPs were prepared following similar procedures in
literature [224] with some modifications. Briefly, as-synthesized Fes:O.@Ag NPs were first
precipitated from a mixture of toluene (5 mL) and 30 mL absolute ethanol three times
and re-dispersed in solution of TMAOH (0.5 M). MPA (400 ulL) in 2 mL degassed H,O
was added to the NPs solution and sonicated for 15 min for ligand exchange to take
place. Water soluble MPA-capped Fe;:O.@Ag NPs were precipitated and washed with
ethanol to remove unbounded MPA from the surface of the NPs. The MPA-capped
FesO.@Ag NPs were finally dried under vacuum.

2.3.3.5 Preparation of MPA capped Fe;O4-Ag heterodimer NPs

The synthesis and purification of Fe;O4-Ag heterodimer NPs was similar to the method
report for Fe;O.@Ag except that the synthesis of FesOs-Ag NPs carried out in toluene
under mild conditions [224]. As-prepared Fe;Os NPs (0.05 mg) [223], 0.05 mg of
Ag(ac)s, 0.1 g of 1,2-dodecanediol and 1 mL of oleylamine were mixed in 20 mL toluene
and heated to 80-100 °C for 2 h. The reaction mixture was cooled to room temperature,
and the product (Fe;Os-Ag NPs) was precipitated with ethanol, washed several times with
ethanol and magnetically decanted. The purified product was dried at room temperature
under vacuum, and re-dispersed in toluene prior to surface functionalization. Surface
modifications and purification of as-prepared Fe;O4-Ag NPs with MPA was similar as

outlined for Fe;Os@Ag NPs.

2.3.3.6 Fabrication of pristine, N-doped and S, N, co-doped graphene quantum

dots (Scheme 3.8A)
Fabrication and purification of GQDs, NGQDs and SNGQDs were similar and followed
bottom-up approach as reported by Qu et al [198,225]. Briefly, citric acid (2.8 g, 0.67
mmol) and NaOH (1.6 g, 2 mmol) for GQDs or thiourea (3.06 g, 2 mmol) for SN-GQDs
or urea (2.4 g, 2 mmol) for N-GQDs, were separately dissolved and stirred in 100 mL
Millipore water to form a clear solution. The respective homogenous mixture was

transferred into a 400 mL Teflon lined stainless autoclave and heated to 160 °C for 4 h.
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The crude quantum products were re-dispersed in water and dialyzed for 48 h to remove
the excess salts. The final solid products were precipitated with dry absolute ethanol and
centrifuged at 15000 rpm for 10 min. The obtained graphene quantum dots were re-

dispersed in water prior to conjugation to phthalocyanine.

2.3.4 Preparation of MPc-nanomaterials/polymer conjugates

Formation of amide linkage between complex 10 and carboxyl-containing nanomaterials
and polymer were prepared using either EDC/NHS or DDC/DMAP coupling reactions
[220,226].

2.3.4.1 Covalent linking of complex 10 to MPA-capped AuNPs and poly acrylic
acid (PAA) (Schemes 3.6A and 3.7)

Covalent linking of 10 to PAA was carried out by dissolving 0.15 g of PAA in 10 mL of
DMEF; this was followed by addition of 50 mg (0.24 mmol) of DCC and 20 mg (0.16
mmol) of DMAP. For amide linkage of 10 to AuNPs, MPA-AuNPs (20 mg) were first
dissolved in 2 mL water, then 15 mg (0.078 mmol) of EDC and 10 mg (0.087 mmol) of
NHS were added to the solution of MPA-AuNPs. Both solutions (PAA and MPA-AuNPs)
were stirred separately at room temperature for 48 h to convert the carboxylic groups (—
COOH) of the PAA (Scheme 3.7) or MPA-AuNPs (Scheme 3.6A) into active carbodiimide
ester groups. Complex 10 (30 mg, 0.028 mmol for PAA) and (10 mg, 9.6 x10-* mmol for
MPA-AuUNPs) was then separately added to solutions of activated PAA and MPA-AuNPs.
The stirring continued for another 48 h while monitoring the amide bond formation by
FTIR. The resulting crude products were collected and washed several times by
centrifugation using absolute ethanol. The pure composite of MPc-AuNPs was dried at
room temperature, while MPc-PAA was oven-dried at 100 °C. Both composites gave

good yields ranging from 88 to 90% yields

2.3.4.2 Covalent linking of complex 10 to MPA capped Fe;O.@Ag Core-Shell

and Fe3;Os-Ag heterodimer NPs, Schemes 3.9 and 3.10
A mixture of EDC (0.02 g, 0.1043 mmol) and NHS (0.015 g, 0.130 mmol) in 200 uL of
deionized water were separately added to solution of MPA capped Fe;:Os@Ag NPs (0.05
g) or FesOs-Ag NPs (0.05¢g) dissolved in 3 mL of deionized water. Both solutions were
stirred at room temperature for 24 h to activate the (-COOH) of the nanoparticles. Then

compound 10 (0.05 g, 0.0481 mmol) in 3.2 mL DMF was added to the activated
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FesOs@Ag and FesOs-Ag NPs, and further stirred for another 24 h. The resulting crude

products were purified as above. The pure conjugates were oven-dried at 60 °C.

2.3.4.3 Covalent linking of complex 10 to GQDs, NGQDs and SNGQDs, Scheme

3.8B
GQDs (50 mg), NGQDs (50 mg) or SNGQDs (50 mg) were separately dissolved in a vial
containing 3 mL Millipore water. EDC (20 mg, 0.1043 mmol) and NHS (15 mg, 0.130
mmol) were added to each of the GQDs solution followed by stirring at room
temperature for 24 h to activate the carboxylic groups (-COOH) of the GQDs. Then, 10
mg (9.63 x 10 mol) of complex 10 in 3 mL DMF was added to each QD solution and

stirred for 24 h. The pure conjugates were oven-dried at 60 °C.

2.3.4.4 Conjugation of complex 11 to Ag,Au,, alloy nanoparticles via NHz-Au or
$-Au bonds, scheme 3.11

The conjugation of complex 11 to AgyAu, nano alloys was adapted from previously
reported methods for Pcs conjugated to AgNPs and AuNPs [149,227]. Briefly, to two
separate clean vials containing 10 mg each of 11 dissolved in 1.5 mL DMSO was added 2
mL of THF solution containing 5 mg each of the Ag,Au, alloyed nanoparticles. Each
solution was magnetically stirred at room temperature for 48 h. The resulting crude
conjugates were washed several times by centrifugation in dry ethanol, dried under

vacuum at room temperature to obtain pure conjugates.

2.3.4.5 Conjugation of compounds 2 and 3 to AuNPs via click reactions (Scheme
3.6B)

Azide-derivatized gold nanoparticles were clicked with 2 or 3 as follows: To 2.5 mL of
tert-buty alcohol in a small vial, was added 25 mg of azide-derivatized AuNPs and 20 mg
(2.3 x 105 mol) of 2 or 20 mg (2.52 x 105 mol) of 3 and the mixture stirred for 10 min.
Thereafter, CuSO4.5H,O (2.8 mg, 1.14 x 10° mol) and sodium ascorbate (2.3 mg, 1.14 x
10° mol) in 2.5 mL of deionized water were added to the mixture and stirred for 4 days.
At the completion of the reaction, the brown-green product was precipitated with abs.
ethanol and subsequently washed with ethanol/water (1:1, v/v) to remove CuSO4 and
sodium ascorbate. The pure conjugates of MPc-AuNPs obtained were dried under

vacuum at room temperature.
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2.4 Fabrication of MPc-polymer thin films using compounds 5 - 10
2.4.1 Blending of compounds 5, 6 and 7 with PBC into thin films

Thin films of 5, 6 and 7 with PBC were prepared according to the reported methods
[124,125]. Briefly, PBC (110 mg) and 5 (4.9 X 10-* M), 6 (4.5 X 10-* M), or 2.5 mg of 2
(5.3 x 10-% M), were, respectively, dissolved in chloroform (5 mL) and sonicated for 30
min until a homogeneous mixture of MPc-polymer solutions were obtained. The
composites were dropped on glass substrates placed in a Petri dish and the solvent was
allowed to evaporate at room temperature. The prepared thin films from 5, 6, and 7 are

represented as 5-PBC, 6-PBC, and 7-PBC, respectively.

2.4.2 Blending of compounds 8 and 9 with PSU into thin films

polysulfone (PSU) (0.11 g) was weighed into clean vials containing DMF (4 mL) and
sonicated until homogeneous mixtures of PSU/DMF solutions were obtained. Thereafter,
4.7 mg of 8 (0.98 X103 M) or 5 mg of 9 (0.98 x103 M) in 1 mL of DMF were added to
the polymer/DMF solutions. The solutions were stirred at room temperature for 24 h to
dissolve the Pcs. A few drops of Pc-polymer solutions were carefully coated on clean glass
slides and baked in an oven at 100 °C for 2 h to remove DMF. The prepared thin films 8
and 9 are labelled as 8-PSU, and 9-PSU, respectively.

2.4.3 Preparation of polymer thin films of compound 10 or 10-AuNPs composites
with PAA

Thin film preparation of 10 (5 mg) or 10-AuNPs composites (5 mg) were dissolved in 2
mL of DMF and each separately mixed with PAA (0.1 g in 3 mL DMF) and the mixture
stirred in an airtight vial for 48 h at room temperature. A few drops of sample-polymer
solutions were coated on clean glass slides baked in an oven at 100 °C for 2 h to give
good compact coating surfaces. The prepared thin films (TF) are designated as 10/PAA-TF
and 10-AuNPs/PAA-TF.
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3.1 Synthesis and characterization of Pcs
This chapter reports on the detailed syntheses, structural and spectroscopic
characterizations of MPc (or H,Pc) complexes and MPc-nanomaterial composites studied

in this work. Pc-polymer composites are also discussed in this section.

Figure 3.1 shows the summarized molecular structures of previously reported complexes
(3, 5, 6 and 10) that are used in this work [102,214-218]. Discussions on their syntheses
and other characterizations are excluded in this report, only those that have not been

reported before are presented.

3: M =Zn, X = nil, R,=R,=R,=R,= a
5: M = Zn, X = nil, R;=R,=R;=R,= b

6: M =1In, X = Cl, R,=R,=R;=R,= b
10:M = Zn, X = nil, R,=R,=R,= ¢, R,= d

Figure 3.1: Molecular structures of previously reported MPcs that are used in this

work
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3.1.1 Alkynyl and triazole-functionalized Pc derivatives, complexes 1, 2, 4, 8 and 9,
Schemes 3.1 - 3.3

3.1.1.1 Synthesis

The synthesis of alkyne-substituted phthalonitrile precursor (1b(ii)), for the preparation of
complex 2 has been reported before [102]. Substituted phthalonitriles precursors for
complexes 1, 8 and 9 were synthesized via base catalyzed nucleophilic aromatic
displacement reactions [228,229] between 4-nitrophthalonitrile (1a) and 5-hexy-1ol for
complex 1, and 5-methylhex-1-yn-3-ol (8a) for complexes 8 and 9, Schemes 3.1 and 3.2.
The metal assisted ((Zn(OAc). or InCls) cyclotetramerization reactions of 1b(i), 1b(ii)) and
8b in the presence of catalytic amount of DBU and n-pentanol afforded peripherally
tetra-substituted Zn (9) or In (1 and 2) phthalocyanines, Schemes 3.1 and 3.2. The
synthesis of metal-free Pc derivative 8 was similar to other alkyne MPcs, except that 8
required no metal salt during the cyclization of 8b. The compounds were obtained in
satisfactorily high yields and were characterized by elemental analysis, UV-Vis, FT-IR, 'H
NMR spectroscopies and MALDI-TOF. The characterization results are consistent with the
predicted structures as shown in the experimental sections. All the complexes are
effortlessly soluble in common organic solvents such as CHCl;, DMF, THF, DCM and
DMSO.

The mass spectral are definitive and gave expected masses of all the complexes. Molecular
ion peaks of 1049.22 [M+3H]* and 879.36 [M+H]* were observed for 1 and 2,
respectively. Similarly, observed molecular ion peaks at m/z: 955 [M+H]* and 1016
[M+H]+ were respectively recorded for complexes 8 and 9. Fragmentation of m/z peaks
as [M+nH]+, or [M—nH] + have been reported [230]. Elemental analyses gave percentage
C, N and O values that were within 1% in all cases, which are within acceptable range for
Pc complexes. 'H NMR spectra confirmed the purity and the expected structures of the
synthesized complexes. 'H NMR spectra of the complexes are very similar, except that the
two inner core protons (NH) of complex 8 lie in the negative regions of the spectrum
and were not observed due to aggregation [231,232].

Synthetic method for the preparation of complex 4 is shown in Scheme 3.3. Substituted
phthalonitrile precursor 4b was obtained in good quantitative yield using 1,3-dipolar
cycloaddition reaction method between 4a and 1b(ii). Cyclotetramerization of 4b in the

presence of zinc acetate and DMAE at reflux temperature for 18 h gave the desired
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complex 4 as an intense blue—green solid. Complex 4 was obtained in satisfactorily high

yields and is readily soluble in organic solvents such as DMF, THF, dioxane and DMSO.

The '"H NMR of the precursor 4b and complex 4 gave the expected protons at the
appropriate resonances and integrated correctly. For 4, the triazole H signal in the
dinitrile precursor (4b) lies furthest downfield due to its close proximity to the azide
nitrogens. Upon formation of complex 4, the triazole H and CH, protons experienced
shifts of 0.17 and 0.32 ppm respectively, due to the influence of the Pc ring. The
molecular ion peaks for complex 4 was found at m/z = 1453.56 [M + 3H]".

3.1.1.2 FT-IR

FTIR spectrum of substituted phthalonitrile precursor 8b (as a representative of
phthalonitriles) shows characteristic intense peak due to C=N stretch at ~2230 cm’,
Figure 3.2. Upon cyclization of the precursor, the peak disappeared to confirm successful
formation of alkynyl Pcs for complexes 8 and 9 (as representatives for 1 and 2), Figure
3.2. Vibrational signals around ~3285-3292 cm, 2114-2119 cm’, 3050-3084 c¢cm' and
2870-2955 cm due to C=C-H, C=C, CH aromatic and CH aliphatic groups respectively,
are consistent in the spectra of the substituted phthalonitrile 8b as well as in the
synthesized alkynyl MPc complexes 8 and 9. In addition to the vibrational bands
observed for metallated alkynyl Pcs, unmetallated Pc complex 8 revealed vibrational
band at #3644 cm™ attributable to the presence of N-H (secondary amine) stretching in
the Pc cavity, Figure 3.2. The presence of C=C peak at 3285-3295 cm’ could be
responsible for the shifting of NH signal to 3647 cmin complex 8. Also, IR peak value as
high as 3555 cm™ for NH stretching have been reported in literature [233].

The characteristic IR peaks around 2123 ¢cm, 3286 cm™ and 2122 cm' due to N3 (for 4a),
C=CH (for 1b(ii)), and C=C (for 1b(ii)), respectively disappeared, and a new peak around
3156 cm’ appeared upon successful click reaction between 4a and 1b(ii)) to form 4b,
Figure 3.3. Disappearance of the sharp C=N vibrational peak at 2232 c¢cm™ in the IR

spectrum of 4b showed successful formation of triazole-functionalized ZnPc 4.
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—_— !
KyCOs, Tt DBU, reflux, 20 hrs
CN OR CN ! !

complex

1
2

Scheme 3.1: Synthetic pathways for alkynyl complexes of 1 and 2.

3.1.1.3 Ground state electronic absorptions

The electronic absorption spectral of complexes 1, 2, 3, 4 and 9 showed monomeric
behaviour in DMSO (and THF for 9) evidenced by the single Q band of the complexes,
this is typical of metallated phthalocyanine [234], with D symmetry, Figure 3.4A. The
observed Q bands for the complexes shifted to higher wavelengths as the central metal is
changed from Zn (3) to In (2); the red shifting of the Q band is ascribed to the larger size
of In compared to Zn [235]. The Q band for complexes 3 and 4 were observed at 683
and 684 nm, respectively (Table 3.1), showing no shift in the Q band positions. The Q
band for 9 was observed at 687 and 680 nm in DMSO and THF, respectively. The 7 nm
spectrum shift observed in DMSO is attributed to the higher refractive index of DMSO
compared to THF [22]. Q band absorption of complex 1 (696 nm) was red-shifted by 3
nm, compared to 2 (693 nm). Increased carbon chain-length of the substituents in
complex 1 gives room for both o and m bonded electrons in the alkynyl groups to interact
[236]. This results in slight destabilization of highest occupied molecular orbital (HOMO)
level in 1 than 2, hence a shift in the Q band to longer wavelength was observed for the

former [236].

62



CHAPTER 3 SYNTHESIS & CHARACTERIZATION

The UV-vis absorption spectra of metal-free Pc 8 in THF showed distinct (Q, and Qy)
bands at 701 and 668 nm, respectively, Figure 3.4B. In DMSO, the absorption spectrum
showed broadness in the Q band region due to aggregation at the concentration (=105
M) used in Figure 3.4B. At low concentration of =2.5 x 107 M, the Q bands of complex

8 are more resolved in DMSO due to reduced aggregation, Figure 3.5. Aggregation in Pcs

is judged by broadening or the presence of two main bands in the Q band region [234].

OzN\@ + OH K2CO3IDMF
———-
N N- gas/36 h

1a

Scheme 3.2: Synthetic pathway for the formation of complexes 8 and 9.
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Figure 3.2: FTIR spectra of 8, 9, and 8b

Figure 3.5 shows the normalized absorption, fluorescence emission and excitation spectra
of 3 (as a representative of 3, 4 and 9) and 2 (as representative of 1 and 2), respectively,
measured in DMSO (Table 3.1). The emission and absorption spectra of 3 were mirror
images of each other, Figure 3.5. Fluorescence spectrum of 2 (indium Pcs) is weak
compared to 3 (ZnPcs) due to the heavy atom effect of In, Figure 3.5. Also, loss of
symmetry in complex 2 is possible due to the large size of indium metal which is more
displaced from the cavity of the phthalocyanines ring, and become more pronounced

upon excitation [237].
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Figure 3.5 shows normalized absorption, fluorescence emission and excitation spectra of
metal-free phthalocyanine 8 in DMSO (similar to THF), as stated above complex 8 is
monomeric at this concentration used for emission studies (2.5 x 107 M). As is typical of

metal free phthalocyanines, emission occurs with one peak assigned to 0-0 transition for

complex 8 [238].

(" Z
.+ /©< Cus0,.5H,0/NaAsc.
O,N 3
C s Ny THF/H,0, 1,48 h

\.

Scheme 3.3: Synthesis of 1,2,3-triazole-functionalized Zn phthalocyanine (4).
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Figure 3.3: FTIR spectra of 4a, 1b(ii), 4b and complex 4.
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Figure 3.4: Electronic absorption spectral of (A) 1, 2, 3, 4, (in DMSO) 9 (in THF and
DMSO) (Concentration *2 x 106 M), and (B) s in THF and DMSO at concentration
of 1.5 x 10s M.
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Figure 3.5: Absorption, fluorescence emission and excitation spectra of 3, 2 and s
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Table 3.1: Absorption, emission, and excitation spectral data for 1, 2, 3, 4, 5, 6, 7, 8,
9, 10 and 11 in DMSO, unless otherwise stated

Compound Q band, 2p_pang (NM) Emission, 4., (nm) Excitation, 4,,.(nm)
1 696 710 702
2 693 710 706
3 684 695 684
4 683 695 683
9 687 695 684
9 (THF) 680 688 681
8 672,704 710 698
8 (THF) 668,701 672,701 707
52 685 698 686
6> 695 712 697
7 (CHCl3) 705,671 680,709 714
10 691 697 687
11 689 698 689

a Data from reference [215], ® Data from reference [216].

3.1.2 4-(2-Mercaptopyridine) phthalocyanine (7, Scheme 3.4)
Scheme 3.4 represents the route for the synthesis of unmetallated phthalocyanine 7. The
precursor to the synthesis of metal-free phthalocyanine is 4-(2-mercaptopyridine)
phthalonitrile (7a) whose synthesis has been previously reported [211]. The
cyclotetramerization of 7a with excess lithium metal in the presence of n-pentanol under
nitrogen atmosphere results in the formation of lithium phthalocyanine (LiPc, not shown).
Complex 7 was synthesized by refluxing LiPc in glacial acetic acid for 2 h to remove the
loosely held Li metal in the Pc cavity. The crude product was purified by column
chromatography and characterized by FTIR, elemental analyses, '"H NMR, electronic
absorption, and MALDI-TOF mass spectroscopies. The obtained data were consistent with
the predicted structure. FTIR investigations on the metal-free Pc confirmed the absence of
the sharp C=N vibration at 2230 cm~' observed in 7a. The presence of single N-H
(secondary amine) stretching vibrational band at 3286 cm-' of the inner core of the
metal-free Pc further proved the successful conversion of mercaptopyridine phthalonitrile

derivative to Pc. In the '"H NMR spectra, the pyridyl-H was observed as a multiplet
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between 9.20 and 7.92 ppm, which was integrated to give 16 protons. The proton signals
of the Pc ring were observed as multiplet between 8.64 and 7.50 ppm and integrated to
12 protons. The two inner core protons of the Pc lie in the negative region of the
spectrum and were not observed [231,232]. The mass spectrum gave the expected value
of the synthesized molecule at m/z: 950.5 [M]*, and therefore confirmed the proposed
structures. Elemental analysis of the compound was in agreement with the calculated
values. The synthesized molecule showed good solubility in most organic solvents, such as

chloroform, DMF, dichloromethane, and THF.

The normalized absorption, fluorescence emission and excitation spectra of 7 in CHCI; is
shown in Figure 3.6. The Q bands were observed at 705 and 671 nm (Table 3.1) with
shoulders around 649 and 615 nm, while the B-band was observed at 342 nm. The Q
band absorptions of metal-free phthalocyanines possess D,;, symmetry, hence the splitting
pattern was observed in the spectrum. Both absorption and excitation spectra of complex
7 have similar splitting patterns but with different intensities of the Q band components,
Figure 3.6, suggesting no form of decomposition to the molecule during fluorescence

study.

Scheme 3.4: Synthetic route for the preparation of 7: (i) Li metal, n-pentanol, glacial
acetic acid, 140 °C, N,.
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Figure 3.6: Absorption, fluorescence emission and excitation spectra of 7 in CHG3s (1
x 10-s M). Excitation wavelength = 610 nm.

3.13 4-(4-6-Diaminopyrimidin-2-ylthio) Zn (II) phthalocyanine (11, Scheme
3.5)

Scheme 3.5 represents the pathway for the synthesis of complex 11 via cyclization of
compound 1la in the presence of Zn acetate, n-hexanol, catalytic DBU for 6 h. The pure
product (11) was obtained in satisfactorily high yield (48%) and characterized by FTIR,
elemental analysis, UV-vis, H NMR spectroscopies and MALDI-TOF. In the FTIR, the
characteristics intense peak around 2232 cm-due to C=N stretch in diaminopyrimidin-2-
ylthio phthalonitrile (11a) disappeared to show the successful formation of complex 11
Vibrational signals around 3320 and 3189 cm- due to aromatic primary amines, are
consistent in the spectra of the starting material (11a) as well as the synthesized molecule
11 This is an indication that the diaminopyrimidine substituents were retained after
cyclization. Vibrational band at ~2929 cm-lis due to CH aromatic stretching, while band
around 1613 cm-lis attributable to NH bend of primary amine. The mass spectrum gave

expected value of the synthesized molecule at m/z: 1141.82 [M+ 3H]+ and therefore
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confirmed the proposed structure. Elemental analysis of the compound was in good
agreement with calculated values. All the ring and substituent protons of the as-
synthesized complex 11 in DMSO were observed in their respective regions as revealed by
the '"H NMR. The 12 protons of the Pc ring were observed as singlet between 7.77-7.89
ppm. The singlet pyrimidinyl-H at 8.97 ppm were integrated to give 4 protons, while the

broad singlet NH, protons were observed around 5.20 ppm.

Figure 3.7 shows the normalised absorption, fluorescence emission and excitation spectra
of 11 measured in DMSO. The Q of 11 showed monomeric behaviour in DMSO and was
observed at 689 nm, Table 3.1. The proximity of the wavelength of the Q band maxima
absorption to the excitation Q band spectrum suggests that the excited state and the
ground state of the molecule have similar molecular geometries, Table 3.1 [239], an

indication that the excited state is similar, and not affected by excitation.

H,N 3
2 N N
HN NSNS CN =N U N \ s N
| Zn (OAc),, n-hexanol \ > s z T\ ' e \'é
\ N ) / — / ""ZH ...... \
CN DBU, 180°C, 6 h N X | N
NH, HN N~ Na=nN 0
2
11a 11

Scheme 3.5: Synthetic pathway for the preparation of 11.
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Figure 3.7: Absorption, fluorescence emission and excitation spectra of 11. Conc. in
DMSO » 1.6 x 10-6 M. Excitation wavelength = 612 nm.

3.2 MPc-Nanomaterial/polymer conjugates - Schemes 3.6 - 3.11

The composites of MPcs-nanomaterials used in this work are summarized below;

Complexes 2 and 3 were both coupled to azide-derivatized gold nanoparticles
(AuNPs) using Huisgen cyclo addition "click” reactions.

Complex 10 with mono-amino group was covalently linked to the activated
carboxyl-groups of MPA-capped gold nanoparticles (AuNPs); MPA capped
FesOs@Ag core-shell and FesOs4-Ag heterodimer nanoparticles; polyacrilic acid
(PAA); graphene quantum dots (GQDs), N-doped (N-GQDs) and S, N co-doped
graphene (S, N-GQDs) quantum dots via amide bonding.

Complex 11 was conjugated to AgAu and AgsAu: alloy nanoparticles via amine-

Au or thiol-Au bonds.
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3.2.1 Conjugates of 2 and 3 with gold nanoparticles via click reactions (2-AuNPs,

3-AuNPs, Scheme 3.6B)
Clickable azide-derivatized AuNPs were synthesized by using conventional ligand
exchange between the loosely held TOABr and azidopropylamine via the stable
amine-Au bond. The azide-derivatized AuNPs and alkyne-terminated
phthalocyanines (2 and 3) were coupled via [3 + 2] Huisgen cycloaddition
reaction between the azide and alkyne end groups, using CuSO4.5H20 as a catalyst
and sodium ascorbate as the reducing agent, Scheme 3.6B. The reaction was
carried out in tertbutanol:H.O (1.1 v/v) at room temperature for 96 h to afford
triazole products in quantitative yields. The conjugates obtained were purified and
characterized by FT-IR, UV-Vis, TEM, XRD and XPS. The compounds are readily

soluble in organic solvents such as DMF and DMSO.
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Scheme 3.6: Synthesis of (A) 10-AuNPs via amide bond, and (B) 2-AuNPs and 3-
AuUNPs via ‘“‘clicked’ reactions.

3.2.1.1 FTIR Spectra
Figure 3.8A depicts the IR spectrum of azidopropylamine. The presence of strong
intense peak at 2098 cm- generally assigned to asymmetric Ns. The presence of
azidopropylamine functionality on the surface of AuNPs were confirmed by the
small but clearly visible peak at 2102 cm-l, Figure 3.8B. The slight shift and
reduction in intensity of the azide peak on AuNPs also confirmed interaction
between the azidopropylamine and AuNPs. Figure 3.8C for alkyne-terminated zinc
phthalocyanine 3 (as a representative) shows vibrational signals at 3282 cm-1, 2229
cm-1 and 2875-2965 cm- attributed to C=C-H, C=C and CH aliphatic groups,
respectively. The characteristic peaks around 2102 cm-1, 3282 cm- and 2229 cm-
due to Ns: (on AuNPs), C=C-H, and C=C (on the ZnPc) disappeared; and new
peaks around ~3140 cm-i and ~1730 cm- [221] due to triazole ring vibrations
appeared upon successful Huisgen cycloaddition click reaction, as observed in 3-

AuNPs (Figure 3.8D) and 2-AuNPs (Figure 3.8E).
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Figure 3.8: FT-IR spectra of (A) azidopropylamine, (B) azide functionalized AuNPs,
(C) 3 (as a representative) (D) 3-AuNPs and (E) 2-AuNPs.

3.2.1.2 XRD Data
The X-ray diffraction patterns of as-prepared gold nanoparticles before and after
Huisgen cycloaddition click reaction to complexes 2 and 3 are shown in Figure 3.9.
Five diffraction peaks were observed in the XRD spectra of both TOABr-AuNPs (A)
and azide functionalized AuNPs (B). These peaks are positioned at 20= 38.38°
(111), 44.67° (200), 64.91° (220), 77.89° (311) and 82.32° (222), and were indexed
to face-centred cubic structure of pure gold [240]. Phthalocyanine is a carbon-

based-amorphous organic molecule, hence broad peaks around 26 = 23-25° (using
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2 (Figure 3.9C) as a representative) correspond to the 002 reflection plane of
carbon which is the major constituent of phthalocyanines [241]. Successful click
reaction between azide functionalized AuNPs and the phthalocyanines was
confirmed by the presence of additional broad peak covering 26 = 17-25° in the
XRD patterns of 3-AuNPs (D) and 2-AuNPs (E). Also, reduction in the crystallinity
of AuNPs was observed after click reactions as evidenced by the broadening of the

peaks, Figure 3.9.

3.2.1.3 TEM images
Shape and size distribution of the gold nanoparticles and the conjugates were
confirmed by transmission electron microscopy (TEM) analysis as shown in Figure
3.10A-D. Figure 3.10A shows TOABr-protected AuNPs as monodispersed spherical
AuNPs with an average particle size of 5 = 2 nm. After surface modification with
3-azido-1-propylamine, the average particle size of AUNPs was observed to increase
to 9 = 2 nm due to reduction in the interparticle distance between the NPs (hence
increased agglomeration) as shown in Figure 3.10B [242]. The TEM images of 3-
AuNPs and 2-AuNPs (Figure 3.10C, D) revealed highly aggregated particles after
coupling of AuNPs to phthalocyanines; the aggregation can be attributed to the
coalescence of neighbouring nanocrystals to form large single or twinned crystals
[242,243]. Also, aggregation due to m—m stacking interaction of the aromatic ring

of phthalocyanine on nanoparticles has been reported in the literature [220].
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Figure 3.9: X-ray diffraction patterns of (A) TOABr-AuNPs, (B) azide functionalized
AuNPs, (C) 2 (as representative), (D) 3-AuNPs, and (E) 2-AuNPs
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Figure 3.10: Transmission electron microscope (TEM) images of (A) TOABr-AuNPs,
(B) azide functionalized AuNPs, (C) 3-AuNPs and (D) 2-AuNPs.

3.2.1.4 Ground state electronic absorption and fluorescence studies

Figure 3.11 shows the UV-vis absorption spectra of as-prepared TOABr protected
AuNPs (a, black curve) and when ligated to azidopropylamine (b, red curve)
measured in toluene. The surface plasmonic resonance (SPR) which is size and
shape dependent was observed to peak at 523 nm for TOABr-AuNPs, while the
slightly broadened SPR peak for azide-derivatized AuNPs was red-shifted at 530
nm. The shift to longer wavelength of azide functionalized AuNPs indicates
increase in size of the AuNPs after surface modification due to reduction in the
interparticle distance between the gold nuclei [174,175,242]. The increase in size
was as also confirmed by TEM results above.

The Q band of 3 blue-shifted from 684 nm to 681 nm after the click reaction with
AuNPs, Table 3.2. No shift in the Q band of 2 in presence of AUNPs was observed.
Broad absorption peaks at around 543 nm for 2-AuNPs (d) and 535 nm for 3-
AuNPs (c) are due to the SPR of AuNPs. This confirms the successful coupling of

AuNPs to the phthalocyanines.

79



CHAPTER 3 SYNTHESIS & CHARACTERIZATION

Normalized absorption, fluorescence emission and excitation spectra of 2-AuNPs
and 3-AuNPs in DMSO are shown in Figure 3.12 A and B. The fluorescence of 2-
AuNPs is weak due to the combined heavy atom effects of In and AuNPs, Figure
3.12 A. The excitation spectrum appeared broadened and slightly shifted to longer
wavelength compared to its absorption spectrum. This is due to possible
displacement of In metal from the centre of the phthalocyanines ring upon
excitation [237]. Unlike 2-AuNPs, the ground and excited states of 3-AuNPs have
similar molecular geometries after excitation as seen from the monomeric Q bands
of the absorption and excitation spectra, Figure 3.12B. However, both 2-AuNPs
and 3-AuNPs have broad absorption bands around 520-550 nm in their
absorption spectra due to the SPR of the coupled AuNPs which are conspicuously

absent in their excitation spectra.

Wavelegth (nm) Wavelength (nm)

Figure 3.11: Absorption spectral of (A) TOABr-AuNPs (a), azide functionalized AuNPs
(b) (in toluene); and (B) 3 (a), 2 (b), 3-AuNPs (c), and 2-AuNPs (d) in DMSO.
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Table 3.2: Photophysical parameters for 2, 3, 3-AuNPs and 2-AuNPs recorded in
DMSO.

Parameter 2 3 2-AuNPs 3-AuNPs
4abs (nm) 693 684 693 681

~em(nm) 710 695 706 694
Kxci (nm) 706 684 703 682

of)

Ao T

450 500 550 600 650 700 750

Wavelength (nm) Wavelength (nm)

Figure 3.12: Absorption, fluorescence emission and excitation spectra of (A) 2-AuNPs
(Aexc = 610 nm) and (B) 3-AuNPs (Aexc = 610 nm). Concentration 1.56 x 10-6 M in
DMSO.

3.2.1.5 XPS spectra
Surface chemical compositions of as-prepared azide-derivatized AuNPs and the
MPc-AuNPs conjugates were investigated by X-ray photoelectron spectroscopy
(XPS), and presented in Figure 3.13. Full scan XPS spectra of azide functionalized
AuNPs revealed peaks at »83.3 eV (Au 4f7/2) and »87.1 eV (Au 4f5/2) with a spin-
orbit splitting (3.8 eV) corresponding to elemental gold (Au0) [244], Figure 3.13A.
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The presence of N1s peaks at ca. 401.6 eV on the XPS spectrum of AuNPs confirm
successful immobilization of 3-azido-1l-propylamine on AuNPs. XPS spectra of 3-
AuNPs and 2-AuNPs confirmed the presence of Zn at 1022 (Zn:z ps/) and 1045.6
(Zn2 p2) eV; and In at 442 (Ins ds/2) and 453.3 (Ins ds/2) eV, respectively. Intensities
of Cls at 285 eV significantly increased after coupling of Pcs to AuNPs. Reduction
in the signal strengths of Au after coupling was observed due to the loading of
phthalocyanine macrocycles on the AuNPs, Figure 3.13B.

The success of click reactions between azide functionalized AuNPs and the
phthalocyanines was verified by comparing the N1s spectra of the conjugates to
free phthalocyanines and azide functionalized AuNPs. Figure 3.13C shows the
deconvoluted N1s spectrum of azide-derivatized AuNPs which deconvoluted into
two chemically distinct peaks at 400.54 eV and 402.12 eV, these peaks correspond
to N-N =N and N -N =N, respectively, confirming the presence of azide molecules
on AuNPs. The absence of the C-NH2 peak at 400 eV proves the participation of
the amine in conjugation with gold surface [149]. The N1s core level spectrum of
phthalocyanine (2 as representative) shows only one peak due to N-C positioned
at 399.14 eV. N1s core level spectrum of the 3-AuNPs were independently
deconvoluted into three binding energies at 399.43 eV, 402.30 eV and 403.30 eV
corresponding to N-C, N-N =N and N -N =N, respectively. Similarly, N1s spectra
of 2-AuNPs for N-C, N-N = Nand N-N =N were positioned at 399.84 eV, 402.55
eV and 403.65 eV. The average ratio of the peak areas of N-N =N to N-N =N is
about 2.5:1, and close to stoichiometric ratios of 3:1 reported in the literature [245-
247]. Both N-N = N and N-N =N peaks of the conjugates shifted from ca. 400.54
eV and 402.12 eV of AuNPs to higher binding energies after click reactions. This
suggests possible change in chemical environments from linear N3 to triazole ring
structures formation. Also, the change in the shapes of the deconvoluted Nils
spectra of the conjugates compared to the free phthalocyanines and azide
functionalized AuNPs confirmed successful click interactions between azide

functionalized AuNPs and the phthalocyanines.
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Figure 3.13: (A) Wide scan XPS spectra for (A) azide functionalized AuNPs, 3-AuNPs
and 2-AuNPs, (B) expansion of the Audf7/2 and Au4fs/2 doublet for AuNPs in azide
functionalized AuNPs, 3-AuNPs and 2-AuNPs and (C) High resolution of Ni1s
component for azide functionalized AuNPs, 2, 3-AuNPs and 2-AuNPs.

3.2.2 C covalent linking of complex 10 to nanomaterials or polymer via amide
bonding (Schemes 3.7 - 3.10)
The formation of amide bonds between 10 and the nanomaterials were carried out using
EDC/NHS [226,248] coupling reactions in a mixture of DMF/H20 (11 v/v); 10 was
complexed to polyacrilic acid (PAA) in DMF using mixture of DCC and DMAP [220,249].
EDC/NHS (or DCC/DMAP) were used to protonate (or activate) the carboxylic groups (-
COOH) of the nanomaterials (or PAA), and make them susceptible to amidation with the

amino substituent on complex 10.
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3.2.2.1 Preparation of 10-AuNPs and 10-PAA (Scheme 3.7)

Synthetic pathways for the preparation of 10-PAA (as representative) via amidation is

shown in Schemes 3.7, and 3.6A shows preparation of 10-AuNPs.

(

DCC, DMAP
DMF, 96 h

HoN

PAA 10

Scheme 3.7: Covalent linking between complex 10 and PAA.

3.2.2.1.1 FTIR Spectra
FTIR spectrum of 10 shows the presence of intense N-H bending mode at 1598 cm, with
corresponding broad N-H stretching modes between 3360 and 3230 cm (Figure 3.14).
The broad OH absorption bands of MPA-capped AuNPs and PAA, and the corresponding
carbonyl stretching were respectively observed around 3100-3500 ¢cm and 1690-1700
cm, prior to the covalent linking with 10. The IR spectrum of 10-PAA composite revealed
strong N-H stretching mode at 3326 cm” due to secondary amide. Other notable peaks
for 10-PAA conjugates are the N-H bending and carbonyl group of amide at 1569 cm
and 1625 cm’, respectively. The spectrum of 10-AuNPs composites showed that -C=0
(1655 cm) stretching overlapped with the N-H (1629 cm) bending modes of amide
composites. The shift in the positions of carbonyl positions after covalent
functionalization confirmed electronic interactions between the 10 and PAA or AuNPs.
When 10 and PAA or AuNPs are mixed with no chemical bond, these changes were not

observed.

85



CHAPTER 3 SYNTHESIS & CHARACTERIZATION

3.2.2.1.2 TEM images and XRD patterns

Figure 3.15 shows the TEM images of nanospherically shaped MPA-capped AuNPs alone
and when covalently linked to 10. The nanosphere shaped gold particles have estimated
particle size of 5 nm (average). There is significant aggregation for the conjugate which
may be attributed to the m —m stacking interaction of the aromatic rings of the
phthalocyanines.

Structural characterization of the synthesized phthalocyanine and its conjugates were
verified using powder X-ray diffraction (Figure 3.16). The AuNPs showed well-defined
patterns with experimental 20 values at 38.5° (111), 44.1 (200), 65.1°(220), 78.00°(311)
and 82.39 (222), as also observed in Figure 3.9 A and B. The peaks are consistent with
the reported Bragg's reflections of pure crystalline gold [240]. Amorphous nature of 10
and poly acrylic acid (PAA) revealed broad peaks in the range of 20 = 17-26° (002) and
17-38° (002), respectively. For 10, the XRD pattern is typical of phthalocyanines
[241,250]. Conjugation of 10 to PAA resulted in the formation of single broad peak
suggesting low crystallinity in the 10-PAA conjugate. XRD pattern of 10-AuNPs shows
weak extra peak at 24.4°due to the Pc in addition to AuNPs peaks.
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Figure 3.14: FTIR spectra of PAA, 10-PAA, 10, 10-AuNPs and MPA-capped AuNPs
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Figure 3.15: Transmission electron microscope (TEM) images of MPA-capped AuNPs
and 10-AuNPs.

Table 3.3: Absorption, emission, and excitation spectral data for 10 and 10-
nanomaterial composites in DMSO

Sample Absorption (nm) Emission, Aem Excitation,Aexc
(nm) (nm)
10 691 697 687
10-AuNPs 690 697 687
10-PAA 688 697 686
10-GQDs 686 698 686
10-NGQDs 687 697 687
10-SNGQDs 687 697 687
10-FeaO4@Ag 683 693 685
10-Fe304-Ag 685 691 684
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3.2.2.1.3 UV-vis absorption and emission

Electronic absorption spectra of 10 and 10-AuNPs conjugates (in DMSO) alongside
unconjugated MPA-capped AuNPs (in aqueous solution) are shown in Figure 3.17. The
spectrum of MPA-capped AuNPs revealed a surface plasmon resonance absorption (SPR)
band at 530 nm. The Q band absorption of 10 showed monomeric behaviour in DMSO
at 691 nm, Table 3.3. The broadened Q band of 10 before conjugation is typical of NH.
containing phthalocyanines [111]. Q band absorption of 10 (Table 3.3) was slightly red
shifted compared to when conjugated to PAA. No significant shift was obtained for the Q
band of 10-AuNPs conjugates. The increase in intensity for 10-AuNPs below 600 nm is
due to the AuNPs SPR band contribution.

m MPA-AuNPs

200 3N

Intensity (cps)

" 10-PAA
PAA
joz\_
20 40 60 80 V1 00

2-Theta scale

Figure 3.16: X-ray diffraction patterns of PAA, 10-PAA, 10, 10-AuNPs and MPA-
capped AuNPs.
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Figure 3.17: Absorption spectra of 10, 10-PAA, 10-AuNPS (in DMSO), and MPA-
capped AuNPS (in water).

Normalized absorption, fluorescence emission and excitation spectra of 10-AuNPs are
shown in Figure 3.18. The Q band absorption, and excitation spectra are mirror images of
each other. The slight shift in Q band maxima between the excitation and absorption
wavelength may be due to different equipment used. The SPR contribution is absent in

the excitation spectra.

Wavelength (nm)

Figure 3.18: Absorption, fluorescence emission and excitation spectra of 10-AuNPs in
DMSO. Conc. 1.2 x 106 M. Excitation wavelength = 613 nm.
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3.2.2.2 Preparation of 10-GQDs, 10-NGQDs and 10-SNGQDs (Scheme

3.8B)
Scheme 3.8A shows the synthesis of GQDs, SNGQDs and NGQDs. The -COOH groups on
the QDs were converted to active COO-via EDC/NHS mediated coupling reaction, and
linked to amino group of the phthalocyanine (Scheme 3.8B) to form amide bonds
between 10 and the respective QDs. Depending on orientation, n-n interaction is also
possible between 10 and the QDs. The conjugates obtained were purified and
characterized by FT-IR, UV-Vis, TEM, XRD and EDX. The conjugates were soluble in

DMF, DMSO.
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Scheme 3.8: (A) Synthesis of graphene quantum dots (GQDs), N-doped (N-GQDs)
and S, N co-doped graphene (S, N-GQDs) and (B) Covalent linking of graphene
quantum dots to 10.

3.2.2.2.1 FTIR spectra
The surface functional groups on the QDs as well as the amide bonding to 10 were
verified by the FTIR spectra as shown in Figure 3.19. FTIR spectrum of pristine GQDs
shows characteristic OH peak around 3400 cm-1which is due to COOH on the surface of
GQDs. For NGQDs and SNGQDs, the broad characteristic peaks due to OH/NH stretch
around 2930-3400 cm4 confirmed the presence of hydroxyl and secondary amine
functional groups which co-existed on the surface of NGQDs and SNGQDs. These
stretching vibrations of OH/NH were complemented by the presence of overlapped
peaks of C=0 («1705 cm-), and NH («1654 cm-) bending due to COOH and CONH,
respectively, for NGQDs and SNGQDs. FTIR spectra of the conjugates (10-GQDs, 10-
NGQDs and 10-SNGQDs) revealed intense characteristic bands at « 1695-1702 cm-],
«1647 cm-4dand 3340 cm-that are attributable to the amide vibrational bands of C=0,
NH bending and NH stretch, respectively. This is an indication that the covalent linkages
between carboxyl-functionalized QDs and amine of 10 were successful. Also, the shift in

the vibrational modes of OH and/or NH and C=0O positions before and after covalent
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linking confirmed covalent interactions between the amine of phthalocyanine and

carboxylic of QDs.

3.2.2.2.2 XRD data

The X-ray diffraction patterns of the as-prepared quantum dots and their phthalocyanine-
QDs conjugates are shown in Figure 3.20. The diffraction patterns of the graphene
quantum dots (GQDs, NGQDS and SNGQDs) appeared between 20 = 15° and 31° which
corresponds to the graphitic structure [251,252]. The broadness of their diffraction peaks
is an indication of the small size of the quantum dots. Like graphene quantum dots, the
broad peak observed for 10 positioned between 206 = 18° and 27° is close to the 002
reflection plane of carbon which is the major constituent of phthalocyanines and QDs
[241,250,253], see also Figure 3.16. Conjugation of the 10 to QDs resulted in slightly
sharper peaks suggesting possible increase in the size of the conjugates which could arise
due to n-m stacking layers of the conjugates. Also, noticeable reduction in the intensity of

diffraction of 10 following conjugations to the graphene quantum was also observed.
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Figure 3.19: FT-IR spectra of bare GQDs, 10-GQDs, NGQDS, 10-NGQDs and SNGQDs
and 10-SNGQPDs.
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Figure 3.20: X-ray diffraction patterns of 10, SNGQDs, 10-SNGQDs, NGQDs, 10-

NGQDs, GQDs and 10-GQDs.

3.2.2.2.3 TEM images

Transmission electron microscopy (TEM) micrographs showed that the as-prepared GQDs

are monodispersed with fairly spherical morphology and average particle size of ~3 nm,

Figure 3.21. The interparticle distances prevent aggregation of the nanoparticles. The

conjugation of the GQDs to the phthalocyanines resulted in the formation of clusters due

to interaction of neighbouring nanoparticles. Aggregation of graphene quantum dots in

the presence of phthalocyanine can also arise due to n-n stacking interaction of the

aromatic ring of the phthalocyanine with the graphene QDs, also among the GQDs.
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Figure 3.21: TEM images of pristine GQDs, NGQDs, SNGQDs and 10-NGQDs.

3.2.2.2.4 UV-Vis spectra

Figure 3.22A shows the UV-visible absorption and photoluminescence (PL) spectra of the
as-prepared graphene QDs recorded in water. Absorption bands were observed at 334
nm for pristine GQDs and 341 nm for NGQDs. SNGQDs showed distinct absorption peak
around 337 nm in addition to two other peaks positioned at 408 nm and 598 nm [198].
The photoluminescence (PL) spectra of NGQDs (blue dash dot line) and SNGQDs (red
dash dot line) were slightly red-shifted compared to pristine GQDs (black dash dot line)
due to the changes in chemical functionalities and defects on the graphene lattice by the
heteroatoms [254]. The emission peaks of the GQDs were well resolved.

The absorption spectrum of 10 and when covalently linked to the QDs in DMSO are
shown in Figure 3.22B. There was up to 5 nm shift to lower wavelengths for
phthalocyanine-QDs nanocomposites, Table 3.3. Also, there is noticeable strong
absorption in the B band region for the phthalocyanine-QDs nanocomposites compared

to the free phthalocyanine, this corresponds to the region where the QDs absorb.
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Figure 3.22: (A) Absorption (solid lines) and emission (dash dot lines) spectra of
GQDs, NGQDs, and SNGQDs in water and (B) Absorption spectra of 10, 10-SNGQDs,
10-GQDs and 10-NGQDs composites in DMSO.

3.2.2.2.5 XPS spectra

X-ray photoelectron spectroscopy (XPS) was used to confirm the elemental compositions
of pristine GQDs, NGQDs and SNGQDs before and after covalent bonding to 10, Figure
3.23. The full survey scans of all the GQDs show expected atoms with NGQDs and

SNGQDs showing addition of N, and N, S atoms, respectively which are not present in
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pristine GQDs. The presence of Na auger peak at 298 eV in the XPS spectrum of GQDs is
due to the NaOH used during its preparation. No other contaminating element(s) was
detected in the XPS spectral of the QDs. The survey scans of 10-QDs (using 10-SNGQDs as
example) showed the peaks due to Cls, S (2p and § 2s), Nls, and Ols, appearing along
with Zn (2ps» and Zn 2py,2) in their respective peak positions.

Figure 3.24A shows the N1s spectrum of 10 which was deconvoluted into two chemically
distinct peak positions at 399.11 eV and 400.97 eV, these peaks correspond to N-C of Pc
(10) ring and N-H (from NHz), respectively. Three distinct peaks corresponding to N-C,
N-H and N-C=0O were deconvoluted for the N1s of 10-GQDs at 399.94, 401.12 and
402.13 eV, respectively, Figure 3.24B. The latter confirming the presence of the amide
bond. N1s spectra of 10-SNGQDs was deconvoluted to reveal the presence of pyridinic N,
N-C/pyrrolic N, N-H and N-C=0O at 399.25, 400.08, 401.06, and 401.97 eV,
respectively, Figure 3.24D. The deconvolution of NTs spectrum of 10-NGQDs (Figure
3.24C) gave similar peaks to those of 10-SNGQDs, except that the N-C=0O (due to amide
bonding) shifted to higher binding energy at 403.10 eV. Pyridinic N and pyrrolic N peaks
are due to the doping of graphene QDs with N-containing molecules [198,225].
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Figure 3.23: X-ray photoelectron wide-scan of (A) pristine GQDs, NGQDs and
SNGQDs, (B) 10, and 10-SNGQPD:s.
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Figure 3.24: High resolution of deconvoluted N1s component for (A) 10, (B) 10-GQDs
(C) 10-NGQDs, and (D) 10-SNGQDs.

3.2.2.3 Preparation of 10-Fe304-Ag and 10-Fe304@Ag (Schemes 3.9 and
3.10)
The synthesis of the FesOs NPs precursor has been reported [223,224]. Core-shell
nanoparticles of FesO4@Ag NPs were formed by deposition of the silver shell on FesOa4
NPs in the presence of oleic acid and oleylamine dissolved in phenyl ether solution,

following the procedure reported for FesO4@Au core-shell NPs [223]. Heterodimer
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nanostructures of FesO4-Ag NPs were synthesized by reducing and growing Ag domains
on the pre-synthesized FesOs NPs seeds. The reduction and growth of Ag on the surface
of seed nanoparticles of FesO4 NPs to form FezO4-Ag NPs proceeded under mild reaction
conditions compared to the formation of FesOs@Ag NPs. The presence of capping
ligands such as oleic acid and oleylamine on the surface of synthesized NPs endowed
them high degree of dispersibility in many organic solvents such as toluene, hexane,
chloroform, etc. Ligand exchange of oleic acid/oleylamine capped-nanoparticles with
anchoring chemical groups such as thiols (Schemes 3.9A and 3.10A) enabled further
functionalization of the NPs to other molecules. Synthetic pathways for the preparation of
10-Fe304-Ag and 10-Fe304@Ag via amidation are represented in Schemes 3.9B and 3.10B,

respectively.
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Scheme 3.9: (A) Schematic of the ligand-exchange bi-functionalization for Fe304-Ag
with TMAOH/MPA (B) Covalent linking of MPA functionalized FesO4-Ag to complex
10.
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Scheme 3.10: (A) Schematic representation of the ligand-exchange for FesOs @Ag with

TMAOH/MPA (B) Covalent linking of MPA functionalized FesO4@Ag to complex 10.

3.2.2.3.1 FTIR spectra

In the FTIR spectrum of FesOas NPs alone, the characteristics peaks at ~3000 cm-]
2918 cm-4and 2850 cm-are associated with =C-H, asymmetric and symmetric C-H
vibrational modes of oleic acid and oleylamine attached to the surface of the
nanoparticles (Figure 3.25). Significant reduction in the intense peaks of oleic
acid/oleylamine was observed for FesO+@Ag and FesOs-Ag NPs after capping with
MPA for FesO:@Ag@MPA and FesOs-Ag@MPA, respectively. MPA-capped NPs
revealed broad OH and carbonyl stretching absorption bands around 3000-3250
cm4dand 1690-1695 cm-l suggesting successful ligand exchange with MPA on the
surface of the NPs. The characteristic split vibrational bands of primary amine (NH
stretch) at about 3230-3360 cm-and corresponding NH bend at 1598 cm-were
observed in the spectrum of 10. The amide peaks of NH stretch, C=0 and NH
bend were respectively observed at 3381 cm-l, 1694 cm-4dand 1602 cm-for both 10-
FesOa@ Ag and 10-FesOs-Ag, indicating that the covalent linkages between
carboxyl-functionalized NPs and amine of 10 were successful. Also, shifts in the
carbonyl positions before and after amide linkages are pointers to the successful

electronic interactions between 10 and the NPs.
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3.2.2.3.2 XRD spectra

The X-ray diffraction patterns of synthesized magnetic-metallic nanoparticles before
and after conjugation to 10 are shown in Figure 3.26. 11 and 10 crystalline
diffraction peaks were observed in the X-ray diffraction patterns of Fe;Ou-
Ag@MPA and Fe;:Os@Ag@MPA, respectively. These peaks are consistent with the
diffraction patterns of pure synthetic magnetite (JCPDS Card No. 79 - 0417) and
silver nanoparticles (JCPDS Card No 04-0783) in the literature [255-257]. The 6
(for FesOs-Ag@MPA) or 5 (for Fe:O.@Ag@MPA) peaks indexed to the fcc inverse
spinel structure of Fe;O4 (0) have reflection positions at 30.40° (220), 35.41° (311),
43.30° (400), 56.7° (511), 62.92° (440) and 75.63° (622). The diffraction peak at
20 =75.63° (622) is absent for Fe;O.@Ag@MPA due to the presence of Ag shell
on the magnetic NPs. The Bragg's reflections of pure crystalline silver (*) were
positioned at 26= 38.40° (111), 44.61° (200), 64.81° (220), 78.20° (311) and
82.10° (222). It is noteworthy to mention that the diffraction patterns for both
Fe:Os and Ag in FesO4-Ag@MPA are well resolved as expected for hybrid
nanostructures, while the Fe;O. peaks for the Fe;:O.@Ag@MPA NPs were much
more subdued due to the presence of Ag shell on the surface of the FesOy; similar

observations have been reported in the literature [223,258].

Additional broad peak covering 26 =17-200° in the XRD patterns of 10-Fe;:O,@Ag
and 10-FesO.-Ag revealed successful conjugation between the nanoparticles and
phthalocyanine. This peak is weak for 10-FesOs-Ag. Some crystallinity of magnetic-
metallic NPs was lost after conjugation as evidenced from the broadening and

reduction in the peaks of the composites as seen in Figure 3.26.
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Figure 3.25: FT-IR spectra of bare Fe;O,, MPA-capped magnetic-metallic NPs, 10 and

the conjugates.

3.2.2.3.3 EDX spectra

Elemental compositions of MPA capped nanoparticles and their conjugates to

phthalocyanine, 10 were qualitatively verified using EDX spectroscopy in Figure

3.27. The EDX spectra of MPA capped nanoparticles confirmed characteristic peaks

of Ag, Fe, and O appearing along with the C substrate peaks. The presence of S
peak in the EDX pattern for Fe;:O4s-Ag@MPA and Fes:O.@Ag@MPA confirms
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successful surface modification of NPs. Presence of Zn and N in the EDX spectra of
the conjugates further confirmed the presence 10 in the composites. No other

contaminating elements were detected in the samples.

3.2.2.3.4 TEM images

The TEM image of MPA capped Fe;:Os@Ag NPs shows non-aggregated, quasi-
spherically shaped nanoparticles with dark magnetic core and lighter Ag shell (see
insert) suggesting successful encapsulation of the core Fe;O, by Ag shell, Figure
3.28. Fe;O.@Ag core-shell NPs has an estimated particle size of 10 = 1.2 nm (inset)
while the core Fe;O4 was estimated to be in the range of 4-7 nm. In contrast to
core-shell NPs, the TEM image of FesOs-Ag hybrid NPs clearly show that Ag
domains were nucleated on the Fe;O4 particles resulting in a dumbbell shaped
heterodimer particles (inset). The estimated size of the adsorbed Ag specie and
FesO4 are 5 = 1.2 nm and 6.5 %= 1.4 nm, respectively. Formation of Ag domains
on FesO4 core are favoured by the strong reductants such as oleylamine and
dodecanediol [259]. Significant increase in the particles sizes of the nanoparticles
after covalent linking with 10 was observed, and it is attributed to the m— stacking

interaction of the aromatic ring of the phthalocyanine on adjacent nanoparticles.
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Figure 3.26: XRD spectra of Fe;0,-Ag@MPA, Fe;O,@Ag@MPA, 10, 10-Fe;O,-Ag and
10-Fe;O,@Ag.
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Figure 3.27: EDX spectra of FesOs-Ag@MPA, FesOs@Ag@MPA, 10-Fe304-Ag and 10-
Fe304@AgQ.

Figure 3.28: Transmission electron microscope (TEM) images of (A) FesOs@Ag@MPA
(with insert on the right shows an isolated NP), (B) FesOs-Ag@MPA (with insert on
the right shows an isolated NP), (C) 10-Fe304@Ag and (D) 10-Fe30 4-Ag.
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3.2.2.3.5 UV-Vis spectra

Normalized UV-Vis spectra of Fe;:Os@Ag and FesOs-Ag capped with MPA
(FesOs@Ag@MPA and Fe;Os-Ag@MPA NPs) in water or oleic acid/oleylamine
(represented as Fe;:O.@Ag or FesO4-Ag NPs) in toluene, are presented in Figure
3.29A. Absorption spectra of oleic acid/oleylamine capped Fe;:Os@Ag or Fe;Os-Ag
NPs in toluene revealed single intense surface plasmon resonance (SPR) peaks at
414 nm and 429 nm, respectively. While the SPR peak of Fe:O,@Ag was observed
close to the SPR positions of pure AgNPs [260], SPR peak of Fe;O4-Ag was shifted
to longer wavelength by ~15 nm due to the contact between Ag and Fe;O. which
resulted in deficient electron population on Ag [261]. The absence of absorption
peak in the spectrum of bare Fe;O,4 (Figure 3.29A) shows that the observed SPR in
FesOs-Ag and FesO.@Ag are due to the presence of Ag in the nanostructures. The
SPR bands of both nanoparticles shifted to lower wavelength by 3-4 nm after
ligand exchange with MPA without altering the shape of the SPR peaks.

Ground state electronic absorption spectra of 10 and the composites recorded in
DMSO are shown in Figure 3.29B and summarized in Table 3.3. The Q bands of
10-Fe;O.@Ag and 10-Fe:O4-Ag were blue shifted to 683 nm and 685 nm,
respectively, compared to 10 alone (Table 3.3). Similar blue shifts in Q bands of
phthalocyanine in presence of magnetite NPs are well documented in literature
[189,262]. Broad absorptions around 427-465 nm for 10-FesO.@Ag and 461-505
nm for 10-FesOs-Ag are the regions corresponding to SPR of Fe:O.@Ag and Fez;Os-
Ag NPs, respectively.

Normalized absorption, fluorescence emission and excitation of the composites are
shown in Figure 3.30A and B. The ground state and excited states of the
conjugates have similar molecular geometries after excitation as seen from the
monomeric Q bands of the absorption and excitation spectra. However, broad
absorption bands due to the Fe;Os-Ag and Fes:O.@Ag SPR influence around 450-
500 nm observed in the absorption spectra of 10-FesO.@Ag and 10-Fez:O.-Ag were

conspicuously absent in their excitation spectra.
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Figure 3.29: Absorption spectral of (A) bare FesOs4, oleic acid/oleylamine capped
FeD4@Ag and FelD4-Ag (in toluene), FED4@Ag@MPA, and Fe3D4Ag@MPA (in
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Figure 3.30: Absorption, fluorescence emission and excitation spectra of (A) 10-
FeD4@Ag and (B) 10-Fe304-Ag in DMSO. Concentration 1.34 x 10'6 M. Excitation
wavelength = 613 nm.
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3.2.2.3.6 XPS spectra

Surface elemental compositions of Fe:O.@Ag@MPA and Fe;Os-Ag@MPA were
investigated for the presence of Fe, Ag and S by X-ray photoelectron spectroscopy
(XPS), Figure 3.31A and B. The presence of Ag 3d in the NPs was confirmed by
binding energies at 368 eV (Ag 3ds,.) and ~374 eV (Ag 3ds.) (Table 3.4), with a
spin-orbit splitting of ca. 6 eV [263]. The region on the XPS spectra corresponding
to Fe 2p were observed between 711 eV to 725 eV, these were assigned to Fe 2ps,;
and Fe 2p.., respectively, characteristic of Fe;O4 [264] in the nanostructures. The
presence of S 2p and S 2s peaks in their respective peak positions and the absence
of Nls peaks at 398 - 400 eV confirmed successful ligand exchange of the oleic
acid/oleylamine for MPA prior to covalent linking.

Surface compositions of the conjugates and the free phthalocyanine were also
investigated for possible amide linkage. Figure 3.31C and D showed the wide scan
XPS spectra of the composites containing signals attributable to Ag 3d, Fe 2p, S 2p
and S 2s in their respective peak positions. These peaks are also present in the
spectra of the nanoparticles, but absent in the XPS spectrum of 10 (Figure 3.31E).
The XPS spectra of 10-Fe:O.@Ag and 10-Fe:O4-Ag show additional N1s and Zn 2p
peaks which can be ascribed to the presence of the linked phthalocyanine. The zinc
2p peaks of the phthalocyanine and the conjugates were positioned at ca. 1022 (Zn
2psp) and 1046 (Zn 2py2) eV with peak separation of ca. 24 eV, in agreement with
the standard spin-orbit splitting of 22.97 eV of zinc(ll) [265]. This shows successful
stabilization of the nanoparticles with the phthalocyanine macrocycles. 1t is
noteworthy to mention that the Fe 2p of 10-FesO.@Ag almost disappeared in the
spectrum due to further stabilization of the Fe:O.@Ag core-shell NPs with

phthalocyanine macrocycles.

Table 3.4: XPS peak assignment for Fe;O,@Ag and Fe;O,-Ag

XPS peak position (eV)

Ag 3d Fe 2P S

Ag 3ds, | Ag3ds, | Fe3pie Fe 3p3p $2p S 2s
FesO.@Ag | 368.1 373.6 725 711 163 227
FesOs,-Ag |367.9 373.4 724.6 711 163 226.4

m
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In order to prove amide bond formation between 10 and the MPA-capped
nanoparticles; N1s XPS analysis of the conjugates were compared to that of 10.
Figure 3.32 shows the deconvoluted Nls spectrum of 10 (also shown in Figure
3.24) into two chemically distinct peak positions at 399.11 eV and 400.97 eV as
stated above, these peaks correspond to N-C (from Pc ring) and N-H (from NH.),
respectively. The Nls core level spectra of the conjugates were independently
decomposed into three binding energies at 399.14 eV, 400.54 eV and 401.96 eV
(for 10-Fe;O.@Ag); and 399.69 eV, 400.99 eV and 401.85 eV (for 10-Fe;O.-Ag).
The deconvoluted high binding energy peaks at ca. 401.9 eV for the conjugates are
attributed to the successful formation of amide bond between 10 and the carboxyl

nanoparticles.

o
re}

_ z=od A 28 & Fe40,-Ag@VIPA
8 20000 2
> Z
= 150004 =
- 2
g [
£ 5000
120000 B ?f; 9
Q" 100000+ 3 Fe;0,@Ag@VIPA
o
=
@
=
3
=
200 400 600 800 1000 1200

Binding Energy (eV)

112



CHAPTER 3 SYNTHESIS & CHARACTERIZATION

/ 10-Fe304-Ag

300 600 900 1200

Binding Energy (eV)

Figure 3.31. X-ray photoelectron wide-scan of (A) 10-Fe304Ag@MPA, (B)
FesOs @Ag@MPA, (C) 10-Fe304-Ag, (D) 10-Fe304@Ag and (E) 10

Figure 3.32: High resolution of deconvoluted N1s component for complex 10, 10-
FesO4-Ag, and 10-FesO1@Ag
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3.2.3 Characterizations of AgxAuy and their conjugates with complex 11 (Scheme

3.11)

The surface of Ag-Au nano-alloys were functionalized with amino-rich com plex 11 taking
advantage of strong affinity for silver and gold by the amine and/or thiol groups, Scheme
3.11 AggAu! (3:1 Ag:Au) and AgjAug (1:3 Ag:Au). Stronger bond(s) is expected between
the terminal NH2 of 11 and AgxAuy nano-alloys than the sulphur atoms of mercapto rings
as a result of likely restriction from pyrimidine rings. Evidence of successful conjugation of
the phthalocyanine to the bimetallic nanoparticles was revealed in the UV-vis, EDS, TEM,

XRD and XPS spectra.

Scheme 3.11: Immobilization of ZnPc (11) on AgxAuyvia NH 2-Au bond.
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3.2.3.1 XRD studies
The X-ray powder diffraction patterns of Ag,Au, alloys and when conjugated to 11 are
shown in Figure 3.33. Theoretical XRD patterns of monometallic Ag and Au are similar
and the same with the peak positions observed for nano-alloys of Ag,Auy. XRD patterns
of AgyAu, showed crystalline well-defined peaks assigned to 111, 200, 220, 311 and 222
planes, and in good agreement with the planes of face centered-cubic of metallic gold and
silver [266,267]. XRD pattern of 11 showed a broad peak covering 20= 17-27° indicating
amorphous nature of phthalocyanines [250]. The additional broad peaks in XRD spectra
of 11-AgyAu, near 22° is an indication that the phthalocyanine is present in the
composites. Also, slight broadening of the peaks and reduction in the intensity of the XRD

patterns for 11-Ag,Au, were observed upon conjugation.
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Figure 3.33: XRD patterns of Ag3Auu 11-Ag3Auu 11, A& AU and 11-AglAu3 with

reference peaks for monometallic Ag and Au.

3.2.3.2 EDX spectra
Elemental composition of the bimetallic nanoparticles and the conjugates were
qualitatively verified using energy dispersive spectroscopy (EDS) in Figure 3.34. The EDS
spectra for AgxAuy alone show peaks due to Ag and Au as expected. In addition, there
are peaks due to ClI (from the HAUCU.3H2O0 used as starting material for NPs
preparation), C and O are from diphenyl ether and oleic acid also used in the synthesis of
NPs. The EDX spectra of 11-AgxAuy revealed characteristic C, N, S, Zn, Ag and Au peaks
further confirming the presence of both complex 11 and the bimetallic nanoparticles as the

m ajor constituents of the composites.

Figure 3.34 EDX spectra of Ag3Auw 11—Ag?AuNA&Au and 11—Ag]&u3

3.2.3.3 TEM images
The TEM micrographs of the nano-alloy particles before and after conjugation to 11 are
shown in Figure 3.35. The TEM images revealed monodisperse and nanosphere shaped
alloy nanoparticles with estimated particle size of 9 nm for both NPs. Significant

aggregation of AgxAuy is observed following linking to 11. Aggregation by n —n stacking

iswell known in phthalocyanines [234]. For 11-AgXAuy, it is possible that phthalocyanines
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from adjacent NPs interact, resulting in aggregation which is also evidenced by red

shifting of the SPR bands below .

Figure 3.35: Transmission electron microscope (TEM) images of Ag&ul 11—Ag3¢\ul

AglAu3dand 11-A & Au3.

3.2.3.4 UV-vis electronic spectra
Electronic absorption spectra of 11, 11—Ag?Aul 11—Ag]§u3(in DM SO) and wunconjugated
Ag3Aul and AglAu3 alloy nanoparticles (in hexane) are shown in Figure 3.36A and B.
Simultaneous reduction of Ag and Au precursors by oleylamine resulted in the formation
of gold-silver alloy NPs evidenced by the occurrence of one plasmon band in the UV-vis
spectra [268]. The intense SPR peaks of Ag3Auland AgA u were observed at 423 nm and
482 nm, respectively, Table 3.5. The SPR peaks of the alloys are very close to the SPR
positions of pure AgNPs and AuNPs, depending on the composition of Ag or Au present
in the alloys [269]. No shifts in the Q bands of 11 occurred after conjugation to AgxAuy,
Table 3.5. Intense absorption band at 444 nm due Ag3Aul SPR band contribution was
observed for 11—Ag.?Aulin DMSO. Also, for 11—A&Au3 contribution from AglAu3 SPR band
was observed at 501 nm. The SPR bands of AgxAuy in 11-AgX¥uyY measured in DM SO are

red shifted by 19 and 21 nm compared to unconjugated AgxAuy in hexane. The large shift
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cannot be related only to solvent differences. It is known that the SPR band shifts with

increasing particle size [172], hence the red shifting in Figure 3.36 (Table 3.5) suggests

aggregation.

Figure 3.37 shows the normalised absorption, fluorescence emission and excitation of 11-

AgiAuz measured in DMSO at excitation wavelength of 612 nm. Emission spectra in all

cases (11-AgiAus as a representative) are up to 10 nm red shifted from absorption spectra.

Such shifts are typical of phthalocyanines [210].

Table 3.5: Absorption, emission, and excitation spectral data for 11, 11-Ag;Au,, 11-

AgiAu; in DMSO.

Sample Absorption (nm) Emission, 4., Excitation,
(nm) Aexc(nm)
11 689 (Q band) 698 689
11-Ag;Au, 689 (Q band) 698 692
11-Ag,Aug 689 (Q band) 697 692
Ag,Aug 482 (501)= (SPR) - -
AgzAu, 423 (444)= (SPR) - .

2 Numbers in brackets are when Ag,Auyare conjugated to complex 11.
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Figure 3.36: Absorption spectral (A) Ag3Aul and AgJAu3 in hexane and (B) 11, 11-
Ag3Aul 11-AgAu3in DMSO.

Figure 3.37. Absorption, fluorescence emission and excitation spectra of 11-AglAu in

DMSO. Concentration 1.6 x 10-6 M. Excitation wavelength = 612 nm.
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3.2.3.5 XPS studies

X-ray photoelectron spectroscopy (XPS), Figure 3.38, was carried out to confirm
immobilization of phthalocyanine macrocycles on the surface of bimetallic plasmonic
nanoparticles. The wide scan spectra of 11 (Figure 3.38A) shows the presence of signals
attributable to S2p, S2s, Cls, NlIs and Zn2p in their respective binding energy (BE)
positions; the observed peaks were in good agreement with the elemental compositions
of complex 11. These peaks are also present in the XPS spectra of 11-Ag,Au,, confirming
successful immobilization of Zn-centered phthalocyanine on the bimetallic NPs. A close
investigation on the bimetallic NPs shows that the intensity of Au4f in Au-rich (11-Ag;Aus)
conjugate positioned at 82.6 eV is higher than Ag3d at 368.0 eV in the same conjugate.
Similarly, Ag3d peak is higher than Au4f peak in the Ag rich 11-AgsAu;. This fairly agreed
with the mole ratio of the Ag and Au precursors for each alloy. Possible points of
attachment between the phthalocyanine and bimetallic surfaces were also investigated
using deconvoluted N1s and S (2p3,, and 2p, ;) XPS spectra as shown in Figure 3.38B and
C. The NIs spectrum of 11 was decomposed into two chemically distinct peaks at 399.13
eV and 400.97 eV corresponding to N-C (from Pc ring) and -NH, (unprotonated amine),
respectively, Figure 3.38B. N1s core-level spectra of 11-AgiAuz were curve-fitted into two
binding energies positioned at 399.61 eV and 401.09 eV, this corresponds to N-C and -
NH, respectively. Similarly, N1s deconvoluted peaks for N-C and -NH for 11-AgsAu; peaks
are respectively observed at 400.01 eV and 401.20 eV. The high binding energy peaks of
11-Ag.Au, at ca. 401 eV (also present in 11 alone) are due to protonated amine/ amide
species [270-272], suggesting successful conjugation of 11 to Ag,Au, NPs. The S$2p
deconvoluted spectra of 11 and the conjugates revealed two doublets, Figure 3.38C: the
one at lower BE (ranging from 161.7 to 163.39 eV) and the other at higher BE (ranging
from 165.01 to 167.22 eV) due to spin-orbit coupling [273]. For phthalocyanine alone,
the first components appeared at 161.72 and 163.39 eV, corresponding to S2p;,, and
S2p, /2, respectively. Upon conjugation to Ag,Auy, the S2p;,, and S2p,,, peaks shifted to
162.08 and 163.38 eV for 11-AgiAus; 161.95 and 163.25 eV for 11-AgsAui, respectively.
The BE at =162 corresponds to thiolated species immobilized on bimetallic NPs in 11-
Ag,Auy [274], and S2p,/, peaks at =163 eV are due to the physisorbed species on the
NPs [273,275]. This is an indication that sulfur also took part in the formation of bond
between 11 and AgiAu,. The other unbounded thiols at higher binding energies (>164
eV) are attributed to S-C bonds of the Pc ring [276,277].
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11-AglAu3 11-Ag3Aul
S2P*
S 2Pa,
2P/
S 2s
158 160 162 164 166 168 170 160 162 164 166 168 170158 160 162 164 166 168 170
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 3.38: (A) X-ray photoelectron wide-scan spectra of 11, 11-AglAu3 and 11-Ag3Aul.
High resolution XPS of deconvoluted spectra for (B) N1s and (C) S (2p32 and 2p12)
spectra for 11, 11-AgiAu and 11-AgsAua.

3.3 Fabrication of MPc-polymer thin films using compounds 5 -9

3.3.1 Characterizations of MPc-polymer composites of 5 6 and 7 with
poly(bisphenol A carbonate) (PBC)

The respective Pc molecules were mixed with PBC and sonicated in chloroform prior to

immobilization on clean glass slides by drop-dry method. The concentrations of Pcs

embedded in PCB polymer thin films are in the range of 4.5 x 10-4- 5.3 x 10-4 M.

The UV-vis spectra of complexes 5, 6 and 7 in solution and when embedded in PBC
polymer thin films, Figure 3.39A and B. The complexes are monomeric in solution, Figure
3.39A. However, all the molecules exhibited aggregation with broadening of Q bands
and Soret bands in thin films. The presence of the common H aggregates in Pcs is judged
by the presence of a blue shifted peak due to the aggregate and a monomer peak at
lower energies [234]. For 6-PBC, the monomer peak (lower energy) is more intense than
the aggregate peak (higher energy). 7-PBC and 5-PBC are more aggregated in solid state
than 6-PBC, since for the former two, the high-energy peak (due to the aggregate) is
more intense than the peak due to the monomer. The spectra in thin films are broader
compared to those in solution, Figure 3.39B. The broadening of the spectra of Pcs in solid

states can be attributed to the intermolecular interaction and molecular deformation
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[278,279], which results in the slight modification of the energy level configurations of

the Pcs [120].
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Figure 3.39: UV-vis spectra of (A) 5, 6 and 7 in CHCI3 (B) 5, 6 and 7 in PBC thin
films. (Concentrations of Pcs in films ~ 4.5 x 10-4to 5.3 x 10-4 M).

3.3.2 Characterizations of MPc-polymer composites of 8 and 7 with polysulfone
(PSV)

The UV-vis spectra of phthalocyanines 8-PSU and 9-PSU are shown in Figure 3.40,
following immobilization on clean slide and placing in the sample compartment of the
UV-vis spectrometer. The molecules exhibited aggregation with broadening of Q bands
in thin films. The Q band for the monomer of 9-PSU was observed at 687 nm
complemented by the presence of a relatively intense absorption band near 622 nm, due
to aggregation. In 8-PSU, the split peaks were observed at 701 and 675 nm and the peak

due to the aggregate at «630 nm, Figure 3.40.
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Figure 3.40: UV-visible spectra of 8-PSU and 9-PSU. Concentrations of Pcs in PSU 9.8
x 104 M.

The thin films (TF) of complex 10 (10/PAA-TF) and 10-AuNPs (10-AuNPs/PAA-TF)
composites were prepared by mixing the Pc or composites with PAA in DMF and baked
at 100 °C to give compact coating surfaces. The UV-vis spectra of the doped Pc and the
composites revealed aggregation in solid states with broadening of Q bands and Soret
bands, the observed aggregation in solid states are also similar to the absorption spectra

of Pcs (5, 6, 7, 8 and 9) doped in PSU and PBC.

3.4 Conclusion for the chapter

Synthesis and characterizations of new phthalocyanine complexes 1, 2, 4, 7, 8, 9 and 11
are reported in this chapter for the first time. The new complexes were characterized by
FTIR, elemental analysis, '"H NMR, UV-vis and mass spectroscopic techniques. Composites
of complexes 10 and 11 with nanomaterials were characterized with several techniques
including XPS, XRD, FTIR, EDX, TEM and UV-vis spectroscopies. The electronic
absorption spectral of metallated Pc complexes showed monomeric behaviour in solution
(DMSO and THF) evidenced by their single Q bands, typical of metallated

phthalocyanines with Ddh symmetry. Unmetallated Pc complexes such as 7 and 8 revealed
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splitting Q bands pattern consistent of Pcs with D,;, symmetry. However, Pc complexes
such as 5, 6, 7, 8 and 9 embedded in thin films exhibited aggregation with broadening of
Q and Soret bands.
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This chapter describes the photophysical parameters such as fluorescence quantum yields
and life-times, triplet quantum vyields and life-times, fluorescence resonance energy
transfer; fluorescence rate constants; and rate constants for intersystem crossings, of

synthesized MPc molecules alone, and when conjugated to nanomaterials.

4.1 Photophysical properties of Pc derivatives without nanomaterials

4.1.1 & and 75

The fluorescence quantum vyields (®g) measured in DMSO for metal-free Pcs (7 and 8),
InPc derivatives (1, 2 and 6), ZnPc derivatives (3, 4, 5, 9, 10 and 11), and in THF for
complexes 8 and 9 are summarized in Table 4.1. Fluorescence quantum vyield (®g) values
are very low for complexes 1, 2 and 6, since Pcs with large metals such as In, fluoresce
very weakly due to the heavy atom effects [280,281]. Results from Table 4.1 show that
@ values obtained for InPc and ZnPc complexes in DMSO are lower than unsubstituted
parent compounds; ClinPc (& = 0.018) [282], and ZnPc (®p = 0.20 [69], respectively,
suggesting quenching of fluorescence by their respective substituents on the peripheral

positions.

The @ values observed for complexes 8 and 9 in DMSO are lower than the values
reported in THF, due to differences in solvent polarity, viscosity and refractive indexes
[22,283,284]. Higher & values have been reported for Pcs in THF compared to DMSO
[22], and this is attributed to low quenching abilities of THF for the excited singlet states.
The low value of the fluorescence quantum vyields of complex 8 in DMSO, compared to
that in THF, is also attributed to the presence of some degree of aggregation of 8 in
DMSO as shown in Chapter 3. Fluorescence quantum yield of complex 4 is lower than its
ZnPc precursor (3), suggesting fluorescence quenching property of the triazole-fused
nitrophenyl substituent in complex 4. Electron withdrawing groups like NO, have
tendency to diminish the fluorescence quantum yields [281], hence the lower quantum
yield observed in 4. Variation in the observed values of g of ZnPc complexes can be
attributed to the differences in the molecular structures of the studied complexes. The
lower quantum vyield reported for complex 11 compared to 10 is due to the large numbers
of amino group substituents in the former than the later, NH, groups are known to

quench fluorescence [111].
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The fluorescence lifetimes (tf) for the studied compounds were obtained from TCSPC
technique by fitting the fluorescence decay data to a bi-exponential function for
complexes 1 and 2, and mono-exponential functions for other complexes. Average
lifetimes for 1and 2 are listed in Table 4.1. A bi-exponential decay may occur for Pcs due
to the formation of aggregates which are non-fluorescent, but which can quench the
monomer [284]. Figure 4.1 shows the typical fluorescence decay profile of complex 2 in
DMSO. The lifetimes reported for 1, 2 and 6 are within the range reported for heavy
atom based Pcs, and are much lower than other Pc molecules due to the reason given
above for the Of values, Table 4.1. Hence, complexes 1, 2 and 6 are more favoured to
populate the first triplet excited states than other complexes. The shorter tf for 4
corresponds to its lower Of compared to 3. Again, fluorescence lifetimes of complexes 8
and 9 were short in DMSO compared to when measured in THF due to the differences in
solvent polarity and refractive indexes. Fluorescence lifetime of 11 also corresponds to
lower quantum yields compared to complex 10.

The fluorescence rate constant (fcF) is directly proportional to the fluorescence quantum
yields (Of) of the Pcs. However, the observed trends in the fluorescence rate constants for

the studied complexes do not follow the same trend as the quantum yields.
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Figure 4.1: Fluorescence decay profile of 2 in DMSO. Excitation wavelength = 702
nm.

4.1.2 &, 11, Kigc and 1y values

Figure 4.2 shows a typical decay curve using complex 10 as an example. All
complexes/conjugates gave bi-exponential decay curves, typical of Pcs at high
concentration [285]. Triplet quantum vyield (®g) is a measure of the fraction of excited
molecules that populate the metastable triplet excited states via spin-orbit coupling. In
Table 4.2, large triplet quantum yields (®1) values are recorded for complexes 1, 2, 6 and
11 in DMSO. High @t values for 1, 2 and 6 are due to the presence of heavy atom effect
of indium. The highest & value reported for 11 compared to other ZnPc derivatives is
due to the internal heavy atom effect induced by the sulphur-containing substituents in 11
as against the oxygen linkers in other ZnPc complexes [286]. The &1 observed for 8 was
low at & = 0.60, due to the absence of central metal in the Pc ring; the value increased
to & = 0.65 for 9 with the insertion of metal (Zn) in the cavity of the Pc. Also, larger
triplet quantum vyield (®;) value was observed for 4 (0.77) compared to 3 (0.64),
corresponding to the lower ®p value recorded for the former in Table 4.1. In general, O
and & are competing processes, that is, the high value of ®1 should correspond to low

value of & and vice versa, Tables 4.1 and 4.2.

Triplet lifetimes values for the complexes in DMSO ranged from 63 to 350 us with InPc
complexes 1, 2 and 6 having the shortest lifetime values expected for molecules with large
triplet quantum vyields. It is expected that 11 will have the shortest triplet lifetimes, since
molecules with larger triplet quantum yields should have shorter triplet lifetimes [287],
and vice versa. This is not the case for many of the ZnPc complexes listed in Table 4.2. It
is safe to assume that the observed trends in 8 (H.Pc) and 9 (ZnPc) are as a result of their
different structural configurations upon excitation. Also, differences in the substituents of
4 and its precursor (3) could be the reason for the discrepancies.

The rate of intersystem crossing (k;sc) observed for complexes 1, 2 and 6 are the highest
as expected for heavier atoms. The highest k;q. values for 1, 2 and 6 correspond to the
lowest intersystem crossing lifetimes (z;5.), since 7,40 and rate of intersystem crossing
(k;sc) to the triplet states are competing processes, as observed in Table 4.2. Combination
of high rate of intersystem crossing (k;sc) with low intersystem crossing lifetimes are

required to populate the excited triplet states of organic macrocycles.
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Table 4.1: Fluorescence data of InPcs, ZnPcs and metal-free Pc derivatives obtained in

DM SO except otherwise stated

Sample Solvent of xXF (ns) +* (ns) aM s-") (107)
0.02 + 0.03 + 0.02
1 DMSO 0.012 0.31 0.37 3.2
2.85
2 DMSO <0.01 0.32 0.36 2.5
2.72
3 DMSO 0.11 491 - 2.2
4 DMSO 0.09 2.49 - 3.6
5b DMSO 0.03 1.3 - 23.1
6¢c DMSO 0.029 0.26 - 11.1
7 CHClIs 0.33 5.59 5.8
8 DMSO 0.16 2.56 - 6.3
8 THF 0.23 4.24 - 5.4
9 DMSO 0.17 1.67 - 10.2
9 THF 0.30 3.34 - 8.9
10 DMSO 0.18 2.73 - 6.5
1 DMSO 0.12 2.44 - 5.0
afcF = Op/xavF or Of/tf. bData from reference [215], c Data from reference [216].

Time (s)

Figure 4.2: Triplet absorption decay curve 10 with the fitting curve in DM SO. Data

were obtained at 475 nm using 675 nm excitation source.
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Table 4.2: &, T1, k;gc and tig¢c Of InPcs, ZnPcs and metal-free Pc derivatives obtained
in DMSO.

Sample D Tr (us) = 0.02 kisc(s?) (109)a T;5c(ns)P

+ 0.001 + 0.003
1 0.82 75 2.22 0.45
2 0.84 66 2.33 0.43
3 0.64 251 0.13 7.67
4 0.77 283 0.31 3.23
5 0.75 229 0.58 1.70
6 0.86 63 3.30 0.30
8 0.60 307 0.23 4.30
9 0.65 310 0.39 2.60
10 0.73 240 0.27 3.70
11 0.83 350 0.34 2.90

akige = Pp/Tayr OF P/ TR, PTisc = Taye/Pr OF Tp/Pp , [Complex 7 not soluble in DMSO,

hence no triplet studies in chloroform]

4.2 Photophysical properties of 2-AuNPs and 3-AuNPs conjugates

4.2.1 @, 15, kr and kg

The fluorescence quantum vyield (®g) and lifetimes (7z) values of 2- or 3-AuNPs
composites measured in DMSO are listed in Table 4.3, and compared with their
respective unconjugated phthalocyanines 2 and 3. ®y value of 2 alone is low due
to the heavy atom effects of In central metal as reported above; the value is
expected to drop further for 2-AuNPs composites due to the combined effects of In
and the metallic nanoparticles. The ® value for 3-AuNPs of 0.02 is 5.5 times
lower than that of unconjugated 3. Such significant reduction in the ®f is
attributed to the heavy atom effects of AuNPs which are known for quenching of
the excited singlet states of phthalocyanines.

Fluorescence lifetimes (tz) for the phthalocyanines-AuNPs composites were

obtained from TCSPC technique by fitting the fluorescence decay data to a bi-
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exponential function. In the presence of AuNPs, the presence of two lifetimes may
reflect different orientations of the Pcs on the NPs. The average fluorescence
lifetimes (z,,r) Of the conjugates were shortened compared to the unconjugated
phthalocyanines alone. Again, this suggests quenching ability of Pcs fluorescence by
the presence of the AuNPs, due to the heavy atom effect of Au.

Fluorescence and intersystem rate constants (ky and k;q;) were calculated from the
values of @ and @, respectively. Large k;q. value is an indication of increased
intersystem crossing (1SC) to triplet excited states. Hence, the rate of ISC is higher
for both 2-AuNPs and 3-AuNPs composites than the corresponding 2 and 3,
respectively. This suggests that the triplet populations of 2 and 3 in presence of
AuNPs increased with increasing rate of ISC. k, value of 3 at 0.22 dropped to
0.052 after conjugating to AuNPs, while that of 2 dropped from 0.25 to 0.062 for
2-AuNPs, suggesting that fluorescence pathway is more favoured for excited states

of the 2 and 3 compared to the conjugates.

Table 4.3: Photophysical parameters for 2, 3, 2-AuNPs and 3-AuNPs recorded in
DMSO.

Parameter/Samples 2 3 2-AuNPs 3-AuNPs
D <0.01 0.1 < 0.01 0.02
T (ns)2 0.32 4.91 0.23 (97.54%) | 4.53 (81.37)
+ 0.0013 (98.39%) 1.50 (2.46%) 1.02 (18.63)
2.72 (1.61%)
Tour (NS)P 0.36 - 0.26 3.87
+ 0.013
Dt 0.84 0.64 0.92 0.77
T (Us) 66 251 43.30 220
kg (s7) (109)¢ 0.25 0.22 0.06 0.05
kg (s1) (108) 23.30 1.30 35.80 2
Tisc(ns)e 0.43 7.67 0.28 5.03

a Amplitudes in brackets, b Average lifetime used. <kp= Pgp/1p, Ki5c = Pr/Tr.Tisc =

T oo/ P OF T/ Pr.

4.2.2 &, 77 and 15
Figure 4.3 shows the triplet absorption decay curves for 2, 3 and their composites

with AuNPs using laser flash photolysis in DMSO. Triplet quantum yields are
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summarized in Table 4.3. A larger triplet quantum yield (Ox) value at 0.92 was
observed for 2-AuNPs as against 0.84 for 2 alone. Similarly, Ox of 3 increased from
0.64 to 0.77 after clicking with AuNPs. Higher triplet state absorptions of In and
Zn phthalocyanines in the presence of the nanocrystals are due to the heavy metal
effect of AuNPs. Table 4.3 shows that the triplet lifetimes for the Pcs are longer
that the values reported for their conjugates. The result is consistent for a molecule
with smaller triplet quantum yield to have longer lifetime [287], and vice versa.
Also, intersystem crossing lifetimes (t/5C) are lower for both 2 and 2-AuNPs than 3

and its conjugates as expected for molecules with higher rate of intersystem

crossing (fo/sc).

Figure 4.3: Triplet absorption decay curves for 2, 2-AuNPs, 3 and 3-AuNPs.

4.3 Complex 10 when covalently linked to nanomaterials or polymer

4.3.1 10-AuNPs and 10-PAA
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4.3.1.1 &g, Tz and kg values

The fluorescence lifetimes (®g) and quantum yields (zz) of 10 alone and when conjugated
to AuNPs and PAA in DMSO are summarized in Table 4.4. The fluorescence quantum
yields of 10-AuNPs and 10-PAA composites are lower than the value observed for the 10
alone. The lowering of ® values are expected for 10 in the presence of AuNPs is due the
heavy atom effect of Au which encourages intersystem crossing to the triplet states, hence
lowering fluorescence. The relatively larger ®p value of 10-PAA than 10-AuNPs reflects
low quenching ability for the excited singlet state of 10 by the poly acrylic acid compared
to AuNPs, due to the heavy atom effect of the latter. Fluorescence decay data of 10 and
the composites were fitted to mono-exponential function, suggesting single fluorescence
lifetimes (zz) for 10 and its conjugates. tp value of 10-AuNPs is lower than for 10 alone
and 10-PAA, for reasons given above. Higher 1¢ value for 10-PAA compared to 10 alone
could be attributed to nature or the length of the spacer between the Pc and the polymer
[288]. The largest k; value is observed for 10 alone, followed by 10-PAA and the lowest
for 10-AuNPs.

4.3.1.2 &y, t5, kg and 1,4 values
Figure 4.4 shows the triplet absorption decay curves for 10, 10-AuNPs and 10-PAA. The
highest triplet quantum vyields (®;) of 0.83 was recorded for 10-AuNPs conjugate,
followed by 10 alone with ®; of 0.73, and 10-PAA composites recorded the lowest
value of 0.67, Table 4.4. The significant enhancement of the triplet state absorption of
the 10 in presence of AuNPs is influenced by intersystem crossing induced by the heavy
metal effect of Au atom as explained above. Triplet lifetimes of 10 and its conjugates
ranged from 240 to 342 us, with 10-AuNPs showing the longest triplet lifetimes. 10-
AuNPs is expected to have the shortest triplet lifetimes considering its largest triplet
quantum vyields of 0.83. However, similar results have been reported for Pcs in presence
of AuNPs which was attributed to the encapsulation of Pc molecules by AuNPs [220]. The
largest value of k;s. for 10-AuNPs suggests an increased rate of ISC from an excited singlet
to triplet states compared to 10 and 10-PAA. The largest value of k;q. for 10-AuNPs also

correspond to the lowest 7,5, value at 3.02 ns compared to others.
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Table 4.4: Photophysical parameters for 10, 10-AuNPs, 10-PAA, 10-Fe304@Ag and 10-
Fe3D4-Ag recorded in DMSO.

Parameter/Samples 10 10-AuNPs 10-PAA 10-Fex04@Ag 10-Fe304-Ag

Op 0.18 0.03 0.07 0.03 0.02

Tf (ns) 2.73 2.56 2.80 2.54 241

Oy 0.73 0.83 0.67 0.81 0.88

Tr (Us) 240 342 258 175 142

fcp () (108 0.6 0.14 0.24 011 0.09
fc/sc (s-) (109 0.27 0.33 0.24 0.33 0.4
T/5¢c(ns) 3.74 3.02 4.18 3.14 2.74

Figure 4.4: Triplet absorption decay curves for 10, 10-AuNPs and 10-PAA recorded in
DMSO. Data were obtained at 475 nm using 675 nm excitation source.
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4.3.2 10-Fe3sO,@Ag and 10-Fe3Os-Ag

4.3.2.1 &g, T, kyp and kg
The fluorescence quantum yields () of the conjugates are up to 7 to 8 times
lower than the value reported for 10 due to heavy atom effects of the
nanoparticles. 10-FesOs-Ag gave a lower ®r value compared to 10-Fe;:O.@Ag,
Table 4.4. Fluorescence decay data of the composites were fitted to mono-
exponential function, suggesting single fluorescence lifetimes (7z) for the
conjugates. Obtained 7, value of 10-FesO.@Ag was found to be 2.54 ns, this is
slightly longer than the value observed for 10-FesOs4-Ag at 2.41 ns for reasons
explained above. However, both conjugates have significantly lower tr values as
compared to 10. Large k;qc value is an indication of increased 1SC to triplet excited
states. Hence, rate of 1SC is highest for 10-FesO4-Ag followed by 10-Fes;O.@Ag and
10. Fluorescence pathway is more favoured for excited states of 10 than 1SC

evidenced from the its largest k; value compared to the conjugates.

4.3.2.2 &, T and T

Figure 4.5A shows the overlay triplet absorption decay curves for 10, 10-
Fe:O.@Ag and 10-Fe;O4-Ag investigated in DMSO at 675 nm cross-over
wavelengths. Triplet quantum yields of the samples are also summarized in Table
4.4. Higher & was observed when 10 was conjugated to Fe;O4-Ag hybrid NPs
than Fes:O.@Ag core-shell NPs which does not correspond to trends in ®g. Lower
®1 value for 10-Fes:O.@Ag could be due to the differences in the structural
compositions of the nanoparticles, and their behaviour upon excitation. Also, this
could be due to the effects of surface passivation of FesO4 core of the core-shell
NPs by the Ag layer. Hence, photophysical properties of Fe;Os@Ag is more
suppressed compared to Fe;Os-Ag hybrid nanostructures. Triplet lifetimes of the
samples were determined by exponential fitting of the kinetic curves (10-FesO4-Ag
as representative) using OriginPro 2016 in Figure 4.5B. Triplet lifetimes for 10 in
the presence of Fe;O.@Ag and Fe;O4-Ag are 175 and 142 us, respectively. Again,
triplet absorption population of 10-FesOs-Ag is more pronounced than 10-
Fe;O.@Ag evidenced for the lower tsc value of the former. Generally, complex 10
showed improved photophysical properties when conjugated to both Fe;:O.@Ag
and Fes;Os-Ag than in the presence of AuNPs, this could be attributed to the
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combined synergistic effects of Fe and Ag in lowering the fluorescence intensity of
10, and consequently improving the triplet-triplet states absorption of the Pc in the

triplet excited states.
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Figure 4.5: (A) Triplet absorption decay curves for (A) 10, 10-Fe304@ Ag, and 10-
Fe30 4-Ag and (B) 10-Fe30 4-Ag with exponential fitting curve.

4.3.3. 10-GQDs, 10-NGQDs and 10-SNGQDs

4.3.3.1 ,tf and FRET parameters
The photophysical parameters of graphene quantum dots, and their conjugates to
complex 10 recorded in DM SO are summarized in Table 4.5. Fluorescence quantum Yyields
(OF(gbDs)) of QDs (GQDs, NGQDs and SNGQDs) alone in aqueous solution have been
reported before [289]. Fluorescence quantum yields (OF(gDs)) of the conjugates at the
wavelengths where QDs absorb were found to be up to 2.6 times lower than the QDs
alone, Table 4.5. The decrease is due to Forster resonance energy transfer (FRET) and
other energy transfer processes which has been reported to deactivate the emission of the
QDs [290,291]. Fluorescence enhancement in the Pcs and fluorescence quenching in the

quantum dots are the two competing processes that occur during interaction of Pcs with
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quantum dots. Similarly, at the excitation wavelengths where the QDs absorb, the
fluorescence lifetimes (7gqps)) Of the conjugates were observed to be significantly short
compared to the lifetimes of the QDs (in brackets) alone, corresponding to decrease in

quantum yields.

FRET efficiency for the conjugates were determined from the fluorescence quantum yields
of the conjugates and unconjugated QDs at excitation wavelengths where QDs absorb as

shown in Eq. 1.3 [73].

The calculated FRET Eff ranged from 0.52 to 0.61, Table 4.5. The highest FRET efficiency
value of 0.61 was obtained for SNGQDs with more red-shifted emission spectrum, and
overlap slightly more with the UV-vis spectrum of 10 than GQDs and NGQDs, Figure 4.6.
FRET efficiency values calculated for the QDs are only estimates, there other energy
transfer processes that could be responsible for the decrease in the emission of the QDs in

addition to FRET [76-78,288-292].

The ®gpy of the 10-QDs at the excitation wavelength of 613 nm where only Pc absorbs
are larger than the unconjugated Pc (10). Reduction in ®g are mostly reported for metal-
based nanomaterials when conjugated to phthalocyanines due to heavy atom effects of
the nanoparticles, but there is no heavy atom effect for GQDs, hence decrease in ®f is
not expected. However, increases in @y for Pcs covalently linked to QDs and magnetic
nanoparticles have been reported, and attributed to the nature or the length of the spacer
[288]. Time resolved fluorescence data for 10 and 10-QDs conjugates obeyed a mono-
exponential decay. The increase in the ®ggp values were complemented by increase in
the fluorescence lifetimes (tppc) for the conjugates measured at the excitation

wavelengths of 10.
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Wavelength (nm)

Figure 4.6: Absorption spectrum of 10 (in DMSO) and emission spectra of GQDs (2exc
= 340 nm), NGQDs (2exc = 355 nm) and SNGQDs (2exc = 370 nm) in water.

4.3.3.2 and tt
The triplet quantum yields absorption (Ox) and lifetimes recorded in DMSO at 675 nm
cross-over wavelength are summarized in Table 4.5. The measured triplet quantum yields
(Ox) of the samples are 0.73, 0.74, 0.77 and 0.79 for 10, 10-GQDs, 10-NGQDs and 10-
SNGQDs, respectively. The observed trend was surprising since the QDs do not contain
heavy metal atoms that can result in enhanced intersystem crossing to the triplet excited
states via ISC [293,294]; as was observed in Table 4.4 for 10 in the presence of AuNPs,
FesOs@Ag and FesOs-Ag. The slight increase in Ox could be ascribed to the large
conjugative systems of graphene QDs which significantly reduced the singlet-triplet
splitting and thus enhance the probability of intersystem crossing [295]. Triplet lifetimes
of the samples were determined by exponential fitting of the kinetic curves (10-SNGQDs
as representative) in Figure 4.7. Table 4.5 shows that the triplet lifetimes for 10 and its

conjugates ranged from 187 to 240 jus.
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Figure Triplet absorption decay curve
curve in red. Data were obtained at 475 nm
Table 4.5: Photophysical parameters of
conjugates recorded in DM SO .
Sample ~aftsab ®F(Pc) ¢ ®F(QDs) bd
(nm)
10 691 0.18 -
10-GQDs 686 0.25 0.10 (0.21)
(334)
10-NGQDs 687 0.23 0.31
(341) (0.77)
10-SNGQDs 687 0.20 0.31 (0.81)
(337)

ara&s =

absorption wavelength. bvalues
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Time (s)

of 10-SNGQDs

using 675 nm

graphene

t F(Pc)
(ns)c

2.73

2.89

2.84

quantum

TF(QDs)b
(ns)

5.17
(5.7)
6.81

(7.8)

3.96

(11.6)

in brackets are for QDs alone

w ith

exponential

dots,

tt (us)

240

194

205

excitation source.

10

fitting
and the
0.73
0.74
0.77
0.79

in water.cExcitation

where Pc absorbs. dExcitation where QDs absorb, values for ® F(QDs) alone are from

reference [289].
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4.3.4 11-AgsAu; and 11-AgiAu;

Table 4.6 shows the fluorescence quantum vyield (®g) and lifetimes (zz) values of
compound 11 and its conjugates studied in DMSO. The quantum vyields of 11-Ag;Auz and
11-AgsAu, composites are substantially lower than the value observed for 11 alone; this
shows the significant quenching of the excited singlet states of 11 by bimetallic
nanoparticles. The decrease in fluorescence quantum yields of 11 in the presence of
AgyAu, is attributed to the heavy atom effects of bimetallic nanoparticles which
encourage intersystem crossing to the triplet states as discussed above. The ®p values for
Pc (11) in the presence of Ag,Au, (Table 4.6) are larger than the values reported for 10 in
the presence of AuNPs, or Fe;O.@Ag and Fe;O4-Ag (Table 4.4), since two heavy atoms
are involved in the former. Time resolved fluorescence data, Figure 4.8, were fitted to
mono-exponential functions for 11. For the conjugates (11-Ag.Auy), a bi-exponential curve
was obtained and average lifetimes are given in Table 4.6. The fluorescence lifetimes of
11-Ag.Au, were shorter than 11 as expected, suggesting quenching of Pc fluorescence by

the bimetallic nanoparticles.

The triplet decay curve is shown in Figure 4.9. The highest triplet quantum yields (®r) of
0.95 was recorded for 11-AgiAus, followed by 11-AgsAu; with @ of 0.92, and 11 with the
@ value of 0.83. The significant enhancement of the ®; values is due to enhanced
intersystem crossing as a result of the bimetallic nanoparticles. 11-AgiAus containing more
Au (a heavier atom than Ag), has a larger @ value compared to 11-AgsAu;. The triplet
lifetimes for 11 at 350 us decreased significantly to 223 us (for 11-AgsAu) and 251 us (11-
AgiAusz) after conjugation to bimetallic nanoparticles, corresponding to increase in ®r

values.

11-Ag,Au, composites have larger k;sc values (0.4 x 10 s7) with corresponding
lower t;,. values compared to complex 11, suggesting increased 1SC to triplet
excited states. Rate of I1SC is highest for 11-Ag,;Auz followed by 11-AgzAu,; and 11
judging from the values of t;,.. Also, fluorescence pathway is more favoured for
excited states of 11 than ISC evidenced from the its largest k, value compared to its

composites (11-AgyAuy).
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Figure 4.8: Fluorescence decay curves of 11, 11-AglAu3 and 11-Ag3Aul, absorbance of

solution * 0.05.

Figure 4.9: Triplet absorption decay curve of 11-Ag3Aulwith exponential fitting curve

in red.
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Table 4.6: Photophysical parameters of 11, 11-Ag;Au; and 11-Ags;Au, recorded in
DMSO.

Parameter/Samples 11 11-AgiAus 11-AgzAu;
D 0.122 0.051 0.046
T (ns) 2.44 (100%) 2.48 (87.54%) 2.77 (72.83%)
+ 0.001 0.56 (12.46%) 0.98 (27.17%)
Taur (NS) - 2.24 2.28
+ 0.002
Dy 0.83 0.95 0.92
T (us) 350 251 223
kr (s7) (109) 0.5 0.23 0.202
kisc (s7) (10°) 0.34 0.42 0.40
Tsc (ns) 2.94 2.36 2.48

4.4 Conclusion to the chapter

Indium centred Pc complexes 1, 2 and 6 showed improved triplet population compared
to other molecules due to the heavy atom effects of In atom. Hence, complexes 1, 2 and
6 are more favoured to populate the first triplet excited states than other complexes.
Highest 1 value was reported for complex 11 compared to other ZnPc derivatives due to
the internal heavy atom effect induced by the sulphur-containing substituents in 11 as
against the oxygen linkers in other ZnPc complexes. Enhanced triplet absorptions of
complexes 2, 3, 10 and 11 in presence of metal based nanomaterials were observed due to
the heavy atom effects of metallic nanoparticles which are known for quenching of the
excited singlet states of phthalocyanines. The slight increase in the fluorescence quantum
yields of 10 in the presence of GQDs show that the excited singlet states of 10 was not
quenched by the GQDs due to the absence of heavy metal atoms. However, the value of
® for 10 was observed to improve slightly in the presence of GQDs due to the large
conjugative systems of graphene QDs which significantly reduced the singlet-triplet

splitting and thus enhance the probability of intersystem crossing.
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5 Nonlinear optical (NLO) studies

This chapter describes nonlinear optical properties of phthalocyanine complexes, and
when they are linked to nanomaterials or blended with polymers. An open-aperture
(OA) Z-scan technique [207,296] which measures total transmittance through the sample
as a function of incident laser was used to characterize the optical limiting potentials of
the samples using a mode-locked Nd:YAG laser at 532 nm and 10 ns (FWHM) excitation

conditions.

5.1 General mechanism and description of NLO parameters
The mechanism through which the NLO processes occur in organic macrocycles like MPcs
include either simultaneous absorption of photons (S, — S,) via virtual states in the
singlet excited states, or sequential absorption of photons (T, — T,) in the triplet excited
states after 1SC, Figure 5.1 [83,297]. Both mechanisms are termed excitation state
absorptions (ESA). The former ESA transitions (S, —» S,) are negligible, and not
considered in this work due to fast relaxation of the molecules from §,, to S;, followed by
quick transitions to either triplet states of T, via I1SC or ground states (S,) via fluorescence.
ESA of T; — T,, could give rise to reverse saturable absorption (RSA) when already excited
molecules in triplet states sequentially absorb another photon, hence ESA-assisted RSA are

only considered and discussed in this work.

Combination of phthalocyanines and nanomaterials or QDs would generate two-photon
absorbing composites with different nonlinear absorption processes. Therefore, likely
contributions due to free-carrier absorption (FCA), and/or nonlinear scattering (NLS)
mechanisms are expected in addition to the RSA mechanisms. FCA could occur as a result
of interference due to absorption from the composites at the excitation wavelength (532
nm) of the laser, while NLS occur as a result of formation of plasma or bubbles in the
sample solution during irradiation [298]. NLS is a secondary nonlinear absorption, and as

such not considered in this work.
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Figure 5.1: Simultaneous and sequential photon absorptions of excited state
absorption (ESA) mechanisms, SO = singlet ground state, Sj = singlet excited state, Sn

= higher excited singlet state, F = fluorescence, ISC = intersystem crossing, Tj = first
triplet excited state and Tn = higher excited triplet state.

Nonlinear absorption (NLA) coefficient (~eff); third-order susceptibility (1im [~ (3)]); second-
order hyperpolarizability (y): limiting threshold intensity (lum) and excited to ground
state absorption cross-sections ratio (k) are important nonlinear optical parameters. These

parameters are used to characterize nonlinear absorptions in this work.

neff describe nonlinear optical effects induced as a result of laser light-m atter interactions.
The magnitude of the interactions was estimated in terms of cm/GW (from Eq. 1.8) and
used throughout in this work. Values of #=ff can either be positive for molecules
containing reverse saturable absorbers |like Pcs, or negative for saturable absorbing

m aterials like nanoparticles [205].

The imaginary third-order susceptibility, (im [~ (3)]), is a measure of fast response time of
molecular material to the perturbation induced by the intense laser pulses. The second-
order hyperpolarizability, y, measures the interaction of the incident photon with the

permanent dipole moments of the molecular materials. Both third-order susceptibility
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(I,[x®]) and hyperpolarizability (y) (measured in esu), are evaluated in terms of
nonlinear absorption (NLA) coefficients (Ber), using Egs. 1.12 and 1.13 described in Chapter
1.

Limiting threshold intensity, (I;;,,), is a measure of deviation of energy output by OL
devices from incident laser light. Therefore, the larger the deviation from incident laser
light (that is, the lower the I;;,,), the better the material as optical limiters. I;;,, for OL
materials is measured when the input intensity is at 0.5 linear transmittance [299].
Generally, molecular material performs better as nonlinear optical device at I};,, value

below 1.0.

5.2 Nonlinear optical studies of Pc complexes in the absence of NPs

Pc complexes with similar substituents or central metals at the same concentrations and
absorbance are compared in solution, or when they are embedded on polymer supports.
Nonlinear absorption behaviour of complexes 5, 6 and 7 are studied in chloroform,
complexes 8 and 9 were investigated and compared in DMSO and THF. Other MPc
complexes and MPc-nanomaterial or polymer composites are studied only in DMSO. The

choice of solvent was determined by solubility of the Pcs and/or composites.

5.2.1 Alkyny! indium phthalocyanine complexes (1 and 2)

Figure 5.2A shows a representative open aperture Z-scan for complex 2 recorded at 532
nm and 10 ns pulses using peak input intensity of ca. 60.0 MW/cm2. For irradiance
intensities at ca. 130.0 MW/cm2 (Figure 5.2B), the normalized transmittance of complexes
dropped below 0.5 making them good optical limiting materials [132,167,300]. The
reduction in the linear transmission about the focus (z=0) is an indication of positive
nonlinear absorption expected for molecules exhibiting reverse saturable absorption
(RSA) profiles [90,167,206,296,300]. The observed RSA profiles for both samples are due

to sequential photon absorptions at the triplet excited states.

Using two-photon absorption (2PA), estimated nonlinear absorption coefficients (Bex) for
1 and 2 are respectively = 427 cm/GW and 438 cm GW-, Table 5.1. In addition to 2PA,
contributions from higher mechanisms such as three-photon absorptions (3PA) cannot be

ruled out due to the ns pulses and the high peak intensities used [93,95,300-302].
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Figure 5.2: (A) Open aperture Z-scan for 2 in DM SO showing the fitting. The black
solid curve is the theoretical fit, 100 — 60.0 MW /cm2 (B) Representative open-

aperture Z-scans of 1and 2, 700—130.0 MW /cm 2.

Analytical absorption model Eqs. 5.1 and 5.2 [209] was used to determine o7 and verify

the existence of 2PA mechanism for the two com plexes.

r _ Infi+q] (5 1)
~Nlinear Q
where q _ S /oLe// (5.2)

where oT is the excited state of absorption cross-section, 10, Leff and a are the input
fluence, effective path Ilength in the sample of length L and the |linear absorption
coefficient of the samples.

The excited state of absorption cross-section (oT) being larger than the ground state
absorption cross-section (a0) is a condition which is primarily responsible for RSA
occurring in the Pcs [297,303,304]. The incident pulses have duration of 10 ns compared
to the shorter ISC lifetimes (r/5C) (<1 ns, Table 5.1) of the Pcs, resulting in the population

of the triplet states T via intersystem system crossing hence increase in oT . Also, both
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complexes have high Ot (Table 5.1) that could ensure faster ISC to the triplet states,

increased 0T as well as [T~Tn] transitions.

e Experimental data fit
e Theoretical data fit

1.0.
CD
o5 09
C
8 0.8.
E oz
<>
C
(e0) 0.6.
05.

Figure 5.3: Representative open aperture Z-scan fits between experimental data and

theoretical analytical of absorption model for 2 in DM SO using Eqgs. 5.1 and 5.2.

Theoretical (Figure 5.3) OA Z-scan datasets were fitted to the experimental transmittance
datasets (using Egs. 5.1 and 5.2) while treating oT as a free parameter to obtain value of
R2« 0.9. The values of aT for 1 and 2 were 8.8 x10-I7 cm2 and 6.8 x10-I7 cm2,
respectively. Each of these values exceed ground state of absorption cross-section (00 _1.7
x10-17 cm2for 1 and 1.97 x10-17cm2for 2) by factors of 5 and 3, represented as K. These
values are a very good indicator that RSA could be occurring for the Pcs. Saturation
fluence (Fsat) curves of 1 and 2 are compared by plotting transmittance (T(z)) against the
input fluence (I0) (Figure 5.4A). The plots showed rapid decrease in transmittance as the
input fluence increases. Similar observations ascribed to 2PA for organic compounds have
been previously reported [209,305]. At |10 values higher than 0.18 J/cm2, more rapid
decrease of transmittance for 2 with respect to 1was observed which can be attributed to

the difference in carbon chain-lengths of the alkynyl substituents on the peripheral
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positions of the Pcs. Thus, complex 2 showed better NLO property than 1 and this was in

agreement with @t value shown in Table 4.2.

Table 5.1: Nonlinear optical properties of 1, 2, 3, 4, 8, 9, 10 and 11 in DMSO at 532

nm wavelength and 10 ns pulses.

Complex Ioo Besr L [x®V Y (esu) k Liim Tisc Or
MW/cm? | (cm/GW) esu (or/op) | (J/cm2) (ns)
1 130 427 2.10 x 10° 2.7 x 1020 517 0.55 0.45 | 0.82
2 130 438 2.15x10° | 3.19 x10?° 3.46 0.48 0.43 | 0.84
3 247 89 2.09 x 10" | 1.09 x 1030 5.9 0.42 7.67 | 0.64
4 247 149 3.53x10° | 9.13 x 10%° 4.9 0.27 3.73 | 0.77
8 99.7 360 8.47 x 100 | 3.71 x 1028 38.6 0.58 4.3 0.60
9 99.7 427 1.00 x 10° | 4.38 x 1028 38.6 0.64 2.6 0.65
10 44.1 165 3.86 x 10" | 1.69 x 10 47.6 0.89 3.74 | 0.73
1 554 209 491 x 101 | 2.15x10?° 621 0.28 2.9 0.83

Limiting intensity curves of the two alkynyl phthalocyanines are presented in Figure 5.4B.
Low value of [;,, is an indication of good NLO response to the input intensity. From
Table 5.1, complex 2 has lower I;;;,,, value hence exhibits larger optical limiting response
than 1. However, I;;,, values for both complexes were found to be among the lowest
reported for phthalocyanines derivatives in recent literatures which ranged from 0.2 to

0.8 ) cm=2 [112,116,300,306,307].

Estimated I,[x®] and y, (Table 5.1) values for both complexes are high and consistent
for organic molecules as nonlinear optical materials [112,121,300,306,307].

Both I,[x®] and y are slightly larger for 2 compared to 1 hence the former is a better
optical limiter. The obtained values of I,[x®], v, & and Besy reported in this work
compared favourably with different phthalocyanines (In-phthalocyanines inclusive) that
have been reported before [108]. This suggests that both 1 and 2 have good prospects as

optical limiters.
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Figure 5.4: (A) Transmittance vs input fluence (10) curves for 1 (red) and 2 (black) in

DMSO. (B) Output fluence (lout) vs input fluence (10) for 1 ad 2. 100 «130 MW /cm 2

for each sample.

5.2.2 ZnPc complexes 3 (alkynyl ZnPc) and 4 (triazole functionalized ZnPc)

5.2.2.1 Z-scan measurements
Figure 5.5 shows overlay open aperture Z-scans of complexes 3 and 4 measured in
DM SO. Absorbance of the samples were maintained at 2 and irradiated at input intensity
of « 247.0 MW /cm 2; the normalized transmittance for both compounds exhibited deep
valley below 0.5 similar to the shapes of the Z-scan profiles observed for 1 and 2, Figure
5.5. The nonlinear absorption coefficients (&,//) for 3 and 4 are respectively «89 ¢cm/GW
and 149 cm/GW , Table 5.1. Larger value of 4 is an indication of stronger optical

limiting (OL) potential due to the presence of a-substituted electron withdrawing N O 2
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groups, and relatively larger Ox value, Table 5.1. As stated above, electron withdrawing
groups have been previously reported to display effective oL properties in

phthalocyanines molecules [159].

RSA as a dominant mechanism 532 nm and ns pulses was also tested by plotting fieff
against absorbance of each sample. Figure 5.6 shows an increase in fieff as the absorbance

of the samples increases, for both compounds. This suggests direct relationship between

and available number of molecules induced by RSA at the excited triplet states [95].
Compared to 1 and 2 (In based alkynyl Pcs), 3 and 4 have lower value at high 100,

showing the importance of In compared to Zn as central metal for Pcs, Table 5.1.

3
1.0
. 4
09
0.8
1
o

0 .1
Z (cm)

Figure 5.5: Representative open-aperture Z-scans of 3 and 4. 100 * 247 MW /cm 2
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Figure 5.6: Plots showing the concentrations (absorbance) dependence fieff tor 4 and

3.100+ 67.4 MW /cm2for each independent measurement.

5.2.2.2 2PA vs 3PA mechanism
Possible contributions from higher mechanisms such as 3PA were verified by fitting
experimental datasets to both 2PA and 3PA functions using Eqs. 5.3 A and B, respectively.
The open circles in the figure represent experimental data, the red and blue lines
represent 2PA and 3PA fits, respectively, Figure 5.7 A and B.

T = 1 (5.3A)
Z P2Leff(loo/(THZ/z0)2)

T = - -
Z  1+2p33eff(loo/(1+(z/20)2)

where fi2 and are two-photons (2PA) and three-photons (3PA) absorption functions,
respectively.

Judging from all the fits to the experimental data, it is evident that 2P A fitted well to the
experimental data while 3PA fits were markedly different from the experimental data.

This shows that 2PA and not 3PA, is the dominant mechanism for the observed RSA
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behavior for both compounds at the ns pulses. Also, intensity dependence of p2 under
different experimental conditions were performed. The obtained 2PA coefficients for
both compounds were plotted against the on-axis input intensities (100) (Figure 5.8A).
peff remained relatively constant with increasing intensities for both samples. It is
believed that for the dominant mechanism, the values of should remain constant with
increasing 100 [95,168]. It is evident that the dominant mechanism for the observed RSA is
certainly 2PA. A plot of ft3 versus 100 showed exponential decrease of ft3 as 100 increases,
Figure 5.8B. The decrease in ft3 as 100 increases is attributed to the downward depletion
of sequential photon absorbing species; opposite trend has been reported for molecules

with 3PA induced RSA at fs pulses [300].

Z (cm)

Figure 5.7: OA Z-scan curves for (A) 3 and (B) 4. 100 * 150 MW /cm 2 for both
compounds. Open circles represent experimental data, red and blue lines represent

2PA and 3PA fits, respectively.
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The plots of 10 against 1out for 4 and 3 clearly show deviation from linearity, an
indication of good NLO responses to the input intensity, Figure 5.9. From Table 5.1,
complex 4 has lower 1iim value hence exhibits larger optical limiting response than 3.
However, values of 1lim obtained for both compounds were found to be among the
lowest reported for phthalocyanines derivatives in recent literature which ranged from
0.2 to 0.8 J/cm2 [112,206,299]. Excited to ground state absorption cross-sections ratio (k)

of both 3 and 4 are greater than unity, suggesting a direct consequence of ESA-assisted

RSA mechanisms.

Figure 5.8: Plots showing the peak intensity (100) versus (A) p 2and (B) p 3for 4 and 3

obtained at 532 nm and 10 ns pulses.
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Figure 5.9: Output fluence (Ioul) versus input fluence (|0) for 3 and 4. The black line
represent a case of linear transmission. loo -~ 150 MW /cm 2for each sam ple.

Estimated values for rm[~(3)] and y for 4 are higher than the values reported for the 3.
The superior nonlinear optical properties of 4 compared to 3, could be attributed to the
follow ing factors; presence of high dipole moments induced by the electron withdrawing
groups at the peripheral positions [159]; low 1ISC time and high triplet quantum vyield
[308] Table 5.1; and the expanded electron n electronsystem due to triazole-fused phenyl
rings of 4. The 1m [x (3)] values estimated for both 4 and 3 are larger by two to four orders
of magnitude than the range reported for series of naphthalocyanines and phthalocyanine
derivatives at 532-604 nm in DMF by Unnikrishnan et al. [309-312]. This implies that,
complexes 3 and 4 possess ultra-fast response time to attenuate intense laser radiation
compared to the aforementioned compounds. The y values reported for 3 and 4 are also
greater than those reported for ZnPcs (ranging from 7.60 to 8.32 x 10-31 esu) and CuPcs
(ranging from 8.53 to 112 x 10-31 esu) dyads in DMF [313], LuTBPc (2.79 2 x 10-33 esu)
[314], and other Pcs including InPcs [108]. The values of im[~(3)] and y reported for 1 and
2 are within the same range as that of complex 4, but larger by one to two orders of

magnitude than the range reported 3, Table 5.1.
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5.2.3 Mercaptopyridine-substituted metal-free, Zn and In phthalocyanine
complexes 5, 6 and 7 in solution and in thin films
5.2.3.1 Z-scan measurements in solution

Figure 5.10A—C show overlay of Z-scan spectra of 5, 6, and 7 in solution. Z-scan
measurements carried out on the compounds at various input intensities showed
reduction in the transmission about the focus of the lens. At I,, = 108 GWcm=2, a
positive nonlinear absorption (NLA) signature is induced in the sample [132,167,300],
attributed to the RSA behavior [90,167,206,296,300]. The absorbance of each sample
was maintained at Abs ~ 1.42 in CHCls, Figure 5.10. The Z-scan profile of 7 remained
highly unstable (dip intensity changing) in the presence of different input intensities
compared to 5 and 6.
Using 2PA function, the best fit gave B.rr of 300 cm/GW for 7 at I,, of 236 MW/cm?
(Figure 5.10, black line), 372 ¢cm/GW for 5 at 1,, of 273 MW/cm? (Figure 5.10, black
line), and 432 cm/GW for 6 at I,, of 214 MW/cm? (Figure 5.10, black line), Table 5.2.
The estimated B¢ in solution for 7 is smallest followed by 5, while the largest value was
reported for 6. This suggests better NLO behavior for 6 compared to 7 and 5. The values
were as expected, since inclusion of heavy metals in Pc leads to improved NLO and OL
properties [315,316]. The presence of indium increased the triplet-state populations of 6
due to its heavier atom effect compared to zinc of complex 5 as discussed in Chapter 5
[317]. This explains the improved NLO properties of 6 compared to 5 and 7 (metal free),
hence its larger B.sr value.
General trends for nonlinearity of the complexes in solution were also investigated at
constant input intensity and varying concentrations. The measured f.rr values were
plotted against the absorbance at I,, ~ 0.21 GW/cm? (Figure 5.11). It can be clearly seen
that B.r; increases in magnitude as the absorbance for each sample increases; complex 6
exhibits the largest effective NLA coefficient (B.sr) at 372 ¢cm/GW. The increase in
magnitude of the B,r as the concentration increases suggests direct relationship between
the B.rr and the available number of molecules induced by RSA at the excited triplet
states [306].
Complexes 5, 6 and 7 show larger f.¢r values than 3 and 4 at input intensities ranging
from 214 - 273 MW/cmz2, but smaller than both 1 and 2 measured at lower input intensity
of 130 MW/cm?, Table 5.1. Thus, the presence of alkynyl substituents and In central metal
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enhanced the values. The effects of solvents CHCh (for (5, 6 and 7) and DM SO (for

1,2, 3 and 4) cannot be ruled out.
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Figure 5.10: Plots showing OA Z-scan curves for evaluating Peff for 5, 6, and 7. At »

1.42 abs in CHCA™.
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The y values in solution reported for 5, 6 and 7 are greater than those reported for ZnPc,
CuPc ~10-3" esu in DMF [313], and LuTBPc 10-33 esu [314]. The estimated y values for 5,
6, and 7 in CHCI; are comparable to the copper complexes (3.52 X 10-22—- 7.6 X 10-30
esu) measured in DMF [318], and are much higher than tert-butyl-substituted ZnPc at
~4.3% 1073 esu, implying that the molecules are good candidates as optical limiters. The
estimated y and I, [x®] values for ZnPc (5) and metal free (7) Pcs in CHCl; are slightly
larger than those reported for complex 3 in DMSO, but lower than the values reported
for 1, 2 and 4 in DMSO. Surprisingly, estimated values of y and I, [x‘®] for InPc (6)
derivative in CHCI; are of lower order of magnitude compared to 1, 2 and 4 measured in
DMSO. The discrepancies could be due to differences in the polarity and refractive
indexes of the solvent used for the NLO studies.

The I, [x®] values estimated for 5, 6, and 7 in solution are larger by two to four orders
of magnitude than the values reported for naphthalocyanine and phthalocyanine
derivatives at 532-604 nm in DMF [309-314]. The measured I, [x®®] value for 6 in
solution is larger by one to two orders of magnitude than the values reported for InPc
(3.49 x 10-12 and 1.89 x 10-" esu) [115], cadmium(ll) polymeric cluster in DMF (8.03 X
102 esu) [319] and tert-butyl-substituted ZnPc at =~ 4.3 X 10-'* esu. The values of
I, [x®] reported for series of phthalocyanines in toluene and chloroform [108] are

within the same range as 5 and 7 but lower than the value of reported for complex 6.

5.2.3.2 Z-scan measurements in thin films.

The Z-scan profiles, Figure 5.12A—C, for the complexes in thin films were also fitted to
2PA processes, revealing RSA. At input intensity of ~33 MW/cm?, B,¢r values of ~2455
cm/GW/, ~4555 cm/GW, and =6213 cm/GW (Table 5.2) were obtained for 7-PBC, 5-
PBC, and 6-PBC, respectively. PBC alone showed no NLO behaviour. Complex 7
revealed fuzzy signals in both solution and on solid support, a characteristic of weaker
nonlinear responses. The distinct and sharp signals observed for 5 and 6 in both solution
and solid state is an indication of stronger nonlinear responses. However, indium
phthalocyanine 6 outperforms other molecules in terms of the magnitude of the
reduction in the normalized transmittance relative to input intensity. The substantial
increase in the magnitude of B¢ values in thin films compared to solutions for each

sample revealed the importance of Pc-polymer composites for NLO applications. The
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relative solubilities of the Pcs and the polymers.

Table 5.2: NLO properties of samples 5, 6 and 7

Complex 100 (MW /cm 2)

5 273

6 214

7 236
5-PBC 33
6-PBC 33
7-PBC 33

Figure 5.11: Plots showing the concentration dependence on

100 ~ 021 GW c¢cm -2 for each

The calculated 1m [~(3)]and y values for the samples, both

presented in Table 5.2. Generally,

when embedded in thin films,

10-9 esu for 6-PBC was the

peff(cm /G W
372
432
300
4555
6213
2455

)

in CH G 3and thin films.

Jm [X (3)]/esu
8.73 x 10-1
1.97 x 10-10
7.04 x 10-1
7.74 x 10-10
146 x 109
1.07 x 10-10

fieff

y
2.47
5.58
1.99
8.37
13

w N

.02

independent measurement in CH G 3.

Table 5.2.

the 1m [*(3)]

highest and the

lowest value was

and y values

O f the thin films, the

in solution and

in solution

(esu)

X

10-30
10-30
10-30
10-29
10-28
10-29

for 5, 6, and 7.

and PAA used for 10 was based on

him (J/cm 2)
0.57
0.46
0.88
0.20
0.11
0.54

in thin films, are

are

obtained

for

lower than

Im [~(3)] value of 1.46 x

metal-free

phthalocyanine film (7-PBC, 1.07 x 10-10 esu). Since the substituents on the Pcs are all the

same for the studied samples,

magnitude of 1m [~(3)]in MPc

was also observed for y values

it is safe to assume that the major factor responsible for the

is the

in solution and
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Transmittance Transmittance

Transmittance

Figure 5.12: O A Z-scan curves for (A) 7 and 7-PBC, (B) 5 and 5-PBC, and (C) 6 and 6-

PBC.100 ~ 33 MW c¢cm=-2, Concentration = 1.0 x 10-4 M in CHCI3.
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|0(3/cm2

Figure 5.13: Output fluence (Iout) vs input fluence (|0) for 7-PBC, 5-PBC, and 6-PBC.
The black line represents a case of linear transmission. Peak intensity (|00) ~ 33 MW

cm -2 for each sample.

The Im[%(3)] values of ~10-10 esu in thin films (Pc-PBC) were of the same order of
magnitude for the trinuclear lanthanide phthalocyanines embedded in poly(bisphenol A
carbonate) at 532 nm in DMF, as reported by Sekhosana et al. [124]. Rao et al. [120]
reported Im[x(3)] values of «10-10 esu for five different Pcs doped in PMMA polymers;
these are lower by one order of magnitude compared to s-rpec. Reports [125] have
shown that PMMA has poor mechanical strength and lower refractive index compared to
PBC; hence, superior nonlinear transmittance is observed for Pc-PBC composites reported
in this thesis.

Figure 5.13 shows a plot of incident laser intensity (I0) against transmitted laser intensity
(lout) for s-pec, 6-pBCc, and 7-pec at 100~ 33 MW/cm2 From Table 5.2, 6-pBC has the
lowest lam value of 0.11 J/cm2; this translates to excellent OL response compared to 7-
pec and s-pec, considering the same approximate concentration. The metal-free

phthalocyanine is outperformed by other samples and showed the least OL behaviour in
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solution and in thin film. However, the I};,, values obtained for the samples are still

within the acceptable limits.

5.2.4 Complexes 8 and 9 in solution and in thin films

5.2.4.1 Z-scan measurements in solution

Figure 5.14A shows the Z-scan plots of transmittance against the z-positions for
compound 8 and 9 measured at concentration of =1.0 x 104 M in 0.2 cm quartz cell.
The laser power was maintained at 2.0x 103 W which translates to =~ 99.7 MW/cm?. At z
= 0, the minimum transmission values of 0.35 and 0.47 were respectively measured for 8
in DMSO and THF. For compound 9, transmission values of 0.42 and 0.43 were
measured in DMSO and THF, respectively. Both samples revealed positive NLA with
reverse saturable absorption (RSA) profiles [90,167,206,296,300].

Estimated nonlinear absorption coefficients (B,5¢) of 360 cm/GW and 294 cm/GW were
respectively measured for 8 in DMSO and THF, respectively, Figure 5.14B. f,¢¢ values of
427 cm/GW and 386 cm/GW were respectively measured in DMSO and THF for
complex 9, Table 5.3. B, is larger for 8 in DMSO compared to THF. Complex 8 is
aggregated in DMSO at the concentrations used for NLO. The spectra for the solution of
8 used for NLO was similar to Figure 3.4B, in Chapter 3, hence confirming aggregation.
Thus the observed larger ¢, value suggests that aggregation improves NLO in solution.
Figure 5.15A shows overlay of OA Z-scan profiles of 8 in DMSO at different input
intensities. The concentration of each sample was maintained at =1.0 x 104 M in
solution, while the on-axis peak input intensity was varied from 14.8 to 99.7 MW/cm2.
For input intensities ranging from 14.8 to 55.1 MW/cm2, no significant reduction in the
transmittance along focal points was observed for compound 8 in DMSO. Interestingly,
the transmittances dropped below 0.5 as input intensity increased from 67.2 to 99.7
MW/cmz2, suggesting better nonlinearity of complex 8 in DMSO at high laser power. It is
noteworthy to mention that even though the formation of aggregates in DMSO impacts
negatively on the NLO of 8 at low laser power, the nonlinear absorption observed at
higher laser power is very impressive. Figure 5.15B shows the Z-scans profile of sample 8
in DMSO at the same concentration (2.5 X 107 M) used for the fluorescence studies. The
reduction in transmittance was observed at low input intensity and at the low
concentrations employed, which was not the case for larger concentration in Figure

5.15A. The estimated nonlinear absorption coefficients (B.sr) at the measured
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concentration was 53.8 ¢cm/GW at 100 99.7 MW /cm2, (Table 5.3). Thus a larger is

obtained for complex 8 in the aggregated form and at the same 100 of 99.7 MW /cm 2,

Table 5.3. values for 8 and 9 are in the same order of magnitude (in DM SO) as for 1,
2 and 5 - 6. Complexes 3 and 4 show lower values even at relatively higher input
intensity.

10
0.9
08
B 8DMSO
0.7~
- 8THF
Qs. A  9DMSO
s, T  9THF
0.4.
0.3.
-4 2 2 4

Z(m*

Z (cm)

Figure 5.14: (A) Z-scans with normalized transmissions for 8 and 9 in THF and DM SO.
(B) Z-scan curves for evaluating (fieff) for 8 in THF and DM SO. Conc. = 1.0 x 10-4M

(too) ~ 99.7 MW /cm 2for each independent measurement.

164



CHAPTER 5 NONLINEAR OPTICAL STUDIES

105 B

1.00
8 0.95
0.90 m  99.7 MW/cm?2
@ - A 55.1 MW/cm?2
0.80. S J
— " Y  29.2 MW/cm2
0.75
* 14.8 MW/cm?2
0.70 V
0.65
3 2 1 0 1 2 3 4

Z (cm)

Figure 5.15: (A) Plots showing Z-scan curves for 8 in DM SO at a concentration of (A)
1.0 x 10-4 M and (B) 2.5 x 10-7M . 100 * 148 -99.7 MW /cm2 for each independent

measurement.
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Table 5.3: Nonlinear optical properties of 8 and 9 in solution and in thin films. Peak

intensity for each measurement was = 99.7 MW/cm?

Compound | Solvent | Concentration | B.sf L, [x®]/esu ¥ (esu) k Liim
cm/GW (orlog) | J/em?)

8 DMSO 1.0 x 10 360 8.47 X 100 | 3.71 X 1028 38.6 0.58

THEF 1.0 x 10+ 294 6.24 X 10'° | 3.35 X 1028 39.3 0.72

DMSO 2.5 x 107 53.8 3.14 X 1077 | 2.64 X 1034 4.5 1.45

8-PSU 8610 2.02 X108 | 8.84 X 1027 210 0.04

9 DMSO 1.0 x 10 427 1.00 X 10° | 4.38 X 1028 38.6 0.64

THF 1.0 x 10 386 8.19 X100 | 440X 1028 | 33.0 0.67

9-PSU 8900 2.09 X108 | 1.02 X 1026 250 0.05

The dominant mechanisms responsible for the nonlinearity of each complex (8 and 9)
were investigated in DMSO using Eqgs. 5.1 and 5.2 to obtain g [209]. Figure 5.16 shows
plots of B.rr and or against sample concentrations at constant Ipy 99.7 MW/cm2. Both
Besr and oy increases in magnitude with positive slopes as the concentrations of each
sample increases. The S values increase with increasing concentration is an indication of
direct relationship between the nonlinear response and the concentration of each sample
[167]. The magnitude with which the o of 8 and 9 are increasing with concentration is
an indication of absorption of second photons by already excited molecules in the triplet
states.

This observation is attributed to the rapid ISC of each molecule to the triplet excited
states. Thus, the dominant mechanism for both molecules in DMSO is due to RSA assisted
by excited state absorption in the triplet states. The population of an excited state
absorption cross-section (o;) of a molecule being larger than the ground state cross-
section (gy), is a condition primarily responsible for RSA occurring in the Pcs [297]. The
absorption cross-sections ratios (k) for each sample are presented in Tables 5.1 and 5.3.
These values are greater than 1, and a very good indicator that RSA could be occurring
for the Pcs.

The y values reported for these samples fall within the reported optimal range of
hyperpolarizability values for phthalocyanines in solution [320]; this implies that they are
good candidates as optical limiters. y values estimated for sample 8 and 9 in solution are

larger by at least two orders of magnitude than the values reported in literature for meso-
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substituted porphyrins [321]; and series of porphyrin-heteropolyoxometalate hybrid

systems [322], at 532 nm and 20 ps pulsed duration.

Figure 5.16: Plots of p eff and a T increasing concentration for compound 8 and 9 in

DMSO.100 = 99.7 MW /cm 2.

5.2.4.2 Z-scan measurements in thin films

Polysulfone on its own showed no NLO behavior. The overlay of the Z-scan profiles for
the studied complexes 8 and 9 in thin films were measured at 100 of 99.7 MW /cm 2;
revealing RSA like profiles, Figure 5.17. At this input intensity, the z-scan profiles for each
host-guest system of Pc-PSU dropped to the lowest transmittance values at 0.13 and 0.15
for 8 and 9, respectively. The obtained fieff value rises to 8610 cm/GW for 8-PSU and
8900 ¢cm/GW for 9-PSU (Table 5.3). The substantial increase in the magnitude of

values in thin films compared to solutions can be attributed to the high resistance of
polysulfone to laser radiation, and the effect of the aggregation of the samples on solid
support. The effect of intermolecular interaction of the Pcs in solid states is particularly
important to the enhanced NLO properties of the host-guest systems [323,324]. fieff
values of Pcs in PSU are higher than those reported for PBC even though different Pcs are
used. polysulphone have been reported to be appreciably more stable to thermal and

thermal-oxidative breakdown compared to polycarbonate and other polymers [325].
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Figure 5.17: O A Z-scan curves for 8-PSU and 9-PSU. Peak input intensity (700) = 99.7

MW /cm 2.

The calculated 1m [x (3)] and y values for the samples, both in solution and thin films are
presented in Table 5.3. The higher the values of Im[x(3)] and/or y, the better the
compounds as optical limiters; values of im [*(3)] and y were expected to vary in the same
trend as observed for . Generally, the I1m\j(3)] values in solution for the studied
samples are much lower than the corresponding values in thin films. Similarly, the same
trend was also observed for y values in solution and in their respective thin films. y values
for Pc-PSU composites («10-26 esu) are within the range reported for series of In, Ga and
Zn phthalocyanine complexes in presence of nanomaterials, quantum dots and PMMA
[326].

The Im \"(3)] values of «10'8 esu, in thin films reported in this work was larger by two
orders of magnitude compared to five different Pcs doped in PMMA polymers at 800 nm
and 2 ps, as reported by Rao et al. [120]. The values in thin films are also remarkably
larger than the values reported for transparent nanohybrids of TiO2 doped on PMMA
reported by Yuwono et al. [327]. Values of im[j(3)] and y reported for 8 and 9 in PSU
are remarkably larger than those reported for complexes 5, 6 and 7 embedded in PBC

(Table 5.2) for reasons given above for &yy.
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Figure 5.18 shows a plot of incident laser intensity (10) plotted against transmitted beam
intensity (lout) for 8 and 9 in solution and in thin films also at 532 nm and 10 ns pulsed
duration. From Table 5.3, the 1um values for 8 and 9 in DM SO at 0.5 linear transmittance
were estimated at 0.58 J/cm2 and 0.64 J/cm 2, respectively. The 1um values of 8-PSU and
9-PSU are about the same at 0.04 J/cm2 and 0.05 J/cm 2, respectively. This shows that
even though complex 8 is metal free, it has the same optical limiting behavior as the Zn
containing complex 9. This shows that metal free Pcs cannot be ruled out as good NLO
m aterials. The 1um values obtained for the samples in solution are within the acceptable
limits for optical limiters. The 1am values for 8-PSU and 9-PSU are lower than the

complexes studied in thin films due to the improved stability of polysulphone.

Figure 5.18: lout versus I0for 8, 9, 8-PSU and 9-PSU. Peak intensity, 100 = 99.7

MW/cm2for each sample.

52.5 Complexes 10 and 11 in DM SO

Table 5.1 summarized the nonlinear optical parameters reported for complexes 10 and 11
in DM SO at laser input intensities of 441 MW /cm2 and 55.4 MW /cm2, respectively.

Complex 10 was recorded at Abs of « 0.76, while nonlinear optical characterizations of
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11 were carried out at ~ 0.5 Abs. The B, value obtained for complex 11 is larger than
that of complex 10 also measured, this could be due to the plurality of the amino groups
on complex 11 as observed in the improved ®r for 11 compared to 10, Table 5.1. The
L,[x®] and y values reported for 11 at 55.4 MW/cm? are within the same order of
magnitude reported for complex 10, in DMSO and at lower input intensity of 44.1
MW/cm2.

5.3 Nonlinear optical studies of Pc-nanomaterial or polymer composites
5.3.1 Z scan behaviour of complexes 2 and 3 clicked to AuNPs

Open-aperture (OA) Z-scan technique was used to measure nonlinear optical
absorptions of complexes 2 and 3 clicked to azide-derivatized AuNPs. The
composite samples were all dissolved in DMSO and their linear absorption
coefficients adjusted to ca. 1.0 cm™ in 0.2 cm cuvette. Figure 5.19A and B show Z-
scan profiles for 3, 3-AuNPs, 2 and 2-AuNPs, exhibiting symmetrical minimum
transmission around the focus. This corresponds to a reverse-saturable absorption
(RSA) phenomenon [108], suggesting occurrence of multi-photon absorption
processes due to the enhanced triplet excited-state to ground-state absorptions
[98,328]. A plausible explanation to the transmission minimum exhibited by the
samples is that, as the incident laser radiation increases, the transmitted beams from
the samples decreases and reached a point at which it is clamped. At approximately
the same irradiance of 0.08 GW/cmz? (20.4 uJ), minimum transmission recorded for
3, 3-AuNPs, 2 and 2-AuNPs are 0.66, 0.42, 0.56 and 0.30, respectively.
Expectedly, 2 coupled to AuNPs gave the lowest transmission clamped at 30%

compared to 3-AuNPs observed at 42%, due to heavy indium metal in the former.

Besr values of 374 cm/GW and 1392 cm/GW were respectively obtained for 2 and
2-AuNPs, while S, values of 76 cm/GW and 630 cm/GW were also recorded for
3 and 3-AuNPs, respectively, Table 5.4. Significant increase in the magnitude of
Besr values for phthalocyanines-AuNPs composites compared to unconjugated Pcs
revealed the contribution of AuNPs in enhancing optical limiting performance of
the later. Larger B.rr of 2-AuNPs compared to 3-AuNPs is a direct consequence of
the combined heavy atom effects of In central metal and AuNPs which encouraged

ISC for triplet absorption population. Also in the absence of AuNPs, 2 showed
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impressive f.rr value compared to 3 due to heavier atom effects In imposed on
former than later. Heavy atom-substituted Pcs are known to have enhanced NLO
and OL properties than relatively lighter atoms [315,329]. Hence, the observed

larger Brr value of 2 compared to 3.

Table 5.4: Nonlinear optical properties of 2, 3, 2-AuNPs and 3-AuNPs samples in
DMSO. I, = 0.08 GW/cm?2.

Sample Bess (cm/GW) | Iy (W/em?) | I [x®](esu) Y (esu) k(ﬁ)
0o
3 76 0.63 0.91 x 10" 0.74 x 1030 6.2
630 0.31 9.77 x 10° 0.72 x 1028 301.2
3-AuNPs
) 374 0.20 1.14 x 10° 2.37 x 10 7.8
1392 0.06 5.33 x108 1.80 x 1027 415
2-AuNPs

Note: values different from Table 5.1, since different intensities were used for the

characterizations.
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Figure 5.19: Z-scans transmittance plotted as a function of sample positions for (A) 3
and 3-AuNPs, (B) 2 and 2-AuNPs, and (C) AuNPs alone. Peak input intensity (oo) -
0.08 GW/cm?2, Absorbance = 1.0 in DMSO.

Relationship between improved photophysical properties and enhanced nonlinear optical
effects was established for the samples using absorption cross-sections ratio (k). . v was

obtained by fitting the data to Egs. 5.1 and 5.2 [209].

Absorption cross-sections ratio (k) values for each sample was evaluated as ratio of
excited state of absorption cross-section (oT) to ground state of absorption cross-section
(00). oT values exceeded the 00 by factors ranging from 6.2 to 415 with 2-AuNPs having
the largest k value followed by 3-AuNPs, Table 5.4. This shows that triplet excited states
of Pc-nanoparticle composites were populated with comparatively depleted ground state
absorptions, due to the presence of AuNPs. The magnitude of k shows that improved
photophysical properties of the composites also correspond to enhanced NLO effect of

RSA.
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The observed RSA for the phthalocyanines-AuNPs at input intensity of 0.08
GW/cm2 (where AuNPs revealed SA, Figure 5.19C) showed that SA to RSA
switching was greatly enhanced by the presence of the Pcs. Apart from being used
to protect optical sensors and enhance night vision from intense laser pulses, the
conjugation of the reverse saturable absorbers (2 and 3) to saturable absorbers
(AuNPs) at low irradiances (< 0.5 GW/cm?) can produce interesting optical
limiting effects that can be found useful in technological applications such as optical
switching, optical pulse compressor, and laser pulse narrowing [330].

For both Pcs, I,[¥®] and y values in the presence of AuNPs are larger than the
corresponding free phthalocyanines by up to 2 orders of magnitude, Table 5.4. At
the same approximate concentrations, 2-AuNPs relatively edged out 3-AuNPs as
OL material as evidenced from the calculated values of I,[y(®] and y.

Figure 5.20 shows the plots of incident laser intensity (I,) versus transmitted laser
intensity (I,,.) for the studied samples. The free phthalocyanines and their
conjugates have their energy outputs deviated from linearity, an indicative of good
NLO responses to the input intensity. From Table 5.4, the [;;,,, values for 2, 3, 2-
AuNPs and 3-AuNPs in DMSO were estimated at 0.20 J/cm?, 0.63 J/cm?, 0.06
J/em? and 0.31 J/cm?, respectively. Thus, 2-AuNPs shows the best optical limiting
behaviour among the samples. The [;;,,, value of 2-AuNPs is almost comparable to

PSU thin films in Table 5.3.
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Figure 5.20: Output fluence (lout) versus input fluence (10) for 3, 2, 3-AuNPs and 2-

AuNPs in DM SO . Peak intensity (100) ~ 0.08 GW /cm 2for independent sample.

5.3.2 Z scan behaviour of complex 10 conjugated to nanomaterials and polymer

Optical limiting behaviours of complex 10 covalently linked to AuNPs, PAA, Fe30 4@ Ag,
Fe30 4-Ag, GQDs, N-GQDs and SNGQDs are discussed in this section. In addition to
nonlinear optical characterizations of 10-AuNPs and 10-PAA composites in solution, NLO
studies were also done where 10 or 10-AuNPs composite were also embedded into PAA
as thin films (TF), without covalent linking to form either 10/PAA-TF or 10-AuNPs/PAA-

TF.

53.2.1 NLO of 10, 10-AuNPs, 10-PAA in solution and in thin films

The samples were all excited using nanosecond pulses of mode-locked Nd:YAG laser
system (x= 532 nm,t = 10 ns, 100 « 441 MW /cm 2). Figure 5.21 shows the open aperture
Z-scan plots of transmittance against the z-positions for the samples in solution (« 0.76
abs), and when embedded in PAA. The Z-scan profiles revealed reverse saturable

absorptions evidenced from the reduction in their transmissions at the beam focus
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[90,167,206,296,300]. Estimated B.;; in solution for 10 alone is the smallest followed
closely by 10-PAA, while the largest value was reported for 10-AuNPs, Table 5.5,
indicating enhanced OL behaviour of 10 in presence of AuNPs compared to PAA. At
relatively low absorbance (ca. 0.76) and moderate peak intensity of =~ 44.1 MW/cmz, 10-
PAA showed an impressive NLO behaviour with absorption coefficient of 218 cm/GW.
Besr value of 10-PAA is greater than or within the range reported for porphyrins linked to
carbon nanostructures [331-333]. B.r value of 10-AuNPs is larger than the values

reported for phthalocyanine combined with quantum dots, magnetite nanoparticles and

graphene oxide [176,177,180].

The formation of the thin films resulted in highly enhanced f.rr values (Table 5.5) as is
typical of thin films [124,334]. It should be noted that the films made the Pc highly
aggregated, which may play a role in the enhanced nonlinear optical behavior over the
solutions. There were insignificant changes in the spectra of the samples following Z-scan
experiments, suggesting no changes to the chemical compositions of the samples after

exposure to laser radiation.

The o, values calculated by fitting data to Eqs. 5.1 and 5.2 for each sample exceeded
ground state absorption cross-section o, by factors of 47.6, 56.6 and 304 for 10, 10-PAA
and 10-AuNPs, respectively. The o values for the thin films (for 10/PAA-TF and 10-
AuNPs/PAA-TF) were much larger than those measured in solution. The population of an
excited state absorption cross-section (o7) of a molecule being larger than the ground
state cross-section (gy), is a condition primarily responsible for RSA occurring in the Pcs
[297]. The largest absorption cross-sections ratio (k) for 10-AuNPs/PAA-TF = 2.79 x 103 is
a direct consequence of the magnitude of reduction of transmittance; this is a good
indication of ESA-dependent RSA as predominant mechanism responsible for nonlinear

absorption (NLA).
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Figure 5.21: OA Z-scans profiles for 10, 10-PAA, 10-AuNPs in DM SO and in thin films

(PAA).

Saturable absorption (SA) is known for AuNPs (Figure 5.19C), the observed SA for AuNPs
was attributed to the photodegradation of the singlet excited states [335]. The intense
absorption around 500 to 550 nm (from AuNPs) due to SPR observed for 10 conjugated
to AuNPs rendered the contributions from 2PA negligible. Free carrier absorption has
been reported to be phenomenologically similar to RSA, hence the NLO contributions
from AuNPs can be estimated by fitting the experimental Z-scan data to FCA
transmittance equation, (Eq. 1.14) [336]. Magnitude of FCA <cross-section (opCA) was
estimated as 2.00 x 10-20 esu, this value falls within the same order of magnitude for those

reported for a Pc linked to quantum dots [177].
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l. (Jlcm?)

Figure 5.22: Output fluence ( out) versus input fluence ( 0) for 10, 10-PAA, 10-AuNPs
(in DMSO), 10/PAA-TF and 10-AuNPS/PAA-TF. (00 = 441 MW/cm2 for each
sample.

The calculated Im[”(3)] and y values for the samples, both in solution and in thin films are
presented in Table 5.5. Im[”\(3)] and y values recorded for 10 and 10-PAA composites in
solution are within the same order of magnitude, and up to two orders of magnitude
lower than the value reported for 10-AuNPs conjugates in solution. The y value for 10
alone is much higher than the values reported for symmetrical phthalocyanines in solution
[93]. This shows that even at low concentration, complex 10 shows impressive NLO
behaviour attributed to the increased molecular dipole moments of asymmetrical Pcs
[132]. Im[x(3)] value at « 109 esu for 10-AuNPs, is remarkably larger than the values
reported for the same molecule linked to graphene oxide by two orders of magnitude
[180]. The y value reported for 10-AuNPs when doped in PAA is at least one to two
order of magnitude greater than values reported for series of In, Ga and Zn
phthalocyanine complexes in presence of nanomaterials, quantum dots and PMMA [326].
Similarly, Im[~(3)] values in thin films are also larger than the values reported for
transparent nanohybrids of TiO2 doped on PMMA reported by Yuwono et al. [327].

lam value of an OL materials is required to be sufficiently lower (below 1.0) as it measures

the nonlinear response of the material to attenuate intense laser radiation. Figure 5.22
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shows a plot of incident laser intensity (I,) plotted against transmitted beam intensity
(Ioyt) for 10, 10-PAA and 10-AuNPs in solution and in thin films. From Table 5.5, the thin
films of 10-AuNPs/PAA and 10/PAA have very low I[;;,, of 0.045 J/cm? and 0.063 J/cm2,
respectively. Again, the values of I};,,, are lower for Pcs in PSU compared to the thin films
of 10-AuNPs/PAA and 10/PAA (Table 5.3) due to the reason given above. In solution, the
I;im Of 10, 10-PAA and 10-AuNPs are respectively, 0.89 J/cm2, 0.78 J/cm? and 0.13 J/cm2.

5.3.2.2 NLO studies of 10-Fe;0,@Ag and 10-Fe;Os-Ag.

Figure 5.23A shows a representative overlay of open aperture (OA) Z-scan profiles
for 10 in the presence of Fe;:O.@Ag and Fe:Os-Ag, irradiated with nanosecond
pulsed laser of peak input intensity of =44.1 MW/cm?2. At z=0, minimum
transmissions (T(z)) of 0.75, 0.51 and 0.39 were recorded for 10, 10-Fe;:O.@Ag
and 10-Fes;O.-Ag, respectively. The lower the T(z) of the sample the better the
material as optical limiter, hence 10-Fe;O4-Ag shows better OL properties than 10-
Fe:O.@Ag. Figure 5.23B shows the representative fitting of experimental to
theoretical dataset for 10-FesO4-Ag. The fS.r values increased from 165 cm/GW for
10 to = 808 cm/GW (for 10-FesO.@Ag) and 1,485 cm/GW (for 10-FesO4-Ag),
Table 5.5. The observed trend corresponds to larger @ value for 10-Fe;Os-Ag
compared to 10-Fe;:O.@Ag in Table 5.5. Large values of @ should translate into
improved NLO properties [317]. The fer value for 10-FesO.@Ag is larger than
those reported for indium tetraamino phthalocyanine coordinated to silica coated
magnetic particles or silica nanoparticles with S.r of 400 cn/GW and 200 cm GW-
1, respectively [176]. This shows the importance of coating Fe;O4 with silver shell
compared to silica NPs. Significant enhancement in the magneto-plasmonic optical
responses of FesOs in presence of silver or gold layer have been previously

observed [185,194,337]. B.¢s value reported for 10-Fe:O4-Ag is greater than the

value reported for 10-AuNPs, this could be due to the size and compositions of the

NPs.
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Table 5.5: NLO properties of 10 and 10-NPs composites in DMSO and/or in thin films

Sample Medium | B.sf Ln[x®] y(esu) k(Z—Z) Iiim @r
(em/GW) (esu) J/cm2
10 DMSO 165 3.86 x 10 | 1.69 x 10 47.6 0.89 0.73
10/PAA-TF Thin Film 7290 1.71 x 108 | 7.49 x 10 908 0.063
10-PAA DMSO 218 511 x 10" | 2.23 x 10 56.6 0.78 0.67
10-AuNPs DMSO 995 2.39 x 107 | 1.02 x 10?7 304 0.13 0.83
10- Thin Film [ 18900 4.44 x 107 | 1.94 x 1025 | 2.79 x 103 | 0.045
AuNPs/PAA-TF
10-Fe;sO.@Ag DMSO 808 1.99 x 10° | 0.83 x 10% 312 0.1 0.81
10-Fe;O4-Ag DMSO 1485 2.14 x 107 | 0.94 x 102 510 0.08 0.88
10-GQDs DMSO 231 9.16 x 10" | 7.01 x 10® 49.8 0.61 0.74
10-NGQDs DMSO 288 1.32 X 101 | 3.34 x 1028 59.4 0.58 0.77
10-SNGQDs DMSO 320 3.42 x 107° | 5.03 x 10?8 63.2 0.55 0.79
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Figure 5.23: (A) OA Z-scans transmittance versus sample positions for 10, 10-
Fe30 4@ Ag and 10-Fe304-Ag and (B) Representative Z-scan for 10-Fe304-Ag (black)

and the theoretical fitting in red, 100 ~ 441 MW /cm 2, Absorbance = 0.76 in DM SO.

Figure 5.24 shows the plot of /W versus absorbance ranging from 0.76A to 3.6A.
As it can be seen, /W increases with positive slopes as the absorbance of each
conjugate increases, suggesting direct relationship between the NLO responses and
the concentration of each sample. This shows that as the concentration of the
sample increases, the efficiency of the composites to shield light sensitive material
also increases.

NLO responses of the oleic acid/oleylamine capped Fe30 4@ Ag and Fe30 4-Ag in
toluene were examined prior to surface ligands exchange. The nanoparticles
switched from SA to RSA higher laser power (—110.3 MW /cm 2) [160]. Interestingly,
Fe30 4-Ag consistently shows better NLO behavior with minimum transmission at
0.81 compared to Fe30 4@ Ag at 0.91, Figure 5.25; this shows both NPs maintained
their NLO performances after conjugation. The Jlower NLO performance of
Fe30 4@ Ag core-shell could possibly due to the tensile effect exerted on the Ag shell
by the core Fe30 4 due to differences in their lattice parameters [338]. Also,
reduction in the saturation magnetization of Fe30 4@ Ag core-shell NPs is more
pronounced than in the Fe30 4-Ag heterodimer [339], this could lead to diminished

NLO properties of Fe30 4@ Ag core-shell NPs.
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An attem pt to excite the NPs at the same input intensity (441 MW /cm 2) used for
the complex 10 and the conjugates revealed saturable absorption behavior (figure
not shown), suggesting that SA to RSA transition at low intensity was efficiently
suppressed in the presence of 10 [160]. Upon <conjugation to phthalocyanine,
switching from one-photon absorption (SA) process to multi-photon absorption
(RSA) process was observed (Figure 5.23A) for both Pc and the conjugates. Hence

the predominant mechanisms for the observed NLA is due to MPA-assisted RSA.

Figure 5.24: Absorbance dependence on fieff for 10-Fe304@Ag and 10-Fe304-Ag,
100 * 1103 MW /cm 2for each independent measurementin DM SO .

M agnitude of absorption cross-sections ratio (k) for the conjugates were calculated
using EQs. 5.1 and 5.2 [209]. Absorption cross-sections ratio (k) of 312 and 510
were reported for 10-Fe30 4@ Ag and 10-Fe30 4-AQg, respectively. The magnitude of
k shows that the NLO effect of the RSA is due to the wexcited triplet state
populations with com paratively weaker ground state absorptions.

The imaginary third-order susceptibility, /m[X 3)],value of 10 increased upon
conjugation to the metallic NPs. Similarly, values of y for the conjugates were up
to 2 to 4 order of magnitude larger than 10 (Table 5.5). At the same approximate
concentrations, 10-Fe30 4-Ag was a much better NLO material compared to 10-

Fe30 4@ Ag evidenced from the calculated values of Im [z (3)] and y.
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Figure 5.25: Open aperture Z-scans transmittance plotted as a function of sample
positions for oleic acid/oleylamine capped Fe30 4@ Ag and Fe30 4-Ag in toluene, 100 *

1103 MW /cm 2.

Figure 5.26 shows the plots of incident laser intensity (1a) versus transm itted laser
intensity (iout) for 10, 10-Fe30 4@ Ag and 10-Fe30 4-Ag. Both 10 and the conjugates
have their energy outputs expectedly deviated from linearity, an indicative of
better and good NLO responses to the input intensity [330]. However, the
deviation of 10-Fe30 4-Ag and 10-Fe30 4@ Ag were substantially lower com pared to
10, suggesting favourable effect of the magnetic-metallic nanoparticles on the
nonlinearity of 10. From Table 5.5, the 1Um, values for 10, 10-Fe30 4@ Ag and 10-
Fe3O0 4-Ag in DM SO were estimated at 0.89 J/cm2, 0.11 J/cm2 and 0.08 J/cm 2,
respectively. Superior NLO properties of 10-Fe30 4-Ag may be a consequence of
complex structure of Fe304-Ag with overall asymmetric electronic coupling
between Ag and Fe30 4 as compared to symmetrical coupling of Fe3s0 4@ Ag in 10-

Fes0 4@ Ag.
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Figure 5.26: Output fluence (lout) versus input fluence (/0) for 10, 10-Fe304@ Ag and

10-Fe30 4-Ag in DM SO . 100 * 44,1 MW /cm2for independent sample.

5.3.2.3 NLO 0o0f10-GQDs, 10-NGQDs and 10-SNGQDs

Figure 5.27 shows the overlay open aperture Z-scan profiles for 10 and its composites
with GQDs measured in DM SO at 2 absorbance. At constant irradiance intensity of ca.
0.08 GW /cm 2, the transmittance decreased along the sample positions (z) relative to the
focal point (z=0). The reduction in the transmitted beam with increasing optical input
intensity is an indication of positive nonlinear absorption [132,167,300], and presence of
reverse saturable absorbers [90,167,206,296,300]. values for 10-NGQDs and 10-
SNGQDs were larger than 10 and 10-GQDs, Table 5.5. This could be as a result of
increase in triplet absorption populations (increased triplet quantum yields) which could
generate substantial NLO effect of reverse saturable absorption (RSA) [98,320,340,341].

of 10-GQD composites are generally lower than that of 10-AuNPs, Fe30 4@ Ag or 10-

Fe30 4@ Ag composites due to lack of heavy atom effects in the former, Table 5.5.

Bourlinos and co-workers reported on significantly enhanced nonlinear absorption for
boron doped carbon dots compared to un-doped carbon dots at 532 nm, using 35 ps

and 4 ns laser pulses [148]. Similarly, doping of quantum dots (graphene quantum dots

183



CHAPTER 5 NONLINEAR OPTICAL STUDIES

inclusive) with heteroatoms can endow the QDs with new or improved electronic states
[198,342,343], photophysical and photoluminescence properties [198,344-347]. Hence,
improved nonlinear absorbance (NLA) of 10-NGQDs and 10-SNGQDs could be due to
the improved photophysical properties and form ation of new electronic states that could

lead to enhanced nonlinear absorptions [348].

Z (cm)

Figure 5.27: Open Aperture Z-scan signatures of the 10 and Pc-QDs conjugates

Absorbance = 2.0, 100 * 0.08 GW /cm 2.

The values of y and "[j® ] are expected to follow the same trend as observed for fieff.
From Table 5.5, the ~ [j~ ] value of 10 and 10-GQDs are within the same range and up
to one order of magnitude lower than the values for 10-NGQDs and 10-SNGQDs. Similar
trends were also observed for values reported for y. Larger y and /m[j(3)] values of 10-
NGQDs and 10-SNGQDs could be attributed to the surface defects introduced on the
graphene quantum dots after doping with S and/or N [198,200,225]. The /m[j(3)] value
of 1762 £+ 4.03 x 10-12 esu in DMF at 532 nm and 6 ns pulses [180] reported for 10
covalently linked to GO is up to 1 or 2 order of magnitude lower than the values
reported for 10-QDs conjugates in this work. The remarkably improved NLA for 10 in the

presence of QDs can be ascribed to enhanced quantum confinement effect and the edge

effects of graphene quantum dots compared to bulk graphene oxide [196,349]. Also,
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differences from solvent polarities, Z-scan experimental conditions and procedures cannot

be ruled out.

Figure 5.28: Output fluence (/OMt) versus input fluence (70) for 10, 10-GQDs, 10-

NGQDs and 10-SNGQDs. Peak intensity (700) * 0.08 GW c¢cm -2 for each sample.

Figure 5.28 shows the plots of incident laser intensity (10) versus transm itted laser intensity
(tout) for 10 and 10-QDs conjugates at input intensity of 0.08 GW /cm 2. Energy outputs of
10 conjugated to NGQDs and SNGQDs were substantially lower compared to 10 and 10-
GQDs. From Table 5.6, the 1um values for 10, 10-GQDs, 10-NGQDs and 10-SNGQDs in

DMSO were estimated at 0.77 J/cm2, 061 J/cm2, 0.58 J/cm2and 0.55 J/cm 2, respectively.

5.3.3 NLO characterizations of 11-AgxAuy composites

Figure 5.29A shows plots of transmittance against the z-positions for the samples at an
absorbance of ca 0.5A measured in 0.2 c¢cm cuvette. The samples were found to exhibit
reverse saturable absorption (RSA) behaviour [90,167,206,296,300]. Figure 5.29B shows
the representative fitting of theoretical OA Z-scan (red) datasets to the experimental
transmittance (black) data sets for 11 using Eq. 1.10. Estimated ~eyy for 11, 11-Ag3Au! and
11-Ag!'Au3 are respectively, 209 ¢cm/GW, 9105 ¢cm/GW and 11088 cm/GW ,6 Table 5.6.

value is larger for the conjugates. The observed enhancement in ~eyy values for 11-

AgxAuy reported in this work, is attributed to the contributions from both 11 and the
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bimetallic nanoparticles. NLO study on Ag-Au alloys by Papagiannouli et al. [269]
showed that there is competition between saturable absorption (SA) and reverse saturable
absorption (RSA) mechanisms for the bimetallic nanoparticles at different input intensities.
They observed that a gold rich bimettalic nano-alloys switched from SA to RSA at «83
MW/cm2 while Ag-rich alloys switched to RSA at high intensity of 220 MW/cm2
Interestingly, NLO studies for 11-AgxAuy composites were carried out at lower intensity of
«55.4 MW/cm2 Each composite reported in this work revealed RSA as the predominant

mechanism responsible for nonlinearity.
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Figure 5.29: (A) OA Z-scans for 11, 11-AgiAu3 and 11-Ag3Au! (B) Representative
open-aperture Z-scan of 11 (black) and the fitting in red, 100~ 55.4 MW/cm2
Absorbance = 0.5 in DMSO.

The peff values for each sample at different absorbance were also plotted against the
absorbance of the composites, Figure 5.30. &,// increases in magnitude with positive
slopes as the concentrations of each sample increases, suggesting direct relationship
between the nonlinear optical responses and the concentration of each sample [167]. This
shows that as the concentration of the sample increases, the efficiency of the material to

act as a shield for light sensitive material also increases.
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Figure 5.30: Plots showing the concentrations (absorbance) dependence on fieff or
11-AgiAu3 and 11-Ag3Aui. 100 ~ 554 MW /cm2 for independent measurement in

DMSO.

Table 5.6: Nonlinear optical properties of 11 and 11-AgxAuy studied in DM SO

Sample (cm /GW) fm [Z (3)])/esu y (esu) fiim (J/cm 2)
kK (-1)
°o
1 209 491 x 10-1 2.15 x 10-29 0.76 58.6 0
11-Ag3Aul 911 2.14 x 10-9 9.35 x 10-28 031 421 0
I-AgjAUg 1109 2.6 x 10-9 1.14 x 10-27 0.28 621 0.

Figure 5.31 shows the plots of incident laser intensity (10) versus transmitted laser intensity
(lout) for 11, 11-AgjAu3 and 11-Ag3Auj_. The plots clearly showed that all the samples
including compound 11 expectedly deviated from linearity. However, the composites, 11-
AgxAuyhad their transmitted beams substantially much lower compared to 11 alone. This
is indication of better NLO responses to the input intensity [330], and also showed the
favourable effect of the bimetallic nanoparticles on the nonlinearity of 11. From Table

5.6, the values for 11, 11-AgjAu3 and 11-Ag3Au! in DM SO at 0.5 linear transmittance
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were estimated at 0.76, 0.28 and 0.31 J/cm 2, respectively. The relatively low value of
0.76 J/cm2 obtained for 11 in DM SO is still within the acceptable thresholds (< 1.0)

required for protecting light sensitive materials.

Third-order susceptibility, (/m [~ (3)]), values for 11-Ag]J]Au3and 11-Ag3Auj composites are
w ithin the same order of magnitude (« 10-9 esu), and up to two orders of magnitude
larger than the value reported for 11 alone. The y value of 2.15 x 10-29 esu for 11 alone is
lower by one or two orders of magnitude than for 11-AgxAuy composites. However,
y value of 11 still falls within the optimal range of hyperpolarizability values reported for
phthalocyanines in literature [320]. 11-Ag!Au3 is better than 11-Ag3Au! as NLO material

evidenced from the calculated values of /m[j(3)] and y, and also from the lowest value of

discussed above.

Figure 5.31: Output fluence (/OMt) versus input fluence (70) for 11, 11-Agl Au3and 11-
Aga Aul 700« 55.4 MW /cm 2.

5.4 Conclusion for the chapter
Nonlinear optical characterizations of ZnPc, InPc and metal-free Pc complexes were
studied using open aperture Z-scan techniques at 532 nm and 10 ns pulsed laser radiation.
The samples were measured either in solution (DM SO, THF or CHCh) or when
embedded in polymer mixtures. The analyses of the Z-scan data were fitted to a two-

photon absorption mechanism (2PA), but the Pcs and Pc-nanomaterial or polymer
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composites also possess the multi-photon absorption mechanisms aided by the triplet-
triplet population to have RSA occur. Phthalocyanines complexes doped in polymer
matrices (such as PSU, PBC and PAA) showed larger nonlinear absorption coefficients
(Befr), third-order susceptibility (I.[x®]) and second-order hyperpolarizability (y), with
an accompanying low values of intensity threshold (I;;,,,) than in solution. Aggregation
was observed to impact negatively on the NLO behaviour of Pcs (8 as a case study) at
low laser power, and improved at relatively higher laser power. However, improved
NLO behavior of Pcs in thin films due to aggregation were reported. Enhanced NLO and
OL properties of complexes 2, 3, 10 and 11 in the presence of nanomaterials were
observed compared to free phthalocyanines. Major factor responsible for the enhanced
nonlinearities of 10 in the presence of NGQDs and SNGQDs were attributed to the

surface defects caused by the presence of heteroatoms such as nitrogen (N) and sulfur (S).
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This chapter summarizes the detailed syntheses, photophysical and nonlinear optical
characterizations of phthalocyanine complexes and their composites with nanomaterials
and/or polymers investigated in this thesis. Also, future prospects of the reported samples

are reported in this chapter.

6.1 Conclusions

Syntheses and photophysical characterizations of new phthalocyanine complexes 1, 2, 4,
7, 8, 9 and 11 are reported in this thesis for the first time. The results of the
characterizations were in good agreement with their molecular structures, and confirmed
the purity of the new molecules. Complexes 10 and 11 were conjugated to nanomaterials
via covalent bonding as in the case of 10, or NH,-Au and/or Au-$ bonding as in the case
of 11. Clickable azide-derivatized gold nanoparticles were synthesized and conjugated to
alkyne moieties on 2 and 3 via azide-alkyne Huisgen cycloaddition reactions. The
characterization results of the composites of 2, 3, 10 and 11 with nanomaterials were in
good agreement with the expected results. Results were presented on the nonlinear
optical properties of the studied samples using open aperture Z-scan techniques at 532
nm and 10 ns pulsed laser radiation, measured either in solution (DMSO, THF or CHCI;)
or when embedded in polymer mixtures. The analyses of the Z-scan data for the studied
samples did fit to a two-photon absorption mechanism (2PA), but the Pcs and Pc-
nanomaterial or polymer composites also possess the multi-photon absorption

mechanisms aided by the triplet-triplet population to have RSA occur.

The results showed that;

e phthalocyanines (5, 6, 7, 8, 9, and 10) doped in polymer matrices (such as PSU,
PBC and PAA) showed larger nonlinear absorption coefficients (Byy), third-order
susceptibility (I,,[x®]) and second-order hyperpolarizability (y), with an
accompanying low values of intensity threshold (I;;,,) than in solution.

e Phthalocyanines (8 and 9) doped in PSU gave improved nonlinear optical
properties compared to other Pcs in PBC and PAA due to the improved stability of
PSU to thermal and thermal-oxidative breakdown than PBC and PAA.

e presence of electron withdrawing (NO,) groups fused with triazole linkers in
complex 4 provide excellent coexistent features like enhanced triplet absorptions

and better optical limiting behavior than 3.
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e aggregation in DMSO negatively affected NLO behaviour of Pcs (8 as a case study)
at low laser power, and improved at relatively higher laser power. However,
aggregation of Pcs in thin films improves NLO behavior of phthalocyanines.

e heavy atom-substituted Pcs (6) enhanced NLO and OL properties than relatively
lighter atoms in complexes 5 and 7.

e direct relationship between improved photophysical properties and enhanced
nonlinear effects favoured by excited triplet absorption of the phthalocyanines (2,
3, 10 and 11) in presence of nanomaterials was established.

e exciting functional materials composed of appropriate saturable (nanomaterials)
and reversed saturable (MPcs) can be developed at low laser intensity.

e major factor responsible for the enhanced nonlinearities of 10 in the presence of
NGQDs and SNGQDs were fully described and attributed to the surface defects

caused by the presence of heteroatoms such as nitrogen (N) and sulfur (5).

6.2 Future prospects

It would be interesting to see the nonlinear optical properties of the studied molecules or
composites measured at different wavelengths (532-1064 nm) and with different laser
pulsed durations (nanosecond, picosecond and femtosecond). The obtained information
can be used to determine the specificity and sensitivity of the material(s) as optical

limiters.

The optical limiting results observed for the Pc-nanomaterial composites are very
impressive. It would be of great interest to study how optical limiting behaviour of the
composites change at different particle sizes and shapes. Also, optical limiting behaviour
of the composites as a function of the nanoparticles or Pcs concentration could be

explored for nanoparticles that showed good optical limiting properties.
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