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Abstract

This work explores the synthesis and characterisation of novel
symmetrical phthalocyanines and novel asymmetric porphyrins that have
been embedded or linked, respectively, and electrospun into fibres for
application in the photocatalysis of environmental pollutants. The
phthalocyanines contain pyrrole moieties without hetero atom linkers to
maintain a rigid structure. The porphyrin contains a carboxy moiety
utilized to construct an amide bond between the complex and the
polymer prior to the spinning process. The new compounds were
characterized by elemental analyses, proton nuclear magnetic
resonance ("H NMR), Fourier-transform infrared spectroscopy (FT-IR),
MALDI-TOF and UV-vis spectroscopy. The general trends of
fluorescence, triplet and singlet oxygen quantum yields are described as
well as their appropriate lifetimes. The photocatalytic activity of
phthalocyanine embedded fibres were compared against those that had
been dyed. Unfortunately, during the degradation process, the dyed
fibres leeched compound and the studies could not be continued. It was
seen that the porphyrin fibres linked to the polymer showed the most
efficient photocatalytic activity against 4-cholorphenol and 4-nonylphenol
due to irradiation at lower wavelengths consequently having higher

frequencies and transferring more energy.
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Preamble

Preamble: This thesis provides an overview on the use of
phthalocyanines and porphyrins for the photodegradation of phenolic
pollutants. The pollutants chosen are 4-nonylphenol and 4-chlorophenol
and were tested against porphyrins and phthalocyanines supported on

polyacryonitrile electrospun fibres.
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Chapter 1

Introduction

Preamble: This chapter provides an overview on the compounds that

are used and relevant literature pertaining to possible applications in
which they have been utilized. It also introduces the use of the
compounds in conjunction with electrospun fibres. The photophysical

properties of the compounds and conjugates will also be introduced.




Chapter 1 Introduction

1.1  Phthalocyanines

1.1.1 A brief history of the molecules

The initial journey of phthalocyanines (Pcs) began by a serendipitous discovery in
1907 by Bruan and Tcherniac when reacting acetic anhydride with a phthalimide [1].
About two decades later, a failed attempt to convert o-dibromobenzene into a
phthalonitrile resulted in the unearthing of a series of copper phthalocyanine species
[2]. Interestingly, these compounds exhibited incredibly high thermal tolerances and
stability but were not investigated further. It was not until 1934 when Sir Patrick

Linstead studied the chemical and structural properties of iron phthalocyanine [3].
1.1.2 Structure and properties

Phthalocyanines are grouped as a symmetrical, planar 18 n-electron heterocyclic
aromatic systems that consist of 4 isoindole moieties (Figure 1.1) linked by four aza
nitrogen units creating an inner cavity that is often filled with metals [4]. The
molecular architecture of these molecules is vastly flexible and can be fine-tuned for
different applications. Various substituents can be introduced along the peripheral (3)
and non-peripheral (a) positions along with the possibility of the introduction of a

central metal as a means of fine tuning their properties.
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isoindole unit

M = Metal

Figure 1.1 — Structure of free base Pc and metallophthalocyanines (MPc)
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1.1.3 Applications

Pcs have been reported to have an extremely wide range of applications varying
from photodynamic therapy [5], electrochromism [6], photodynamic antimicrobial
chemotherapy [7], electrocatalysis [8], dye-sensitized solar cells [9], non-linear
optics, [10] and photocatalysis [11]. The latter application with specific regards to

phenolic pollutants is the subject of this thesis.
1.1.4 Synthetic Routes

Symmetric phthalocyanines can be synthesized by different routes [12—-15]. Scheme
1.1 illustrates the several differently substituted phthalonitriles that are typically

expected in the synthesis of symmetric phthalocyanines [16].

=

MX, DBU, Hexanol

Reflux

X

N

MX = Metal salt
DBU = 1,8-Diazabycyclo[5.4.0lundec-7-ene R = alkyl, aryl, phenoxy

Scheme 1.1. Synthesis of substituted symmetrical phthalocyanine
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1.1.5 Electronic Absorption Spectra

The absorption spectra of phthalocyanines has been greatly conceptualised by
Gouterman and his four orbital model [17]. In this model, four molecular orbitals are
taken into account, being the two highest occupied molecular orbitals (HOMO) and
the two lowest unoccupied molecular orbitals (LUMO) [18]. Pcs characteristically
display two main spectral absorption bands, namely the Q and the B or Soret bands.
The Q band usually resides around 650-1000 nm while the B band is around 300-

450 nm (Figure 1.2).
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Figure 1.2 — Typical absorption spectra of a phthalocyanine
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The Q band stems from the n—n transitions from the a1y orbital of the homo to the eq
orbital of the LUMO [18]. The B bands stem from the transition of the a2 and b2y
orbitals to the eg orbital (Figure 1.3). The B band is observed to be significantly less

intense and typically broader than the Q band [19].

Figure 1.3 — Electronic transitions of a phthalocyanine showing the origin of Q and B

bands
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1.2 Porphyrins

1.2.1 A brief history of the molecule

The porphyrin’s name is derived from the Greek word “porphura” meaning purple,
and have been observed for as long back as to when the Phoenicians used the
pigment to dye their clothes in 1570 BC [20]. They have been dubbed the “molecules
of life” due to the crucial roles which they play in natural systems. A porphyrin is
embedded in the structure of heme and it is also part of the structure of chlorophyll,
in the form of a reduced porphyrin (chlorin), which allows plants to absorb energy

from light (Figure 1.4).

HOOC OCHg

Figure 1.4 — The structure of heme (left) and chlorophyll (right)
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1.2.2 Structure and properties

Porphyrins are a group of heterocyclic macrocycle organic compounds, that are
made up of four altered pyrrole subunits interconnected at a carbons via methine
bridges. It was in 1912 when Kuster first proposed the original structure of the
compound [21] but it was not confirmed up until 1929 when Zeile and Fisher also
proposed the same structure and succeeded in synthesizing heme using pyrrolic
starting materials [22]. The unit consists of 26 n-electrons in total, of which 18 -
electrons form the planar, continuous, aromatic ring [23]. The peripheral carbons
present on the pyrrole moieties are the a and B carbons while the carbons bridging
the pyrroles are known as the meso carbons and both are subject to modification
[24]. A result of this © conjugated system is that porphyrins typically absorb light in
the visible region of the electromagnetic spectrum, consequently deeply colouring

them.

1.2.3 Applications

Porphyrins have been extensively applied in various sectors of the scientific domain.
Some of these include energy conversion technologies [25], targeted imaging and
therapy [26], photocatalysis [27,28], electric and optical sensors [29], photodynamic
therapy [30], drug delivery [31] and organic solar cells [32]. Photocatalysis will be

discussed in further detail and demonstrated in this work.

1.2.4 Synthetic Routes

There are multiple pathways these structures can be formed [33]. The Adler et al
synthesis [33] was employed in this work and involves the addition of pyrrole and an
aldehyde as illustrated in Scheme 1.2. This work utilized multiple aldehydes to afford

an asymmetric porphyrin.
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H
N Propionic acid
+ < 7
\ / reflux, 30 min

Scheme 1.2 — Adler et al synthesis of a porphyrin

1.2.5 Electronic Absorption Spectra

The absorption spectra of porphyrins may also utilise the concept of Gouterman’s
model as previously described above [17]. Basic free base porphyrins show a four-
banded visible spectrum of moderate intensity in the region of 500 to 650 nm, the Q
bands, and a band of extreme intensity around 400 nm known as the Soret band
[17]. However, a striking spectral change is exhibited when a free base is converted
into a metal porphyrin, whereby there is a collapse of the four-banded spectrum

bands into two, and an observed shift in the whole spectrum (Figure 1.5) [34].
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Free Base
Metalated

Absorbance
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Figure 1.5 — Electronic absorption spectra of a free base porphyrin (black) and a zinc
metalated porphyrin (red)

The four Q bands are attributed to n—n transitions namely the a1, (HOMO) orbital to
the eg (LUMO) orbital while the B band is a transition from the a1u to eg. (Figure 1.6)
[35,36]. The origin of the four Q bands in free-base porphyrins is due to vibrational
excitations. Two bands would be produced owing to transitions from the ground state
to two vibrational states. But the presence of the inner NH protons breaks the
symmetry and as a result are further split into two more bands. The Qx and Qy

components are no longer degenerate hence four Q bands are observed.

10
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Figure 1.6 — Electronic transitions typically expected from a porphyrin (left) compared
to a phthalocyanine (right)

When the absorption bands of a porphyrin are compared to a phthalocyanine, there
is an obvious difference in the intensities in the bands. The reason why the Soret
band of the porphyrin is much more intense than the Q bands is due to the
configuration interactions between the a2u and a1 orbitals (Figure 1.6) as they are
much closer compared to that of the phthalocyanines and are considered essentially
degenerate (Figure 1.6) [17]. In addition, this results in both the B and Q transitions
almost completely retaining their allowed and forbidden characteristics, respectively
[17]. As for the Q band of the phthalocyanine, the degeneracy of these orbitals is

lifted (Figure 1.6) when there is an addition of the aza linkages and fuzed benzene

11
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rings. This leads to a mixing of the excited states and a significant increase in the Q

band [17].

1.3 Photodegradation of Environmental Pollutants

Advanced oxidation process (AOP) such as photocatalysis has gained immense
popularity as an agent in the process of degrading recalcitrant pollutants in
wastewater [37,38]. The driving force behind this reaction is the generation of
reactive oxygen species (ROS) from molecular oxygen which degrade pollutants
[39]. Photocatalysis has become increasingly popular as the use of sunlight as a
source of energy is not only harmless and cheap, but also broadly available. AOPs
also display very rapid reaction rates due to its high oxidation potentials and their
non-selectivity. Furthermore, due to the oxidation power of the ROSs, these AOP
systems generally do not require a large volume for operation resulting in a much
smaller footprint. AOPs have also displayed the ability to mineralize organic
materials into stable, inorganic compounds such as water, CO2, and H: gas.
Endocrine disrupting chemicals (EDCs) such as 4-nonylphenol (4-n-NP) are
exogenous substances that directly affect the endocrine system and consequently
cause adverse health effects and affect growth and reproduction [40—42].
Unfortunately, 4-n-NP (Figure 1.7) has been widely detected in various organic
wastewaters worldwide [43]. On the other hand, chlorophenols (eg 4-CP) (Figure
1.7), are common environmental pollutants as by-products of several manufacturing

processes such as pesticides, plastics, dyes and pharmaceuticals [44].

12
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Figure 1.7 - Structure of 4-chloropheno (left)] and 4-nonylphenol (right)

There have been several reported methods of removal of chlorophenols and EDCs
such as chemical oxidation, biological methods and photocatalytic processes [45].
This work reports the photodegradation of 4-nonylphenol and 4-chlorophenol using
AOP. Previously, phthalocyanines have been used in solution to photodegrade 4-CP

[46—48]. Instances where phthalocyanines have been supported on other fibres

13
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showed initial and observed rates of up to 13.1x1077 mol.L""'min~" and 11.1x10-3.min"
' with a degradation percentage of 31.9% after 30 min [49]. When supported on
polymer membranes, Pcs displayed improved kinetics with initial and observed rates
of 3.77%x10% molL"'min-! and 35.9 Lmol-'min-'[11]. Porphyrins have also been used
against 4-CP using the same process [50,51]. Although the photodegradation of 4-n-
NP has been attempted before using a phthalocyanine [52] it has never been
attempted using a porphyrin before nor with the addition of electrospun fibres, hence

this is the subject of this thesis.

14
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1.4 Electrospun fibres

1.4.1 Brief History

The principles of electrostatic attractions date back as early as the 17t century by
William Gilbert when he approached a droplet of water on a dry surface with a piece
of amber and noted the conical morphology it took [53]. This is the first record of the
deformation of a drop which became known as the Taylor cone (Figure 1.8) [54]. It
was not until 1900 when Cooley filed the first patent of the electrospinning technique
where he proposed four different types of indirectly charged heads and a spinneret

accompanied by a rotating distributor [55].

Polymer
solution
Taylor cone
Pendant Induced charges
drop from electric field

Jet initiation

Figure 1.8 — The formation a Taylor cone [54]

15
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1.4.2 Basic Principles

Electrospinning is a reproducible fibre production method which uses electric force to
eject threads or jets of a polymer solution with diameters in the order of some
hundred nanometres. During the process, a high voltage is applied to the spinneret
thus inducing a charge upon the polymer solution. The collecting plate is oppositely
charged, inducing a change in potential difference. When a charged polymer is then
fed through the spinneret, a jet of threads is ejected from the Taylor cone due to the
applied electrostatic force overcoming the surface tension of the polymer (Figure
1.9) [56-58]. The morphology of fibres can be varied depending on several
controllable parameters, such as: weight percentage (solution concentration),
voltage applied, tip to collector distance, solvent and the flow rate [59]. It has also
been reported that the relative humidity during the time of spinning influences the

morphology of the fibres [60,61].

Polymer solution
Taylor cone

Syringe driver

High voltage Fibre formation _
supply Fibre mat

Figure 1.9 — Schematic diagram of the electrospinning process [61]

16
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Electrospinning has been applied across sectors in the modern world including but
not limited to: as anti-microbial agents [62], in wound-dressing [63], electrodialysis

[64], dye-sensitized solar cells [65], filtration [66] and drug delivery applications [67].

17
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1.4.3 Reported Phthalocyanines/Porphyrins in Electrospun Fibres

In this work, phthalocyanines have been embedded and porphyrins have been
covalently linked to electrospun fibres as a means of solid support and for ease of
recovery. Table 1.1 lists examples [68-75] in literature of phthalocyanines or
porphyrins that have been involved with electrospun fibres for various applications.
As Table 1.1 shows that there has never been electrospun fibres composed of
polyacrylonitrile (PAN) employed against the photocatalysis of phenols making this
the first time it has been done. More conventional polymers that have been used
before e.g. polystyrene are not as favourable compared to PAN because polystyrene
has been shown to have less stability than other fibres [76]. It has also been reported
that polystyrene has poor chemical resistance, is susceptible to UV degradation and
its chemical composition may impose health effects [77]. Other asymmetric
porphyrins have been linked to fibres previously for fluorescence and photocatalytic
studies of methyl red [68,69] but this work reports the first time a porphyrin has been

linked to polyacrylonitrile and used against the photocatalysis of phenols.

18
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Table 1 - Examples of known electrospun fibres functionalised with
phthalocyanines and porphyrins

Compound Support System Application Reference

INOCPc PAN Photodegradation of [70]

methyl red and PACT

INnTPOPc Polystyrene Photooxidations of [71]
InNAPPc bisphenol A and 4-

chlorophenol

H2TPCPc Polystyrene PACT [72]

ZnOCPc Polyamide-6 Photodegradation of [73]
orange-G

MnTPPy PAN Superoxide dismutase [74]

activity studies

H2TPPy Polystyrene, Gas sensing [75]
polyhydroxybutryrate
MATPPy PAN Fluorescence studies [69]
FeATPPy PAN Photocatalysis of methyl | [68]
red

ClinOCPc = chloroindium octacarboxy phthalocyanine, INTPOPc = indium
tetrapyridyloxyl phthalocyanine, INAPPC = indium aminophenoxy phthalocyanine,
H2TPCPc = free-base tetraphenylcarboxyphthalocyanine, ZnOCPc = zinc
octacarboxy phthalocyanine, MnTPPy = manganese tetrapyridyl porphyrin, H2TPPy
= free-base tetraphenyl porphyrin, MATPPy = methylacrylotetraphenyl porphyrin,
FeATPPy = iron aminotetraphenyl porphyrin, PAN = polyacrylonitrile.

19
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1.5 Compounds Synthesized in this Work

The phthalocyanines synthesized in this work are shown in Figure 1.10. The
substituents were chosen due to their bulky nature as a means of preventing
aggregation which is unfavourable for the photodegradation process. Pyrrole also
allows for polymerization of phthalocyanine complexes for future applications. This
work reports for the first time the direct linkage of the pyrrole to the Pc ring without a
hetero atom linker, as it will lead to a more rigid structure. The heavy atoms inserted
into the central cavity were chosen as they encourage intersystem crossing from the
excited singlet state to the triplet state resulting in an enhancement of the generation

of singlet oxygen.

M =1InCl (1), Zn (2)

Figure 1.10 — Structure of phthalocyanines employed in this work — (1) = indium
tetrapyrrole phthalocyanine, (2) = zinc tetrapyrrole phthalocyanine

20
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The porphyrins employed in this work are shown in Figure 1.11. The carboxy moiety
was added to allow the formation of an amide bond (Figure 1.11). Consequently,
this would align the molecules along the polymer backbone due to even spacing
from the covalent linking while preventing as much aggregation as possible for
reasons aforementioned. The asymmetrical design of the porphyrin was selected as
it has been reported that reducing the symmetry in porphyrins results in higher
singlet oxygen quantum vyields [78]. Compounds (1) and (2) were used as a
comparison of the heavy metal between the photocatalysts. Compound (3) was only
used as a precursor for compound (4) as this compound was used to compare the

degradation of 4-n-NP and 4-CP.

Figure 1.11 — Structure of porphyrins employed in this work

21
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1.6 Photophysical and Photochemical Parameters

When a phthalocyanine or porphyrin is exposed to light a series of processes are
initiated that can be excellently illustrated by a simplified Jablonski diagram (Figure

1.12) [79].

Singlet
Q& Oxygen
&ﬁQe D,

& Radicals

Figure 1.12 — A simplified Jablonski diagram

When a photosensitiser is irradiated with light (hv) it absorbs a photon and is excited
from the ground singlet state (So) to the excited singlet state (S1). The molecule can
then either dissipate energy by emitting light through a process called fluorescence

or undergo intersystem crossing (ISC) to the excited triplet state (T1). The lifetime of

22
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the triplet state is relatively long, allowing for the energy transfers to molecular
oxygen to generate ROS via two pathways [80]. Type | pathway reactions use the
electron transfer to produce hydroxyl and free radicals while Type Il pathway

reactions result in the generation of singlet oxygen.
1.6.1 Fluorescence Quantum Yield (®f) and Lifetime (tr)

The fluorescence quantum yield can be defined as the ratio of photons absorbed to
photons emitted through fluorescence. The ®r values (Figure 1.12) were all
calculated using a comparative method where the emission spectrum of a sample is
compared with that of a standard [81,82]. For the phthalocyanines, zinc
phthalocyanine (ZnPc) was used as a standard (#3%) where (®r = 0.20 in DMSO)
[81]. For the porphyrins, zinc tetraphenyl porphyrin (ZnTPP) was used as a standard

where (®r = 0.033 in DMF) [83]. Equation 1.1 was used to calculate the values:

FAStd 1,12
Std
D, = DY Fip ot (1.1)

where F and FSY are the areas under the emission curves of the sample and
standard, respectively, A and ASY are the absorbances of the sample and standard,
respectively, and n and nS9 are the refractive indices of the solvents used for sample
and standard, respectively. The ®r values were determined for complex 1 and 2 at

620 nm. For complexes 3 and 4, 421 and 425 nm were used respectively.

Fluorescence lifetimes (tr) can be defined as the time that a molecule occupies its
excited state before it returns to the ground state through fluorescence. In this work,
the method used is a very popular technique known as using time-correlated single-
photon counting (TCSPC) [84]. All complexes were excited at their emission

maxima.
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1.6.2. Triplet Quantum Yield (®1) and Lifetime (t7)

The triplet quantum yield (®1) can be defined as the ratio of molecules that
successfully undergo intersystem crossing from the excited singlet to triplet state per
quanta of light. All triplet quantum yields were determined using a comparative
method [85]. For the phthalocyanines, ZnPc (#5t%) was used as a standard (®r =
0.65 in DMSO [85]). The triplet quantum yields and lifetimes were not calculated for
the porphyrins due to the compound producing a weak signal. The values were

calculated using Equation 1.2:

Sample Std
d A AT . ET

Sample St
o =¢
T T aaftd e

(1.2)
where A>*"* and AA43f? are the changes in the triplet state absorption of the MPc
derivative and the ZnPc standard, respectively. @3 is the triplet state quantum yield
for the standard. £5¢™Pl¢ gnd €54 are the triplet state extinction coefficients for the
MPc derivatives and the standard, respectively. Equation 1.2 is generally known as
the triplet absorption method. 3¢ and &, were determined from their respective

ground state molar extinction coefficient, &, and 3¢, and the change in absorbance

of the triplet state, AA; and AA3*¢ according to Equations 1.3a and 1.3b.

AAT

Er = &g A_AS (1.3a)
d_ d AAStd
gt = &t 'AAgtd (1.3b)

Triplet lifetimes were determined by the exponential fitting of the kinetic curves using
the ORIGIN 8 Professional software.
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1.6.3 Singlet Oxygen Quantum Yield (®.)

The singlet oxygen quantum yield (®a) can be defined as the amount of singlet
oxygen ('02) generated per photon of light absorbed by the photosensitiser [86]. The
methods used are either the optical or the chemical method. The optical method
involves the observation of a time-resolved phosphorescence decay of singlet
oxygen at 1270 nm [87]. The chemical method requires the use of singlet oxygen
quenchers that react rapidly with the singlet oxygen generated by the sensitizer in a
1:1 ratio without the possibility of side reactions occurring. The decomposition
products of the quencher should not interfere with the detection of singlet oxygen or
with the absorption of the photosensitiser [88]. The photosensitiser must remain
stable. In this work, 1,3-diphenylisobenzofuran (DPBF) was used for the Pcs and
9,10-dimethylanthracene (DMA) was used for the porphyrins as singlet oxygen
quenchers in organic solvents while anthracene 9,10-bis-methylmalonate (ADMA)

Std
A

was used for the studies in water. For the phthalocyanines, ZnPc (®;‘“) was used as

the standard where (® = 0.67 in DMSO [85]). For the porphyrins, ZnTPP (®3t4) was
used as a standard where ®A = 0.53 in DMF [83]), The ®a can be calculated using

Equation 1.4:

std
&, = pStd W.lgps (1.4)
AT A WStd-Iabs )

where ®3%is the singlet oxygen quantum yield for the standard, W and WSt are the

DPBF/DMA photobleaching rates in the presence of the photosensitiser derivatives
under investigation and the standard, respectively. I,,; and I5t¢ are the rates of light

absorption by the MPc derivative and standard, respectively.
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Due to lack of standards for the fibres, an absolute method described in literature
[88] was employed, using ADMA as a quencher. The quantum yield of ADMA (®

ADMA) Was calculated using Equation 1.5:

(Co—CV
Dyppa =~ (1.5)

tlgps

where Co and Ct are the ADMA concentrations prior to and after irradiation,
respectively; V is the solution volume; t is the irradiation time per cycle and labs is

defined by Equation 1.6.

Iops = Na (1.6)

where a = 1-10A®), A()) is the absorbance of the sensitizer on the material at the
irradiation wavelength, A is the irradiated area (1.6 cm?), | is the intensity of light and
Na is Avogadro's constant. Singlet oxygen quantum yields (®a) were calculated

using Equation 1.7 [89]:

1 1 1kg 1

DPapma  Par Dpkg [ADMA]

(1.7)

where Kq is the decay constant of singlet oxygen and ka is the rate constant of the
reaction of ADMA with O2 ("®g). ®4 is obtained from the plot of 1/ ®apma versus

1/[ADMA.
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1.7 Summary of This Thesis

The aims of this thesis are summarized as follows:

1. Synthesise and characterization of novel phthalocyanine and asymmetrical
porphyrins.

2. Electrospinning of compounds into fibres.

3. Investigation of photophysical parameters for the compounds alone and when
embedded in fibres.

4. Photocatalytic degradation of phenolic pollutants using these fibres.
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Chapter 2

Experimental

This chapter provides the materials, instrumentation, synthetic procedure of

all porphyrins and phthalocyanines synthesized in this work.
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2.1 General Reagents and Solvents

Polyacrylonitrile (PAN, Mw 150,000 g/mol), pyrrole, zinc phthalocyanine (ZnPc),
indium (1) chloride, 1,3-diphenylisobenzofuran (DPBF), 4-(methylthio)benzaldehyde,
formylbenzoic  acid, Zn-5,10,15,20 tetraphenylporphyrin (ZnTPP), N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
deuterated dimethyl sulfoxide (DMSO-ds), deuterated chloroform (CDCIs), deuterated
acetone (acetone-ds), propionic acid, dichloromethane (DCM) and sodium hydrogen
carbonate were obtained from Sigma-Aldrich. Dimethyl formamide (DMF), dimethyl
sulfoxide (DMSO), tetrahydrofuran (THF), ethyl acetate chloroform anthracene 9,10-
bis-methylmalonate (ADMA), zinc chloride, and 1,8-diazabicyclo [5.4.0lJundec-7-ene
(DBU) were purchased from Merck. Phenylene diamine was obtained from the
British Drug Houses Laboratory Chemicals group. 4-Nitrophthalonitrile was
synthesised according to literature [90]. All solvents were of reagent grade and were
freshly distilled before use. Phosphate-buffered solutions (PBS) of pH 10.60 were
prepared using appropriate amounts of Na:HPOs4, KH2PO4 and the respective
chloride salts in Ultra-pure Type Il water was obtained from Elga PURELAB chorus 2

(RO/DI) system.
2.2 Equipment

a) Ground state electronic absorption spectra of the complexed were performed
on a Shimadzu UV-2550 spectrophotometer for solutions. Solid state spectra
were obtained from a Perkin Elmer Lambda 950 UV-Vis NIR spectrophotometer
where reflectance measurements were converted into equivalent absorption
spectra using the reflectance of holmium as a reference. Solid samples were run

in a well-homogenized anhydrous potassium bromide matrix.
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b) Fluorescence emission spectra were recorded on a Varian Eclipse

d)

spectrofluorometer.

Fluorescence lifetime spectra were measured using a time correlated single
photon counting setup (TCSPC), Fluo Time 200, Picoquant GmbH, with a diode
laser as the excitation source (LDH-P-670, 20 MHz repetition rate for the
phthalocyanines) and (LDH-P-C-420, 20 MHz repetition rate for the porphyrins).
Fluorescence was detected under the magic angle with a peltier cooled
photomultiplier (PMT) (PMA-C 192-N-M, Picoquant GMbH) and integrated
electronics (PicoHarp 300E, Picoquant GmbH). A monochromator with a spectral
width of about 4 nm was used to select the required measured emission
wavelength. The response function of the system, which was measured with a
scattering Ludox solution (DuPont), had a full width at half-maximum (FWHM) of
about 300 ns. The ratio of stop to start pulses was kept low (< 0.05) to ensure
good statistics. All luminescence decay curves were measured at the maxima of
the emission peak. The data were analysed with the program FluoFit (Picoquant
GmbH). The support plane approach was used to estimate the errors of the
decay times.

Elemental analyses for carbon, hydrogen, nitrogen and sulphur were done using
a Vario-Elementar Microcube ELIII Series.

Mass Spectral data were obtained using a Bruker AutoFLEX Ill 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.
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The spectra were acquired using a-cyano-4-hydroxycinnamic acid as the MALDI
matrix and a 354 nm nitrogen laser as the ionizing source.

f) 'H-nuclear magnetic resonance spectra ('H-NMR) were recorded in
deuterated solvents (DMSO-ds, CDCIs-ds) using Bruker AMX 600 MHz
spectrometer.

g) Infrared (IR) spectra were recorded on a Perkin—Elmer Spectrum 100 ATR FT-IR
spectrometer.

h) The '02 generation determination was quantified using the chemical method, in
DMF and water respectively. For the porphyrins photo-irradiations for singlet
oxygen were done using the Spectra-Physics? primoScan OPO series, which is
pumped by Spectra-Physics Quanta Ray INDI Lab with maximum § pump energy
of 750 mJ and output energy of 27 mJ. The irradiation wavelength for singlet
oxygen studies was the cross over between the absorbance of the standard
ZnTPP and the sample (426 nm). For the phthalocyanines studies were done
using a General Electric Quartz line lamp (300W). A 600 nm glass cut off filter
(Schott) and a water filter were used to filter off ultraviolet and infrared radiations
respectively while a 670 + 40 nm interference filter was employed. Light
intensities were measured with a POWER MAX 5100 (Molelectron Detector Inc.)

power meter and was found to be 1.0 x 10"® photons cm™2 s™.

@d ] E'qiﬂ-

Figure 2.1 — Schematic diagram of lamp setup
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i)

Scanning electron microscope (SEM) images of electrospun fibres were
obtained using a JOEL JSM 840 scanning electron microscope.

Energy dispersive spectroscopy on an INCA PENTA FET coupled to the
VAGA TESCAM using 20 kV accelerating voltage.

Time of Flight Secondary lon Mass Spectrometer (TOF-SIMS) images
were obtained usin0067 an ION TOF GmbH TOF SIMS 5-100 run in micro-
raster mode. The raster area was 3000 pm x 3000 ym, and the sample was
run in both positive and negative ion modes. The analyser was set to a
standard operating mode with a cycle time of 100 us, whilst the primary beam
was a Bis ion cluster gun with a current of 0.4 pA and an energy of 3000 eV
(also termed as spectrometry mode). The Bis cluster and electron flood gun
was used to get a better ion signal from the sample. Charge compensation
was used to account for the electron flood gun. The raw data was processed
using the SurfacelLab 6.5 software provided by ION TOF.

Electrospinning was done on a KD Scientific model 100 series using a 10
mL syringe with a continuous mode of operation. The set flow rate was 0.2

mL/h for all experiments with a syringe tip diameter of 0.1 cm.

m) Laser flash photolysis experiments were performed to determine the triplet

decay kinetics. The excitation pulses were produced by a tunable laser
system consisting of a Nd:YAG laser (355 nm, 135 mJ/4—6 ns) pumping an
optical parametric oscillator (OPO, 30 mJ/3-5 ns) with a wavelength range of
420-2300 nm (NT-342B, Ekspla). Solutions for triplet state studies were
degassed with nitrogen for 20 min before measurement. The absorbance of

the solution at the Q-band was 1.5 for these studies. Triplet lifetimes were

32



Chapter 2 Experimental

determined by exponential fitting of the kinetic curves using Origin Pro 8

software.
2.3 Synthesis

2.3.1 Synthesis of precursor 4-(1H-pyrrol-1-yl)phthalonitrile (B), Scheme 3.1

Compound B was synthesized as reported in literature [91] but using 4-
nitrophthalonitrile instead of fluoro phthalonitrile as follows: 4-nitrophthalonitrile (200
mg, 1.15 mmol) (A), pyrrole (8 mL) and potassium carbonate (7 g, 50.64 mmol) were
added to a round bottom flask. DMF (5 mL) was added under inert atmosphere and
the mixture left to stir for 48 h. The compound was purified by boiling in water twice

and then recrystalising in methanol.

Yield: 82% (w/w); FT-IR [(KBr) vmax/cm™]: 2160 (C,N stretching), 3141 (CAH
stretching). '"H NMR (400 MHz, Acetone ds) (d, ppm): 8.33-8.31 (g, 1H), 8.13-8.12

(d, 1H), 8.11 (s, 1H), 7.58— 7.55 (q, 2H) 6.43-6.40 (q, 2H).
2.3.2 Synthesis of tetrapyrrole indium phthalocyanine (1), Scheme 3.2

Precursor B (200 mg, 1.04 mmol) and indium chloride (193 mg, 0.872 mmol) were
added to a round-bottom flask containing 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
(0.5 mL) and hexanol (5 mL) as the solvent and refluxed under magnetic stirring for
24 h. The product was isolated and purified using silica packed column

chromatography using 10% methanol in dichloromethane.

Yield: 40% (w/w); UV/vis (DMSO): Amax/nm (log €): 371 (4.81), 634 (4.50), 706
(4.17). FT-IR [(KBr) vmax/cm™"]: 1331 (C-N stretching), 1609 (C=C stretching), 2918
(C-H stretching). Anal. Calc. for C4sH2sN12InCl: C, 62.46; H, 3.06; N, 18.21; Found:

C, 64.12; H, 3.50; N, 18.21. "H NMR (400 MHz, DMSO-ds) (5, ppm): 8.61-8.46 (s,
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7H), 8.07-8.03 (d, 8H), 6.90-9.87 (s, 3H), 6.71-6.66 (s, 2H) 6.63-6.54 (d, 8H). MALDI

TOF-MS: Calculated: 922.13; Found: 887.66[M-CI+H]".
2.3.3 Synthesis of tetrapyrrole zinc phthalocyanine (2), Scheme 3.2

The synthesis of complex 1 was as outlined for complex 2 but using zinc chloride
(175 mg, 0.997 mmol) instead of InCls, the amounts of the other reagents as well as

purification methods were the same.

Yield: 52% (w/w); UV/vis (DMSO): Amax/nm (log €): 361 (4.93), 623 (4.56), 690
(5.04). FT-IR [(KBr) vmax/cm™"]: 1309 (C-N stretchin, 1611 (C=C stretching), 2926
(C-H stretching). Anal. Calc. for C4sH2sN12Zn: C, 68.78 H, 3.37; N, 20.05; Found: C,
64.06; H, 3.78; N, 17.98. '"H NMR (400 MHz, DMSO-ds) (5, ppm): 8.04 (s, 8H), 8.03
(d, 4H), 7.65-7.64 (t, 8H), 6.37-6.34 (t, 8H). MALDI TOF-MS: Calculated: 838.22;

Found: 838.85[M].

2.3.4 Synthesis of 4-(10.15.20-tris(4-methylthio)phenyl)porphyrin-5-yl)benzoic

acid (3), Scheme 3.3

Formylbenzoic acid (292 mg, 1.942 mmol) and 4-(methylthio)benzaldehyde (2.96 g,
19.429 mmol) were placed in a 250 mL round bottomed flask. Propionic acid (120
mL) was then added to the mixture which was left to reflux with stirring for 1 h.
Pyrrole (1.39 g, 2.008 mmol) was then added. The characteristic purple colour
indicated successful cyclotetramerization. The mixture was then left to reflux and
under magnetic stirring for a further 2 h. The reaction vessel was then cooled to
room temperature, poured into 500 mL water, followed by addition of NaHCOs3, until
a basic mixture was obtained. The resulting precipitate was filtered under vacuum.
The product was added to methanol (200 mL) then boiled, filtered under vacuum and

dried. The compound was further purified using column chromatography using first
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tetrahydrofuran (THF) followed by DMF as eluents. This process was repeated

several times until a pure compound was obtained.

Yield: (58%).FT-IR (KBr, vmax/cm™"): 3501 (O-H), 2949 (C-H), 2914 (C-H), 1712
(C=0), 1594 (C=C), 1265(C-0). '"H NMR 400 MHz, CDCI3) & (ppm) 8.88 (d, 2H, Ar-
Benzene), 8.58 (d, 4H, Py), 8.34 (s, 1H, Py, Ar-Benzene), 8.17 (d, 5H, Ar-Benzene),
8.09 (d, 1H, Ar-Benzene), 7.69 (d, 6H, Ar-Benzene), 6.99 (s, 4H, Py), 6.59 (s, 1H,
Ar-Benzene), 2.35 (s, 9H, CH3), -2.76 (s, 2H, Py). UV/vis (DMF) Amax nm (log ¢):
423 (4.13), 516 (2.91), 553 (2.77), 593 (2.47), 649 (2.40). Calc. for C4sH36N402S3 =
72.34, H =455, N =7.03, S = 12.07 Found: C = 7254, H =470 N =799, S =

11.86. MALDI-TOF-MS(m/z) Calc: 796.20. Found (M+1H)* 797.12.

2.3.5 Metallation of 4-(10.15.20-tris(4-methylthio)phenyl)porphyrin-5-yl)benzoic

acid (4), Scheme 3.4

Compound (3) (200 mg, 0.25 mmol) and zinc chloride (40 mg, 0.30 mmol) were
added to a round bottomed flask containing refluxing DMF (5 mL) as a solvent. The
reaction was heated under reflux for 5 h until metalation was complete, as judged by
collapse of the four Q bands into two in the UV-Vis absorption spectra. The

compound was cooled and washed with water and methanol.

Yield: (85%).FT-IR (KBr, vmax/cm™"): 3490 (O-H), 2953 (C-H), 2917 (C-H), 1709
(C=0), 1589 (C=C), 1260(C-0). '"H NMR 400 MHz, CDCI3) d (ppm) 8.91 (d, 1H, Ar-
Benzene), 8.49 (s, 2H, Py), 8.43 (d, 6H, Ar-Benzene), 8.07 (d, 2H, Py), 7.77 (d, 6H,
Ar-Benzene), 7.57 (d, 3H, Ar-Benzene), 7.45 (d, 2H, Py), 6.89 (s, 2H, Py), 2.73 (s,
9H, CH3). UV/vis (DMF) Amax nm (log €): 430 (4.58), 560 (3.79), 601 (3.55). Calc.

for C4gH34N4O2S3Zn = 67.01, H = 3.98, N = 6.51, S = 11.18, Found: C = 67.89, H =
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412, N = 6.15, S = 10.84. MALDI-TOF-MS(m/z) Calc: 858.11. Found (M+2H)?*

860.42.
2.3.6 Partial modification of polyacrylonitrile (PAN) to PAN(COOH), Scheme 3.5

Polyacrylonitrile (5 g) was placed in a 250 mL round bottomed flask. Hydrochloric
acid (200 mL of 5 M) was added to the flask. The reaction mixture was heated at
reflux temperature for 2 h, cooled, filtered and washed with water to produce the
partially modified polymer. The process was monitored using IR as a means of

controlling the rate of modification.
2.3.7 Conversion of PAN(COOH) to PAN(NHz), Scheme 3.5

PAN(COOH) (2g) was left to stir in DMF to form a homogenous mixture. EDC (500
mg, 3.22 mmol) and NHS (500 mg, 4.34 mmol) were then added in excess and the
reaction was left to stir for 24 h. Phenylene diamine (500 mg. 4.62 mmol) was
dissolved in DMF (12 mL) and added to the polymer solution. The mixture was left to
stir for 48 h, following which, it was added (using a Pasteur pipette) to water (500
mL), while stirring vigorously, resulting in the formation of pellets. The pellets were
then separated by filtration under vacuum. The product was purified by stirring in 300
mL methanol (10 min), filtered and the boiled in 300 mL ethyl acetate for 10 min and
filtered again. The pellets were then dissolved in DMSO and stirred until the mixture
was homogenous. Ethyl acetate was slowly added until the polymer precipitated out.

The product was then filtered and dried.
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2.3.8 Conjugation of (4) to PAN(NH2), Scheme 3.6

Compound (4) (12 mg, 0.0139 mmol) was dissolved in DMF (3 mL). Then EDC (12
mg, 0.0774 mmol) and NHS (12 mg, 0.10 mmol) were added and the solution left to
stir for 24 h. PAN(NH2) (1 g) was added to the vial and the mixture was left to stir for
48 h to form 4-PAN. The conjugate was then boiled in ethyl acetate until the solution

was clear to remove any unreacted (4).

2.4 Electrospinning

2.4.1 Phthalocyanine functionalised fibres

Solution for electrospinning were prepared by mixing PAN (10 weight %) in DMF
under magnetic stirring for 24 h at room temperature for unfunctionalized fibres.
Functionalization of the nanofibres was achieved by adding 40 mg (0.043 mmol,
0.048 mmol) of complexes 1 and 2 to the PAN solutions and then stirring overnight,
followed by electrospinning. Solutions for electrospinning were placed in a 20 mL
syringe fitted with a hypodermic needle (inner diameter of 0.1 mm). The
electrospinning experiments were carried out at a flow rate of 0.2 mL-h~' and a tip to
collector distance (TCD) of 15 cm. The solutions were spun at 20 kV onto a
grounded collector covered with aluminium foil where the solidified fibres were
collected. The electrospinning was conducted at 21.1 °C and 41% humidity. When
complexes 1 and 2 were added to PAN before electrospinning, the resulting modified
fibres are represented as 1-PAN (embedded) and 2-PAN (embedded). Experiments
where the prepared unfuctionalized PAN fibres were immersed in solutions of
complexes 1 and 2, are represented as 1-PAN (immersed) and 2-PAN (immersed).
For the immersion, solutions of complexes 1 and 2, (40 mg corresponding to 0.043

mmol and 0.048 mmol, respectively) were dissolved in tetrahydrofuran (THF) and the
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unfunctionalized PAN fibres were immersed in the solutions for 24 h. Following

immersion, the fibres were dried in air for 12 h.
2.4.2 Porphyrin functionalised fibres

The solution for electrospinning were prepared by mixing 4-PAN (12 %) in DMF
under magnetic stirring for 24 h at room temperature. The solution was placed in a
20 mL syringe fitted with a hypodermic needle (inner diameter of 0.1 mm). The
electrospinning experiments were carried out at 20 kV, at a flow rate of 0.2 mL-h™"
and a tip to collector distance (TCD) of 15 cm. A grounded collector covered with
aluminium foil was employed, where the solidified fibres were collected. The

electrospinning was conducted at 23.4 °C and 35% humidity.
2.5 Photocatalytic studies

4-CP solutions were prepared with concentrations of 0.20 mol.L", 0.19 mol.L", 0.11
mol.L-*, 0.10 mol.L"",0.09 mol.L! for the Pc fibres and 0.20 mol.L**, 0.17 mol.L", 0.13
mol.L-", 0.10 mol.L-', 0.09 mol.L*! for the porphyrin fibres both in pH 10.60 buffer
solution. 4-n-NP solutions were prepared with concentrations of 0.17 mol.L-", 0.19
mol.L-", 0.14 mol.L-1,0.09 mol.L-",0.07 mol.L-! in pH 10.60 buffer solution. For each
concentration, a 3 mL solution was irradiated in a sealed vessel using the Spectra-
PhysicsR laser system described above in the presence of a 1.0 x 2.0 cm fibre strip
cut into several smaller fragments. The irradiation period for 4-CP was 5 min per
cycle and the 4-n-NP period was 2 min per cycle. The change in concentration after
each irradiation was monitored using UV-vis spectroscopy by noting the decrease in

each absorption band, being ~244 nm for 4-CP and ~225 nm for 4-n-NP.
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Results and Discussion

The results obtained in this section will be presented in three chapters:
3. Synthesis and spectroscopic characterization
4. Photophysical and photochemical properties

5. Photodegradation and kinetics
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Chapter 3

Synthesis and spectroscopic

characterization

This chapter provides all relevant characterization for the

phthalocyanines, porphyrins and their electrospun fibre counterparts.
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3.1 Synthesis and characterisation of phthalocyanines

Scheme 3.1 shows the synthetic route of precursor (B). The formation of the
phthalonitrile (B) was via a nucleophilic substitution reaction of the pyrrole NH moiety
and the nitro group of the 4-nitrophthalonitrile (A). The disappearance of the band at
3394 cm™' corresponding to the secondary amine of the pyrrole confirms linkage of

the two precursors with the nitrile peak still present in B at 2160 cm™', Figure 3.1.

)
NC NO, K.CO /
YT O s
NC N

A NC B

Scheme 3.1 — Synthetic route for precursor B

Hexanol, reflux, 24 h N—¢ =N

=
N— =N
NG N / InCls, ZnCl,, DBU = LN K N<j
- N N—M—N___ _
=~ (N
NC

M = InCI (1), Zn (2) @

DBU = 1,8-Diazabicyclo[5.4.0]Jundec-7-ene

Scheme 3.2 — Synthetic route for complexes 1 and 2
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Scheme 3.2 shows the synthetic route for complexes 1 and 2, which involves a
cyclotetramerization of the corresponding phthalonitrile (B) using hexanol as the
solvent and a catalytic amount of DBU. FT-IR spectra (Figure 3.1) showed the
disappearance of the nitrile peak in precursor B, confirming cyclotetramerization and

the formation of complexes 1 and 2.
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Figure 3.1 — FT-IR spectra of (A) pyrrole, (B) precursor B, (C) complex 1, (D) complex 2
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The 'H NMR spectrum for 1 and 2 (Figures 3.2 and 3.3) shows aromatic ring proton
peaks between 8.61 and 6.54 ppm, and between 8.04 and 6.34 ppm, respectively.
Peak integration gave the anticipated total number of protons, confirming the relative

purity of the complexes.

Figure 3.2 - NMR spectrum for compound 1 (x = Water peak, * = Solvent Peak -DMSQO ds)
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Figure 3.3 — NMR spectrum for compound 2 (x = Water peak, * = Solvent Peak DMSO ds)

Mass spectral data (Figures 3.4) and elemental analyses were in agreement with

the proposed structures in Scheme 3.2.

Figure 3.4 — MALDI-TOF spectra for complex 1
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Figure 3.5 — UV-vis spectra of complexes 1 and 2 in DMSO

The narrow intense bands in the Q band region (600-750 nm) for compounds 1 and
2 in DMSO (Figure 3.5), are characteristic of metallophthalocyanines and are
consistent with the presence of monomeric complexes and the absence of
aggregation [92]. Due to the non-planar effect of the indium(lll) ion, with a relatively
bigger ionic radius compared to zinc(ll) [93], the Q band of complex 1 is red shifted

as compared to complex 2, Table 3.1.
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Table 3.1 — Photophysical properties of complexes and their fibre counterparts

Compound SEM diameter (nm) A max A max
Q Band B Band

1 - 706 367

2 - 692 361

1-PAN (embedded) 604 7162 3362
2-PAN (embedded) 690 6972 3462
1-PAN (immersed) 804 7142 3552
2-PAN (immersed) 855 6962 3472

517, 555, 595,

3 - 649 425

4 - 561, 602 430
4-PAN 890 5612, 6022 4352

aSolid state spectra.

3.2 Synthesis and characterisation of porphyrins

Scheme 3.3 illustrated the preparation of (3) followed by metalation yielding (4) as
described above. Compound (3) was synthesized used established methods for
porphyrins [94]. This involves a reaction between an aldehyde(s) refluxing in
propionic acid in open air prior to adding the pyrrole. The formation of the product
was confirmed using MALDI-TOF mass spectrometer which showed a close

correspondence between the calculated and observed masses.
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Scheme 3.4 — Synthetic route of complex 4

Scheme 3.4 shows the metalation of compound (3). The general procedure for the

metalation of porphyrins [33] was adopted as follows: DMF was brought to reflux

temperature, then compound (3) was added in conjunction with zinc chloride. The

confirmation of the product (4) was monitored using MALDI-TOF mass spectra

(Figure 3.6). Table 3.1 displays the red-shifting effect of inserting a heavy into the

central cavity of the porphyrin.
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Intens. [a.u.]

Figure 3.6 — MALDI-TOF spectra for complex 4

A collapse of the four Q-bands into 2 Q-bands is indicative that metalation had taken

place (Figure 3.7) [95].

The "H NMR spectrum for compound 3 and complex 4 shows aromatic ring protons
between 8.88 and 6.59 ppm, and between 8.91 and 6.89 ppm, respectively. Peak
integration gave the anticipated number of protons thus confirming the relative purity

of the complexes.
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Figure 3.7 — UV-vis absorption spectra of 3 and 4 in DMF
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3.3 Characterisation of electrospun fibres

3.3.1 Phthalocyanine functionalised fibres

SEM analysis was conducted for the electrospun fibres after embedding them with
the compounds to obtain their topography. The images of PAN, 1-PAN (embedded)
(as examples) are shown in Figure 3.8. The SEM images reveal that the nanofibres
are cylindrical and unbranched with relatively smooth surfaces even after
incorporation of the Pcs. The values for the diameters are listed in Table 3.1. The
diameter for PAN alone is 601 nm. The diameters increased after embedding or
immersing with complexes 1 and 2, Table 3.1. There was an observable increase in
fibre diameters of the zinc analogues when compared to the indium. This may be
due to the nature of the zinc as it exhibits a larger degree of planarity relative to the
indium and therefore occupies more surface area. Polymer solution properties such
viscosity and conductivity play a significant role in the electrospinning process and
the resultant fibre diameter and morphology [60,61]. Pcs are high charge density
aromatic macromolecules which may increase conductivity, increasing the fibre
diameter during electrospinning. 1-PAN (immersed) and 2-PAN (immersed) gave
larger diameters than the corresponding embedded PAN fibres, this could be due to

the presence of more Pcs on the fibre for the former.
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Figure 3.8 - SEM image of unfuctionalized PAN fibres (A) and 1-PAN (embedded) (B)
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Figure 3.9 — Solid state spectra of 1-PAN (embedded) and 2-PAN (embedded)
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Figure 3.10 — Solid state spectra of 1-PAN (immersed) and 2-PAN (immersed)

Confirmation of embedded complexes 1 and 2 is shown with solid state spectra,
Figure 3.9. The spectra are broad due to aggregation, typical of MPc spectra in the
solid state [96]. Aggregation is judged by broadening or split in the Q band, with the
high energy band being due to the “H” aggregate [92]. The red-shifting is common
for Pcs in the solid state [97], as observed in Table 3.1. The theory of exciton
coupling is often used to explain spectra of phthalocyanines in the solid state [98].
When the interaction of two phthalocyanines is an edge to edge interaction, the
theory suggests the Q-band undergoes a red-shift. While if the interaction is a co-
facial alignment, a blue-shift of the Q-band is observed [98]. The fact that the Q band
is observed for the Pcs, confirms that they remain intact within the fibre following the
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electrospinning process. The solid-state spectra of 1-PAN (immersed) (Figure 3.10)
reveals more aggregation with the high energy band (due to aggregate) being more
intense for compared 1-PAN (embedded) (Figure 3.9). Aggregation would occur if
there is a higher loading of the Pc molecules on the fibre. There is no significant
difference in the Q band solid state maxima between the embedded and immersed

Pcs, Table 3.1.

Figure 3.11 - TOF-SIMS images for complex 1-PAN (embedded) showing (A) indium ion and
(B) pyrrole moiety and (C) CsHsN fragment from the PAN. (D) shows a red, green, blue
(RGB) plot of the combined compositions.
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Figure 3.12 - TOF-SIMS images for complex 2-PAN (embedded) showing (A) zinc
ion and (B) pyrrole and (C) CsH3N fragment from the PAN. (D) shows an RGB plot of
the combined compositions.

The topographic compositions of the embedded fibres and dyed fibres were
analysed using TOF-SIMS Figure 3.11 (for complex 1) and Figure 3.12 (for complex
2). The images depict a semi quantitative analysis of the surface modification of the
fibres. Figure 3.11 A, B and C illustrate the relative concentration of the indium,
pyrrole moieties and a CsHsN fragment from the PAN equating to 114, 67 and 53
amu respectively while Figure 3.11 D illustrates the combined concentrations in the

form of and RGB (red, green and blue) plot. For complex 2, Zn, pyrrole and a CsH3sN
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fragment equating to 65, 67 and 53 amu respectively. It can be observed that the
dye is evenly distributed throughout each fibre with a few patches of more

concentrated areas.

3.3.2 Porphyrin functionalised fibres

To ensure the hydrophobic properties of the polymer were retained, a partial
modification was achieved to convert the nitrile group to the desired carboxylic
moiety to form PAN(COOH), Scheme 3.5A. Then PAN(COOH) was linked to
phenylenediamine using EDC/NHS coupling chemistry to form PAN(NH2), Scheme
3.5B. PAN(NH2) was then linked to complex 4 by EDC/NHS coupling chemistry to

form 4-PAN, Scheme 3.6. 4-PAN was then electrospun into fibres.

(A)

HCI

reflux. 2h

PAN(COOH)
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PAN(NH,)
PAN(COOH)

Scheme 3.5 - (A) The partial modification of PAN to PAN(COQH), (B) conversion of
PAN(COOH) to PAN(NH-)

PAN(NH,)

Scheme 3.6 - lllustration of the conjugation process of 4 to PAN(NH2).
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The linkage of complex 4 to PAN(NH2) was confirmed using FT-IR (Figure 3.13). A
collapse of the NH stretches at 3374 and 3270 cm-! stemming from the NH2 groups
of PAN(NH2) indicates an amide bond had been successfully formed. The
intensification of the carbonyl peak at 1670 cm™' (for 4-PAN) due to the formation of

two amides further corroborates that this process was successful.
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Figure 3.13 - FT-IR spectra of PAN, PAN(COOH), PAN(NH-) and 4-PAN
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Figure 3.14 - UV-Vis absorption spectra 4-PAN in the solid state.

Further confirmation of complex 4 being linked to PAN is shown with the solid-state
spectra (Figure 3.14). There is an observed slight red-shift in the Soret band of 4
which is common for porphyrins in the solid-state (Table 3.1) [99]. The primary
mechanism of forming these aggregates can be described as self-assembly through
intrinsic intermolecular interactions [100]. The term “molecular self-assembly” has
been defined as the spontaneous association of two or more molecules leading to
the generation of well-defined aggregates or of extended polymolecular assemblies
through non-covalent interactions, such as hydrogen bonds, metal coordination or -
n interactions [101]. The broadening of the Soret and Q bands are attributed to

aggregation due to H or J aggregation (Figure 3.15).
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H-aggregation

Porphyrin
1
Porphyrin

J-aggregation

Porphyrin

/3

Porphyrin

Figure 3.15 — lllustration of the differences between H and J aggregation

A blue shift of the absorption spectra is indicative of H-aggregation while a red shift

indicates that J-aggregation is taking place [102]. A red shift confirms J aggregation

has taken place.

Figure 3.16 — SEM images of 4-PAN taken at different times at 10 um
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SEM was also used to obtain the morphology of the fibres after functionalisation
(Figure 3.16). The fibres kept their cylindrical shape, but a few beads were formed in

the process.
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Figure 3.17 — MALDI-TOF spectra of 4-PAN

Figure 3.17 shows MALDI-TOF spectra of 4-PAN. This was used as an aid to show
conjugation to the polymer was successful. Due to the nature of polymer,
fragmentation of different mass units of the polymer occurred. However, each peak
showed masses greater than the observed mass of (4) alone. This could show that
4-PAN was successfully linked and was ionized with different fragments of the

polymer when using MALDI-TOF.
3.4 Conclusions for the chapter

The syntheses and relevant characterisation of the phthalocyanine, porphyrin and

their electrospun fibre counterparts were successfully carried out.
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Chapter 4

Photophysical and Photochemical

Properties

This chapter provides and discusses the photophysical and
photochemical parameters and values obtained for the phthalocyanines,

porphyrins and their electrospun fibre counterparts
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4.1 Phthalocyanines and Their Fibres

4.1.1 Fluorescence Quantum Yields and Lifetimes

The ®f values of all Pcs were relatively low due to the heavy atom effect of the In
and Zn central metals which encourage intersystem crossing to the triplet state
(Table 4.1) [85]. The values obtained for complex 1 and 2 were <0.01 and 0.12
respectively in DMSO. The value for complex 1 is expectedly lower than for complex
2 due to indium being a heavier metal than Zn. The ®F values for the Pcs in fibres
were not calculated as they offer no contribution to the work of this thesis. Figure 4.1

shows the fluorescence spectra for complex 2 as an example.
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Figure 4.1 — Fluorescence spectra of complex 2. Emi = emission, Exc = excitation, Abs =
absorption

The excitation spectrum (Figure 4.1) is similar to the absorbance spectrum

confirming the molecule being excited is the same molecule absorbing with the
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expected mirror image emission spectrum. The fluorescence lifetimes tr refer to the
average time a molecule stays in its excited state before fluorescing and its value is
directly proportional to its quantum yield; i.e. the larger the ®F, the longer the lifetime
as observed in table Table 4.1. For complexes 1 and 2 , the tr values were 0.29 and
2.45 ns respectively. The observed decrease is due to the presence of a heavier
indium metal than zinc aforementioned. Mono-exponential decay curves were

observed for both complexes.

4.1.2 Triplet Quantum Yields and Lifetimes

The efficiency of a phthalocyanine as a photosensitizer is determined by its triplet
state quantum yield (®t) and lifetime (tr). A high triplet quantum yield is of great
importance since it influences the singlet oxygen production. The transient
differential spectrum of 2 as an example is shown in Figure 4.2, with the insert
showing the triplet decay curve. This spectrum is useful in determining the excited-
state dynamics of Pcs. The typical broad band between 400 — 600 nm with a peak
centred at 515 nm, is attributed to the triplet-triplet state excited absorption (T1—Thn).
The negative peaks attributed to the depletion or bleaching of the phthalocyanine

ground state were also observed at 710 nm and at 361 nm [103].
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Figure 4.2 — Transient differential spectrum for complex 1 in DMSO. Insert = triplet decay curve

The triplet decay curve obeyed second order kinetics which is characteristic of MPcs
at higher concentrations due to the triplet-triplet recombination [104]. The Pc
complexes displayed high triplet quantum yields (®1 = 0.79 for 1 and 0.68 for 2)
(Table 4.1), corresponding to the low ®r, due to the presence of heavy atoms, Zn
and In, as previously explained. The heavy atom effect was also confirmed by larger
triplet quantum yield values of the indium complex compared to the zinc counterpart
since indium is a heavier atom than zinc. The triplet lifetimes became shorter as the
triplet quantum yields increased as expected [105]. It has also been reported that
Pcs bearing nitrogen containing substituents quench the triplet state, resulting in

shorter lifetimes [106].
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4.1.3 Singlet Oxygen Quantum Yield

The ®a values for 1 and 2 were obtained by monitoring the degradation of DPBF as
a singlet oxygen quencher in DMSO at ~417 nm. There were no significant changes
observed of the Q-bands for the complexes (Figure 4.3), indicating that they are
photostable. However, the steady decrease of this band at 417 nm was observed
and this can be attributed to the production of singlet oxygen. The rate of production

of singlet oxygen is directly proportional to the rate of degradation of DPBF.
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Figure 4.3 — Absorption spectral changes of DPBF in DMSO in the presence of compound 1 (5 s
intervals)

The ®4 values for complex 1 and 2 were 0.35 and 0.21 respectively (Table 4.1). The
significantly higher values for the In complex is attributed to the heavier central metal

as it promotes more intersystem crossing as previously described.
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Figure 4.4 — Absorption spectra changes of ADMA in DMSO in the presence of complex 1 (5 min
intervals)

For the functionalised fibres, ADMA was used as a singlet oxygen quencher and its
spectra were monitored at ~380 nm (Figure 4.4). The ®, values in water were 0.03
and 0.02 for 1-PAN and 2-PAN (embedded) respectively, while the immersed fibres
tend to show an increase ®a when compared to the embedded fibres with values of
0.06 and 0.05 of complexes 1-PAN and 2-PAN respectively. This may be due to an
increased presence of the Pc on the surface of the immersed fibres compared to
embedded fibres. The significantly lower values in water may be attributed to

aggregation of the Pcs within the fibres and a quenching of the triplet state [107].
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4.2 Porphyrins and their Fibres

4.2.1 Fluorescence Quantum Yields and Lifetimes

The ®r value for compound 3 was evaluated to be 0.28 in DMF, a significantly higher

value then the value obtained for complex 4 being 0.12 due to the insertion of a

heavy atom zinc in its central cavity, Table 4.1.

Table 4.1 — Photophysical properties of complexes and conjugates = Solvent — DMF unless

otherwise stated

Compound

(OJN

1-PAN (embedded)

2-PAN (embedded)

1-PAN (immersed)

2-PAN (immersed)

3
4
4-PAN

0.35

0.21

0.032

0.022

0.062

0.052

0.62

0.70
0.392

9 solvent = water
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The fluorescence lifetime (tr) values for compound 3 and complex 4 were
determined using a time correlated single photon count (TCSPC) (Figure 4.5 —
complex 4 as an example) method, by excitation at the emission maxima. For the
porphyrin complexes 3 and 4, mono-exponential fluorescence decay curves were
obtained with values of 1.66 and 1.03 ns respectively. An expected observed

decrease was due to metallation of the complex.

Figure 4.5 — Fluorescence decay curve for complex 4 in DMSO at 705 nm.
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4.2.2 Singlet Oxygen Quantum Yields

The ®a of 3 and 4 were determined using DMA as a quencher for singlet oxygen in
DMF, Figure 4.6 (complex 4 as an example). There were no significant changes
observed of the B or Q-bands for either 3 or 4, indicating that they are photostable.
However, the steady decrease of the DMA band at 379 nm was observed and this
can be attributed to the production of singlet oxygen. The rate of production of singlet
oxygen is directly proportional to the rate of degradation of DMA. The values
obtained are 0.62 and 0.70 respectively (Table 4.1). The slightly increased value for
complex 4 is due to the insertion of a heavy atom inside the central cavity of the

porphyrin.
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Figure 4.6 — Spectral changes of DMA in DMF in the presence of complex 4

ADMA degradation was monitored at 380 nm for determination of the singlet oxygen

quantum yield of the modified fibres in water, Figure 4.7 (complex 4 as an example).
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The ®a value for 4-PAN is 0.39 in water, Table 4.1. The significantly lower values in

water may also be attributed to the aggregation of the complex within the fibre [107].
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Figure 4.7 — Spectral changes of ADMA in water in the presence of 4-PAN.

4.3 Conclusions for the chapter

Triplet quantum yields and lifetimes were determined for the Pc complexes. The
higher quantum vyields had shorter lifetimes as expected. Fluorescence quantum
yields and lifetimes were determined for all complexes. Upon metalation a general
decrease in lifetime and quantum yield was observed. ® values were obtained for
porphyrins. A decrease of ®, in the fibre counterparts is due to the aggregation and

possible quenching of singlet oxygen in water.
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Chapter 5

Photodegradation and Kinetics

This chapter provides the photodegradation and kinetics of 4-
chlorophenol and 4-nonylphenol in the presence of the phthalocyanine

and porphyrin functionalised fibres
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5.1 pH determination of studies

It has been reported that when phenols are in their deprotonated form when
immersed in basic media, they are more prone to oxidation leading to higher
quantum yields for the photo-oxidation process [108,109]. A range of pHs was tried

to investigate the effects it has on the pollutants.

Absorbance

250 300
Wavelength (nm)

Absorbance
(@)
(6)]

250 300
Wavelength (nm)

Figure 5.1 - UV-vis spectra of 4-chlorophenol (above) and 4-nonylphenol (below) at different pHs.
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4-n-NP molecule has two peaks at ~ 225 nm and 275 nm, Figure 5.1 similar to
literature reports [110]. Figure 5.1 illustrates that at pHs greater than 10.60 the main
absorption band (near 225 nm) of the nonylphenol is distorted and would not be able
to be monitored. Hence pH 10.60 was employed in this work for 4-n-NP. The initial
spectrum for 4-CP shows two characteristic bands at 244 and 300 nm [111]. At the
pH of 10.60 used for 4-n-NP, 4-chlorophenol undergoes a red shift indicating that
deprotonation has taken place. Thus both 4-CP and 4-n-CP were studied at the pH

of 10.60.
5.2 UV-vis absorption spectral changes

5.2.1 Photocatalysis of 4-chlorophenol

Please note that for the phthalocyanine functionalised fibres, these studies were
done only for 1-PAN (embedded) and 2-PAN (embedded) since there was leaching
of the Pcs for the immersed fibres thus showing the importance of embedding the

Pcs within the fibres.
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Figure 5.2 - Absorption spectral changes of 4-CP in water in the presence of complex 1-PAN
embedded fibres at pH 10.60 (5 min intervals).

Figure 5.2 shows changes in spectra during irradiation of 4-CP in the presence of 1-
PAN (embedded) over time, as an example. The initial spectrum for 4-CP shows two
characteristic bands [111] at 244 and 300 nm at pH 10.60. These bands are shifted
compared to 225 nm and 280 nm reported in literature [111] due to differences in
solvents. As stated above the deprotonated form of 4-CP is more oxidizable by
singlet oxygen than in its protonated or neutral forms. 4-CP with a pKa = 9.4 [112] is
in its deprotonated form at pH 10.60. 1-PAN (embedded) and 2-PAN (embedded)
were employed for the photodegradation of 4-CP. There was a decrease in both
peaks at 244 and 300 nm with photolysis time (Figure 5.2). The decrease in peak
intensity is due to the degradation of 4-CP. Usually the decrease is accompanied by
the emergence of two new absorbance bands at ~ 230 and ~280 nm due to
benzoquinone and hydroquinone (Scheme 5.1), respectively [111,113], which are

intermediates but these were not observed. If 4-CP degrades with no new peaks
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forms, then this implies that there were no intermediates or by-products formed

[111].

A\ 0
6 .
‘QﬂQ benzoquinone

4-chlorophenol

OH
hydroquinone

Scheme 5.1 — Phototransformation pathways of 4-CP
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Figure 5.3 - Absorption spectral changes of 4-chlorophenol in the presence of 4-PAN at 2 min
intervals at pH 10.60
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With the porphyrinated fibres, Figure 5.3 shows changes in absorption spectra
during irradiation of 4-CP in the presence of 4-PAN over time. As stated above, the
spectrum shows the two characteristic bands of 4-CP at 244 and 300 nm. There was
an observed decrease with both absorption bands over time which again proposes
that no intermediates or by-products were formed. The possible mechanism has

been previously reported, Scheme 5.2 [114].
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Scheme 5.2 — Possible degradation pathway of 4-CP

77



Chapter 5 Photodegradation and Kinetics

5.2.2 Photocatalysis of 4-nonylphenol
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Figure 5.4 — Absorption spectral changes of 4-nonylphenol in the presence of 4-PAN with 2 min
intervals at pH 10.60

Pcs were tried for 4-n-NP, but significantly slower rates were observed hence
porphyrins were employed as they displayed higher yields of degradation. Figure 5.4
displays changes in spectra during the irradiation of nonylphenol in the presence of
4-PAN over time as an example. What can be observed is the spectral bands at
~225 nm undergoing a significant decrease in concentration which can be related to
the degradation of 4-n-NP. It has been reported that phenol, 1,4-dihydroxylbenzene
and 1,4-benzoquinone are possible intermediate products of the photodegradation
process [115]. Because no new absorption bands were observed, it is possible that
no intermediates were formed, and the final products are CO2 and H20, as seen in

literature with other phenols [111,114].
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5.3 Kinetic studies

5.3.1 Photodegradation kinetics for 4-CP with Pc fibres

Table 5.1 — Photodegradation kinetics for 4-CP with the Pc fibres

(r!r:lc;ﬁt']l) Initial Rate (mol L™*min™) Degradation % (n) (% at 25 min)
[Kobs] (103.min™)
(er::eg:ed) (Ze-:i'idded) 1-PAN (embedded) ~ 2-PAN (embedded)
2.69 x10° 2.38 x10°3
0-20 [12,?3] ’ [13;.88] ° 28.1 26.3
4 [21.2-76?10_3 [19782] <107 25.7 22.4
0.11 [87126] x10* [Z.i?xlo-‘l e "
010 e g 10" 15.8 109
4.53 x10* .29 x10*
0.09 [5.513] 0 ?3‘ 79] 0 e .

Kinetic studies for the degradation of 4-CP were performed. The data for the Pc
fibres are listed in Table 5.1. The concentrations of 4-CP used are: 0.20, 0.19, 0.11,
0.10, 0.09 mol L™". The plots obtained for In(Co/C) versus irradiation time, Figure 5.5
A and B are linear, an indication that the reactions follow pseudo-first order kinetics.
Both kobs and initial rate increase with increase in concentration, Figure 5.6.
Complex 1 shows larger kobs and initial rate compared to 2, due to the larger singlet
oxygen quantum yield. The increase of kobs and initial rate with concentration can be

related to the photodegradation percentage (n) using Equation 5.1 [49]:

n=(1 —Cio).mo (5.1)
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where Co is the initial concentration, and C:t is the concentration at a time t. It was
seen that both complexes 1 and 2 showed an increase in their degradation efficiency
with the increase in concentration. Complex 1 has larger n compared to complex 2

due to improved ®a.

Figure 5.5 - First order kinetic plots of photodegradation of 4-chlorophenol using (A) 1-PAN
(embedded) and (B) 2-PAN (embedded).
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Figure 5.6 - Plots of initial rate versus initial concentration for photodegradation of 4-chlorophenol
for 1-PAN (embedded, blue) and 2-PAN (embedded, orange).

The Langmuir—Hinshelwood kinetic model has been successfully applied in solid-
liquid reactions, particularly heterogeneous photocatalytic degradation reactions

[116] and is expressed as Equation 5.2:

1t 1 (5.2)

Ig kKA CO k

where ro is the initial photocatalytic degradation rate (mol L™' min™"), Co is the initial
concentration of 4-CP, k is the apparent reaction rate constant (mol L~" min~") and
Ka is the adsorption coefficient. Using data from the degradation, 1/ro was plotted
against 1/Co, linear fits were not obtained for embedded 1-PAN and 2-PAN Figure

5.7. The Langmuir-Hinshelwood kinetics model assumes uniformity of active
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centres [117]. The fact that this model is not obeyed in this work, suggests non-

uniformity.

Figure 5.7 - Plots of the inverse of the initial rate versus the inverse of the initial concentration for
photodegradation of 4-CP for 1-PAN (embedded, blue) and 2-PAN (embedded, red).

5.3.2 Photodegradation kinetic for 4-CP and 4-n-NP with porphyrin fibres

Kinetic studies for the degradation of 4-CP and 4-n-NP were performed with 4-PAN.
The data listed are in Tables 5.2 and 5.3. The concentrations for 4-CP used were
0.20, 0.17, 0.13, 0.10, 0.09 mol. L' while the concentrations for 4-n-NP are 0.17,

0.16, 0.14, 0.09, 0.07 mol. L™
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Table 5.2: Photodegradation kinetics for 4-CP

[4-CP] (mol.L?) Initial Rate (mol L"'min™?) Degradation % (n) (% at 10 min)

[Kobs] (103.min?)

4-PAN 4-PAN
6.94 x10°
0.20 29.1
[34.3]
-3
0.17 >-46x10 26.8
[30.6]
-3
0.13 3.41x10 223
[25.4]
-3
0.10 1.64x10 15.9
[16.9]
1.12 x10°
0.09 11.8
[12.6]

Table 5.3: Photodegradation kinetics for 4-n-NP

[NP] (mol.L?) Initial Rate (mol L"'min™?) Degradation % (n) (% at 10 min)

[Kobs] (103.min?)

4-PAN 4-PAN
5.56 x10°3
0.17 26.7
[32.0]
3.86 x1073
0.16 20.9
[24.4]
3.22x10°
0.14 20.6
[23.7]
1.98 x103
0.09 18.8
[22.1]
1.41 x10°
0.07 17.8
[19.0]
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Plots of In(Co/C) versus irradiation times, Figure 5.8 A and B, are both linear. This
indicates that both reactions follow pseudo-first order kinetics. It was observed that
both the initial rate and Kobs increased with an increase in concentration for both 4-
CP and 4-n-NP. The (n) was recalculated for each phenol and displayed an

observed increase with increased concentration.

Figure 5.8 - First order kinetic plots of photodegradation of A) nonylphenol and B) 4-chlorophenol
using 4-PAN



Chapter 5 Photodegradation and Kinetics

Langmuir-Hinshelwood kinetics were also applied to both experiments and it was

observed that neither 4-CP nor 4-n-NP obeyed this model (Figure 5.9 A and B).

1/[4-CP] (mol.L"")

10
1/[NP] (mol.L-)

Figure 5.9 - Plots of the inverse of the initial rate versus the inverse of the initial concentration of A)
4-n-NP and B) 4-CP both in the presence of 4-PAN.
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Chapter 5 Photodegradation and Kinetics

5.3.3 Comparison of phthalocyanines to porphyrins

The initial rates, Kobs and degradation efficiencies (n) were compared between the
Pcs and porphyrins with respect to 4-CP. Upon inspection, the porphyrins exhibited
significantly higher values for all measured parameters. The largest n values for 4-
PAN were 29.1% against 28.1% for 1-PAN even though it was irradiated for 10 mins
as opposed to 25 min for 1-PAN. The reasons for this may be attributed to the
porphyrin molecules being asymmetrical which is known to increase their singlet
oxygen quantum yields. It must also be noted that the porphyrinated fibres are
irradiated at significantly lower wavelengths (430 nm as opposed to 690 nm for Pcs).
Lower wavelengths consequently use higher frequencies resulting in greater energy
transferred to the fibres during this process. 1-PAN, 2-PAN and 4-PAN exhibited
higher initial rates and kobs values when compared to other photodegradation
attempts using Pcs on 4-chlorophenol [76,118] and similar dyes on other pollutants

[49].
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Chapter 6

Conclusion and Future Prospects

The summary of this thesis is presented in this chapter along with

prospects.
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Chapter 6 Conclusion and Future Prospects

6.1 Conclusions

This work has successfully presented a series of novel In and Zn phthalocyanines
and novel free-base and Zn porphyrins. It is also the first time polyacrylonitrile has
been linked to an asymmetric porphyrin employed in the photodegradation of 4-CP
and 4-n-CP. Both the phthalocyanines, porphyrins and their fibre counterparts were
fully characterized using 'NMR, FT-IR, SEM, EDS, UV-vis, solid-state UV-vis, TOF-
SIMS, MALDI-TOF and several other powerful tools. The photocatalytic activity of
the porphyrinated fibres showed higher degradation percentages of degradation than
the Pc fibres with shorter irradiation times with the highest values being 29.1% of 4-
CP in 10 min against 28.1% in 25 min. 4-n-NP was also successfully degraded with
the porphyrinated fibres showing a decrease of 26.7% after 10 min. It must be noted
that both fibres showed higher rates of degradation and increased rate constants at

higher concentrations for both pollutants.

6.2 Future Prospects

| have observed that linking a photosensitiser than alternatively embedding in
electrospun fibres has obvious advantages in water purification. Detailed studies
should be conducted on the modification of various photosensitisers and their fibres
to accelerate the process of utilising these promising techniques in cleaning up

wastewater pollutants.
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