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Abstract

ABSTRACT

This work presents the syntheses, photophysical and photochemical characterization of arylthio
zinc phthalocyanines and their gold nanoparticle conjugates. Spectroscopic and microscopic
studies confirmed the formation of the phthalocyanine-gold nanoparticle conjugates which
exhibited enhanced photophysicochemical properties in comparison to the phthalocyanines. The
studies showed that the presence of gold nanoparticles significantly lowered fluorescence
quantum yields and lifetimes. However, this interaction did not restrict the formation of excited
singlet and triplet states and hence the formation of singlet oxygen required for photocatalysis.
The conjugates showed significantly higher singlet oxygen quantum vyields and therefore

enhanced photocatalytic activity compared to the phthalocyanines.

The zinc phthalocyanines and their gold nanoparticle conjugates were successfully incorporated
into electrospun polymer fibers. Spectral characteristics of the functionalized electrospun fibers
indicated that the phthalocyanines and phthalocyanine-gold nanoparticle conjugates were bound
and their integrity was maintained within the polymeric fiber matrices. The photophysical and
photochemical properties of the complexes were equally maintained within the electrospun
fibers. The functionalized fibers were applied for the photoconversion of 4-chlorophenol and

Orange G as model organic pollutants.
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Chapter 1 Introduction

1. Introduction

Organic-inorganic hybrid nanomaterials such as phthalocyanine-gold nanoparticle conjugates
combine the unique physicochemical properties of these functional molecules to create a
versatile, robust and multi-functional new class of nanomaterials, providing unique opportunities
in photodynamic therapy, drug delivery and photocatalysis. Conjugation of gold nanoparticles to

phthalocyanines results in enhanced photophysical and photochemical properties.

1.1 Gold nanoparticles

1.1.1. History, properties and applications

Gold is among the most ancient of all metals and it has been used throughout the history of
civilization in a variety of forms. Gold colloids which contain fine particles of gold dispersed in
a liquid have been known for centuries for their magnificent colors and used in staining. The
scientific approach towards gold colloids dates back to the 1850°s and to Michael Faraday, who
discovered the relationship between the color and the small size of colloidal particles [1].
Colloidal gold was used to color glass and ceramics for example the Lycurgus Cup. In 1981
Schmid et al., [2] reported the synthesis of gold nanocolloidal clusters which exhibited quantum
confinement properties, but it was not until 1993 that the stabilization of nanoparticles was first

reported by Mulvaney and Giersig [3].

The unique biological, electronic, physical and chemical properties such as biocompatibility,
bioconjugability, non-toxicity, surface plasmon resonance, redox behavior and enhanced tunable
optical properties of gold nanoparticles (AuNPs) are dependent on particle size, shape, type of
capping agent, interparticle distance and type of surfactant. An important property of AuNPs is

surface plasmon resonance [4]. Smaller nanoparticles absorb light intensively whereas scattering
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of light becomes an important factor for large nanoparticles. Applications utilizing the SPR of
metal nanoparticles include sensing, photonics and medicine [5,6]. One significant feature of
AUNPs is their catalytic activity [7-9], a property that is lacking in bulk gold. The non-cytotoxic,
non-immunogenic and biocompatible properties of gold nanoparticles are important issues for
their potential application in nanoimmunology, nanomedicine, and nanobiotechnology.
Biocompatibility of gold nanoparticles has garnered great interest in biological applications and
they have found applications in a number of biological fields such as drug and gene delivery
[10], tissue engineering [11], fluorescent biological labels [12] and tumor destruction by heating

(photothermal therapy, hyperthermia) [13].

1.1.2 Synthesis and characterization of gold nanoparticles

Widely used methods for the synthesis of spherical gold nanoparticles are citrate reduction
introduced by Enstiin and Turkevich [14] in 1951 and a two-phase method using thiols by Brust
et al. [15] in 1994. In both of these reactions, the particles are formed by reduction of gold
precursors and stabilized against aggregation with organic molecules as ligands or capping
agents. Brust et al. [15] achieved a breakthrough in 1994 by creating organic soluble alkanethiol-
stabilized gold nanoparticles through a biphasic reduction protocol, Scheme 1, using
tetraoctylammonium bromide (TOABT) as the ligand and sodium borohydride (NaBH,) as the
reducing agent. The Brust methodology produces gold nanoparticles from 1.5 to 5 nm by varying
the reaction conditions such as gold-to-thiol ratio, reduction rate and reaction temperature [16].
The Brust method has since inspired a plethora of gold nanoparticle syntheses using alkane thiols
[17], alkylamines [18] and dialkylsulphides [19,20]. The alkanethiol-protected AuNPs are highly
stable due to the synergistic effect of the strong thiol-gold interactions and van der Waals

attractions between the neighboring ligands [21].
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TOABr, NaBH,
HAuCI,-3H,0 = Au

toluene, r.t

0
<
=

Scheme 1.1: General synthesis of TOABr-stabilized AuNPs using the Brust method [15].

The ligand or capping agent plays a major role in the stabilization of the nanoparticles and
prevents agglomeration. The multiple surface functionalities and the ease of functionalization of
AuUNPs provide a platform for assemblies with antibodies [22-24], oligonucleotides [25-27],
proteins [28-30] and phthalocyanines [31-34]. There are limited reports available in literature on
the use of phthalocyanines as capping agents for gold nanoparticles. Phthalocyanines are
excellent candidates for the functionalization of metal nanoparticles because they can act as
structurally and chemically well-defined templates for providing good stabilization.
Phthalocyanines with different substituents and with different metal atoms at the centre can
stabilize and functionalize metal nanoparticles. Phthalocyanine-functionalized gold nanoparticles
(Pc-AuNPs) may have improved photophysical, photochemical, catalytic and optical properties.
Thiol, aryl or alkylthio-functionalized phthalocyanines have been used as capping agents to

prepare phthalocyanine-gold nanoparticle conjugates [31-34].

There are various characterization techniques for assessing AuNP size, shape, chemical content,

and reactions on nanoparticle surfaces or their interaction with other chemical species. Gold
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nanoparticle characterization parameters include particle size, composition and shape, size
distribution, surface area and porosity. Microscopic and spectroscopic characterization
techniques include atomic force microscopy (AFM), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), scanning tunneling microscopy (STM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), UV-Vis and fluorescence spectroscopy.
Surface topological information and imaging of the surface structure can be provided by AFM
and STM. XPS is used for surface analysis and depth profiling. SEM and TEM are used for
imaging of the sample surface and morphological structural details respectively. UV-Vis

spectroscopy is employed for the analysis of the AuNP optical properties.

This work is based on the synthesis of gold nanoparticles by the Brust method using TOABr as
both the ligand and phase transfer agent, their conjugation to phthalocyanines and their
subsequent morphological and chemical characterization by AFM, TEM, UV-Vis spectroscopy

and XPS.
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1.2 Phthalocyanine chemistry

1.2.1 Background on phthalocyanines

Phthalocyanines (Pcs) are two-dimensional 18-z electron aromatic porphyrin synthetic analogues
consisting of four isoindole subunits linked together through nitrogen atoms [35-37]. Pcs were
accidentally discovered in the early 1900°s and subsequent studies confirmed their structure,
Figure 1.1, [38-47]. A variety of substituents can be incorporated to the outer hydrocarbon
moiety of the molecule at positions designated o (non-peripheral) and B (peripheral), Figure 1.1

and these play a critical role in the design, solubility and properties of phthalocyanines.

() =

I\ .

N N
| N | I N |
H .

N—M -N

/N H N\ /4 N N\

N=C N=N N= =N

! 2

H,Pc MPc

D, symmetry D,, symmetry

Figure 1.1: The molecular structures of metallated (MPc) and unmetallated (H;Pc)

phthalocyanines
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The two hydrogen atoms of the central cavity of complex 1, Figure 1.1, can be replaced by more
than 70 central metals including actinides, lanthanides and some non-metals to form
metallophthalocyanines (MPcs, complex 2) by a coordinate-covalent bond between the nitrogen
atoms and metal ions. MPcs, Figure 1.1, are of Dy, geometry while their unmetallated

counterparts, HoPcs, exhibit Dy, symmetry.

Phthalocyanines have been used in a range of fields not only due to their unique properties such
as their thermal and chemical stability, high degree of aromaticity, photophysical,
photochemical, redox and coordination properties but also because of their tunable properties
and designable structures [36,48,49]. The application of phthalocyanines in industry as dyes
began as a consequence of their inherent dark blue-green color [50]. Pcs are versatile functional
molecules and they have found applications as photosensitizers in photodynamic therapy (PDT)

[51], sensors [52], nonlinear optics [53], photovoltaic cells [54], and photocatalysis [55].

1.2.2 Synthesis

Synthesis of phthalocyanines can be achieved via different routes depending on the type of
phthalocyanine to be synthesized; metal-free, symmetrical or asymmetrical phthalocyanines.
Success of the synthetic approach is dependent on several factors namely choice of: precursor,
metal salt (metals, metal salts, oxides, sulphates and halides), solvent (high boiling point
solvents), temperature (to facilitate melting of the precursor and rapid cyclotetramerization), base
and catalyst. The synthesis of Pcs in general can be achieved by cyclotetramerization of

phthalonitrile precursors, phthalimides, phthalic acids, phthalic anhydrides (complexes 3-8) in
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the absence of a metal salt for unmetallated Pcs and in the presence of a metal salt (for MPcs),

Scheme 1.2 [56,57].

oL

Solvent \ heat

o n=d Ny (a) M, ROH, base,

M, urea I N heat CN
0 - N—M=N : ©:
heat 4 . A (b) M, Li, ROH, heat CN
N
o N= =N
8 4

M, Solvent M, urea

heat
pNH NH,, heat 0
NH M, urea | heat NH
H o
7 OM 5
OH
° 6

Scheme 1.2: Synthetic routes of metallophthalocyanines from different precursors.

1.2.2.1 Peripherally and non-peripherally substituted phthalocyanines

Introducing substituents at either the o (non-peripheral) or B (peripheral) positions of the

phthalocyanine ring results in tetra-substituted phthalocyanines with improved solubility.

7
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1(4),8(11),15(18),22(25)-Tetra-substituted (o position) phthalocyanines are synthesized from 3-
substituted phthalonitriles, while 2(3),9(10),16(17),23(24)-tetra-substituted (B position)
phthalocyanines are synthesized from 4-substituted analogues, various reaction conditions have
been described. The cyclotetramerization of a mono-substituted phthalonitrile at either the a
(complexes 9,10) or B position (complexes 12,13) (Scheme 1.3) affords a mixture of products
made up of four structural isomers. The four probable isomers are designated by their molecular
symmetry as Cyp, Cyy, Cs and Doy, Theoretically it is possible to separate these isomers, however
separation of the mixture to obtain individual isomers is cumbersome and time-consuming [58]
and can only be achieved by specifically designed high performance liquid chromatographic
(HPLC) column [59,60]. For the non-peripherally tetra-substituted phthalocyanine, the
composition depends on the central metal ion and the structure of the peripheral substituent.
However for the peripherally tetra-substituted phthalocyanines, the isomers always occur in an

expected statistical ratio of 12.5% Cgn, 25% C,y, 50% Cs and 12.5% D,y [59,61].
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Scheme 1.3: Synthesis of tetrasubstituted MPcs from monosubstituted phthalonitriles at

the non-peripheral (@) (9,10) and peripheral (B) (12,13) positions, rf=reflux

1.2.2.2 Phthalocyanines synthesized in this work

Cook and co-workers [62-64] and Lieberman and co-workers [65,66] have been actively
involved in the synthesis of thio- and thiol-derivatized Pcs for the fabrication of self-assembled

monolayers (SAMS).

The photophysical and photochemical properties of Pcs are strongly influenced by the presence
and nature of the central metal ion. Closed shell and diamagnetic ions such as Zn?**, Ga®" and Si*
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give Pc complexes excellent photophysical and photochemical properties [67-69]. Zinc
phthalocyanines have intensive red-visible region absorption, high triplet and singlet quantum
yields making them photoactive and valuable as photosensitizers or photocatalysts [67-69]. For
the above mentioned reasons, zinc was chosen as the central metal for this work. The choice of
substituents employed in this work is influenced by the possibility of forming self-assembled
monolayers of the phthalocyanine complexes on gold nanoparticle surfaces, thus promoting their
use as photocatalysts. The syntheses of 2,9,16,23-tetrakis(benzylmercapto) phthalocyaninato zinc
(BZnTBMPc)  (complex 15) [70] and 2,9,16,23-tetrakis(7-coumarinoxy-4-methyl)-
phthalocyaninato zinc (BZnTCMPc) (complex 16) [71], Figure 1.2, have been reported but this
work reports on the photophysical and photochemical properties of these complexes for the first
time. Generally non-peripherally substituted thio Pcs have been less explored than their
peripherally substituted counterparts hence a novel non-peripherally substituted phthalocyanine,
1,8,15,22-tetrakis(benzylmercapto) phthalocyaninato zinc (aZnTBMPc) (complex 17), Figure
1.2, was studied in this work. The benzylmercapto substituent was chosen because of enhanced
solubility and reduction of aggregation [72,73] due to their ability to impose steric repulsion. The
coumarin substituent was of interest due to its excellent photostability, high fluorescence
emission yields and strong absorption in the visible region [74-76]. Coumarins absorb and emit
at energies less than 500 nm, where MPc complexes have low absorption and their presence in

the Pc structure allows for excitation at a wide range of wavelengths.
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Figure 1.2: Structures of peripherally (15,16) and non-peripherally (17) tetrasubstituted

arylthio-derivatized phthalocyanines synthesized in this work.

Thio-derivatized MPc complexes show rich spectroscopic, redox and photochemical properties.
However, the preparation of thio-derivatized MPc complexes with thio groups at the end of
substituents is relatively more difficult than other MPc derivatives, which explains why MPc
complexes containing thio groups rank among the least reported MPc complexes in literature
especially the non-peripheral thio MPcs. The thio moiety serves as a point of attachment for
functionalization of gold nanoparticles. There are few studies on Pc-AuNP conjugates and Table
1.1 shows the photophysical properties of some MPc complexes containing SH or RS groups
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which have been conjugated to AuNPs [31,33,34,77-79]. Table 1.1 shows that studies on
phthalocyanine-gold nanoparticle conjugates are limited and the complexes of interest in this
work (15-17) have not been conjugated to gold nanoparticles. In this work, we report for the first
time on the conjugation of BZnTBMPc (complex 15), and BZnTCMPc (complex 16) and
aZnTBMPc (complex 17), to gold nanoparticles for the fabrication of multi-functional

nanomaterials.
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Table 1.1: Photophysical properties of thio or thiol-derivatized phthalocyanine complexes

conjugated to gold nanoparticles

SR/SH Pc complex ®° @ 1 ()’ |1 (ns)*° Ref
- - - 1.80 £0.1 (98 %) | 33
13HeC CeHas 3.60 0.1 (2 %)
CeH N [\ N CeH,3
I N7
N—2Zn-N
7 TN
— N —
c8H13N N c6H13
H,C
<(c|-|z)9
- 0.09 |- 4.23+0.07 (73%) | 77
1.74 + 0.11 (27 %)
0.71 0.02 92 2.60 (70 %) 78

1.10 (30 %)
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- - - 4.62 £ 0.02 (100 31
%)
N [\ N
| . |
a "@@A\
N
N= =N
-
o
R= o/\/\oJk/\s
Ko
SR 0.80 0.07 |84 2.69+0.03(99.8 |79
%)
0.001 (0.02 %)
n— Ny
| "N° |
p —Z;n—N\ SR
RS N
N= =N
SR
R= — " N""sH
N) (@) 0.75 | <0.01 | 130 1.00 (90 %) 34
~ 0.53 (10 %)
)
5:\2 o [®o65]<001 |95 1.40 (95 %)
NN 0.80 (5 %)
L H OH
b O30
— N —
N N (c) 0.67 | <0.01 | 80 1.70 (96 %)
0.74 (4 %)

M = (a) (OH),Ge;(b) OTi; (c) (ac),Sn

& @1- triplet quantum vyield, ®¢- fluorescence quantum yield, Tr- triplet lifetime, -
fluorescence lifetime; b abundances in brackets.
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1.2.3 Ground state electronic absorption spectra

1.2.3.1 Origins of spectra and general properties

The absorption spectra of phthalocyanines are highly influenced by a number of factors which
include presence or absence of central metal ion, nature of substituents, substituent number and
position, solvents and aggregation tendencies. Metallophthalocyanines are characterized by two
major absorption bands in the visible region of the spectrum (600-750 nm), namely the Q band
(Qoo) in the near-IR region and a weaker absorption band towards the ultra-violet region of the
spectrum called the Soret or B band, Figure 1.3. The Q band is accompanied by one or two weak
vibronic bands (Q.i,) and the B band consists of B; and B, bands. The degeneracy of the LUMOs
(eg) is maintained in MPcs because of their high symmetry, Dap. In the case of unmetallated Pcs,
Dan, the low symmetry results in a breakdown of the degeneracy of the e4 orbitals resulting in
additional spectral features of the phthalocyanine such as a split Q band, Figure 1.3. Thus if the
symmetry of a Pc is altered from the D4, geometry, changes in the optical spectral features will
be expected. The basic model that is widely used to explain the origin of the characteristic bands
of phthalocyanines is the Gouterman’s four orbital model based on linear combination of atomic
orbitals (LCAO) [80]. According to this model, the Q band arises from n-n* (x/y polarized)
transitions best explained in terms of the transitions from ay,, the highest occupied molecular
orbitals (HOMO) of the phthalocyanine ring to the lowest unoccupied molecular orbitals
(LUMO), eg*. Additional bands referred to as N, L and C in terms of ascending energy, are

accessible below 300 nm in UV-transparent solvents such as dichloromethane [81,82].
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Figure 1.3: Ground state electronic absorption spectra of metallated (red) and

unmetallated (black) phthalocyanines.

The electronic properties of Pcs can be modified by extension of the conjugation through fusion
of additional benzene rings at the periphery of the macrocycle [83] or construction of conjugated
oligomers [84]. Changes or shifts in the electronic absorption spectra can be induced by
changing the central coordinating atom; exciton interaction in non-conjugated dimers [84], by
introducing electron donating or withdrawing substituents on the ring or by phthalocyanine

aggregates [85,86].
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1.2.3.2 Phthalocyanine aggregation

Phthalocyanine aggregation is referred to as a coplanar association of Pc rings progressing from
monomer to dimer and higher-order complexes often driven by non-covalent interactions i.e. ©-7
interactions between the conjugated Pc rings or hydrophobic interactions in polar solvents that
arise as a function of their lipophilicity [87-89]. The tendency of Pcs to aggregate is dependent
on the central metal and axial ligands, nature and position of substituents on the Pc ring as well
as solvent polarity [89-91] and coordinating power [92]. MPc aggregation is recognized by
broadening and/or splitting of the Q band and a hypsochromic (blue) or bathochromic (red) shift
[93] indicating the presence of additional electronic levels of the aggregates due to non-covalent,
7-T interactions between the conjugated Pc rings. According to the exciton coupling theory [94]
when two adjacent MPc complexes interact there is an appearance of four degenerate states
leading to broadening of spectra showing the formation of aggregates. The four degenerate states
arise from splitting of 'E, excited states, Figure 1.4, resulting in a pair of symmetry allowed
transitions and a pair of symmetry forbidden transitions. The transitions that are symmetry
forbidden will still occur to a small extent resulting in the spectral behaviors which are observed
as either broadening of the spectra or complete split in the Q band and shifts in the Q-band to
higher energies. The exciton coupling theory is usually used to explain the incidences of H and J-
aggregates. The type of interactions of the Pc macrocycles and their arrangement in solution
influences to a great degree the spectroscopic behavior of any resulting aggregates. A co-facial
arrangement of Pc macrocycles results in a hypsochromic (blue) shift (with parallel dipole
moments) of the Q-band absorption and these aggregates are referred to as H-aggregates. An

edge to edge arrangement of Pc macrocycles forms aggregates that cause a bathochromic (red)
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shift and are known as J-aggregates (with head to tail dipole moments). Unlike H-aggregates, J-

aggregates are photoactive [95].

F=_———>

1u
monomer dimer

S

A

v

v
v

1u
monomer dimer

Figure 1.4: A modified model showing exciton splitting of the Q-band between two MPc
molecules in (a) cofacial (H-aggregation) and (b) edge-to-edge (J aggregation). The solid
vertical arrows represent allowed transitions, the dashed vertical arrows represent
forbidden transitions, the dashed vertical arrows represent the phase transitions. The

monomer and dimer ground states are placed at the same energy level for simplicity [36].
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1.2.4. Photophysical properties

Photophysical processes are processes that involve, on absorption of light, changes in the
quantum states of a molecule with no effect on its chemical nature [96]. In these processes,
energy transfer may result in a variety of physical changes but the chemical integrity of the
molecule is retained at the end of the process. A Jablonski diagram, Figure 1.5, is usually used
to explain the possible photoprocesses that occur when photoactive molecules such as
phthalocyanines absorb light of appropriate wavelength. The determination of photophysical
properties of phthalocyanines and phthalocyanine-gold nanoparticle conjugates is of utmost
importance in phthalocyanine applications. Table 1.1 shows SH or SR-substituted Pcs that have
been conjugated to AuNPs are limited and photophysical properties have only been reported for

a few.

1.2.4.1. Jablonski diagram

The origin of photophysical processes is illustrated by the Jablonski diagram, Figure 1.5 [97-99].
Physical and chemical processes in phthalocyanines on interaction with light have been widely
researched because of the Pc complexes’ high molar absorptivity in the visible region [100,101].
Phthalocyanines containing non-transitional diamagnetic metal ions such as Zn?* are known to
enhance intersystem crossing of the singlet excited state to the triplet excited state, resulting in
the photogeneration of singlet oxygen. Singlet oxygen is a highly reactive oxygen species useful
for applications in photodynamic therapy (PDT) [102], and photochemical transformation of

various analytes [103,104]. Phthalocyanines are useful for the preparation of photocatalysts
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based on singlet oxygen because many reactants do not absorb light in the visible red to near-IR

regions.
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Figure 1.5: Jablonski diagram displaying transitions of a molecule from its lower ground
state energy to its higher excited state energy following irradiation with light; A =
absorption, VR = rotovibrational relaxation, ISC = intersystem crossing, F = fluorescence,
IC = internal conversion, P = phosphorescence, So = singlet ground state, S; = singlet

excited state, Ty = first excited state and T, = second excited triplet state.

1.2.4.2 Fluorescence quantum yield (®f) and lifetime (tr)

Fluorescence lifetime (tf) refers to the average time a molecule stays in its excited state before
fluorescing and its value is directly related to that of the fluorescence quantum yield (®f); i.e. the

longer the lifetime, the higher the quantum yield of fluorescence. Any factor that shortens the
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fluorescence lifetime of a fluorophore indirectly reduces the value of ®f, such as internal

conversion, intersystem crossing, the nature and environment of the fluorophore.

Fluorescence quantum yields (®g) may be determined by the comparative method [105],

Equation. 1.1,

F'Astd'nz
2
Fsta ANgeq

Pr = Pp(stay (1.1)

where F and Fgq are the areas under the fluorescence emission curves of the samples and the
standard, respectively. A and Agy are the respective absorbances of the sample and the standard
at the excitation wavelength and n and ngq are the refractive indices of solvents used for the
sample and the standard respectively. Unsubstituted zinc phthalocyanine is usually employed as

a standard.

Fluorescence lifetimes are usually of the order of nanoseconds (10 s). Several techniques are
available for the determination of fluorescence lifetimes [106-108]. In this work, time-correlated

single photon counting (TCSPC) technique is used [109,110].

1.2.4.3 Triplet quantum yield (®+) and lifetime (t7)

The triplet quantum yield (D) is used to quantify the fraction of molecules that undergo rapid
intersystem crossing from the lowest excited state to populate the lowest excited triplet state (T1).
The triplet lifetime is the amount of time it takes the triplet state to be completely depopulated

and it indicates the time window available for the triplet state molecules to transfer photons to
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the ground state molecular oxygen and/or the substrates. Experimentally, the triplet state
parameters (®r, 1) of phthalocyanines are determined using laser flash photolysis. Laser flash
photolysis involves rapid introduction of a pulse of laser light into a sample solution of the
phthalocyanine. A time-resolved absorption signal is obtained if the triplet state of the
phthalocyanine is populated. The signal originates from a transition from T; to T, or higher

states, Figure 1.6, and information on ®1 and tt may be obtained.
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Figure 1.6: Typical triplet decay curve of a ZnPc standard.

Triplet state quantum yields of phthalocyanines may be determined using a comparative method
based on triplet decay, using a standard, Equation. 1.2. Unsubstituted zinc phthalocyanine is

most often used as a standard for phthalocyanines.

Sample Std
(pSample — pStd AAp Pl
T T AA%tdg;ample

(1.2)
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where 445°™P*and A4AS? are the changes in the triplet state absorbance of the sample and the

standard, respectively. e5*™P*and e3¢ are the triplet state extinction coefficients of the sample

and the standard respectively. @3¢ is the triplet quantum yield for the standard in a particular

solvent.

The molar extinction coefficient of the triplet state, et IS determined from Equation 1.3 [111]:

AA
Er = STﬁ (13)

where AAt and AAs are the changes in the triplet state and singlet state absorptions respectively.

gs IS the singlet state molar extinction coefficient.

1.2.5. Photochemical properties

Photochemical processes focus on the chemistry involved when a material is impacted by
photons, while photophysics deals with physical changes that result from the impact of photons
but the chemical integrity of the molecule is retained at the end of the process. The determination
of photochemical properties of phthalocyanines and phthalocyanine-gold nanoparticles is of
utmost importance in elucidating the competence of these complexes as photosensitizers.
Phthalocyanines as photoactive molecules absorb visible light of appropriate wavelength
resulting in photochemical processes with the ability to effect chemical transformation of organic

compounds [103].
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1.2.5.1 Singlet oxygen

Singlet oxygen (*O,), a metastable excited state of ground state molecular oxygen (30,), is
produced by energy transfer from an electronically excited triplet state of a photosensitizer to the
latter. This species is the principal target of our studies. Singlet oxygen is a highly reactive
oxidation agent used in photodynamic therapy (PDT) and in the photocatalytic oxidation of
many unsaturated organic compounds including phenols [112], sulfides [113] and thiols [114]. In
order for phthalocyanines to generate singlet oxygen efficiently, the energy of the
phthalocyanine in the triplet state (T1) must be higher than 94 kJ mol™ so as to foster efficient

energy transfer to ground state oxygen to produce O, (1Ag) [55,115].

Experimentally, singlet oxygen quantum yields of phthalocyanines can be determined using

optical or chemical methods.

The optical method involves the time-resolved phosphorescence decay of singlet oxygen at 1270

nm [116].

The chemical method is the most commonly used method for quantifying singlet oxygen and it
requires the use of singlet oxygen quenchers that react rapidly with singlet oxygen in a 1:1 ratio
without side reactions. It is anticipated that the decomposition product of the quencher should
neither react with the singlet oxygen nor interfere with the detection of singlet oxygen [117]. In
this work, 1,3-diphenylisobenzofuran (DPBF) or anthracene-9,10-diyl-bismethylmalonate
(ADMA), known quenchers in organic and aqueous solvents respectively, were employed. The
experiment is conducted by irradiating a sample solution containing the phthalocyanine, oxygen

and the quencher. The disappearance of the quencher is monitored spectroscopically [118,119].
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Singlet oxygen quantum vyields can be determined using the comparative method based on

Equation 1.4.
_ d_Rlahe
by = B} RStd.IbabS (14)

where @3%is the singlet oxygen quantum yield for the standard, R and RS*¢ are the quencher
photobleaching rates in the presence of sample and standard respectively; I, and I5t¢ are the

rates of light absorption by the sample and standard respectively.

Alternatively, absolute methods based on Equation 1.5 can be used:

_ (Co—Ct)Vr (1.5)

(0] =
uencher
a Igpst

where Cy and C; are the concentrations based on the chemical quencher prior to and after
irradiation, respectively; Vg is the solution volume; t is the irradiation time per cycle and lgs is

defined by Equation 1.6:

lops = — (1-6)
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where o = 1 — 104", A()) is the absorbance of the sensitizer at the irradiation wavelength, A is
the irradiated area, | is the intensity of light expressed as photons (cm™ s™) and Na is Avogadro’s

constant. The singlet oxygen quantum yields ®, can then be calculated using Equation 1.7 [120]

1 _ 1 1 kg 1

(1.7)

Pquencher ®, D4 kg quencher

where Kkq is the decay constant of singlet in respective solvent and kK, is the rate constant of the
reaction of the quencher with O, (1Ag). The intercept obtained from the plot of 1/®gyencher VErsus

1/[quencher] gives 1/Da.

1.2.5.2 Photodegradation or photobleaching quantum yields

The stability of a phthalocyanine is of paramount importance for any applications involving
singlet oxygen. Photobleaching is the process of photochemically induced oxidative
fragmentation of photosensitizers into low molecular weight compounds such as phthalimides by
singlet oxygen. Photobleaching quantum yield (®,) refers to the fraction of phthalocyanines
molecules decomposed per quanta of light absorbed. This singlet oxygen mediated process is
experimentally identified by a collapse in the intensity of the Q-band by measuring the intensity
of the Q-band upon irradiation. Equation 1.5 may be employed for the determination of

photodegradation quantum yields where ®gyencher = Ppg.
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1.2.5.3 Photocatalytic behavior of phthalocyanines

Photocatalysis is the initiation of degradation or transformation reactions of molecules using a
combination of light and photoactive materials as catalysts (photosensitizers). Pcs are efficient
photo-oxidative catalysts due to their excellent absorption of visible light, high chemical
stability, remarkable photoactivity and most importantly their ability to produce reactive singlet
oxygen. Photocatalytic applications of phthalocyanines arise from their ability to produce highly
active oxidizing species upon illumination. MPc complexes containing non-transition metals
such as zn®*, AP* and Si*" possess outstanding photosensitizing properties towards

environmentally photo-assisted reactions.

Photoinduced events occur due to the ability of Pcs to produce singlet oxygen (*O,). Intersystem
crossing generates triplet state of the photosensitizer, T1, which has a longer lifetime (us) than
that of the S; state (ns), Figure 1.5, allowing it to react in one of two ways, known as Type | and

Type Il mechanisms.

In Type | mechanism, Scheme 1.4, the triplet state of the phthalocyanine (3Pc*) transfers an
electron to ground state molecular oxygen resulting in the formation of radicals (Pc* and %0,").
In a series of subsequent intermediate reactions, Scheme 1.4, the oxygen radical is transformed
into hydroxyl radicals, hydroxide ions and other reactive species. All these reactive species are

then able to effect the phototransformation of the substrate.
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hv
Pc ~ 3Pc* 1.8
Intersystem crossing
Electron transfer -+ - 1.9
3pc* +°0, » Pc+ O,
— - - 1.10
0o, +H,0 ™ HO + HO,
. . 1.11
HO, + HO, > H,0, + O,
H0, + O, > OH +OH + o, 1.12
o Electron transfer
Pc + Sub > Pc + Sub_, 113
. . - . 1.14
HO, ,OH, OH, Sub°*, Sub, Sub = Products

Sub = Substrate

Scheme 1.4: Type I reaction mechanism by free radical production.

In Type Il mechanism, Scheme 1.5, singlet oxygen is generated from the ground state molecular
oxygen by energy transfer from the triplet excited state of the phthalocyanine. It is the singlet

oxygen that is responsible for the transformation of the analyte.
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Pc = *Pc” 115
Intersystem crossing

K ) 1.16
3pc* + %0, 3 ~ Pc + 70,
k 1.17
10, + Sub a » Products '
Pc + 10, - Pc,, + %0, L18
k, 1.19
102 - 302

Scheme 1.5: Type Il reaction mechanism by singlet oxygen generation.
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1.3 Electrospinning

In order to facilitate recovery of the phthalocyanine from the sample matrix during
photocatalysis, various support systems such as mesoporous molecular sieves [121], amberlite
[104], nano and microcrystalline TiO, [122], polydivinylbenzene [123], silica/zeolite [124] and
Ti0,-Si0O, composites [125] have been used to anchor phthalocyanines. These support systems
have been applied in the photoconversion of various analytes such as phenols [104,121,122,124]

and azo dyes [125] using Pcs, but there are limited reports on electrospun fibers [126-128].

Anchoring phthalocyanine-gold nanoparticle conjugates (Pc-AuNPs) onto electrospun nanofibers
has not been explored and we report for the first time on the functionalization of electrospun
fibers with Pc-AuNPs. Phthalocyanine-gold nanoparticle functionalized nanofibers have large
surface area that would enhance the catalytic activity of these functional molecules immobilized

on them.

Electrospinning is a technique that generates fibers with diameters in micro- and nanometer scale
through an electrically charged jet of the polymer solution and the general electrospinning set-up
is shown in Figure 1.7. The discharged polymer solution jet undergoes a whipping process
wherein the solvent evaporates and the highly stretched polymer fiber deposits on a collector.
Electrospinning is a technique that is applicable to virtually every soluble or fusible polymer and
a variety of materials, such as polymers, inorganic compounds [129,130] and

polymeric/inorganic composites [131] have been used to prepare electrospun fibers.

There are three basic electrospinning components [132]:

e ahigh voltage source
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e electrically conductive collector (grounded or rotating collector) where the fiber mat is
deposited

e aspinneret

After the solvents are evaporated during the course of jet spraying, the electrospun polymer

materials are collected on a rotating or a grounded collector.

Polymer solution

Taylor Cone

'/lVlll/t-i’ﬂZ97///I/////;’//////:"/V/ g |

Syringe pump

High Voltage Supply - Fibre Mat

.

Collector

Figure 1.7: Schematic diagram of an electrospinning set-up [132]

1.3.1 Polymer supports used for phthalocyanine applications

The combination of phthalocyanines and phthalocyanine-gold nanoparticle conjugates with
macromolecules is a powerful tool for designing new materials with outstanding properties.

Phthalocyanines have been incorporated into polymers as a side group, in the main chain and in a
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polymeric network [133-135] and Table 1.2 shows examples of Pcs that have been anchored on

polymer supports for photocatalysis [124,128,136-140].

Table 1.2: Polymer supports used for phthalocyanines in photocatalysis

Phthalocyanine Support system Analyte Ref
Zinc phthalocyanine Polydivinylbenzene | 2,4-dichlorophenol | 123
Lutetium tetraphenoxy-phthalocyanine Polystyrene 4-chlorophenol 127
ZnTmPyPc Polysulfone Methyl orange 136
Zinc phthalocyanine Polyurethane lodide 137
Cobalt tetraamino-phthalocyanine Cellulose Reactive Red X-3B | 138
Iron tetranitro-phthalocyanine TiOy/polyurethane | Methyl orange 139
Lutetium acetate tetra-2-pyridiloxy phthalocyanine | Polystyrene 4-nitrophenol 140

Table 1.2 shows that no Pc-AuNP complexes have been reported when confined to electrospun
polymer fibers. This work reports for the first time on the use phthalocyanine-gold nanoparticle
conjugates in a fiber polymeric matrix as photocatalysts for the photodegradation of 4-
chlorophenol and the azo dye Orange G. The advantage of this approach is that AUNPs increase
conductivity which increases the extent of fiber stretching during electrospinning leading to
smaller fiber diameters and large surface areas which are beneficial to photocatalytic

applications.
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1.3.2. Factors affecting the morphology of electrospun nanofibers

Many parameters can influence the transformation of polymer solutions into polymer fibers in

the electrospinning process.

These parameters include:

e Solution properties such as polymer molecular weight, polymer concentration, viscosity,
conductivity, surface tension and volatility of solvents.

e Processing parameters such as applied voltage, flow rate, tip-to-collector distance and
collector composition and geometry.

e Ambient parameters such as temperature, humidity and atmospheric pressure.

The properties of the polymer solution have the most significant influence in the electrospinning
process and the resultant fiber morphology. One of the conditions necessary for electrospinning
to occur where fibers are formed is that the solution must consist of polymer of sufficient
molecular weight and the solution must be of sufficient viscosity. In this work, the effect of
polymer solution parameters (solvent ratio, conductivity and viscosity) and ambient parameters
(humidity) on polymer fiber diameter and morphology was investigated to study the effects of

solution parameters on the electrospinning process.

1.3.3. Characterization of electrospun nanofibers

Various characterization techniques have been introduced to comprehend the basic properties of
electrospun fibers: morphology (fiber diameter, porosity), molecular structure and mechanical

properties.
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1.3.3.1. Fiber diameter and morphology

Microscopic imaging is routinely used in the initial characterization of fiber geometric properties
such as fiber diameter, diameter distribution, orientation and morphology. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) are valuable techniques in
understanding fiber morphology and both techniques yield two-dimensional representations of
electrospun fibers and pores. Atomic force microscopy (AFM) has been used to investigate

morphological features on the fiber surface as well as fiber defects such as beads [141,142].

1.3.3.2. Porosity (pore size, pore size distribution, pore geometry and density)

Pores play an important role in determining the chemical and physical properties of porous
materials and have a deterministic effect on the performance of adsorbents, catalysts and
membranes. The interstitial porosity of an electrospun fiber membrane is referred to as the
fractional void space contained within it. There are two types of pores in fibrous membranes;
pores on/within the fiber and pores between the fibers. Pore size discriminates between the type
(size or molecular weight) of species that can permeate through whereas porosity determines the
flux or flow across the fibrous membrane. AFM, TEM and SEM are useful tools to investigate
pore size. Porosity can be measured using various techniques such as Brunauer-Emmett-Teller
(BET) surface area, Capillary Flow Porosimetry, Mercury Intrusion Porosimetry, Liquid

Extrusion Porosimetry.

1.3.3.3. Mechanical properties of fiber (modulus, tensile strength and elongation)

Conventional techniques available to measure the mechanical properties of films and textile
materials can be applied with some modification to electrospun polymer fiber mats. The tensile
and bending properties of single nanofibers can be determined using an AFM-based
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nanoindentation system [143] or nano tensile tester [144]. One of the most commonly used
techniques is tensile property measurement using the same general experimental technique used
for film or woven textile samples. Because of the random alignment of single fibers in
electrospun polymer fiber mats various researchers have described cutting the mats into regular
shapes and using a universal testing machine to obtain the tensile properties [145,146].
Successful measurement of the mechanical properties of 100 mm thick poly(vinyl alcohol)
(PVA) electrospun fibers has been reported by Wang et al. [147]. Electrospinning affects the
molecular and chemical structure of polymeric fibers and the arrangement of polymer chains
influences their mechanical properties. Electrospun fibers of the same polymer obtained from
different solvents often exhibit different mechanical properties. These differences are due to the
morphology of the electrospun fibers being affected by different rates of solvent evaporation and
consequently different kinetics of development of the relevant phase morphologies, giving rise to

different fiber defects, branching and fusion of individual fibers.

1.3.3.4. Nanofiber crystallinity

The crystallinity of fibers is a result of processing parameters (voltage, fiber collecting speed)
and solution properties (polymer concentration, molecular weight and additive influence). The
crystalline structure of electrospun polymer fibers has been investigated using Differential
Scanning Calorimetry (DSC), XRD and TEM. DSC is a comparative thermoanalytical technique
in which differences in the thermal capacity or heat flow between a sample and a reference
material is measured as a function of time or temperature when they are subjected to the same

heating rate in a controlled atmosphere. Heat flow from the reference to the sample is indicative
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of the sample melting, a process which requires a large intake of energy with very little change in
temperature. Heat flow from the sample to the reference is indicative of crystallization which
produces a large amount of energy, resulting in more rapid heating of the sample pan. The
amount of heat or energy to be supplied or withdrawn to maintain a zero temperature differential

between sample and reference is recorded and generated as a DSC curve.

Various thermal transitions of polymeric materials such as crystallization, melting,
decomposition, first- and second-order transitions, chemical reactions and solvent evaporation
can generally be observed as distinctive patterns in the DSC curve. These thermal data are
particularly useful for polymer fibers containing functional molecules such as phthalocyanines

[148] and gold nanoparticles [149-151].

Another technique that is commonly used for the determination of the crystalline structure of
polymeric fibers is X-ray diffraction spectroscopy though phase transitions and loss of residual

solvent cannot be obtained as with the DSC technique.

For fiber applications to be successful, electrospun polymer fibers must be functionalized
because they are chemically inert and do not have specific functions. Incorporation of gold
nanoparticles [152-154] and phthalocyanines [137,155,156] into electrospun polymer fibers has
been reported with the properties of both molecules still maintained within the fiber matrix. Such
functionalized electrospun fibers are promising fabric materials for various applications such as
photocatalysis [127,157], biosensors [158] and nano-contaminant removal from aqueous
environments [159]. However incorporation of phthalocyanine-gold nanoparticle conjugates into

polymeric fiber matrices is still in its infancy. Phthalocyanine-gold nanoparticle electrospun
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fibers form stable polymeric materials and are ideal candidates for catalytic supports as they can

provide a large surface area and a high porosity for catalytic interaction.

The polymers used in this work are shown in Figure 1.8. Polycaprolactone (PCL) was chosen
because it is one of the most commonly applied synthetic polymers for medical use due to its
biocompatibility and biodegradability. By combining the favorable intrinsic properties of PCL
with the unique properties of a phthalocyanine-gold nanoparticle nanofibrous structure,
promising nanomaterials can be obtained for drug delivery and tissue engineering. In this work
PCL was used to investigate the influence of electrospinning parameters on fiber morphology
and diameter and was not functionalized with phthalocyanine complexes. Poly(methyl
methacrylate) (PMMA) is a widespread thermoplastic polymer commonly employed as a matrix
for non-linear optical composite materials and microelectronics owing to its excellent optical
properties (clarity, transparency from the near UV to the near IR), thermal stability, electrical
properties, excellent weather resistance, porosity, chemical inertness, good mechanical
properties, formability and moldability. Polystyrene (PS) was chosen because of its extensive
aromatic system which allows for -n electronic interactions between the aromatic systems of the

phthalocyanine and the polymers, hence preventing the leaching of the Pc from the polymer.

* ,Hol\o/\/\/\]?'* (l, [cH2 CT

o

Polycaprolactone (PCL) S

Poly(methyl methacrylate) (PMMA) Polystyrene (PS)

Figure 1.8: Structures of polymers used in this work.
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1.4 Background on environmental pollutants used in this work

Phthalocyanine-gold nanoparticle conjugates have unique properties; hence their incorporation
into electrospun polymer fibers is attractive for developing functional polymer composites
having promising physical, chemical, optical and catalytic properties. The unique properties and
the multi-functionality of these polymeric fibers are therefore applicable in fields such as
sensors, optoelectronics, drug delivery and photocatalysis. In this work, the photocatalytic
degradation of common water pollutants, 4-chlorophenol (4-CP) and Orange G (OG), is used as
an example of the application of phthalocyanine-gold nanoparticle conjugates incorporated in

electrospun fibers.

1.4.1 Phenols

Phenol and phenol-derivatives are widespread pollutants of the aquatic environment because of
their importance in the production of fungicides and herbicides. As a result of the immense
economic importance associated with the removal of chlorophenols during water purification,
various attempts to oxidize these pollutants including biodegradable processes [160-162],
electrochemical oxidation [163,164], adsorption [165,166] and photocatalytic oxidation
[167,168] have been described. Photocatalytic oxidation of phenolic compounds using
semiconductors such as TiO, [169,170] or photo-assisted Fenton reaction [171] have been
reported and are receiving attention because of the potential use of sunlight. The use of
phthalocyanines in activating the oxygen for such photocatalytic processes is gaining ground
because Pcs absorb much more abundantly in the visible region of the electromagnetic spectrum.

Zinc and aluminum Pcs have been reported to catalyze such photocatalytic conversions [172-
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174]. However, no cases have been reported involving the use of phthalocyanine-gold
nanoparticle conjugates. Thus this work also reports on the use zinc phthalocyanine derivatives
and their gold nanoparticle conjugates anchored on electrospun polymer fibers in the
photocatalytic oxidation of 4-chlorophenol. The use of phthalocyanine-gold nanoparticle
conjugates on electrospun polymer fibers is reported for the first time for phenolic

transformation.

1.4.2 Azo dyes

Azo dyes constitute the most important and widespread chemical class of commercial organic
pollutants and account for around 60 — 70% of the dyes associated with textile, cosmetic, food
colorants, printing and pharmaceutical industries [175]. Azo dyes contain one or more azo bonds
(—N=N-) usually associated with one or more aromatic systems which may also contain sulfonic
groups. The azo bond determines the color of the dye and is the most reactive usually undergoing
oxidation leading to a fading of the color of the solution [176]. Because of their non-
degradability, toxicity, potential mutagenicity and carcinogenicity, wastewaters originating from
azo dye production or application industries pose a major threat to the surrounding ecosystems

and human beings’ health [177-180].

Complete degradation of azo dyes is difficult due to their complex structure [180]. Various
physico-chemical techniques have been applied in the removal of azo dyes. These techniques
included filtration, coagulation, precipitation, adsorption and ion exchange [181]. However these
methods are not destructive, but only transfer the dye from one phase to another requiring yet a

different kind of treatment [182,183].
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Among the recent treatment processes, advanced oxidation processes (AOPSs), such as the Fenton
processes, H,0, or UV/H,0, oxidation and ozonation are widely used. Photocatalytic oxidation
is one of AOPs and can decompose organic pollutants in a short reaction time. Photocatalytic
degradation of azo dyes has been reported in several studies [184,185] and many investigations

focused on the UV-illuminated TiO, processes [186-188].

The use of electrospun fibers functionalized with phthalocyanine- and phthalocyanine-gold
nanoparticle conjugates offers promising heterogeneous catalytic mimetric systems for the
photoconversion of azo dyes. However very few cases are reported for phthalocyanines [126-
128,140,156] and to the best of our knowledge, there are no reports on the use of
phthalocyanine-gold nanoparticle functionalized polymeric fibers for photocatalysis.
Immobilization of Pcs and Pc-AuNP complexes onto solid supports such as electrospun fibers
exhibits advantages over the corresponding homogeneous systems because of their facile
recovery, reusability and recyclability, leading to potentially minimal material use hence a
reduction in the cost of the treatment. In this work we explore the use of electrospun fibers
functionalized with phthalocyanines and phthalocyanine-gold nanoparticle conjugates for the

conversion of Orange G (OG), a typical azo dye.
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1.5 Summary of aims of thesis

The aim of this work is the fabrication of multi-functional nanocomposites based on
phthalocyanines, gold nanoparticles and polymer fibers. The combination of different types of
functional nanostructured materials enables the development of multi-functional nanomaterials

to be used as photocatalysts in the photodegradation of organic pollutants.

The sub-aims of the thesis are:

1. Syntheses and characterization of zinc phthalocyanines with arylthio substituents at peripheral

and non-peripheral positions.

2. Synthesis and characterization of phthalocyanine-functionalized gold nanoparticle conjugates.

3. Electrospin polymer fibers and investigate the effect of polymer solution parameters on the

electrospinning process.

4. Fabrication of electrospun polymer fibers functionalized with phthalocyanine and

phthalocyanine-gold nanoparticle conjugates.

5. Characterization of multi-functional polymer fibers using spectroscopic (Raman, XRD) and

microscopic (AFM, SEM) techniques.

6. Investigation of the fluorescence and photoactivity of phthalocyanine and phthalocyanine-gold

nanoparticle complexes within the functionalized fibers.

7. Investigation of the photocatalytic activity of phthalocyanine and phthalocyanine-gold
nanoparticle functionalized fibers for the photodegradation of 4-chlorophenol and Orange G in

aqueous media.
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2. Experimental

This chapter reports on all the experiments procedures used during the course of the study.
This includes all synthetic procedures and methods of characterization for all complexes

used in this work.

2.1 Materials

2.1.1 Solvents

Acetonitrile (ACN) and N,N-dimethylformamide (DMF) were purchased from MERCK
Chemical Ltd. Acetic acid (AA) (99.8%), and formic acid (FA) (99.8%) were purchased from
Sigma-Aldrich. Chloroform, dimethylsulfoxide (DMSO), methanol (MeOH), n-hexane, 1-
pentanol, quinoline, tetrahydrofuran (THF) and toluene were purchased from SAARChem.
Phosphate buffer solutions were prepared using reagent grade potassium dihydrogen

orthophosphate (ACE) and dipotassium phosphate (PAL Chemicals).

2.1.2 Synthesis reagents

Ammonia, gold (IIl) chloride (HAuCI;-3H,0), anthracene-9,10-diyl-bismethylmalonate
(ADMA), benzyl mercaptan, 1,8-diazabicyclo[5.4.0] undec-7-ene (DBU), potassium carbonate,
7-mercapto-4-methylcoumarin, sodium borohydride, tetraoctylammonium bromide (TOABY),
thionyl chloride unsubstituted zinc phthalocyanine, zinc acetate and 1,3-diphenylisobenzofuran
(DPBF) were purchased from Aldrich. Silica gel 60 Pgss and 3-nitrophthalic acid were

purchased from Merck. Bio-beads S-X1 beads were from Bio-Rad.
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2.1.3 Polymers for electrospinning

Polystyrene (PS) (My, = 192 000 g/mol) was purchased from MERCK Chemical Ltd. Poly
(methyl methacrylate) (PMMA) (M, ~120 000 g/mol) and polycaprolactone (PCL) (M, ~70 000

— 90 000 g/mol) were purchased from Sigma-Aldrich.

2.1.4 Photocatalysis analytes and products

4-chlorophenol (4-CP) (99%) was purchased from Fluka. Hydroquinone (HQ) was from May

and Baker LTD. Benzoquinone (BQ) and Orange G (OG) were purchased from Sigma Aldrich.

2.1.5 Previously synthesized phthalocyanines and their precursors

Zinc phthalocyanine (ZnPc) was purchased from Sigma Aldrich. 3-(Benzylmercapto)
phthalonitrile, Scheme 3.1 [189], 4-(benzylmercapto) phthalonitrile [70], zinc tetrakis (B-
benzylmercapto) phthalocyanine (BZnTBMPc) (complex 15) [70], zinc tetrakis (B-7-
coumarinthio-4-methyl) phthalocyanine (BZnTCMPc, complex 16) [71] were synthesized

according to literature procedures.
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2.2 Instrumentation
(a) Elemental analyses for CHNS were done using a Vario-Elementar Microcube ELIII Series.

(b) Mass spectral data were collected with a Bruker AutoFLEX 111 Smartbeam TOF/TOF Mass
spectrometer. The instrument was operated in positive ion mode using a m/z range of 400 — 3000
amu. The voltage of the ion sources was set at 19 and 16.7 kV for ion sources 1 and 2
respectively, while the lens was set at 8.50 kV. The reflector 1 and 2 voltages were set at 21 and
9.7 kV respectively. The spectra were acquired using a-cyano-4-hydroxycinnamic acid as the

MALDI matrix and a 354 nm nitrogen laser as the ionizing source.
(c) *H-NMR spectra were recorded on a Bruker AMX600 MHz in deuterated DMSO.

(d) UV-Vis absorption spectra were measured at room temperature on a Shimadzu UV-2550
spectrophotometer using a 1 cm pathlength cuvette for solution studies. The UV-Vis spectra of

the functionalized fibers were measured by placing them on a glass slide.

(e) Infrared (IR) spectra were recorded using the Perkin-Elmer Universal Attenuated Total

Reflectance (ATR) Sampling accessory spectrum 100 FT-IR Spectrometer.

(F) Fluorescence excitation and emission spectra were recorded on a Varian Cary Eclipse

spectrofluorometer.

(g) The fluorescence images were taken with a Direct Metal Laser Sintering (DMLYS)
fluorescence microscope. The excitation source was a high voltage mercury lamp and light in the

wavelength range of 550 — 730 nm.

(h) AFM images were obtained in intermittent tapping mode using a Nanoscope Illa controller

with Multi Mode AFM head and with an E-type scanner (maximum xyz range of
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12 x 12 x 3.6 um®; Veeco Digital Instruments) under ambient environmental conditions (<40%
relative humidity). Silicon cantilevers (Veeco, model RTESP) with a force constant of 20—
80 N/m and a resonance frequency of 250-325 kHz were used. Scan parameters were optimized
for each experiment. Scan frequencies were typically 1-2 Hz (lines per second), and the data
collection resolution was 512 x 512 pixels. All images shown are height images and are
presented essentially unfiltered. Samples for AFM were prepared by spin coating toluene

solutions of TOABr-AuNPs or Pc-AuNP samples.

(i) X-ray spectroscopy (XPS) measurements were performed with a Kratos Axis Ultra X-ray
Photoelectron Spectrometer equipped with a monochromatic Al source Ka source (1486.6 ¢V) to
generate the X-rays. The base pressure of the system was below 3 x 10 torr. XPS survey scans
were recorded using a 75 W, a hybrid lens acquisition in slot mode at 160 eV pass energy and

500 ms dwell time. XPS data analysis was performed with Kratos Version 2 program.

(1) A Bruker Vertex 70-Ram Il Raman spectrometer (equipped with a 1064 nm Nd:YAG laser
and a liquid nitrogen cooled germanium detector) were used to collect Raman data. Raman

spectral data was obtained from powdered mixtures of KBr pellets and electrospun fibers.

(k) Nitrogen adsorption/desorption isotherms were measured at 77 K using a Micromeritics
ASAP 2020 Surface Area and Porosity Analyzer. Prior to each measurement, the functionalized
and non-functionalized fibers were degassed at 70 °C for five days. The surface BET area, total

pore volume and pore size distribution were calculated from the isotherms.

(I) Thermal degradation properties of the PS and functionalized PS fibers were studied using a

thermogravimetric analyzer, Simultaneous DTA-TG (Shimadzu) and a thermal analyzer, (TA-
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60WS, Shimadzu) at a heating rate of 10 °C/min under a nitrogen atmosphere with a gas flow

rate of 120 ml/min.

(m) X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8, Discover equipped
with a Lynx Eye Detector, using Cu K, radiation (A = 1.5405 A, nickel filter). Data were
collected in the range from 26 = 5° to 100°, scanning at 1° min™ 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 by subtracting a spline fitted to the
curve background and the full width at half maximum values used in this study was obtained

from the fitted curves.

(n) A laser flash photolysis system, Figure 2.1, was used for the determination of triplet the
decay kinetics. Samples were prepared in deoxygenated DMSO by bubbling with argon for 15
min. The excitation pulses (3-5 ns) were produced by a EKSPLA NT342N-20-AW tunable
wavelength laser. A Thermo Oriel 66902 xenon arc lamp provided the analyzing beam source,
and a Kratos Lis Projekte MLIS-X3 photomultiplier tube was used as the detector. Signals were
recorded with a two-channel, 300 MHz digital real time oscilloscope (Tektronix TDS 3032C);
the kinetic curves were averaged over 128 laser pulses. Triplet lifetimes were determined by

exponential fitting of the kinetic curves using OriginPro 8 software.
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Figure 2.1: Schematic representation of laser flash photolysis set-up

(o) Fluorescence lifetimes were measured using a time correlated single photon counting
(TCSPC) setup, Figure 2.2, (Fluo Time 200, Picoquant GmbH) with a diode laser as an
excitation source (LDH-P-670 driven by PDL 800-B, 670 nm, 20MHz repetition rate, Picoquant
GmbH). Fluorescence was detected under the magic angle with a peltier cooled photomultiplier
tube (PMT) (PMA-C 192-N-M, Picoguant GmbH) and integrated electronics (PicoHarp 300E,
Picoquant GmbH). A monochromator with a spectral width of 4 nm was used to select the
required emission wavelength. The response function of the system, which was measured with a
scattering Ludox solution (DuPont), had a full width at half-maximum (FWHM) of about 300 ns.
The ratio of stop to start pulses was kept low (below 0.05) to ensure good statistics. The

luminescence decay curve was measured at the maximum of the emission peak. The data were
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analyzed with the FluoFit Software program (Picoquant GmbH, Germany). The support plane

approach was used to estimate the errors of the decay times.
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Figure 2.2: A schematic diagram of the TCSPC equipment

(p) Time-resolved emission spectra (TRES) were plotted from TCSPC traces obtained at

different wavelengths of the steady state emission spectra.

(q) Transmission electron microscopy (TEM) was used to investigate the morphological and
structural properties of the non-functionalized and Pc-functionalized gold nanoparticles. TEM
investigations were carried out using a JEOL JEM 1210 microscope. Samples were prepared by
evaporation of a very dilute solution of the nanoparticles (or the Pc-AuNP conjugates) on a

standard carbon-coated copper TEM grid.

(r) Scanning electron microscope (SEM) images were obtained using a JEOL JSM 840 scanning

electron microscope. Prior to SEM measurements, the electrospun fiber samples were coated
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with gold using a sputter coater (Balzers Union SCD 030). Average fiber diameters were

obtained using Cell*D software by taking fifty diameter measurements on each sample.

(s) Determination of singlet oxygen and photodegradation quantum vyields as well as
photocatalytic conversion of 4-chlorophenol (4-CP) and Orange G (OG) were done using the
General Electric Quartz lamp (300 W) as irradiation source, Figure 2.3, a 600 nm glass (Schott)
and water filters were used to filter off ultra-violet and far infrared radiations respectively. An
interference filter 670 nm with band of 40 nm was placed in the light path just before the cell
containing the sample. The intensity of the light reaching the reaction vessel was measured with

a power meter (POWER MAX 5100, Molelectron Detector Inc).
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Figure 2.3: Schematic diagram of a photodegradation set-up

(t) The of 4-CP and OG degradation products were profiled out on high performance liquid
chromatography (HPLC), by comparison with the retention time of the standard compounds. The
chemical structures of the CP and OG degradation products were elucidated by an Agilent HPLC

1200 series (Agilent Technologies Inc., Germany), equipped with a quaternary pump (G1311A),
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an autosampler (G1329A), a diode array detector (DAD SL G1315C) and a degasser unit
(G1322A). An Eclipse XBD-Cjg (i.d. 4.6 x 150 mm; 5 um) column was used for the separation
of product intermediates. Gradient elution was used starting with a mobile phase of a mixture of
ACN-water (0.2 % acetic acid) (20/80 v/v) for 10 min which was then vamped to 100 % ACN at
20 min, the flow rate was 0.8 ml/min and the injection volume was 25 ul. The solvent was then

kept at 100 % ACN for a further 10 min. The total run time was 30 min.

(u) Electrospun fibers were obtained from a set-up consisting of a syringe pump, a KD Scientific
Syringe Pump Series 100, used to feed the polymer solution through a 20 ml plastic syringe
fitted with a 15.24 cm needle with an inner diameter of 1.024 mm at varying flow rates
depending on the polymer solution. The voltage was adjusted using a Glassman High Voltage
Series EL source. Polymer solution viscosity and conductivity were measured with a Brookfield
Viscometer LVDV-II and a CDM210 conductivity meter (Radiometer Analytical) respectively.
The morphology of the electrospun nanofibers was examined using a scanning electron
microscope at an accelerating voltage of 20 kV. Before SEM analysis, the sample was coated
with gold using a sputter coater (Balzers Union SKD 030). The diameter of a nanofiber sample

was calculated by taking an average of 50 measurements.

2.3 Synthesis of 1(4), 8(11), 15(18), 22(25)-tetrakis(benzylmercapto) phthalocyaninato zinc

(Scheme 3.1)

Synthesis of zinc tetrakis (benzylmercapto) phthalocyanine (aZnTBMPc, complex 17), Scheme
3.1, was achieved by heating a mixture of 3-(benzylmercapto) phthalonitrile (1 g, 4 mmol), zinc
acetate (0.19 g, 1.05 mmol) and DBU (1 ml) at 180 °C in quinoline (2 ml) for 6 h under a

nitrogen atmosphere. After cooling, the mixture was precipitated with methanol and the formed
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precipitate was isolated by centrifugation and washed several times with the same solvent. The
crude product was subjected to column chromatography and eluted with chloroform/methanol
(4:1) mixture to obtain the pure phthalocyanine. Yield: (52 %). IR (KBr cm™): 725, 752, 889,
1058, 1087, 1166, 1286 and 1330 (Pc skeleton), 691 (C-S), 2956 (C-H aromatic). ‘H NMR
(DMSO-g6): & ppm 4.1 (s, 8H, -CHy), 7.3-7.6 (m, 20H, -phenyl), 7.98 (m, 4H, -Pc), 7.7-7.9 (m,
8H, -Pc). UV/Vis (toluene) Amax (nm) (log €): 710 (5.24), 670 (3.33). Calc. for CeoHaoNgSsZn: C
67.05, H 4,50, N 10.43, S 11.93; Found: C 67.77, H 4.91, N 10.80, S 11.15. MALDI-TOF MS

m/z: Calc: 1074 amu. Found [M]* 1074 amu.

2.4 Synthesis of phthalocyanine-gold nanoparticle conjugates (Scheme 3.2)

The syntheses of TOABr-capped AuNPs (TOABr-AuNP), and phthalocyanine-gold nanoparticle
conjugates, have been reported before [31]. Briefly, a gold(lll) chloride trihydrate solution (25
mM, 2 mL toluene) was vigorously stirred with a toluene solution of TOABr (85 mM, 3 mL)
until all of the gold chloride was transferred to the organic phase. The reducing agent, NaBHy, in
an aqueous solution (36 mM, 2 mL) was added dropwise for 10 min. The Au solution changes
color from brownish yellow, to milky, to scarlet and finally purple. After the addition of NaBHy,,
the mixture was stirred vigorously for 30 min. The gold nanoparticles were washed repeatedly
with deionized H,O to remove the reducing agent and were stored in a minimum amount of
toluene (1 ml).

The as-synthesized TOABr-AuNPs were mixed with 2 mg of Pc in 1 ml toluene (complexes 15
and 17) or DMF (complex 16) and the mixture was stirred vigorously for 32 h to facilitate ligand

exchange forming BZnTBMPc-AuNP (15-AuNP), ZnTCMPc-AuNP (16-AuNP) and
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aZnTBMPc-AuNP (17-AuNP). The reaction mixture was diluted with 2 ml solvent and the
unreacted Pc was separated in a size-exclusion column (Bio-Beads S-X1 from Bio-Rad) using
the same solvent as an eluent. Toluene was employed for complexes 15 and 17 since the gold
nanoparticles were synthesized in solution. However complex 16 was not soluble in toluene, so
the AUNP sample had to be used in the solid state by evaporating off the toluene solution and
synthesizing 16-AuNP in DMF. Any toluene left in the sample was eliminated during the
purification step by size-exclusion using DMF as the eluent. For all the following comparative
studies, toluene was used as the solvent for complexes 15 and 17 whereas DMF was used for

complex 16 and unsubstituted ZnPc.

2.5 Preparation of functionalized fibers

2.5.1 Preparation of electrospun fibers of polycaprolactone (PCL)

To obtain polycaprolactone fibers, PCL pellets were dissolved in a mixed solvent of acetic acid
(AA) and formic acid (FA) to produce various spinning solutions with PCL concentrations
ranging from 13 to 17 wt%. The solutions were magnetically stirred at room temperature for 3 h,
which was needed for complete dissolution. After high voltage ranging from 10 to 26 kV was
applied to the needle, a positive charged jet of PCL solution formed from a Taylor cone and
sprayed to a grounded aluminium collector, with a tip-to-collector distance of 12.5 cm from the
needle tip. With the evaporation of solvent, PCL fibers were deposited on the collector to form
fibrous membrane. Electrospinning experiments were carried out at room temperature in
different solvent ratios and relative humidity (RH) of 20, 50 and 70% RH. To obtain 50 % RH,

the electrospinning set-up was under open laboratory conditions. For 20 and 70 % RH, a closed
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electrospinning chamber was used in which air was dried using silica or wetted using a saturated
solution of potassium nitrate. A humidity sensor, Vaila HMI 41 indicator was used to
continuously monitor the humidity in the closed electrospinning chamber. SEM images of the
fiber mats were taken and the fiber diameters were measured using Cell*D software from

Olympus.

2.5.2 Preparation of functionalized poly(methyl methacrylate) (PMMA) polymer fibers

Complex 17 was used as an example for the functionalization of electrospun PMMA fibers.
Homogeneous PMMA solutions of 22 wt % in DMF were produced by stirring a polymer
solution of PMMA in DMF for 24 h at room temperature until the polymer was completely
dissolved. Electrospun PMMA fibers were produced under the following conditions; 0.2 ml/h
flow rate, + 25 kV potential at a distance of 18 cm between the needle tip and the collector, and a
grounded 12 cm x 6 cm substrate covered with aluminum foil. With the evaporation of solvent,
PMMA fibers were deposited on the collector to form a fibrous mat. Similar conditions were
used for the functionalized fibers; PMMA/aZnTBMPc (PMMA/17) and PMMA/oZnTBMPc-
AuNP (PMMA/17-AuNP). To obtain these functionalized fibers, 6 mg of complex 17 or 4 mg of
17-AuNP were added to a dissolved PMMA solution and stirred for another 24 h. Due to its poor
mechanical properties and its tendency to form a polymer gel in water, PMMA was not suitable
for photocatalytic applications in aqueous media. As a result of partial solubility in water, the
phthalocyanine and phthalocyanine gold nanoparticle conjugates eventually diffuse out of the

PMMA fiber, hence further studies were done on a more suitable polymer, polystyrene (PS).
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2.5.3 Preparation of functionalized polystyrene (PS) polymer fibers

Complexes 15 and 16 were used as examples for functionalization of electrospun PS fibers.
Homogeneous PS solutions were prepared by dissolving 2.5 g of PS beads in DMF:THF (4:1)
and stirring for 24 h at room temperature. For the functionalized fibers; PS/BZnTBMPc (PS/15),
PS/ZnTCMPc (PS/16), PS/BZnTBMPc-AuNP (PS/15-AuNP), and PS/ZnTCMPc-AuNP (PS/16-
AUNP), Pc (3 mg) or Pc-AuNP (6 mg) were added separately to PS polymer solution and the
solutions were allowed to stir for a further 24 h. Electrospinning parameters were set at; applied
voltage of 20 kV, tip-to-collector distance of 15 cm and solution flow rates of 0.1 and 0.2 ml/h
for the pure PS and functionalized PS fibers respectively. The phthalocyanines were employed
for this polymer to enable electrostatic interaction between their aromatic systems that will

prevent leaching of the Pc complexes from the polymer fibers during photocatalytic applications.

2.6 Photophysical and photochemical methods
2.6.1 Fluorescence quantum yields

The fluorescence quantum yields of the phthalocyanines and phthalocyanine-gold nanoparticle
conjugates were determined in either DMF or toluene using a comparative method, Equation
1.1. Unsubstituted ZnPc in DMF @3¢ = 0.30 [167] or DMSO @3¢ = 0.20 [190] was employed
as the standard. Both sample and standard were excited at the same wavelength. The absorbances

of the solutions at the excitation source were about 0.05 to avoid any filter effects.
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2.6.2 Triplet quantum lifetimes and yields

The decay kinetics of the triplet absorption of the phthalocyanines and phthalocyanine-gold
nanoparticle conjugates were recorded using the laser flash photolysis set-up, Figure 2.1. The
absorbances of the phthalocyanines and phthalocyanine-gold nanoparticle conjugates were
adjusted to be approximately 1.5 and 1, respectively at their Q-band maximum. After
introducing the solution into a 1 cm quartz cell, argon was bubbled through the solution to
remove dissolved oxygen. The triplet quantum vyields were determined using Equation 1.2.
Unsubstituted ZnPc in DMF @3¢ = 0.58 [191] or toluene @5t = 0.65 [192] was employed as
the standard. Triplet lifetimes were determined from the kinetic data obtained using Origin Pro 8

software.

2.6.3 Singlet oxygen quantum yields

A chemical method was used for the determination of ®, of the phthalocyanines and
phthalocyanine-gold nanoparticle conjugates in solution (DMF or toluene). The experiments
were conducted in air with 1.5 ml of each Pc or Pc-AuNP solution with approximate absorbance
of 1 at the Q band mixed with an equal volume of a DPBF solution with approximate absorbance
of 2 at 416 nm. The resulting solution was irradiated using the set-up shown in Figure 2.3 and
the degradation of the DPBF was monitored by recording the UV-Vis spectra of the sample
solution at 5 s time intervals. The @, values were determined using Equation 1.4 and employing

ZnPc in DMF, @54=0.56 [193] or toluene @54 = 0.58 [174].

For the singlet oxygen quantum yield of the phthalocyanine complexes and AuNP conjugates

within the fiber polymeric matrices, ADMA was used as the singlet oxygen quencher since the
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fabric materials were intended for use in agueous media. For each experiment, 10 mg of
functionalized fibers were suspended as small pieces in an aqueous solution of ADMA and
irradiated using the photolysis set-up, Figure 2.3. The quantum yields (®apma) Were estimated
using Equation 1.5, using the extinction coefficient of ADMA in water, log (¢) = 4.1 [194] and
using the absorbance of the phthalocyanine complexes in the polymer fiber matrix. Equation 1.7
(the absolute method) was employed for ®, values. The ®, values are estimates due to light
scattering and the intensity of light was the one reaching the spectrophotometer cell but not the

fibers.

2.6.4 Fluorescence micrographs

Fluorescence micrographs of phthalocyanine and phthalocyanine-gold nanoparticle
functionalized fibers were taken by placing the fiber on a glass slide. The fluorescence images
were taken with a Direct Metal Laser Sintering (DMLS) fluorescence microscope. The excitation
source was a high voltage mercury lamp and light in the wavelength range of 550 — 730 nm.

Pictures of the micrographs were taken using a digital camera.

2.7 Photocatalysis and analysis of degradation products

2.7.1 Photocatalytic reactions

Photocatalytic reactions were carried out in a magnetically stirred batch reactor (glass vial). The
irradiation experiments were carried out using the photolysis set-up described above for singlet

oxygen detection, Figure 2.3. The intensity of the light reaching the reaction vessel was
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measured with a power meter (POWER MAX 5100 Molelectron Detector Inc) and found to be
3.2 x 10%° photons cm™ s™. The transformation was monitored by observing the absorption bands
of 4-chlorophenol at 243 and 297 nm and Orange G at 478 nm after 15 min and 1 min photolysis
cycles respectively using a Shimadzu UV-2550 spectrophotometer. The experiments were
carried out using a range of concentrations of 4-chlorophenol in pH 11 phosphate buffer and pH
6.5 phosphate buffer for Orange G. Each sample (6 ml) contained 10 mg of functionalized fiber,

suspended in small pieces.

2.7.2 ldentification of photocatalytic products

The 4-chlorophenol and Orange G degradation products were profiled out on high performance
liquid chromatography (HPLC), by comparison with the retention time of the standard
compounds. The chemical structures of the CP and OG degradation products were elucidated by
an Agilent HPLC 1200 series (Agilent Technologies Inc., Germany), equipped with a quaternary
pump (G1311A), an autosampler (G1329A), a diode array detector (DAD SL G1315C) and a
degasser unit (G1322A). An Eclipse XBD-Cig (i.d. 4.6 x 150 mm; 5 pum) column was used for
the separation of product intermediates. Gradient elution was used starting with a mobile phase
of a mixture of ACN-water (0.2 % acetic acid) (20/80 v/v) for 10 min which was then ramped to
100 % ACN at 20 min, the flow rate was 0.8 ml/min and the injection volume was 25 pul. The

solvent was then kept at 100 % ACN for a further 10 min. The total run time was 30 min.

57



Results and Discussion

RESULTS AND DISCUSSION

3. Synthesis and characterization

4. Photophysical and photochemical parameters
5. Electrospun polymer fibers

6. Phototransformation of organic pollutants

58



Publications

Publications

The results discussed in the following chapters have been presented in the articles below
that have been published or submitted for publication to peer-reviewed journals. These

articles have not been referenced in this thesis:

1. Sekai Tombe, Wadzanayi Chidawanyika, Edith Antunes, Georgios Priniotakis, Philippe
Westbroek, Tebello Nyokong, Physicochemical behavior of zinc tetrakis (benzylmercapto)
phthalocyanine when used to functionalize gold nanoparticles and in electrospun fibers,

Journal of Photochemistry and Photobiology A: Chemistry, 2012, 240, 50-58.

2. Sekai Tombe, Edith Antunes, Tebello Nyokong, The photophysical and photochemical
behavior of coumarin-derivatized zinc phthalocyanine when conjugated with gold
nanoparticles and electrospun into polymer fibers, New Journal of Chemistry, DOI:

10.1039/C2NJ40984D, in press

3. Sekai Tombe, Edith Antunes, Tebello Nyokong. Electrospun fibers functionalized with
phthalocyanine-gold nanoparticle conjugates for photocatalytic applications, Journal of

Molecular Catalysis A: Chemical, DOI: 10.1016/j.molcata. 2013.01.033, in press

59



Chapter 3 Results and Discussion: Synthesis and Characterization

3. Synthesis and characterization

This chapter reports on the syntheses and characterization of phthalocyanines and

phthalocyanine-gold nanoparticle conjugates employed in this work.

3.1 Phthalocyanines

Substituted phthalocyanines are normally prepared by cyclotetramerization of substituted
phthalonitriles. Tetra-substituted Pcs can be synthesized from their 4-substituted phthalonitrile
precursors. The syntheses of phthalocyanines BZnTBMPc (15) and ZnTCMPc (16), Scheme 3.1,
have been reported [70,71] but this work reports on their photophysical and photochemical
characterization for the first time. Scheme 3.1 shows the synthetic pathway for aZnTBMPc¢ (17).
The synthesis and characterization of aZnTBMPc (17) is reported for the first time in this work.
The synthesized Pc, complex 17, was characterized spectroscopically by UV/Vis, IR, *H NMR
and elemental analysis and satisfactory spectroscopy results were obtained. The C=N peak of the
benzylmercapto phthalonitrile at 2228 cm™ disappeared upon the formation of complex 17 as
expected. The *H NMR spectra showed aromatic ring protons between 8 and 10 ppm and peak
integration correctly gave the anticipated total number of protons, confirming the relative purity
of complex 17. In addition mass spectra as well as elemental analysis confirmed the
phthalocyanine structure of 17. For complex 17, a molecular ion peak corresponding to [M+] at
1074 amu was obtained for 17. Complexes 15 and 17 were soluble in organic solvents such as
DMF, DMSO, THF and in non-polar solvents like chloroform and toluene, whereas complex 16

was only soluble in DMF and DMSO.
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Scheme 3.1: Synthesis of the arylthio-derivatized phthalocyanine, aZnTBMPc¢ (17) and the

structures of BZnTBMPc (15) and ZnTCMPc (16).

The UV-vis spectra of unsubstituted ZnPc and the arylthio zinc phthalocyanines used in this

work are shown in Figure 3.1. The ground state electronic absorption spectra showed

monomeric behavior evidenced by a single (narrow) Q band, typical of metallated

phthalocyanines for all Pc complexes. The spectra are red shifted compared to unsubstituted

ZnPc (with a Q band at 671 nm in DMF, Figure 3.1), due to the electron donating properties of
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the arylthio substituents. The Q bands are at 696 nm, 684 nm, and 712 nm for complexes 15, 16
and 17 respectively. The non-peripherally tetra-substituted zinc phthalocyanine (complex 17)
was red shifted 16 nm compared to the peripherally substituted counterpart (complex 15). The
observed red spectral shift is typical of phthalocyanines with substituents at the non-peripheral
position [195]. This shift has been explained to be a result of linear combination of the atomic
orbitals coefficients at the non-peripheral positions of the highest molecular orbital (HOMO)

being greater than those at the peripheral positions [81].
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Figure 3.1: UV-Vis absorption spectra of 1 x 10°> M ZnPc (blue), fZnTBMPc (15) (green)

ZnTCMPc (16) (black) and aZnTBMPc (17) (red) DMF.
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Figure 3.2 shows the absorbance, fluorescence excitation and emission spectra of complexes 15,
16 and 17. Figure 3.2 shows that the absorbance and excitation spectra are similar and are mirror
images of the fluorescence emission spectra. The ground state absorption, fluorescence
excitation and emission spectral parameters for the MPcs are shown in Table 3.1. The proximity
of the wavelength of the Q-band absorption to the Q-band maxima of the excitation spectra,
Table 3.1, for the Pcs suggests that the nuclear configurations of the ground and excited states
are similar and not affected by excitation in either toluene or DMF. The slight differences

between absorbance and excitation wavelengths are due to the differences in equipment used.
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Figure 3.2: Normalized absorbance (black), excitation (red) and emission spectra of (A)

complex 15 in toluene, (B) complex 16 in DMF and (C) complex 17 in toluene.

Table 3.1: Ground state absorption, fluorescence excitation and emission spectral

parameters for MPcs and their MPc-AuNP conjugates.

Complex Solvent Aaps (NM) hexc (NM) Aem (NM)
15 Toluene 694 694 703
15-AuNP 691 691 700
16 DMF 684 685 696
16-AuNP 682 683 693
17 Toluene 710 713 725
17-AuNP 699 700 708

abs = absorbance, exc = excitation, em = emission
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3.2 Phthalocyanine-gold nanoparticle conjugates

3.2.1 Synthesis and characterization of AUNPs

TOABr-AuNPs were synthesized following a literature procedure [31], using TOABr as both the
phase transfer agent and the protecting ligand. The nanoparticles were characterized using TEM,

AFM, UV-vis spectroscopy and XPS.

The TEM image of TOABr-AuNPs is shown in Figure 3.3A. Analysis of the nanoparticle size

by means of TEM evidenced the formation of spherical, non-aggregated nanoparticles with a

particle size distribution in the range measuring 2-5 nm.

Figure 3.3: Transmission electron microscopy (TEM) image of (A) TOABr-AuNPs and (B)

Pc-AuNP conjugate.
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AFM results from Figure 3.4 (ai, bi)) show the surface topography of TOABr-AuNPs. An
average roughness (Ra) value of 0.276 nm was obtained for AuNPs alone from Figure 3.4 (bi).
The histogram in Figure 3.4 (ci), shows populations of AuNPs with size distribution from 4.5
nm and below in the section analyzed, to occur more frequently. These results are in agreement

with the TEM results.
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Figure 3.4: (a) 2D and (b) 3D AFM images (height profile), and (c) size distribution
histograms of (i) TOABr-AuNPs and (ii) 17-AuNP.
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The surface plasmon resonance (SPR) absorption band of TOABr-AuNP was determined from
UV-Vis spectroscopy to be 525 nm in both DMF and toluene, Figure 3.5. The absorbance peak
observed in Figure 3.5 is in the range of 500-550 nm and typical for the surface plasmon
resonance of gold nanoparticles with sizes less than 50 nm [31,33,196], thus confirming the

AFM and TEM results.
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Figure 3.5: UV-Vis spectra of (A) AuNPs (blue), complex 15 (black) and 15-AuNP (red) in
toluene (B) AuNPs (blue), complex 16 (black) and 16-AuNP (red) in DMF and (C) AuNPs

(blue), complex 17 (black) and 17-AuNP (red) in toluene.

3.2.2 Assembly of phthalocyanine-gold nanoparticle conjugates

Ligand exchange was used as a method for Pc attachment to the nanoparticles, where loosely
bound TOABT ligands were partially exchanged by Pcs. To attach the Pc molecule to the gold
nanoparticle surface, the Pc complexes were derivatized with arylthio moieties, Scheme 3.2,
which provided direct linkage to the nanoparticle surface via self-assembly. The partial presence
of TOABT is important since the presence of the bromine atom adds to the enhancement of spin-
orbit coupling via the heavy atom effect [33]; hence increasing the population of the triplet state
and increasing generation of singlet oxygen.
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Scheme 3.2: Schematic illustration of the synthetic route for phthalocyanine-functionalized

gold nanoparticles (Pc-AuNPs).

3.2.2.1 Synthesis and characterization of phthalocyanine-gold nanoparticle conjugates

Figure 3.3B shows the TEM image of Pc-AuNPs. A clear indication of agglomeration was
observed from the TEM images of the conjugate with a size distribution in the range 6-9 nm,
suggesting successful conjugation. The aggregation could be a result of the method used in
preparing the samples for TEM since phthalocyanines readily form aggregates. The wide planar
organic surface of the Pc molecule causes aggregation of the complexes in solution and in a solid
state due to the w —m* stacking interactions [197]. Phthalocyanines form face-to-face-oriented H-
aggregates and side-by-side-oriented J-aggregates. The former are characterized by blue-shifted
absorption bands and are considered non-fluorescent, whereas the latter are characterized by red-

shifted bands and are fluorescent [198]. The Pc molecules in the conjugate are most likely to
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form irregular aggregates as a result of their flexible linkers, edge and terrace of the gold cores

and the AuNP ligand and phase transfer agent, TOABTr [31].

AFM results from Figure 3.4 revealed pronounced differences of the surface topographies of the
gold nanoparticles (Figure 3.4 (ai, bi)) and the phthalocyanine-functionalized gold nanoparticles
(Figure 3.4. (aii, bii)). The average roughness (Ra) value of 0.276 nm obtained for AuUNPs alone
increased to 1.290 nm for the Pc-AuNP conjugate. The increase may be due to aggregation in the
presence of ZnPc derivative. The histogram in Figure 3.4 (cii) for AuNPs in the presence of Pc
shows that there is domination by the larger sizes, with size distribution of up to 11 nm, showing

increased aggregation and confirming successful conjugation.

The absorption spectra of Pc-AuNP conjugates, Figure 3.5, are the sum of the phthalocyanine
and gold nanoparticles absorption spectra. For complexes 15 and 16, Figures 3.5A and 3.5B,
small blue shifts of the Q band were observed after conjugation to gold nanoparticles, Table 3.1.

The blue shifts were due to the engagement of S groups involved in conjugation to AuNPs.

Such small shifts have been reported for conjugation of a Co tetraamino (CoTAPc) with Ag or
Au NPs [199]. Hence, the spectra in Figures 3.5A and 3.5B does confirm conjugation. A blue
shift in the Q band of MPc complexes has been observed for complexes substituted with long
chain thiol, arylthio or alkyl thio groups [32,34,78,200]. Figure 3.5C shows that there is
significant broadening and blue shifting of the Q band for complex 17. In phthalocyanine
chemistry, blue shifting and broadening of the Q-band in most cases is explained as a result of
coplanar association of phthalocyanine rings progressing from monomers leading to aggregates.
The most likely aggregates in phthalocyanines are the so called H aggregates (face to face)

which result in blue shifting or broadening of the spectra. In the case of complex 17-AuNP, there
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is blue shifting but the shape of the Q band is not typical of aggregation. The blue shifting is also
usually attributed to the presence of electron withdrawing ligands [201,202] and in this case, it is
due to the engagement of S groups to gold nanoparticles as stated above. The differences
between complex 17 and complexes 15 and 16 in terms of the extent of blue shifting may be
explained in terms of the orientation of the molecular dipole of NPs with respect to MPc-
nanoparticle axis as discussed before for other dye systems [203], hence the pronounced
differences in the spectra of Pc complexes 15 (peripherally-substituted) and 17 (non-peripherally

substituted).

In Figures 3.5A and 3.5B, the surface plasmon resonance of complexes 15 and 16 show slight
red shifts of the SPR bands, 530 and 534 nm respectively, compared to the resonance bands of
TOABr-AuNPs and complex 17-AuNP at 525 nm. This red-shift is an indication of aggregation

[210] as also shown by TEM.

Figure 3.6 shows the absorption, fluorescence excitation and emission spectra of complex 16-
AUNP. The excitation spectrum is similar to the absorption spectrum (except for the SPR band)
and is the mirror image of the fluorescence emission spectrum. The proximity of the absorption
and excitation spectra for the Pc and Pc-AuNP conjugate suggests that the nuclear configurations
of the ground and excited states were similar and not affected by excitation in DMF. No
fluorescence was observed (as expected) from the TOABr-AuNPs. The same was observed for

conjugates of complexes 15 and 17 and results are shown in Table 3.1.
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Figure 3.6: Absorbance (black), excitation (red) and emission (blue) spectra of 16-AuNP in

DMEF.

In order to confirm the chemical composition of the conjugate, complex 16-AuNP was further
studied by XPS analysis and compared with complex 16. A one cycle etch was performed on the
16-AuNP to remove any adsorbed O, on the surface of the samples. The overview of the XPS
spectra of the conjugate, Figure 3.7A(ii) showed the expected presence of C, O, N, S, Au and Br
in 16-AuNP while the elements; Zn, C, N, O and S existed in complex 16, Figure 3.7A(i). The S
atoms belong to the part of the Pc designed for attachment to the AuNPs via self-assembly. The
XPS spectra, Figure 3.7B(i) (expanded wide scan of Figure 3.7A), show sulfur peaks at 163 eV
(corresponding to S 2p1, and S 2p32) as well as an S 2s peak at 227 eV related to the thioether
groups in the Pc. The Zn 2p peak, Figure 3.7A(i), expected at 1023 and 1043 eV had a very low

intensity in the Pc (as the atomic percentage concentration is low) thus it could not be detected in
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the conjugate, therefore information on chemical shifts and possible interactions through charge
transfer at the interface with the metal nanoparticles could hardly be extracted from the Zn 2p
data. The presence of the Au 4f and Br 3d peaks, Figures 3.7A(ii) and 3.7B(ii), at binding
energies of 84 and 64 eV indicate the presence of the Au and the capping agent in the conjugate.
The XPS results show evidence of metallic gold (Au®) as expected for gold nanoparticles. The
presence of the Pc was already confirmed through UV/Vis and fluorescence spectroscopy,
Figure 3.6. Perhaps the most telling piece of evidence is the high resolution N 1s spectra
acquired for complex 16, AuNPs and 16-AuNP, Figure 3.8. Figure 3.8A shows the
deconvolution of the N 1s peaks for the Pc. Three, possibly four, peaks are observed. Two main
peaks were expected due to the pyrollic nitrogens of complex 16 and the N co-ordinated to the
metal center Zn. For the AuNPs, the deconvolution of the N 1s peaks is shown in Figure 3.8B.
Two peaks, with one main peak, are observed and this set of spectra is markedly different to the
N 1s for the Pc. The one main peak is expected due to the loosely bound TOABr on the AuNP
surface. Figure 3.8C shows the deconvolution of the N 1s peaks for the conjugate, 16-AuNP.
Three main peaks are observed and this set of spectra is markedly different to the N 1s for the Pc.
Two main peaks were expected due to the pyrollic nitrogens of the complex 16 and the N co-
ordinated to the metal center Zn, while a third is expected for the TOABTr loosely bound to the

AUNP surface.
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Figure 3.7: XPS spectra of (A) wide scan for (i) complex 16 and (ii) complex 16-AuNP and

(B) expanded wide scan for (i) complex 16, (ii) 16-AuNP and (iii) AuNP (the latter only in

B)
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Figure 3.8: High resolutions XPS scans for (A) complex 16 (B) AuNPs and (C) 16-AuNP
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3.3 Remarks on chapter

Zinc phthalocyanines and their gold nanoparticle conjugates were successfully synthesized and
characterized by various spectroscopic techniques. All phthalocyanine complexes gave

spectroscopic data indicating high purity and in accordance with the predicted structures.
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4. Photophysical and photochemical parameters

The photophysical and photochemical properties of the synthesized MPcs are discussed.
For the MPcs, comparisons are made with respect to the presence of different substituents,
substitution positions and interactions with AuNPs in the phthalocyanine-gold nanoparticle
conjugates. The photophysical and photochemical parameters of complexes 15 and 17 were
determined in toluene whereas those of complex 16 were in DMF because the complex was
insoluble in toluene. Complexes 15 and 17 were compared to each other to study the effect
of the substitution position (o/f) and complex 16 was compared to unsubstituted ZnPc. In
these studies, it was therefore impossible to compare the three Pc complexes due to the
employment of different solvents. The reason for the use of different solvents was provided

in the experimental section.

4.1 Fluorescence spectra, quantum yields and lifetimes

4.1.1 Phthalocyanine derivatives

The nature and the environment of a fluorophore determine its fluorescence lifetime and
quantum yield. Fluorescence lifetime (t¢) refers to the average time a molecule stays in its
excited state before fluorescing and its value is directly related to that of the fluorescence

quantum yield (Of).

Using a comparative method, the fluorescence quantum yields (®¢) of the Pcs, Table 4.1, were
determined. The fluorescence quantum yields of complexes 15, 16 and 17 are shown in Table
4.1. The value for complex 16 is significantly larger than that of unsubstituted ZnPc [167], and
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also larger than for MPc complexes in general, [204] showing that the coumarin substituent
enhances fluorescence in ZnPc complexes as suggested in the introduction, Table 4.1. The yields
for complexes 15 and 17 are shorter than what is typical of Pcs [99], but such low ®¢ have been

observed in toluene [205].

Table 4.1: Photophysical and photochemical data of phthalocyanine-gold nanoparticle

conjugates

Complex | Solvent | @ T2 (ns) D7 T (ps) | 7o (ns) D,

15 Toluene § 0.053 | 2.24 £0.02 (100%) §0.68 108 42 0.44

15-AuNP [ Toluene | 0.007 | 1.90 +0.02 (81%0) - - 264 0.78
0.85 + 0.03 (19%)

16 DMF 0.36 2.32. £ 0.01 (100%) §0.33 19 6 0.21

16-AuNP | DMF 0.11 2.15.+0.03 (88 %) |- - 19 0.41
0.56 + 0.04 (12 %)

17 Toluene | 0.03 2.40£0.01 (100 %) J0.51 50 68 0.33

17-AuNP | Toluene § 0.003 J§0.88+0.03(74%) |- - 275 0.54
2.17 + 0.04 (26 %)

2abundances in brackets

Fluorescence lifetimes (tg) were determined using the time correlated single photon counting

(TCSPC) technique. The decay component spectrum of complex 17 was obtained from a

81




Chapter 4

Photophysical and Photochemical parameters

monoexponential fit, Figure 4.1, with a single lifetime, Table 4.1. Similar results were obtained

for complexes 15 and 16, Table 4.1.
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Figure 4.1: Fluorescence decay curves of complex 17 (black) and complex 17-AuNP (blue)

in toluene. Insert = TRES analysis of 17-AuNP in toluene.

4.1.2 Phthalocyanine-gold nanoparticle conjugates

Phthalocyanines are quenched by close proximity of AuNPs and a decrease in fluorescence

guantum yields and fluorescence lifetimes has been reported [31,196]. It has also been reported

that when a fluorophore is excited in the presence of a nearby metal it interacts with the free
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electrons from the metal surface and modifies the fluorescence behavior by altering the electric
field around the molecule [206]. This effect can either increase or decrease the fluorescence
lifetimes depending on the geometry or distance between the metal and molecule [207]. The
fluorescence quantum vyields of the Pcs were significantly larger than those of the Pc-AuNP

conjugates, Table 4.1.

The low ®f for the Pc-AuNP conjugates was attributed to the heavy atom effect of Au and Br of
the TOABr-AuNPs, which encourages intersystem crossing to the triplet state and also due to the
known quenching of Pc fluorescence by AuNPs which has been observed for ZnPc complexes
substituted with long chain thiol groups [78]. The fluorescence decay curves of complexes 17

and 17—-AuNP in toluene measured by TCSPC are shown in Figure 4.1.

The decay curves of 17 and 17-AuNP were obtained from a monoexponential and a
biexponential fit respectively, suggesting two different emitting species for the latter. The Pc—
AUNP conjugate had a faster decay than the Pc. The lowering of the phthalocyanine lifetime has
been suggested [31] to arise from the close packing of phthalocyanines on the gold nanoparticle
surface or from the interaction between phthalocyanines and gold nanoparticles. Thus, the two
lifetimes for the Pc-AuNP complexes, Table 4.1, may correspond to the differently packed Pc

complexes onto the gold nanoparticle surfaces.

Time-resolved emission spectroscopy (TRES) was conducted to determine the origin of the two
lifetimes obtained for 17-AuNP conjugates in Table 4.1. TRES results were in qualitative and
quantitative agreement with TCSPC measurements and the biexponential correlation model
provided an adequate fit to the data indicating the presence of two emitting species in the

conjugate. The wavelength-dependent data from the TRES analysis, Figure 4.1 (insert), showed

83



Chapter 4 Photophysical and Photochemical parameters

peaks with wavelengths, at 706 and 708 nm. The latter is at the same wavelength as the emission
peak for 17-AuNP (Table 3.2). The slight difference in the wavelengths is attributed to different
packing of Pc molecules on the AuNPs. A plausible explanation for our findings is that there
may be two different conjugation systems due to different orientation and packing of Pc

molecules on the AuNPs surfaces.

Fluorescence radiative lifetimes (to) are directly related to absorption coefficients and excited
state lifetimes (t¢) and are used to explain the decrease in lifetime of Pcs in the presence of
AUNPs. 1y values were estimated from the fluorescence quantum yield (®f) and lifetime (tf)

using Equation 4.1 [208]:

To = TF/Df (41)

Large 1o values have been obtained for various Pcs [209] and hence the large values obtained for
complexes 15 and 17 in Table 4.1 were anticipated. The spectral behavior of fluorophores is
sensitive to their environment. When a fluorophore is excited in the proximity of a metal, it
interacts with the free electrons from the metal surface and modifies the fluorescence behavior
by altering the electric field around the molecule [206]. This effect can either enhance or
decrease the fluorescence lifetimes depending on the geometry or distance between the metal and
the molecule [207]. The molecule can therefore be viewed as an oscillating dipole in which the
lifetime will increase when the oscillating dipole is not in line with the reflected field and
decreases when they correlate [210,211]. From our results in Table 4.1, it can be inferred that the
increases in 1o observed in the presence of the gold nanoparticles suggests an uncorrelated field

between the MPcs and AuNPs. The fluorescence quenching of both complexes could also be due
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to electron or energy transfer, enhanced intersystem crossing, or enhanced internal conversion in

Pc-AuNP conjugates [31,33].

4.2 Triplet state quantum yields and lifetimes

4.2.1 Phthalocyanine derivatives

The triplet quantum vyield is the measure of the fraction of absorbing molecules that undergo
intersystem crossing to the triplet state. The ability of an excited state phthalocyanine to go from
the singlet state to the triplet state is a prerequisite for it to generate singlet oxygen from ground
state molecular oxygen. The efficiency of a phthalocyanine as a photosensitizer is determined by
its triplet state quantum yield (@) and lifetime (t7) and these were determined by laser flash
photolysis in argon saturated solutions of the Pc complexes in toluene or DMF. Table 4.1 gives
the triplet state parameters, @1 and tr, of complexes 15, 16 and 17. Figure 4.2 shows the triplet
decay curve of complex 15, which is similar to those of the other complexes. All triplet decay
curves showed first order kinetics. Triplet state quantum vyields of 0.68, 0.33 and 0.51 were
obtained for complexes 15, 16 and 17 respectively. @1 was larger for complex 15 at 0.68 than for
complex 17 at 0.51 suggesting quenching at a substitution. For complex 16 in DMF &t = 0.33, is
smaller than ®1 of ZnPc in DMF at 0.58 [191], showing the quenching effect of the coumarin
substituent. The triplet state lifetime (t7), Table 4.1, was longer for the peripherally substituted
complex 15 (tr = 108 ps) than the non-peripherally substituted complex 17 (tt = 50 ps). This
result contradicts the fact that high @1 corresponds to low tr. The short lifetime obtained for
complex 16 (tt = 19 ps) was anticipated due to its enhanced fluorescence quantum yield.

However, these yields offer a good possibility of singlet oxygen generation.
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Figure 4.2: Triplet state decay curve of complex 15 in toluene. Excitation wavelength: 695

nm

4.2.2 Phthalocyanine-gold nanoparticle conjugates

Table 4.1 shows that no triplet state parameters were determined for the phthalocyanine-gold
nanoparticle conjugates. This result may be attributed to a short triplet lifetime as a result of the
heavy atom effect of Br and Au in the TOABr-AuNPs. However, the singlet oxygen quantum

yield of the conjugates could still be determined as will be shown below.
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4.3 Singlet oxygen quantum yields
4.3.1 Phthalocyanine derivatives

Singlet oxygen is formed via energy transfer between the triplet state of a Pc and ground state
molecular oxygen. Many factors are responsible for the magnitude of the determined quantum
yield of singlet oxygen including; triplet excited state energy and lifetime, ability of substituents
and solvents to quench the singlet oxygen and the efficiency of the energy transfer between the
triplet excited state and the ground state of oxygen. Singlet oxygen quantum yields (®,) were
determined in toluene or DMF using DBPF as a chemical quencher and zinc phthalocyanine as
the standard. The disappearance of DPBF at 416 nm was monitored using a UV/Vis
spectrometer, Figure 4.3. The singlet oxygen quantum yields, Table 4.1, obtained for complexes
15, 16 and 17 were 0.44, 0.21 and 0.33. No changes in the Q-band were observed in Figure 4.3,

confirming that the Pc complex was not degraded during the studies.
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Figure 4.3: Degradation of DPBF in the presence of complex 17 in toluene. Time interval: 5

S.
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4.3.2 Phthalocyanine-gold nanoparticle conjugates

Phthalocyanine-gold nanoparticle conjugates also exhibited the ability to generate singlet
oxygen, Figure 4.4, with higher singlet oxygen quantum yields compared to Pcs alone, Table
4.1. The singlet oxygen quantum yields were significantly enhanced with yields of 0.78, 0.41 and
0.54 for complexes 15-AuNP, 16-AuNP and 17-AuNP. No changes in the Pc-AuNP spectra were
observed in Figure 4.4, confirming that the Pc-AuNP complex was not degraded during the
studies. The Pc-AuNP conjugates generate singlet oxygen with significantly higher quantum
yields than the Pc alone, Table 4.1, due to the presence of the gold atoms and in part due to the
bromine atom from an association with the phase transfer agent, TOABr. This results in an
increase in the energy transfer to the triplet state through enhanced spin-orbit coupling via the
heavy atom effect [33]. When comparing ®, value of complex 16 (®, = 0.21) to ZnPc (O, =
0.56) the yield is much lower for the former, Table 4.1, corresponding to its high fluorescence
quantum vyield. For complexes 15 and 17, the yields are relatively high in the absence and
presence of gold nanoparticles. Even though the singlet oxygen quantum vyield of complex 16
alone (@, = 0.21) is low, the presence of AuNPs significantly enhances this value (®, = 0.41),

thus making its use as a photosensitizer feasible.
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Figure 4.4: Spectral changes during the degradation of DPBF in toluene using 17-AuNP.

Time interval: 10s.

4.4 Remarks on chapter

The photophysical and photochemical properties of phthalocyanine and phthalocyanine-gold
nanoparticle conjugates were determined. The effects of the gold nanoparticles on the spectral
characteristics of the phthalocyanines varied with substitution position (o/f). Interaction of MPcs
with nanoparticles led to significant fluorescence quenching. However, the interaction between
the gold nanoparticles and phthalocyanines does not restrict the formation of excited singlet and
triplet states and hence the formation of singlet oxygen. The ability to generate singlet oxygen
makes these complexes suitable for phototransformation of environmental pollutants either in
solution or on solid supports. In further work, these photoactive molecules will be incorporated

in electrospun fibers and characterized as discussed in the next chapter.
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5. Electrospun polymer fibers

This chapter reports on the microscopic, spectroscopic, photophysical and photochemical
properties of phthalocyanine and phthalocyanine-gold nanoparticle functionalized

electrospun polymer fibers.

5.1 Influence of electrospinning conditions on morphology of polymer fiber

Electrospun polymer fibers are of industrial and scientific interest due to their long lengths, small
diameters, porosity and high surface area per unit volume. Although electrospinning is a
relatively simple process, many variables affect fiber quality, thus adding complexity to the
method and making process optimization tedious. The structure and morphology of the
electrospun polymer materials are determined by a synergetic effect of solution, process and
ambient parameters. Development of useful electrospun polymer fiber applications requires a
thorough knowledge of the parameters that govern the electrospinning process and their effect on
the resultant fibers. In this work prior to functionalization of polymer fibers with phthalocyanines
or phthalocyanine-gold nanoparticle conjugates, the effect of some electrospinning conditions
(polymer concentration, conductivity, viscosity, solvent ratio, relative humidity) on fiber
diameter and morphology were investigated using polycaprolactone (PCL) as a model polymer.
In this study, we determine which parameters have the greatest effect on fiber diameter and are
best for controlling the final morphology of the as-spun fibers for the development of multi-

functional polymer fibers.

5.1.1 Effect of polymer viscosity and conductivity on fiber morphology

Polymer solution properties such viscosity and conductivity play a significant role in the
electrospinning process and the resultant fiber diameter and morphology. The electrical property
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of the solution, surface tension and viscosity will determine the amount of stretching of the
solution. The molecular weight of the polymer represents the length of the polymer chain, which
in turn has an effect on the viscosity of the solution since the polymer length will determine the
amount of entanglement of the polymer chains in the solvent. Table 5.1 shows that solution
viscosity and conductivity are directly proportional to the polymer concentration and the higher
the polymer concentration, the larger the resulting fiber diameter. Our results are in agreement

with findings by other researchers [212].

Table 5.1: Effect of polymer solution viscosity and electrical conductivity of different

polycaprolactone (PCL) concentrations.

Polymer concentration (wt%) [ Viscosity (cP) [ Conductivity (mS/cm) | Fiber diameter (nm)

13 2307 0.287 315+ 80
15 4071 0.301 400+ 74
17 5384 0.168 525 + 88

5.1.2 Effect of polymer concentration at various humidity conditions on fiber morphology

The humidity of the electrospinning environment may have an influence on the polymer solution
during electrospinning as it determines the rate of evaporation of the solvent in the polymer
solution. Results in Table 5.2 show a trend that clearly indicates an increase in fiber diameter
with increasing % relative humidity (RH). This is consistent with what has been reported before
[213,214]. However, increasing the humidity from 20 % RH to 70% RH had no significant effect

on fiber morphology as shown in Figure 5.1.
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Table 5.2: The average fiber diameter (nm) as a function of polymer concentration and

relative humidity, solvent ratio 50:50 AA:FA.

Polymer concentration (wt%o) 20% RH 50% RH 70% RH
13 310+ 50 392 + 80 430 40
15 337 45 400 + 74 413 +98
17 459 + 22 525 + 88 531+ 89
RH: 20% RH: 50% RH: 70%

13

15

17

Figure 5.1: SEM images of 13, 15 and 17 wt% PCL electrospun at different relative

humidities.
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5.1.3 Effect of solvent ratios on polymer solutions viscosity and conductivity

Polycaprolactone was dissolved in solvent mixtures with different ratios of formic acid (FA)
which acts as a solvent for the polymer and acetic acid (AA) which is a non-solvent but is
required for electrospinning to occur. The effect of solvent ratios on polymer conductivity,

viscosity and fiber diameter is shown in Table 5.3.

Table 5.3: Effect of solvent ratios on polymer solutions viscosity and conductivity

Solvent ratio (AA:FA) | Viscosity (cP) | Conductivity (mS/cm) Fiber diameter (nm)

1:9 2849 0.218 392 +104
5:5 4595 0.286 400+ 74
7:3 5615 0.321 1162 + 254

Results show an increase in polymer conductivity, viscosity and fiber diameter with an increase
in AA concentration. This observation might be explained by a combined effect of the dielectric
constants and the surface tension of the solution. Formic acid has a relatively high dielectric
constant resulting from its high polarity which largely determines the charge distribution in the
jet, whereas acetic acid has a much lower dielectric constant. The higher the formic acid content,
the higher the dielectric constant and viscosity and the more the electric field pulls at the
polymeric solution. It was observed that a decreasing surface tension resulting from increasing
conductivity facilitated the formation of steady Taylor cones at higher viscosity resulting in large

fiber diameters.
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5.1.4 Effect of solvent ratios in polymer solutions and humidity conditions

Results in Table 5.4 show a clear trend of an increase in fiber diameter at high FA content. This
can be attributed to the fact that formic acid is the solvent used to dissolve the polymer.
Reduction in its content in the solvent mixture resulted in an unforeseen high concentration of
the polymer in solution leading to the larger fiber diameters observed for solvent ratios 7:3 and
9:1. In the case of solvent ratios, these results do show that humidity has a large effect on fiber
morphology as no clear trends or definitive comparisons could be made with regards to fiber

diameter for low formic acid contents.

Table 5.4: The average fiber diameters (nm) as a function of solvent ratio and relative

humidity, PCL concentration at 13 wt%.

Solvent ratio AA:FA | 20% RH 50% RH 70% RH
1:9 230 + 40 315+ 104 413 + 100
5:5 310+50 392 +80 430 +98
7:3 1162 + 254 528 + 186 520 + 130
9:1 863 + 190 570 + 254 653 + 254

Thus by optimizing the above electrospinning conditions, suitable electrospun polymer fibers
functionalized with phthalocyanines and phthalocyanine-gold nanoparticle conjugates possessing
appropriate morphology can be obtained. Such functionalized fibers can then be characterized
and applied in the photodegradation of environmental pollutants which are the core aims of this

work.
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5.2 Characterization of electrospun polymer fibers functionalized with zinc

phthalocyanines and their physico-chemical behavior

This section discusses the characterization of phthalocyanine and phthalocyanine-gold
nanoparticle functionalized fibers. Figure 5.2 shows a diagrammatic representation of the
electrospinning of pure and functionalized polymer fibers. Polystyrene was used for conjugation
to complexes 15 and 16, whereas poly(methyl methacrylate) (PMMA) was used for conjugation
to complex 17. As explained before, PMMA was found to be unsuitable for photocatalytic
applications due to poor mechanical strength and its tendency to form a gel in water, eventually
leading to the leaching out of the Pc and Pc-AuNP complexes. Due to these reasons, polystyrene

(PS) was chosen as the polymer of choice for complexes 15 and 16.

1. Polymer
2. Polymer/Pc
3. Polymer/Pc-AuNP

.
Polymer

Polymer/Pc-AuNPs

Polymer/Pc

Figure 5.2: Diagrammatic representation of the electrospinning of non-functionalized and
functionalized polymers.
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5.2.1 Microscopic characterization

Two geometric properties of polymer fibers (fiber diameter and morphology) were assessed
using SEM technique. The average diameters of the non-functionalized and functionalized
electrospun fibers were determined using Cell*D software from Olympus. Both non-
functionalized and functionalized PMMA and PS fibers consisted of continuous single fibers

with defect-free fiber surfaces and controllable fiber diameters as shown in Figure 5.3 and

Figure 5.4.

Figure 5.4: SEM fiber mats of (A) PMMA, (B) PMMA/17 and (C) PMMA/17-AuNP.
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The fiber diameters obtained for polystyrene alone ranged from 1780-2120 nm (1.78-2.12 um).
The fiber diameters obtained in this study were smaller than those obtained by Pai et al., [215]
using DMF as a solvent, instead of a solvent mixture of DMF:THF used in this study. This result
was expected since Pai and co-workers [215] not only used a different solvent but a higher
polymer concentration, 30 wt% instead of 25 wt% used in this work. This result is consistent
with the theory which predicts that fiber diameter depends allometrically on solution viscosity
[213,214]. Table 5.5 shows the average diameters of PMMA and PS fibers functionalized with
phthalocyanines and phthalocyanine-gold nanoparticles. In the case of non-functionalized

PMMA fibers, the diameters ranged from 680-810 nm (0.68-0.81 pm).

Table 5.5: Average fiber diameter of electrospun polymer fibers functionalized with

phthalocyanines and phthalocyanine-gold nanoparticle conjugates

Electrospun fiber Average diameter/pm Standard deviation
PS 1.82 0.31
PS/ 15 1.98 0.39
PS/ 15-AuNP 1.64 0.21
PS/16 2.82 0.75
PS/16-AuNP 2.04 0.33
PMMA 0.70 0.30
PMMA/17 0.71 0.40
PMMA/17-AuNP 0.53 0.60

97




Chapter 5 Results and Discussion: Electrospun polymer fibers

PS/Pc and PS/Pc-AuNP solutions are more viscous than the polymer solution alone; probably
due to the bulky Pc such that viscosity overcomes conductivity hence larger fiber diameters were
obtained compared to the non-functionalized fibers. No significant effect on average fiber
diameter of PMMA was observed after functionalization with Pc, Table 5.5. However
functionalization of PMMA fibers with Pc-AuNP resulted in a significant decrease in average
fiber diameter. Pcs are high charge density aromatic macromolecules and AuNPs increase
conductivity which increases the extent of fiber stretching during electrospinning. The addition
of gold nanoparticles resulted in a higher surface charge density of the solution jet, bringing
more electric charges to the jet. As the charges carried by the jet increase, higher elongation
forces are imposed to the jet under the electrical field, consequently leading to smaller fiber
diameters; therefore polymer/Pc-AuNP has a smaller fiber diameter than polymer/Pc, Table 5.5.
The formation of a polystyrene polymer containing unsubstituted ZnPc has been reported before
[127]. The fiber morphology was found not to be depended on the nature of the MPc complex

[127] or its substituents.

5.2.2 Spectroscopic characterization
5.2.2.1 Raman spectral characterization

The Raman spectral studies were done in order to ascertain the Van der Waals electronic
interactions between the polymer (PS) and the phthalocyanines and to further confirm the
presence of the Pc complexes in the fiber. Polystyrene was used for these studies due to its
extensive aromatic system capable of n-m interaction with the Pc. Figure 5.5 shows the Raman
spectra of PS and PS/16-AuNP. The peaks between 2500 and 3000 cm™ in the PS fiber Raman

spectrum, were attributed to stretches due to the aromatic ring [216].
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Figure 5.5: Raman spectra of PS fiber (black) and PS/16-AuNP (red).

Any electronic interaction between PS and Pc complexes in this study are most likely to involve
the n-electrons of their aromatic systems. Observed changes in peak positions and/or splitting of
the PS fiber bands in Figure 5.5 in the PS/Pc-AuNP composite fiber suggest interaction between

PS and Pc, which might be due to the n-n interaction of the PS and Pc aromatic systems.

5.2.2.2 X-ray diffraction spectral characterization

In nanofiber work, XRD methods are useful in studying the crystalline nature of fibers, changes
in crystalline morphology as well as chain orientation in electrospun fibers. In this work, XRD
was used to determine the presence of Pc and Pc-AuNP complexes in the fiber. Results in Figure
5.6 show metastable amorphous PS fibers, consistent with the notion that electrospinning being a

rapid process generally retards crystallite growth [217].
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Figure 5.6: XRD diffraction patterns of complex 16 and electrospun PS fibers,

PS/ZnTCMPc (PS/16) and PS/ZnTCMPc-AuNP (PS/16-AuNP)

XRD results confirmed incorporation of the complexes 16 and 16-AuNP into the PS fibers with
the Pc diffraction peak at 20° being present in the functionalized fiber with or without AuNPs.
However, the influence of AuNPs could not be observed directly in Figure 5.6. The Pc alone
showed a typical broad peak near 20 = 24.4°. This peak is close to the (002) reflection of carbon

[218]. The broad nature of this peak underlines the substantial amorphous nature of Pc.
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5.2.2.3 UV-visible spectral characterization

Polymeric matrices doped with phthalocyanines and gold nanoparticles show specific absorption
in the UV-visible region owing to discrete energy levels and specific states of nanoparticles and
Pcs. So, UV-Vis spectroscopy can be considered as a useful characterization technique for
polymeric matrices containing Pcs and AuNPs. Figure 5.7 shows the electronic absorption
spectra of polymer fibers functionalized with the Pc complexes 15, 16 and 17 and their AuNP
conjugates in comparison with the spectra of the complexes in solution. The non-functionalized
fibers showed no obvious absorption band. The spectra of the functionalized fibers were
recorded from the fiber fixed on a glass slide. Figure 5.7 shows the electronic absorption spectra
of the Pc complexes in solution exhibiting Q-band absorptions at 694, 684 and 710 nm for
complexes 15, 16 and 17 respectively. There is significant broadening and blue shifting of the Q-
band in the peripherally substituted complexes, complexes 15 and 15-AuNP, Figure 5.7A, in the
polymeric fiber and 16-AuNP, Figure 5.7B(ii). This broadening and shifting of the Q band
indicates aggregation. The strong n-w interaction due to stacking of the rings in PS/Pc and PS/Pc-
AUNP fibers leads to broadening of the Q-band as observed in Figure 5.7A and 5.7B. The UV-
Vis spectra of PS/Pc-AuNP, Figures 5.7A(ii), 5.7B(ii) and 5.7C(ii), show the characteristic
surface plasmon resonance (SPR) band of AuNPs indicating successful incorporation of the

phthalocyanine-gold nanoparticle conjugate in the polymeric matrix.
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Figure 5.7: UV-Vis absorbance spectra of (A) 15 in toluene, (B) 16 in DMF and (C) 17 in
toluene: (i) Pc alone (red) and polymer/Pc (black); (ii) Pc-AuNP (black) and polymer/Pc-
AUNP (red)
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5.3 Photophysical and photochemical behavior of phthalocyanine and phthalocyanine-gold

nanoparticle functionalized polymer fibers

The photophysical and photochemical properties of phthalocyanine-functionalized polymer
fibers have been reported to be maintained within the solid polymeric matrix [219]. In this work,
the fluorescence behavior of functionalized polymer fibers was assessed as well as their
photoactivity with the view of fabricating multi-functional fibers. Table 5.6 gives the
fluorescence and singlet oxygen quantum yields of Pcs and Pc-AuNPs in solution as well as their
corresponding quantum yields estimated within the fiber matrices. This comparison study helps
in clearer understanding of the fluorescence behavior and photoactivity of the complexes in
solution and in polymeric matrices for successful fiber applications. The ®, values for
functionalized fibers in Table 5.6 are estimates due to light scattering. The singlet oxygen
quantum yields of functionalized PMMA fibers could not be determined in water because of the

instability of the polymer in aqueous media.
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Table 5.6: Fluorescence and singlet oxygen quantum yields of phthalocyanines and

phthalocyanine-gold nanoparticle conjugates in solution and within solid polymer fibers

Complex (1S D, Polymer
Solution® PS fiber (water)
ZnPc 0.30 (DMF) [167] [0.56 (DMF) |0.14 PS
0.58 (toluene) b PMMA
15 0.035 0.44 (toluene) J0.13 PS
15-AuNP 0.007 0.78 (toluene) §0.28 PS
16 0.36 0.21 (DMF) [ 0.09 PS
16-AuNP 0.11 0.41 (DMF) 0.15 PS
17 0.053 0.33 (toluene) b PMMA
17-AuNP 0.003 0.54 (toluene) b PMMA

aFrom Table 4.1 °value not determined

5.3.1 Fluorescence behavior of phthalocyanine and phthalocyanine-gold nanoparticle

conjugates within polymeric matrices

The ability of the Pc complexes to fluoresce within the fiber matrix was examined using
fluorescence microscopy by exciting the functionalized fibers in the Q-band region by a high-
voltage mercury lamp, Figure 5.8. Figure 5.8 shows the fluorescence images of complexes 16
and 16-AuNP in the PS fiber matrices. It was observed that the fluorescence emission was

significantly more intense for PS/16 than PS/16-AuNP. This result was anticipated due to the
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quenching nature of gold nanoparticles on Pc fluorescence. No fluorescence was observed for the
non-functionalized fibers. Figure 5.8 shows uniformity in emission intensity along all the fibers
suggesting homogenous dispersion of complexes 16 and 16-AuNP within the fiber matrix. The

results in Figure 5.8 show that fluorescence is maintained in the fiber and thus the ability of

these fibers to fluorescence offers possibilities for potential application in gas sensing [220].

Figure 5.8: Fluorescence micrographs of (A) PS/16 and (B) PS/16-AuNP functionalized

fibers.

5.3.2 Singlet oxygen generation behavior of functionalized fibers

The ability of the Pc and Pc-AuNP complexes to generate singlet oxygen within PMMA fiber
matrices was determined using DPBF as a singlet oxygen quencher. Since functionalized PMMA
fibers were unstable in aqueous media, hexane was used to determine the ability of complexes 17
and 17-AuNP to generate singlet oxygen. Figure 5.9 shows a typical degradation of DPBF in

hexane when PMMA/17-AuNP composite fiber was used. No @, values were calculated. Similar
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changes were observed when PMMA/17 fiber was employed in the absence of AuNPs. This

demonstrates that the MPcs within the fiber matrix are still capable of generating singlet oxygen.
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Figure 5.9: Spectral changes during degradation of DPBF using PMMA/17-AuNP in

hexane. Time interval: 30 seconds.

The fact that the Pc showed photoactivity within the fiber matrix suggests that not all the Pc
molecules are completely encapsulated within the fiber but are found equally around the large
exposed surface area of the fiber. The Pc did not leach out of the fiber into the solution as
evidenced from the Q-band region of the sample solutions during photolysis. The complexes
were also insoluble in hexane. This confirms once again the bound nature of the MPcs within the

fiber matrix.

The generation of singlet oxygen in the functionalized fibers was also monitored using ADMA
as a singlet oxygen quencher in aqueous media since the fibers are intended for application in

photocatalysis. Figure 5.10 shows the degradation profile of ADMA in solutions containing PS
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fibers functionalized with complex 15-AuNP in water upon irradiation.
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Figure 5.10: UV-Vis spectra changes observed on photolysis of ADMA in water with PS/15-

AUNP. Time interval: 1 min.

Similar spectral changes were observed for PS/15, PS/16 and PS/16-AuNP. The absence of a Q-
band in the spectra is evidence that the Pc complexes did not leach out of the fiber since they
were bound in the fiber matrix and are water insoluble. It is clear that the presence of the Pc
complexes in the fiber matrix is essential for the production of singlet oxygen as no degradation
of ADMA was observed under the same conditions when the PS fibers alone were used. The
estimated singlet oxygen quantum yields obtained in the fibers, Table 5.6, are significantly lower
than the ®, obtained in solution. This reduction in ®, in protic solvents has been observed [190]
and has been explained to be as a result of interactions between the vibrational levels of the
solvent molecules and the electronic or vibrational levels of singlet oxygen resulting in
deactivation of the singlet oxygen in such solvents. This result can also be explained by the fact

that there is an alteration of the Pc’s photophysical and photochemical properties when
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constrained within the environment of a polymeric matrix, hence a direct correlation between the
Pc complexes’ behaviour in solution and in a solid fiber matrix cannot be feasible [219]. The
results nonetheless, show that the photosensitizer-nanoparticle conjugates are efficient catalysts

for the generation of singlet oxygen species.

Singlet oxygen quantum yields of complexes 15 and 16 were estimated to be 0.04 and 0.09 when
used as solids (not in polymer fibers) for the degradation of ADMA in water. These low yields
are most likely to be due to aggregation in agueous media compared to when embedded on a
fiber as has been reported before [127]. The ®, of the Pc-AuNP complexes could not be
determined because the conjugates formed a cloudy suspension in water when used without a
fiber support. These results show the importance of supporting the conjugates in a fiber matrix

for successful photocatalytic applications using functionalized electrospun polymer fibers.

5.4 Surface area and porosity studies

Electrospun nanofibers are highly porous and therefore have very large surface-to-volume ratios,
a property central to their application in filtration, chemical sensing, catalysis and tissue
engineering. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods were
employed to determine surface area and porosity of the polymer nanocomposites, respectively.
During electrospinning, pores on nanofibers are created when both water and solvent eventually
evaporate. The BET surface areas, BHJ pore volumes and BHJ pore sizes of the nanocomposites

are compiled in Table 5.7.
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Table 5.7: Pore structure parameters of functionalized PS fibers

Sample Sger/ Mg Pore size/ nm | Total pore volume | Fiber diameter
(cm’ g™) (rm)

PS 60.6 334 0.50 1.82

PS/16 45.9 15.3 0.17 2.82

PS/16-AuNP 51.2 21.2 0.27 2.04

# Sget: BET Specific Surface Area

The surface area and pore structure parameters of PS are significantly higher than those of the
functionalized fibers, Table 5.7. From the results in Table 5.7, it is believed that PS/Pc-AuNP is
much more effective in increasing specific surface area and pore volume than PS/Pc. In this
study, all electrospinning parameters were constant and hence any pore structure properties could
be attributed to the strength of solvent-polymer interaction which would have an effect on
solvent evaporation resulting in the control of pore structure. Based on the surface area and
porosity data in Table 5.7, it was assumed that the fiber diameter, rather than fiber morphology
contributes most to specific surface areas and porosity; hence PS fibers with the smallest fiber
diameters had the largest values for the pore structure parameters and surface area. Such porous
behavior of the polymeric nanomaterials would facilitate organic adsorption of organic pollutants
from aqueous media, consequently accelerating their photodegradation over the catalyst
[221,222]. This adsorptive property is an advantage to enforce heterogeneous photoactivity when
Pc complexes are immobilized on a polymer fiber support. The porous structure and higher
surface areas of PS functionalized fibers are thus beneficial to photoactivity via enhancing

adsorption, which is a rate determining step in the heterogeneous photocatalytic reaction.
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Therefore a combination of adsorption and heterogeneous photocatalysis makes photooxidation

effective for the removal of organic pollutants in aqueous environments.

5.5 Thermal analysis

The thermal stability of the electrospun fibers was studied using thermal gravimetric analysis
(TGA). Figure 5.11 illustrates typical TGA thermograms of weight loss as a function of
temperature at 150 — 550 °C. The difference in weight loss percentage between 150 and 350 °C,
Figure 5.11A, between PS/Pc-AuNP, PS and PS/Pc is due to solvent loss. The degradation
temperature was found to vary as a result of functionalization and Figure 5.11 shows that the
thermal stability of the functionalized fibers was higher than that of pure PMMA (Figure 5.11A)
or PS (Figure 5.11B) and degradation temperature is significantly shifted to higher values on
functionalization. These results indicate that there are interactions between the polymers and the
Pc complexes and may be attributed to the possible hinderance effect of the Pc complexes on the
mobility of the polymer chains. For polymer/Pc fibers, this increase in stability may be attributed
to the higher thermal stability of Pcs, whereas for the polymer/Pc-AuNP, it is the combined
thermal stability of Pcs and the higher thermal conductivity of gold nanoparticles compared to

pure polymers as heat will be more diversely distributed in the composite fibers.
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Figure 5.11: TGA thermograms of (A) PS (black), PS/16 (blue) and PS/16-AuNP (red) and

(B) PMMA (black), PMMA/17 (blue) and PMMA/17-AuNP (red)

5.6 Remarks on this chapter

The photophysical and photochemical properties of phthalocyanine and phthalocyanine-gold
nanoparticle conjugates incorporated in polymeric matrices were studied. The fluorescence
behavior of the Pc and Pc-AuNP was maintained in composite fibers. The singlet oxygen
generating abilities of the phthalocyanines and phthalocyanine-gold nanoparticle were
maintained in the solid fibers, thus these polymeric fiber materials incorporating these complexes
could be promising materials for the photo-conversion of environmental pollutants such as 4-
chlorophenol and Orange G especially in aqueous media. These applications of functional fabric

materials are discussed in the next chapter.
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6. Phototransformation of environmental pollutants

This chapter reports on the application of Pc and Pc-AuNP functionalized fibers as
photocatalysts for the phototransformation of the organic pollutants, 4-chlorophenol and

Orange G.

6.1 Photocatalytic applications of functionalized fibers

Phthalocyanines can be employed as photocatalysts either in solution or in their solid state as
well as when dispersed in solid support systems [103,223,224]. In this work, the use of
electrospun polymer fibers functionalized with phthalocyanines and phthalocyanine-gold
nanoparticle conjugates is explored for the degradation of environmental pollutants (4-
chlorophenol and Orange G) in aqueous media. Functionalized electrospun fibers of polystyrene
were found to be water-insoluble and porous, thus more promising in photocatalytic applications

in aqueous systems, hence they were the polymer of choice.

6.1.1 Photodegradation of 4-chlorophenol

Electrospun polystyrene fibers functionalized with a phthalocyanine (PS/15) and a
phthalocyanine-gold nanoparticle conjugate (PS/15-AuNP) were applied as examples for the
photoconversion of 4-chlorophenol in aqueous media. The efficiency of the photoconversion of
4-CP with electrospun fibers functionalized with complexes 15 and 15-AuNP was compared
with that of other Pc electrospun fiber supports that have been applied in the photoconversion of

4-chlorophenol.
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Figure 6.1 shows the electronic absorption spectral changes observed upon the photooxidative
degradation of 4-chlorophenol using the PS/15-AuNPs. When the pure PS polymer fiber alone
was used as a control, no spectral changes of the aqueous 4-CP solution were observed indicating
that the Pc complexes were responsible for the photodegradation. The fiber was suspended in
solution in small pieces for these studies. Similar spectral changes were observed for PS/15. The
4-chlorophenol peaks at 243 and 297 nm decrease in intensity during irradiation in the presence
of Pc or Pc-AuNP functionalized fibers suggesting conversion of 4-chlorophenol to its photolysis
products. The products are known to be hydroquinone (Amax ~250 nm) and benzoquinone (Amax
~227 nm) are observed in Figure 6.1. The hydroquinone peak is not very pronounced in Figure
6.1. Our findings are in agreement with what has been reported in literature for the degradation

of 4-chlorophenol in the presence of Pcs and other photosensitizers [127,224].
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Figure 6.1: Electronic absorption spectra changes of 3.58 x 10 mol L™ 4-chlorophenol in

the presence of 10 mg PS/15-AuNP. The spectra were recorded at 5 min intervals.
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The photodegradation of 4-CP using PS/15 and PS/15-AuNP showed first order Kinetics, Figure
6.2 for PS/15-AuNP, as observed by Kluson et al for the photodegradation of 4-chlorophenol

using a sulphonated Al phthalocyanine [225].
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Figure 6.2: Effects of initial concentration of 4-chlorophenol on its rate of degradation.
Concentrations were monitored at 243 nm. Starting concentrations (a) 2.72 x 10 mol L™,
(b) 3.58 x 10 mol L™ and (c) 4.36 x 10* mol L™. Amount of functionalized fiber: 10 mg

PS/15-AuNP.

Reaction rates, rate constants and half-lives evaluated from Figure 6.2 are listed in Table 6.1.
The observed rate constant (Kos), Table 6.1, decreased with an increase in concentration. The
values of kg listed in Table 6.1 for 4-CP transformation using PS/15-AuNP. The values in
Table 6.1 are larger than those reported using PS/ZnPc, PS/LUTPPc (TPPc= tetraphenoxy
phthalocyanine) [127]. For 1.56 x 10™ mol L™ 4-CP, ks values of 0.0006 min™ and 0.0231 min’
! were obtained for PS/ZnPc and PS/LUTPPc respectively whereas 0.1146 min™ was obtained for
PS/15-AuNP. The PS/15-AuNP showed greatly enhanced photocatalytic oxidation of 4-CP

compared to PS/15 due to the effect of AuNPs on production of singlet oxygen as well as the

114



Chapter 6 Results and Discussion: Phototransformation of environmental pollutants

increased surface area of the polymer fibers due to smaller fiber diameters. Pc-AuNP
functionalized fibers have large surface area that would enhance the catalytic activity of the

functional molecules immobilized on them.

Table 6.1: The rate, rate constant (Kons) and half-life (¢4,,) of various initial concentrations

of 4-chlorophenol using PS/15-AuNP. Values in brackets are when PS/15 was employed.

Concentration/ x 10 [ kops/min™ Initial rate/ x 10 | Half-life/ min
mol L™ mol L™ min™

1.56 0.1146 (0.0203) 1.99 3.15x 10°) 6.05 (34.15)
2.72 0.0967 (0.0187) 2.62 (4.09 x 10°°) 7.17 (37.07)
3.58 0.089 (0.0172) 4.10 (4.58 x 10°) 7.79 (40.30)
4.04 0.0734 (0.0162) 4.74 (4.86 x 10°°) 9.44 (42.79)
4.36 0.0542 (0.0149) 551 (4.97 x 10°) 12.79 (46.52)
5.06 0.039 (0.0133) 6.84 (5.51 x 10°) 17.77 (52.12)

The half-lives of the photodegradation of 4-CP, Table 6.1, by PS/15 and PS/15-AuNP, within
the experimental concentrations, are quite comparable to the values reported for other
chlorinated phenols, ~28-81 min for 2,4-dichlorophenol [121], ~30-68 min for 4-chlorophenol
[127] but are shorter than those for PS/ZnPc (~1155-1824 min). The fact that the half-lives are
within one hour of photo-irradiation for PS/15 and PS/15-AuNP suggests that the functionalized
fiber is a promising fabric that could have real life application for removal of chlorophenols in

aquatic systems.
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The Langmuir-Hinshelwood rate expression was used to describe the relationship between the
initial rate of degradation of 4-chlorophenol and the corresponding initial concentration. This
model, Equation 6.1, has successfully been applied to describe the kinetics of solid-liquid
reactions, particularly heterogeneous photocatalytic degradation reactions [226]. A linear
expression can conveniently be obtained by plotting the reciprocal of the initial rate against the

reciprocal of the initial concentration, Equation 6.1:

I S 6.1

rate kqa kgqKCy

where k, is the apparent reaction rate constant, K is the adsorption coefficient and C, corresponds

to the initial concentration of 4-chlorophenol.

Plots of the inverse of initial rate (rate)™ versus the reciprocal of the initial concentration of 4-
chlorophenol (Co)™, Figure 6.3, for PS/15-AuNP (as an example) were found to be linear with

non-zero intercepts.
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Figure 6.3: Plot of the inverse of initial reaction rate (rate™) vs. the reciprocal of the initial

concentration of 4-chlorophenol for photooxidation using 10 mg PS/15-AuNP

The apparent reaction rate constants (ki) min™ and the adsorption coefficients (K) onto the PS
fiber surfaces were calculated from Figure 6.3 and the results are shown in Table 6.2. The
apparent reaction rate constants (ki) for 4-chlorophenol was found to be 5.41 x 102 mol L™ min™
and the adsorption coefficients (K) onto the PS/15-AuNP fiber surfaces was found to be 0.231

mol?, Table 6.2.

For the PS/15 composite, the apparent reaction rate constant (k,) for 4-chlorophenol was found to
be 2.31 x 10? mol L™ min™ and the adsorption coefficient (K) was found to be 0.54 mol™. The
rate constants (ky) improved in the presence of AuUNPs. From Table 6.2, it can be observed that
the heterogeneous catalytic system PS/15-AuNP displays greatly enhanced and efficient
photoactivity for the degradation of 4-chlorophenol in the presence of visible light compared to

the other systems.
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The Langmuir-Hinshelwood expression was also used to assess the extent adsorption of 4-
chlorophenol onto the functionalized fiber. The adsorption coefficients, Table 6.2, were less than
one (K < 1), suggesting that adsorption of 4-chlorophenol is less favorable than desorption. The
results presented in Figure 6.3, give an indication that the Langmuir-Hinshelwood kinetic model
is an appropriate model in describing the photodegradation kinetics by a heterogeneous catalytic

system based on Pc and Pc-AuNP complexes on an electrospun polymeric fiber support.

Table 6.2: Langmuir-Hinshelwood parameters for photocatalysis of 4-CP using PS/15 or

PS/15-AuNP fibers. Solvent = water

Complex Ka (mol L™ min™) K (mol™)

PS/15 2.31x 107 0.540
PS/15-AuNP 5.41 x 10 0.231
PS/LUTPPCc 6.39 x 107 0.81 [127]
PS/ZnPc 3.30 x 10” 2.48 x 10° [127]
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6.1.2 Photodegradation of Orange G

The UV-Vis spectra of the Orange G (OG) degradation with PS/15-AuNP functionalized fibers
are shown in Figure 6.4. The spectrum consists of three main peaks at 259, 330 and 478 nm plus
a shoulder peak at 421 nm. The peaks at 259 and 330 nm are assigned to the aromatic rings,
whereas the peaks at 478 and 421 nm are assigned to the conjugated structure formed by the azo
bond [227-229]. As the reaction proceeds, there is a dramatic decrease in the absorption peaks
indicating destruction of the conjugated system and a disruption of the aromatic rings. In this
study, the variation of absorption peak at 478 nm was applied to evaluate the kinetics of OG
degradation. When the pure polystyrene polymer fiber alone was used as control, no spectral

changes of the aqueous OG solution were observed.
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Figure 6.4: Electronic absorption spectra changes of 1.66 x 10 mol L™ Orange G during
visible light photocatalysis in the presence of 10 mg PS/15-AuNP. The spectra were

recorded at 30 sec intervals.
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The photodegradation of OG using PS/15 and PS/15-AuNP showed first order kinetics, Figure
6.5. Reaction rates, rate constants and half-lives were evaluated from Figure 6.5 and are listed in
Table 6.3. The observed rate constant (ko,s) decreased with an increase in concentration of the
initial dye concentration. This is due to the decrease in the number of active sites on the catalyst

surface by adsorption of the dye molecules on the catalyst surface.
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Figure 6.5: Effects of initial concentration of Orange G on its rate of degradation.
Concentrations were monitored at 478 nm. Starting concentrations (a) 1.66 x 10 mol L™,

(b) 2.21 x 10 mol L™ and (c) 3.32 x 10 mol L™. Amount of functionalized fiber 10 mg.

The half-lives in Table 6.3, for PS/15 and PS/15-AuNP suggest that the functionalized fiber is a
promising fabric that could have real life application for removal of azo dyes such as Orange G
in aquatic systems. The relatively short reaction times would result in faster removal of
pollutants from aquatic environments hence saving time. The use of functionalized fibers for the

photo-conversion of OG, an azo dye showed much slower reaction kinetics, Table 6.3 than those
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of 4-chlorophenol, Table 6.1. Such slow photoconversion has been reported before for Orange G
[230]. In all cases, the initial reaction rates increase with the initial concentration of the analyte,

consistent with basic reaction kinetics laws.

Table 6.3: The rate, rate constant (Kons) and half-life (¢4,,) of various initial concentrations

of Orange G using PS/15-AuNP. Values in brackets are when PS/15 was employed.

Concentration/ x 10 | kops/min™ Initial rate/ x 10 | Half-life/ min
mol L™ mol L™ min™

1.11 0.0162 (0.0098) 1.07 (2.56 x 10™) 42.78 (70.73)
1.66 0.0155 (0.0087) 1.54 (3.83 x 107) 4472 (79.67)
2.21 0.0082 (0.0075) 1.97 (5.10 x 10”) 84.53 (92.42)
2.78 0.0058 (0.0069) 2.72 (6.42 x 107) 129.51 (100.46)
3.32 0.0032 (0.0059) 3.18 (7.67x 10) 216.61 (117.48)
3.81 0.0018 (0.0051) 3.33 (8.43x107) 385.08 (135.91)
4.42 0.0012 (0.0043) 4.39 (9.21 x 10™) 577.62 (161.20)

The Langmuir-Hinshelwood rate expression was also used to describe the relationship between
the initial rate of degradation of Orange G and the corresponding initial concentration. Plots of
the inverse of initial rate (rate)™ versus the reciprocal of the initial concentration of Orange G
(Co)?, Figure 6.6, for PS/15-AuNP (as an example) were found to be linear with non-zero

intercepts.
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Figure 6.6: Plot of the inverse of initial reaction rate (rate™) vs. the reciprocal of the initial

concentration of Orange G for photooxidation using 10 mg PS/15-AuNP

The apparent reaction rate constant (ks) for Orange G was found to be 4.39 x 10" mol L™ min™

and the adsorption coefficient (K) onto the PS/15-AuNP fiber surfaces was found to be 0.228
mol™, Table 6.4. For the PS/15 composite, the apparent reaction rate constants (k,) for Orange G
was found to be 1.69 x 102 mol L™ min™ and the adsorption coefficients (K) was 0.59 mol™. An
adsorption phenomenon plays an important role in the photocatalytic degradation of pollutants
like azo dyes in the aqueous phase. In the case of heterogeneous photocatalytic systems
involving functionalized electrospun fibers, the Langmuir-Hinshelwood expression was also
used to assess the extent adsorption of Orange G onto the functionalized fiber. The adsorption
coefficients were less than one (K < 1), suggesting that adsorption of Orange G is less favorable

than desorption. The rate constants improved in the presence of AuNPs.
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Table 6.4: Langmuir-Hinshelwood parameters for photocatalysis of OG using PS/15 or

PS/15-AuNP fibers. Solvent = water

Complex Ka (mol L™ min™) K (mol™)
PS/15 1.69 x 10" 0.59
PS/15-AuNP 4.39 x 101 0.228

The results presented in Figure 6.6, give an indication of that the Langmuir-Hinshelwood kinetic
model is an appropriate model in describing the photodegradation kinetics of OG by a
heterogeneous catalytic system based on phthalocyanine complexes on a polymeric fiber support.
Thus in this work the OG was not just transferred from the solution onto the solid functionalized

fiber by adsorption, but was also mineralized to other products.

6.2 Product analysis

The catalytic products of 4-chlorophenol were identified with high performance liquid
chromatography (HPLC), Figure 6.7. The degradation profile of 4-chlorophenol, Figure 6.7B,
showed significant degradation. A standard consisting of hydroquinone, benzoquinone and 4-
chlorophenol was used for the identification of degradation products. Using the standards’
retention times; hydroquinone (HQ, at 5.9 min), benzoquinone (BQ, at 7.8 min) and 4-
chlorophenol (4-CP, at 19.3 min), Figure 6.7A; two degradation products were identified as
hydroquinone and benzoquinone according to their retention times. The profile also shows that
the photocatalysis was not complete since 4-CP is still present but that it is possible to degrade 4-

CP to less harmful products.
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Figure 6.7: Chromatograms taken at 350 nm of (A) the standards (hydroquinone (HQ),

benzoquinone (BQ) and of 4-CP) and (B) the 4-CP degradation products.

It has been reported [231] that the formation of benzoquinone is mainly due to the reaction of
singlet oxygen with 4-CP (Type Il mechanism, Scheme 6.1), while the formation of
hydroquinone and other dimeric products are explained by electron transfer reactions involving
the phthalocyanine or phthalocyanine-gold nanoparticle conjugate, oxygen and 4-chlorophenol
(Type I mechanism, Scheme 6.1). The PS functionalized fibers are capable of degrading both 4-
CP and OG via both Type I and Type Il mechanisms which start with the photogeneration of

singlet oxygen and radicals, respectively, by the immobilized phthalocyanine complexes.
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Scheme 6.1: Mechanism of photooxidation of 4-chlorophenol

The degradation products of OG could not be identified unequivocally, but the UV-Vis spectra
did not show any new peaks, Figure 6.4. OG degradation products that have been reported in

literature include substituted phenols, nitroso compounds and aromatic hydroxyl amines [232].
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6.3 Remarks on chapter

In this work, electrospun polystyrene fibers incorporating phthalocyanines and phthalocyanine-
gold nanoparticle conjugates were used for the photoconversion of a phenolic compound, 4-
chlorophenol and an azo dye, Orange G. These electrospun fibers were found to be promising

materials for photocatalytic conversion of organic pollutants.
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7. General Conclusions and Future prospects

7.1 General Conclusions

The syntheses and spectroscopic characterization of arylthio zinc phthalocyanine complexes
conjugated to gold nanoparticles have been reported in this work. Changes in photoinduced
processes, photophysical and photochemical properties of the MPcs confirmed successful
conjugation of the AuNPs to the phthalocyanines. The photophysical and photochemical
properties were enhanced as a result of interaction with gold nanoparticles. The phthalocyanine
and phthalocyanine-gold nanoparticle conjugates were found to be photoactive and promising
photosensitizers for the conversion of the environmental pollutants, 4-chlorophenol and Orange
G. The phthalocyanine and phthalocyanine-gold nanoparticle conjugates were incorporated into
polymer fibers and characterized using various spectroscopic and microscopic techniques.
Results suggested that the phthalocyanine and phthalocyanine-gold nanoparticle conjugates were

embedded and uniformly dispersed within the polymeric fiber matrices.

The photophysical and photochemical properties of the phthalocyanine and phthalocyanine-gold
nanoparticle conjugates incorporated in electrospun polymer fiber matrices were also assessed.
The fluorescence properties and singlet oxygen generation ability of the phthalocyanine
complexes were maintained in the polymer fibers. These polymeric fiber materials incorporating
phthalocyanine and phthalocyanine-gold nanoparticle conjugates were thus promising fabric

materials in developing multi-functional nanomaterials for applications in photocatalysis.

127



Chapter 7 General Conclusions and Future Prospects

7.2 Future prospects

The use of electrospun fibers functionalized with phthalocyanine and phthalocyanine-gold
nanoparticle conjugates for solving environmental problems is promising. However a correlation
study between the spectroscopic behavior and the spatial arrangement of phthalocyanines on
gold nanoparticle surfaces is essential for the understanding of the conjugates’ photophysical and
photochemical properties. For a comparative study of phototransformation of environmental
pollutants, a mixture of pollutants to mimic a real life environment would be ideal. Since the
functionalized electrospun fibers are photoactive, there is a possibility of applications in PDT,

gas sensing, tissue engineering and as anti-microbial nanofabrics.
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