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ABSTRACT

ABSTRACT

This work reports on the synthesis, characterization and the physicochemical properties of
novel unsymmetrically substituted zinc phthalocyanines: namely tris{11,19, 27-(1,2-
diethylaminoethylthiol)-2-(captopril) phthalocyanine Zn ((ZnMCapPc (1.9)),
hexakis{8,11,16,19,42,27-(octylthio)-1-(4-phenoxycarboxy) phthalocyanine} Zn (ZnMPCPc
(1.7)) and Tris {11, 19, 27-(1,2-diethylaminoethylthiol)-1,2(caffeic acid) phthalocyanine} Zn
((ZnMCafPc (1.3)). Symmetrically substituted counterparts (tetrakis(diethylamino)zinc
phthalocyaninato (3.8), octakis(octylthio)zinc phthalocyaninato (3.9) and tetrakis
(carboxyphenoxy)zinc phthalocyaninato (3.10) complexes) were also synthesized for
comparison of the photophysicochemical properties and to investigate the effect of the
substituents on the low symmetry Pcs.

The complexes were successfully characterized by IR, NMR, mass spectral and elemental
analyses. All the complexes showed the ability to produce singlet oxygen, while the highest
triplet quantum yields were obtained for 1.7, 1.5 and 3.9 (0.80, 0.65 and 0.62 respectively
and the lowest were obtained for 1.3 and 3.10 (0.57 and 0.47 respectively). High triplet
lifetimes (109-286 us) were also obtained for all complexes, with 1.7 being the highest (286
us) which also corresponds to its triplet and singlet quantum yields (0.80 and 0.77
respectively).

The photosensitizing properties of low symmetry derivatives, ZnMCapPc and ZnMCafPc
were investigated by conjugating glutathione (GSH) capped silver nanoparticles (AgNP).
The formation of the amide bond was confirmed by IR and UV-Vis spectroscopies. The
photophysicochemical behaviour of the novel phthalocyanine-GSH-AgNP conjugates and

the simple mixture of the Ag NPs with low the symmetry phthalocyanines were investigated.
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It was observed that upon conjugation of the phthalocyanines to the GSH-AgNPs, a blue
shift in the Q band was induced. The triplet lifetimes and quantum yields improved upon
conjugation as compared to the phthalocyanines (Pc) alone. Complex 1.5 triplet lifetimes
increased from 109 to 148 and triplet quantum yield from 0.65 to 0.86 upon conjugation.
Fluorescence lifetimes and quantum yields decreased for the conjugates compared to the
phthalocyanines alone, due to the quenching caused by the Ag NPs.

The antimicrobial activity of the zinc phthalocyanines (complexes 1.3 and 1.5) and their
conjugates against Escherichia coli was investigated. Only 1.3 and 1.5 complexes were
investigated because of the availability of the sample. In general phthalocyanines showed
increase in antibacterial activity with the increase in phthalocyanines concentration in the
presence and absence of light. The Pc complexes and their Ag NP conjugates showed an
increase in antibacterial activity, due to the synergistic effect afforded by Ag NP and Pcs.
Improved antibacterial properties were obtained upon irradiation. 1.5-AgNPs had the
highest antibacterial activity compared to 1.3-AgNPs conjugate; these results are in
agreement with the photophysical behaviour. This work demonstrates improved
photophysicochemical properties of low symmetry phthalocyanines and a synergistic effect

against E. coli afforded upon conjugation.
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INTRODUCTION

INTRODUCTION

This chapter gives an overview of the basic properties and associated
characteristics of nanoparticles and metallophthalocyanines. An overview of
photodynamic therapy and photodynamic antimicrobial chemotherapy together with
the characterization techniques used in this thesis are also given and summarized.
For clarification purposes, compounds first referred to in chapter 1 or chapter 2 will
be labelled 1.X (chapter 1) or 2.Y (chapter 2), respectively and will be identified as

such in subsequent chapters.



INTRODUCTION

1.1. Nanoparticles

1.1.1 Properties and applications of nanoparticles

Nanoparticles (NPs) are small clusters of atoms made of inorganic or organic materials and
they have novel properties when compared to the bulk material [1]. Nanoparticles have
diameters ranging from 1 to 100 nm [2] and have large surface area to volume ratios
compared to the bulk material, this therefore enhances their reactivity [3,4]. Bulk materials
have constant physical properties regardless of their size, but at the nano scale, size

dependent properties are observed [5].

Nanoparticles have found applications in medicine and biology, including gene and drug
delivery [6,7], as fluorescent biological labels or bio-imaging agents [8], bio-sensors
[5,9,10], probes of DNA structures [11], magnetic resonance imaging (MRI) contrast
enhancers [12], tumour destruction by heating (hyperthermia), and in tissue engineering

[13].

Nanoparticles have surfaces that can be easily functionalized with different moieties
including photosensitizers, amino acids, antibodies and bio-polymers such as collagen, and
they have therefore been used as multi-modal agents in medicine [14]. Researchers around
the world have been working on developing methods to modify nanoparticles, from
modifications in the size/shape of the NP to coatings, because of the size dependent
properties displayed. In this work we describe on the synthetic route taken to make the
silver nanoparticles (AgNPs) and a variety of conjugates; the antibacterial activity of the

conjugates is reported too.
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1.1.2. Properties of silver nanoparticles (Ag NPs)

Silver generally has a high affinity towards sulphur and as such the surface of silver
nanoparticles can be functionalized with organic thiols. The sulphur acts as a donor, while
the Ag metal acts as an acceptor [15]. Silver nanoparticles (AgNPs) can therefore be
coated with amino acids which are rich in sulphur groups, making them applicable in bio-
tagging and drug delivery applications [16]. Ag and Au are known to be generally inert,
since they do not react with oxygen to a certain extent. This allows for their use in
photodynamic therapy (PDT) [17], a therapeutic technique which will be described later.
There have been some reports on glutathione functionalized AgNPs and their use as
antibacterial agents. Silver is known to possess bacteriostatic properties, although the
mechanism is not well understood [18]. However, it is generally believed that upon
ionization of silver, the Ag® ions are released and are easily taken up by a bacterial cell.
Once inside a cell, the Ag” binds to the sulphydryl groups of proteins and DNA causing their
denaturation and resulting in cell death [19,20]. More research has been conducted on the
effective bacterial inactivation of gram negative bacteria by Ag compared to gram positive
bacteria, because of the rigid cell structure of the latter. Gram negative bacteria have an
added outer membrane, thus less penetration of Ag”* is achieved unlike the gram positive
bacterial cell structure [21].

Metallic nanoparticles such as Au and Ag have an important physical property known as
surface plasmon resonance (SPR). SPR occurs as the result of a coherent oscillation of
conduction band electrons, i.e. 5s' electrons for Ag, upon electromagnetic irradiation
[22,23]. As shown in Figure 1.1, the AgNP’s SPR band is around 400 nm for spherical
nanoparticles and it's greatly affected by the solvents used. The size and shape of the

AgNPs are also known to affect the shape of the SPR band. Prism shaped AgNPs have an
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additional band, so they are characterized by a longitudinal and an additional transverse

band present around 650 nm [24].
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Figure 1.1: Typical UV/Vis absorption spectra of Ag NPs [24]

1.1.3. Synthesis and stabilization of Ag NPs

There are two main methods employed in the synthesis of Ag NPs, including physical and
chemical methods [25]. The chemical method is the preferred method and is mostly used in
the synthesis of these nanoparticles, because they allow for easy control over size and
shape, results in the reduced aggregation, and yields monodisperse nanoparticles [26]. In
the chemical method, a metal precursor such as silver nitrate (AgNO3) is used to provide
Ag’. A strong reducing agent such as sodium borohydride (NaBH,;) may be used, while in

other cases a mixture of mild reducing agents such as hydrazine hydrate and sodium citrate
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may be employed. The latter reduction mixture may be used as both a reducing and a
stabilizing agent [27].

Ag’, in its reduced form in aqueous solutions, can nucleate and form particles. This process
can proceed until aggregated particles are formed. To prevent aggregation, stabilizing
agents are added to the solution and they bind to the surface of the nanoparticles, stopping
the nucleation process [28]. Since silver has a high affinity for sulphur, thiol containing
groups may be used to stabilize the Ag NPs and in addition, functionalize them.

The nanoparticles reported in this work were synthesized using the chemical reduction
method, in which the Ag metal salt source is reduced followed by stabilization with reduced
glutathione bearing sulphur, amino and carboxylic acid groups. Glutathione (GSH) is a
tripeptide (L-y-glutamyl-L-cysteine-glycine), and, although it consists of a cysteine moiety, it
lacks the toxicity associated it. Furthermore, it is water soluble and an antioxidant,
preventing damage caused by reactive oxygen species (ROS) to cellular components [29].
These GSH capped nanoparticles were conjugated to low symmetry phthalocyanines for

antibacterial inactivation.

1.1.4. Characterization of nanoparticles

There exists a number of analytical techniques to characterize the morphology, structure,
properties and the size of nanoparticles. For imaging purposes, several techniques exist to
visualize the nanoparticles at the nanoscale level. Such techniques include atomic force
microscopy (AFM), high resolution scanning electron microscopy (SEM), transmission

electron microscopy (TEM) and X-ray powder diffractometry (XRD).
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AFM provides information on the surface topology and can be used to image the
nanostructure [30]. It may be used for size determination, but aggregation leads to errors
and the size of the nanoparticles are then over-estimated.

The size of NPs can be determined by transmission electron microscopy (TEM) [31], as
shown in Figure 1.2 [32]. TEM reports on the total particle size of the NP core, giving a
number-weighted mean value, as well as details on the size distribution and the shape of
the NP. However, sample preparation methods can induce aggregation of the NPs, with the
result that TEM measurements may therefore not give the true size and distribution of the
NPs in solution. High-resolution transmission electron microscopy (HRTEM) gives access
to the surface atom arrangement and may be used to study lattice vacancies and defects of

the crystalline NPs [33], amongst other characteristics.

Figure 1.2: A typical TEM image of nanoparticles [32]
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X ray powder diffraction (XRD) is essential in determining the crystalline structure and size
of the NP [34]. The crystal size may be calculated from the line broadening observed in the
powder XRD pattern using the Scherrer equation to determine the mean particle size
according to equation 1:

d(A) = kMBCosb (1)
where k is an empirical constant (generally 0.9), A is the X-ray source wavelength (1.5405 A
for Cu), B is the full width at half maximum of the diffraction peak, and 0 is the angular

position of the peak.
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Figure 1.3: A typical xrd diffractogram for Pt NPs [35]

The pattern shown in Figure 1.3 shows how peaks become sharper as the size of the NP
increases. Thus the broad peaks correspond to the smaller (~ 3 nm) sized NP, while
annealing led to an increase in size [35].

UV-vis electronic absorption spectroscopy may also, in some cases, be used to study the
optical properties of the nanoparticles. Ag NPs with their strong SPR bands (Figure 1.1) are

ideally suited for analyses with UV/vis spectroscopy [24].
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Other techniques that may be used to interrogate the surface and properties of NPs
include: X-ray photoelectron spectroscopy (XPS), fourier transform infrared spectroscopy
(FT-IR), Raman spectroscopy, secondary ion mass spectroscopy (SIMS),
thermogravimetric analyses (TGA), differential thermal analyses (DTA) and solid state
nuclear magnetic resonance (NMR) [36,37]. These techniques may provide information and
describe the nature and strength of the bonding between the NP surface and the capping,
including the influence of the capping on the properties of the NP.

In this work the synthesized Ag NPs were characterized using TEM, XRD and UV-vis

spectroscopy.

1.2 Phthalocyanine chemistry

1.2.1 Properties and structure of phthalocyanines

Phthalocyanines were first characterized in the 1930s by Linstead [38] and Robertson [39]
and have, since then, drawn a great deal of attention from researchers. The term
‘phthalocyanine’ was conceived from the structural origin of the phthalic acid precursor and
‘cyanine’ due to its colour. Phthalocyanines (Pcs) are porphyrin analogues, consisting of
four isoindole ring units linked together through the aza nitrogen atoms (Figure 1.4). Pcs
are planar, tetrapyrolic, macrocyclic aromatic compounds and possess an 18 Tr-electron
aromatic cloud delocalized over alternating carbon and nitrogen atoms (Figure 1.4). The
conjugation conferred to the 18- 1 electron cloud system produces a characteristic, strong
absorption in the red region of the visible spectrum. There are a number of substitution
positions on the phthalocyanine, either at the non-peripheral (a) or peripheral (B)

substitution positions of the MPc macrocyle, or through axial substitution on the central
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metal. These substituents greatly influence the chemical properties of the Pc, making these

molecules applicable to a wide variety of different scientific fields [40].
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Figure 1.4: UV/Vis absorption spectrum of MPcs, as well as the molecular structure

of metallophthalocyanine showing a- and - positions.

Over the last 30 years phthalocyanines (Pcs) have been used as dyes and pigments in the
paint, textile and printing industries, due to their high thermal and chemical stability, low
solubility and reactivity [41]. The attractive properties of phthalocyanines are due to their
high degree of aromaticity, high thermal and photochemical stability, synthetic flexibility and
ease of purification, significant absorption in the visible region and large absorption
coefficients [42,43]. Most recently, phthalocyanine dyes have found wide application in
catalysis, optical recording, as photoconductive materials, chemical sensors, liquid crystals,
electrophotography, molecular electronics and photonics, electrochromism in display

devices, photovoltaics and solar cells, non linear optics, and in medicine as
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photosensitizers in photodynamic therapy of cancer (PDT) and photodynamic antimicrobial
chemotherapy (PACT) [44-49]. Pcs, as photosensitizers in cancer therapy, have attracted
much attention in the PDT medical field. Photodynamic therapy utilizes visible light,
molecular oxygen and a photosensitizer to kill cells and recently, a similar therapy called
photodynamic antimicrobial chemotherapy (PACT) has been explored to treat bacteria
related diseases. As with PDT, PACT is based on the concept that the photosensitizer
specifically accumulates in pathogenic cells and has little, or negligible effect, on the
surrounding tissues, killing the cells by the production of reactive oxygen species upon

absorption of visible light of the appropriate wavelength [50].

1.2.2. Phthalocyanine synthesis

1.2.2.1. Symmetrical phthalocyanines

The syntheses of Pcs generally involve the cyclotetramerisation reactions of different
precursors as shown in scheme 1.1 including: (a) phthalimides, (b) 1,3-diiminoisoindolines,
(c) phthalonitriles, (d) o-cyanobenzamide, (e) phthalamides, (f) phthalic acids and (g)
phthalic anhydrides [51]. Phthalonitriles are the most popular choice to form Pcs because
they afford easy and clean reactions with high purity products suitable for research
purposes, therefore involving fewer purification processes. The phthalic anhydride (g)
synthetic route is a relatively cheap method, thus it is normally employed for the large scale
production of metallophthalocyanine (MPc) complexes. The success of the synthetic
approach is dependent on several factors including choice of the precursor, metal salt,

solvent, temperature, base and catalyst used [52].
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phthalimides, (b) 1,3-diiminoisoindolines, (c) phthalonitriles, (d) o-cyanobenzamide,

(e) phthalamides, (f) phthalic acids and (g) phthalic anhydrides [51].

Both metallated and unmetallated Pcs may be synthesized with ease. For metal free (H,Pc)
phthalocyanines, only a few precursors may be employed in its synthesis, i.e. with the
phthalonitrile (c) or the 1,3-diiminoisoindoline units as starting materials. The synthesis
procedure involves cyclization of the phthalonitrile in the presence of labile metals e.g.
lithium or sodium, followed by conversion of the phthalonitrile into a dilithium Pc (PcLiy) by
heating the phthalonitrile and lithium metal at reflux in pentanol. The Pc (PcLi;) thus formed
is subsequently treated with acid to archive the metal free Pc (HyPc) [53]. Alternatively,
H.Pc can be synthesized at high temperatures using the phthalonitrile (c) precursor in the

presence of a metal salt such as sodium and a reducing solvent (e.g. N,N-
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dimethylaminoethanol (DMAE)). Non-nucleophilic hindered bases such as 1,8-
diazabicyclo[5.4.0Jundec-7-ene  (DBU), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), in
combination with an alcohol, such as 1-pentanol, can be used to synthesize H,Pcs from
phthalonitriles [54]. This H,Pc may then be converted into a metallated Pc by refluxing it in
the presence of a high boiling point solvent and a suitable metal salt [55]. However this

method is limited to metals that can fit neatly into the cavity of the phthalocyanine.

1.2.2.2. Low-symmetry A;B type phthalocyanines

In recent years, much attention has been drawn to the synthesis of low symmetry
phthalocyanines as they offer significant advantages over symmetrically substituted Pcs
[56]. Low symmetry MPc derivatives offer a variety of properties required for use in specific
applications and they also overcome the limitations associated with symmetrically
substituted Pcs. The existence of different functional groups in a low symmetry Pcs allow
for the coexistence of several features in a molecule, and therefore an improvement in the
Pcs properties. For example, low symmetry Pcs with both hydrophilic and hydrophobic
moieties can be prepared and such Pcs possess an intramolecular polarity axis [57],

facilitating membrane penetration and enhancing effective drug delivery [58].
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Scheme 1.2. Products resulting from the mixed condensation of two different
phthalonitriles

Low symmetry Pcs can be obtained by both a selective method which involves ring
expansion of a subphthalocyanine, as well as a non-selective method which is based on the
statistical condensation reaction of two differently substituted phthalonitriles [59]. The latter
affords a mixture of six compounds AAAA, AAAB, AABB, ABAB, ABBB and BBBB (as
shown in scheme 1.2) and demands the use of several chromatographic methods to isolate
the molecule of interest. However, statistically adjusting the ratio of the precursors allows
for optimization in the formation of the AAAB structure, which can then be separated from
the other products using chromatography. Separation of the AABB and ABAB isomers,
however, can be very challenging. A 3:1 molar ratio of two different phthalonitrile precursors
with similar reactivity is commonly used for the formation of AAAB type Pcs with a mixture
of possible cross condensation products obtained in the following predicted percentages:
AAAA (33%), AAAB (44%) and 23% for the other cross condensation products [60]. Where
the reactivity of B exceeds that of A, A:B molar ratios of up to 9:1 or more can be used for

the synthesis of the AAAB product [60].
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1.2.2.3. Phthalocyanines synthesized in this work

In this work, the statistical condensation of two different types of phthalonitriles were
employed. Novel low-symmetry zinc phthalocyanines (A3B) (scheme 1.3) substituted with
three 1,2 diethylaminoethylthiol (1.1) substituents and mono substituted with a variety of
carboxylic acid (COOH) functional derivatives e.g. caffeic acid (1.2) as for ZnMCafPc (1.3)
and captopril (1.4) as for ZnMCapPc (1.5) were made (Figure 1.5). Another low symmetry
Pc with six octylthio (1.6) substituents to make ZnMPCPc (1.7) mono substituted with a
carboxy phenoxy group (1.8) was also synthesized (Figure 1.5). These low-symmetry Pcs
have not been reported before, and were therefore synthesized, and fully characterized, in
this work. The corresponding symmetrical Pcs (1.17 and 1.18) which have been reported
before [61,62], were also purified, characterized and studied for comparative purposes as

they are also formed as a by-product.
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Figure 1.5: Structures of the low-symmetry Pcs (mono substituted with carboxylic

acid functional groups) studied in this work.
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The carboxyl moieties used in the synthesis of the low-symmetry phthalocyanines permits
further functionalization, and therefore specificity, with amino functional groups. The Pc may
therefore be anchored to biological targeting agents such as lipoproteins or antibodies
which aid in easy tumor targeting. These carboxylic acid groups on the Pc allow for the
covalent conjugation of nanoparticles (bearing amino groups) through formation of an
amide covalent bond with the mono substituted phthalocyanines. Sulphur containing
functional groups were also used in the synthesis of these low-symmetry phthalocyanines
because thiol-derivatives show excellent photochemical and spectroscopic properties such
as strong absorption at wavelengths over 700nm [63]. Furthermore, the presence of sulphur
as a substituent in the macrocycle increases the dye amphiphilicity and also allows the
possibility of forming a covalent link between drug carriers and nanoparticles [64]. Thiols
also have a strong affinity for noble metals such as Au or Ag [15]. The photophysical and
photochemical properties of these Pcs alone and their conjugates have not been reported

before and were therefore studied, resulting in a publication.

1.2.2.4. Synthesis of phthalocyanine-nanoparticle conjugates

The conjugation of nanoparticles (quantum dots, iron oxide, silver, gold etc.) to
phthalocyanines has drawn a great deal of attention [65]. This is because these
nanoparticles, especially Ag and Au, show some photoactivity under UV-irradiation [66],
and therefore upon combination with photoactive molecules such as Pcs, the
photochemical activity of Pcs is enhanced [67]. Phthalocyanines with sulphur moieties have
been used in stabilizing gold and titanium dioxide nanoparticles. Moreover, in these
composites, the phthalocyanines have been found to leave the catalytic sites of

nanoparticles accessible to catalytic reactions [68]. There is limited literature on stabilization
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of silver nanoparticles with phthalocyanines. However, Lokesh et. al. showed the successful
stabilization of silver and gold nanoparticles with tetraaminocobaltphthalocyanine as shown
in scheme 1.3. Nanoparticles stabilized with aminophthalocyanine showed to be very stable
and could be handled as a powder without any aggregation [69]. Guo et. al. carried out DFT
calculations to investigate the interaction of phthalocyanines with a variety of metal centers
(SnPc, PbPc and CoPc), and AgNPs [70]. Each of these molecules were found to donate
charge to the silver surface, while evidence of back-donation was observed only for the
CoPc. This was thought to alter the functionality of both the AgNPs and the MPc, and the
hybrid catalysts were shown to have favourable O, reduction potentials (~50 mV) compared
to AgNPs alone [69]. Ag and Au are generally inert, and to a certain extent are not attacked
by a reactive oxygen species [17]. In this way, the noble metals are thought to protect the
phthalocyanines against photodegradation. Nanoparticles such as AgNPs and AuNPs are
therefore suitable for applications in PDT where oxygen plays a central role. In addition, the
NP may serve as a delivery vehicle, in which the NPs have shown great promise due to the
enhanced permeation and retention effect (EPR) [71]. Ag metal has a strong affinity for
sulfur and nitrogen, therefore it is easy to functionalize the AgNPs with groups containing
sulphur and nitrogen atoms [15], and AgNPs have been stabilized with reduced glutathione
which bears thiol, carboxylic acid and amino functional groups [29]. These moieties allow
the nanoparticle to be easily functionalized with phthalocyanines bearing either carboxylic
acid or amino groups, since covalent bond formation is easily achieved. Ag and Au NPs
have been stabilized with sulfur containing phthalocyanines through ligand exchange

process [72,73].
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Scheme 1.3. Schematic representation of tetraamino cobalt phthalocyanines (9)
conjugated to silver nanoparticles [69].

Phthalocyanines conjugated to Au and Ag NPs show increased photosensitizer efficacies
compared to the photosensitizer alone. Ag and Au, due to the heavy atom effect, have been
shown to enhance the singlet oxygen production of the MPc [74,75]. There is, however
limited information available in the literature on the stabilization of AgNPs with
phthalocyanines and their application to bacterial inactivation. In this work we therefore

report on the inactivation of E.coli with phthalocyanines and their conjugates.
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1.2.3. Electronic absorption spectra of phthalocyanines

The characteristic ground state absorption spectrum of the Pc (Figure 1.6) is a result of the
electronic transitions that take place between the occupied bonding (1-states) and empty
anti-bonding (11*) states [76]. Figure 1.6 shows a typical ground state absorption spectrum
of a symmetrical metallated Pc (red) and an unmetallated (black) Pc. Two dominant types
of absorption bands resulting from the electronic transitions are observed (Figure 1.5), an
intense Q-band (Qqo) in the 600-750 nm range and the less intense, broad, Soret or B band

consisting of B4 and B, bands at approximately 350 nm [77].
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Figure 1.6: Typical absorption spectra of a free base H,Pc (black) and metallated Pc

(red).

One or two weak vibronic bands centered around 630 nm also accompany the Q-band. A
single Q-band is generally observed in metallated Pc complexes and involves allowed

electronic transitions between the as, and ey orbitals (Figure 1.7a). The By and B
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absorption bands result from the allowed electronic transitions from the ay, and by,
respectively, and the eglevels.

The unmetallated Pc exhibits a split Q-band (Qx and Qy) as a result of a degenerate (eg)
lowest unoccupied molecular orbital (LUMO) due to the unsymmetrical nitrogen atoms
present in the centre of the ring [78] (Figure 1.7(b)). The position, intensity and appearance
of the absorption bands of the Pcs can be altered structurally in two ways. Firstly, a change
may be brought about by altering the symmetry of 1r-conjugated system and the size of the
Pc and secondly, by varying the central metal atom, the size, position and type of
substituents. Generally non-peripheral substitution can result in larger red-shifts in the Q
band compared to peripheral substitution [79]. However solvents also play a role in the
position, appearance and intensity of the UV/vis absorption bands for the Pc [80]. The use
of coordinating solvents which interact with the Pc and stabilize the LUMO, such as N,N-
dimethylformamide (DMF), dimethylsulfoxide (DMSO) and pyridine, also result in red-
shifted Q-bands [81]. Acidic solvents such as chloroform (CHCI3) on the other hand, have a
non-coordinating nature and tend to protonate the Pc and could result in demetallation and

protonation of the aza nitrogens [82].
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Figure 1.7: Electronic transitions in metallated phthalocyanines (a) showing the
origin of the Q (¢0), B1 and B; absorption bands and (b) unmetallated phthalocyanines

showing the origin of Q« and Q, absorption bands [83].

1.2.4. Phthalocyanine aggregation

Aggregation of symmetrically substituted phthalocyanines arises due to electronic
interactions between adjacent phthalocyanines [84]. There are number of ways in which
aggregates can be formed including a direct link, or bridging between, two or more Pc rings,
covalent bonding involving the metal as p-oxo links [85] and weak interactions in which the
peripheral substituents hold two Pc rings (that are adjacent in space together) through Tr-11
interactions [86]. MPc aggregation is normally recognized by the spectral changes [87]
taking place in the absorption spectra of Pcs, ranging from broadening, splitting and or blue
or red shifts of the Q band. These shifts indicate that additional electronic levels, i.e. four
degenerate states, arise from the splitting of 'Eu excited states (Figure 1.8). Transitions to

the upper pair ('Eu) states are formally allowed, unlike the symmetrically forbidden
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transitions to lower energy ('Eg) states (Figure 1.8). Blue shifts are observed for the Q and

B bands following dimerization [88,89].

‘‘‘‘‘‘‘‘‘ l 1Eu (2)
E(Z) ,,,,,,,,,,,,,,,,,,,
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...... 1Eu (1)
B B |
1Eu o Q+
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B-
Q B
Q-
1 A1g
Monomer Dimer

Figure 1.8: A schematic representation of the electronic levels involved in the
formation of dimers [89].

The aggregation of Pcs is dependent upon the central metal and its axial ligands, the type,
size and position of the substituents on the periphery of the Pc, as well as the solvents
employed [90]. Bulky substituents impose steric hindrance and can distort the Pc ring from
planarity, thus reducing the tendency of the Pc to aggregate. This is particularly true for
bulky substituents at the a-position. Polar solvents such as water and methanol, promote
the aggregation of unsubstituted Pcs because of its hydrophobic nature. Organic solvents,
on the other hand, are known to reduce aggregation and Pcs generally dissolve readily in
them [91]. There are two types of aggregates, known as J and H-aggregates, and they
affect the photochemical and photophysical behavior of the Pcs differently. It is well known

that H-aggregates are photoinactive, while J-aggregates are photoactive [92].
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1.3. Photophysical measurements

The photophysical properties of phthalocyanines are important in determining their ability as
sensitizers in applications such as PDT, PACT, optical data storage systems, and as red or
near-infrared (NIR) light absorbers. The Jablonski diagram, Figure 1.9 shows the processes
that follow after the absorption of energy by a photosensitizer in its singlet ground state (Sy)
to the singlet excited state (S4). The photosensitizer in the S excited state can then
undergo several radiative and non-radiative processes: it can revert back to the singlet
ground state by releasing a photon resulting in fluorescence (F); or it can undergo
radiationless, vibrational relaxation (VR) back to the singlet ground state; or it can undergo
intersystem crossing (ISC) to the ftriplet state, T4. T4 is spin forbidden and as a result
molecules in these excited states possess longer lifetimes. The intersystem crossing may,
at this point, be followed by additional radiationless internal conversion (IC) or
phosphorescence (P) processes back to the Sy state. Once the photosensitizer is in its T4
state, white light from a Xenon lamp may be used to excite it further to higher T, vibrational
levels. The T-T absorption is useful in the quantification of triplet quantum yields and triplet
lifetimes of the photosensitizer, as T4 is involved in the photosensitization process, and
gives an indication of the amount of 'O, that may be produced by the sensitizer [91,92].

This will be discussed in more detail in section 1.3.2.

23



INTRODUCTION

Sn
S-S absorption I P )
Tn
)
X VR T-T absorption
\
S1 ¥I-\I/S\ci\/\\
10
T, 2
A
F
10%s | q0ss ' p IC  Er
10-3s
so Y L 302

Figure 1.9: A modified Jablonski diagram showing the transition between ground
state (Sp) and electronic excited states (S1 and T4). A= absorption, F= fluorescence,
VR= vibrational relaxation, ISC= intersystem crossing, P= phosphorescence, T-T
absorption= triplet to triplet absorption. S;= singlet excited state, T1= first triplet state

[92].

1.3.1 Fluorescence quantum yields and lifetimes
The fluorescence emission spectrum of an MPc photosensitizer is normally observed at a
longer wavelength (Figure 1.10). It is lower in energy compared to its absorption spectra

and it is a mirror image of the absorption and excitation spectra [93], Figure 1.10.
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Figure 1.10: Normalized absorption (i) and emission (ii) spectra typical of MPcs [101].

The Strokes shifts for Pcs are typically of the order of ~ 10 nm [94]. Fluorescence is also
known to be the most short-lived of all the radiative processes and is of the order ~10% s,
due to the fact that there is no spin change involved in the transition from S to Sp [95]. In
the presence of paramagnetic metals, and generally metals of high atomic number,
fluorescence lifetimes are further reduced, with this phenomenon being attributed to the
heavy atom effect [96]. MPcs with central metals that have a high atomic number
encourage ISC which is spin-forbidden and occurs as a consequence of spin-orbit coupling
[97,98] as is evident in Table 1 for titanium and germanium phthalocyanines etc. Factors
such as aggregation, solvent properties, concentration and photo-induced energy transfer
also influence the MPc’s fluorescence properties [99]. Dimers are known to be non-
fluorescent [100], therefore Pcs with the ability to dimerize are not good for biological,
imaging or tagging applications. Apart from the type of a metal present in the cavity of the
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Pc, there are a number of factors that can affect the MPc fluorescence properties including

fluorescence intensity, fluorescence quantum yield (®¢) and fluorescence lifetimes (1¢) [101-

103]. Conjugation of phthalocyanines to heavy metal nanoparticles such as AgNPs and

AuNPs, generally tends to promote the fluorescence quenching of phthalocyanines as

shown for the various Pcs in Table 1.1 complexes 1.10-1.17 from literature and 1.3 and 1.5

investigated in this work. This results in shorter fluorescence lifetimes for the Pcs, lowered

fluorescence quantum yields and subsequently longer triplet lifetimes. This will be

discussed in more detail later.

Table 1.1. Photophysical and photochemical properties of phthalocyanine and their

conjugates to metal nanoparticles (MNPs).

Complex Solvent | @ TF (ns) Dy Tr Ref
(us)
Quartenized 2,(3)-Tetrakis(2- | DMSO | 0.16 | 5.22 0.29 | 720 |[98]

dimethylaminoethylsulfanyl)-
phthalocyaninato

magnesium(ll)) (1.10)
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4.75,0.35

0.35

420

[98]

Quartenized 2,(3)-Tetrakis(2-
dimethylaminoethylsulfanyl)-
phthalocyaninato
aluminium(lll)

hydroxide

(1.11)

SR

I/OH
\N—Al—N/ SR
RS |
N

SR
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DMSO
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4.79

3.71,

0.46
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0.54

487

380

[98]

[98]
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Tetrakis-2,(3)-[(1,6- DMSO 0.06 1.88,0.01 |0.67 |76 [104]

hexanedithiol) 3.36,0.04

phthalocyaninato]zinc(ll) (1.12)

SR
N N =N
|
RS I
\ NN
N
SR
R= /\/\/\SH
(1.12)+AuNPs DMSO |0.07 |0.001,0.0 [0.80 |84 |[104]
2.69,0.03
GeMCPc (1.13) DMF 0.09 |1.61 0.70 |70 |[33]

o
OH

NZ W N
}4 N 2N
M= (OH),Ge
SR
. e
(1.13)+AuNPs DMF <0.01 |1.0,0.53 |0.75 | 130 |[33]
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TiIMCPc (1.14) DMF 0.11 1.84 0.63 |57 [33]
(0]
>>\—OH
NZ MW N
NN— IIVI—N@SR
RS |
\ NN
N
M= OTi
SR
R= AN
(1.14)+AuNPs DMF <0.01 | 1.40,0.95 |0.65 |95 |[33]
SnMCPc (1.15) DMF 0.14 2.35 0.65 |64 [33]
o
OH
NZ S ON
RS SN- 'I\ln_N%;ij_SR
\ N =N
N
6 M= (ac),Sn
SR
d
R= AN
(1.15)+AuNPs DMF <0.01 |0.84,0.74 |0.67 |80 [33]
ZnPc(SPh)4 (1.16) CHCI; 0.15 2.74 - - [73]
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SR
N7 N =N
I
\ N_ =N
Ng
SR CHCI3 0.09 414178 |- -
(1.16)+AuNPs
ZnTBMPc (1.17) Toluene | 0.03 2.40 [72]
SR
N N =N
I
\N—Zn—N)/;O\
| SR
RS \ NN
N
SR
H2
<
-
(1.17)+AuNPs Toluene | <0.01 |2.17 [72]

Fluorescence quantum yield (®f) is a measure of the efficiency of an emission process.
This fluorescence property is quantified by obtaining the fraction of the excited molecules

that are deactivated by emitting a photon i.e. number of photons emitted relative to the
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number of photons absorbed. The fluorescence quantum yield (®f) of an unknown Pc can
be determined using a comparative method [105], where the ®¢ of a known compound e.g.
unsubstituted ZnPc in a specific solvent (e.g. DMF) is employed (®r =0.3) [106] in equation
2:

2

D D F.Aqq N
F— F(Std)'F AnZ
std -/ std

(2)

where Qg is the fluorescence quantum yield of the standard (e.g. ZnPc in DMF); F and Fsq
are the areas under the fluorescence emission curves of the MPc and standard
respectively. A and Asiy are the absorbances of the sample and standard at the excitation
wavelength, and n and ngy are the refractive indices of the solvents used for the sample
and standard, respectively [105]. A number of techniques are available to determine
fluorescence lifetimes, with the time domain measurements being the most commonly used
[107]. Time domain measurements are based on gating the fluorescence signal using time-

correlated single photon counting (TCSPC) or gated image intensifier techniques [108].
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Figure 1.11: A typical fluorescence decay curve for phthalocyanines.

Figure 1.11 shows a typical fluorescence decay curve obtained for a metallated Pc. Fitting
the curve shows a multi-exponential decay where more than two lifetimes are obtained.
Each lifetime has an amplitude value associated with it, showing (in percentage) the
abundance of each lifetime for e.g. ZnPc in DMF, as obtained when using a TCSPC set-up.
MPc fluorescence lifetimes are usually of the order of a few picoseconds to a few
nanoseconds [109]. Fluorescence radiative lifetimes (1) may also be calculated and they
are directly connected to absorption coefficients and excited state lifetimes. These lifetimes
can be estimated from the measurement of fluorescence quantum vyield (®f) and lifetime
(tr) using equation 3 [110]:

T0 = TF/DF (3)
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Fluorescence quantum yields, radiative lifetimes and fluorescence lifetimes are strongly
dependent on the nature of the metal ion in the Pc cavity, the type of substituents on the
periphery of the Pc, the symmetry of the Pc and lastly, the solvent [111] as shown in Table

1.2.

1.3.2. Triplet quantum yields and lifetimes

Triplet state properties including the triplet lifetimes (tr ) and quantum yields (®r ) of the
MPcs are normally determined using laser flash photolysis. Laser flash photolysis involves
the rapid introduction of an intense pulse of light using a laser source into an MPc solution.
The instrument monitors the change in absorption of the MPc species from T4 to T,, (Figure
1.12) versus time to give the triplet lifetimes [112]. Most Pcs have a triplet-triplet absorption
band around 500 nm which can be observed in a transient differential curve, which shows
the change in absorbance (AA) versus wavelength (nm). A typical triplet state decay curve

fitted, assuming first order kinetics, is shown in Figure 1.12.
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Figure 1.12: Typical triplet state decay curve of Pcs

33



INTRODUCTION

However, there are various factors that influence the ftriplet quantum yield of a
phthalocyanine molecule, ranging from its symmetry, the environment in which the study is
conducted, the substituents (nature and position), the central metal etc. Table 1.2 below
shows that solvent or the environment in which the phthalocyanine is in plays an important
role when determining triplet lifetime and quantum yields. The largest triplet quantum yields
and lifetimes were obtained in DMSO rather than in DMF. The symmetry of a Pc as well as
its substituents can influence the value of triplet quantum yield and lifetimes, as seen in
Table 1.2, with complex 1.18 showing the largest triplet quantum yield compared to its low
symmetry counterpart in DMF and vice-versa in DMSO [113]. Phthalocyanines with the
same substituents at the same position bearing a different metal in the central cavity also
show different ftriplet lifetimes and quantum yields. The triplet quantum yield is shown to
increase with increasing atomic number of the central metal, as depicted for complexes
1.21, 1.22, 1.23 and 1.24 in DMF [114]. The position of substitution also plays a role in the
triplet quantum vyield value. Thus for a Pc with the same central metal and the same
substituent either at the a or 3 position 1.25, the latter gave the largest triplet quantum yield
[115]. Conjugation of phthalocyanines to heavy metals (Ag or Au) has shown an increase in

triplet quantum yield and triplet lifetime as depicted by all the complexes in Table 1.1.
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Table 1.2. Triplet data for a variety of phthalocyanines derivatives in different

solvents.
Complex solvent (o2 Tr (MS) Ref
ZnPc(SPh)4(1.16) DMSO 0.65 149 [116]
ZnTMPyPc (1.18) DMF 0.74 4 [113]
SR DMSO 0.73 160
N TN
Ly A
I
\ N._ =N
N
SR
N=
R= T\ 7
DMF 0.68 8 [113]
ZnPc-COOH(1.19) DMSO 0.82 230

SR

4
I
N
COOH
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ZnPc(SPh)4(1.16) DMSO 0.65 149 [116]
ZnPc(COOH)(SPh)s (1.20) 0.65 331
SR
N M TN
e : 7 COOH
RS N_ZT_N
\ N._=N
Ng
SR
GeMCsPc (1.21) DMF 0.70 268 [114]
H,N
S_)—COOH
N= N =N
e I A
}q I!l —N
‘g M= Ge(OH), (21)
SR Sn(oH), (23)
Zn (24)
DMF 0.68 285
TiMCsPc (1.22)
DMF 0.66 174
SnMCsPc (1.23)
DMF 0.61 135
ZnMCsPc (1.24)
Tetrakis{1,(4)-(4-benzyloxy) DMF 0.53 7 [115]
phenoxyphthalocyaninato}cadmium(ll) | DMSO 0.38 9
(1.25)
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Tetrakis{2,(3)-(4-benzyloxy)

phenoxyphthalocyaninato}cadmium(ll) DMF 0.77 S [119]

(1.26) DMSO 0.36 30

RO

N SN TN
I
\N—Cd—N/ OR
RO I

\ N =N
Ng
OR

R= —< >—o :

A comparative method may be employed to determine the triplet quantum yields (®r) of the

Pcs, using a reference with a known @t according to equation 4:

Sample  Std
&

q)SampIe — (DStd AAT T
T T AN Stdg Sample
T T (4)
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where AS"™" and A3 are the changes in the triplet state absorbance of the sample and the
standard, respectively. £*™“andel’ are the triplet state extinction coefficients for the
sample and standard, respectively. ®3“ is the triplet state quantum yield for the standard.
g™k and &}‘are the triplet state molar extinction coefficients of the sample and the

standard respectively, and are determined using the singlet depletion method following

equations 5a and 5b [117]:

sample A
g™ = g % (5a)
AA-?td
Std Std
8Tt = St AASSId (5b)

1.3.3. Singlet oxygen generation

Singlet oxygen (102) is a highly reactive species and is responsible for light induced
oxidative destruction of malignant cells or bacteria infections [118]. This species is
produced by a process known as photosensitization, where either a Type | or Type Il
mechanism is involved. A Type | mechanism involves electron transfer from the sensitizer
excited state, or hydrogen abstraction, and a substrate which may be biological, a solvent
or another sensitizer to yield free radicals and radical ions (scheme 1.4). The free radical
species produced are generally highly reactive and therefore readily interact with molecular
oxygen to produce either superoxide anions or hydroxyl radicals to cause biological

damage [119]. In contrast, the Type Il mechanism involves the transfer of energy from a
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sensitizer (e.g. MPc) in its triplet state ((MPc*) to the triplet, ground state molecular oxygen

(*0,), to produce singlet oxygen ('05), (scheme 1.4, Type |l mechanism).

MPc
hv
TMPc*
ISC
Type | 30 Type Il
MPc™ + 02" 2 SMPc* 3MPc* + 302
MPc'* + Sub
MPc *+ 10,
MPc + Sub'* Sub
1()2
Oxidation Products Oxidation Products

Scheme 1.4. Type | and Type Il photosensitization mechanisms. Sub= substrate

Singlet oxygen is very toxic upon interaction with biological substrates, and it induces
oxidative damage to the DNA, biological membranes etc. The Type Il mechanism is thought
to predominate in PDT where it is the singlet oxygen which acts as a primary cytotoxic
agent [119]. The Type Il mechamism is therefore prevalent in oxygen rich enviroments
where oxygen concentrations range from 102 to 10° M. The catalytic nature of the
sensitizer is more greatly appreciated by its ability to transfer its energy to molecular
oxygen; this results in the Pc returning to its ground state. Provided that there is enough

molecular oxygen, singlet oxygen is produced several times over from the same sensitizer
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solution. MPcs are capable of producing singlet oxygen because in their triplet excited state
(*MPc*), MPcs possess more than enough energy (1.1-1.3 eV; (110-126 kJ/mol)) to convert

30, to 'O, (which is 0.98 eV or (94 kJ/mol)) [120].

In the laboratory set up, the singlet oxygen generated may be determined by using two
main methods, i.e. through the use of chemical quenchers [121] or by the '0, luminescence
emitted at 1270 nm [122] due to relaxation of 'O, back to the 0, ground state (the
technique is known as singlet oxygen detection luminescence method or SOLM). Singlet
oxygen scavengers such as 1,3 diphenylisobenzofuran (DPBF) or anthracene-9,10-bis-
methylmalonate (ADMA) can be used to quantify singlet oxygen production in organic
solvents and aqueous solutions respectively. In this work DPBF is used as a singlet
oxygen quencher, as the quencher quickly reacts with the singlet oxygen in a 1:1 ratio
without any side reactions that may interfere with the detection of the singlet oxygen. The
generation of singlet oxygen is shown by the disappearance of the DPBF absorption band
at 417 nm, where the DBPF is oxidized as the singlet oxygen is generated. DPBF therefore
decomposes and the entire process may be followed spectroscopically as depicted Figure

1.13[123].
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Absorbance

300 400 500 600 700 800
Wavelength nm

Figure 1.13: Typical photodegradation spectra for the degradation products of DPBF

(singlet oxygen quencher) with Pc as a photosensitizer [122].

The degradation of DPBF should not interfere with the absorbance of a Pc and the Q-band
at 700 nm must remain stable. Singlet oxygen quantum yield (®a) determinations are the
measurements used to quantify the efficiency with which the photosensitizer transfers its
energy to ground state molecular oxygen to produce the excited singlet oxygen. The values

of @, are determined using the following equation 6:

RI Std
N abs
O, =0} "R
abs

(6)

4 is the singlet oxygen quantum yield for the standard (ZnPc, ®,°~ 0.56 in DMF)

where ®,
[124]. R and RS are the DPBF photobleaching rates in the presence of the respective
MPcs under investigation and the standard respectively. |55 and lans- are the rates of light

absorption by the MPcs and the standard, respectively.

41



INTRODUCTION

1.4 Photodynamic therapy (PDT)

The concept of using light in the treatment of diseases dates back to the early 90s, when
Raab et. al. reported that cells could be destroyed by using acridine orange (as a
photosensitizer) and light [125]. Chronological findings followed Raab’s report, including the
discovery that malignant cells are more fluorescent than healthy cells. More synthetic
fluorescent molecules were thus developed for application in phototherapy. In 1970
Dougherty rediscovered fluorescein diacetate and began treating animals with tumours,
marking the birth of photodynamic therapy (PDT) [126]. In the 1960s, several attempts were
made to treat cancer using photosensitizers e.g. porphyrins, to detect tumour cells [127].
PDT refers to the treatment of cancer using a photosensitizer in the presence of light. The
photosensitizer absorbs light, which then produce a cytotoxic reactive species that kills cells
through a series of processes. The photosensitizer absorbs light of a specific wavelength
and it is excited to the first excited state and undergoes ISC to the triplet state (Figure 1.9).
The photosensitizer is able to transfer its energy to ground state oxygen, which then results
in the excitation of ground state oxygen to the cytotoxic singlet oxygen. This cytotoxic
oxygen is responsible for cell death. Three elements are therefore important in the
complete irradication of malignant cells using PDT: a photosensitizer, oxygen and light.
Ideally, a good photosensitizer should be chemically pure and have a known specific
composition. It should have a strong absorption (high extinction coefficient) at longer
wavelengths (red), preferably between 700 and 800 nm, have a high singlet oxygen
quantum vyield, have excellent photochemical reactivity, with high triplet state yields and
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long triplet state lifetimes, have minimal dark toxicity i.e. it should only be toxic in the
presence of light, have preferential localization and retention in tumor cells, be rapidly
excreted from the body after PDT, and lastly, it should be photostable and easily dissolve in
the body’s tissue fluids [128]. Primary endogenous chromophores in the skin absorb in the
300-600 nm region, and wavelengths longer than 1000 nm display substantial absorption
by water molecules. Therefore the 600-1000 nm region is considered to be a good
therapeutic window that allows for significant light penetration into tissues [129].

There are a few phthalocyanine photosensitizers that meet the above criteria and a great
deal of research is still being focused on developing Pcs even further. They absorb in the
visible region with a Q-band at 670 nm, they are photochemically stable, are easy to
synthesise, they are photoactive producing large singlet oxygen quantum yields; although
there are some drawbacks with regards to their dark toxicity and some solubility issues. A
few have made it to clinical and preclinical trials, showing excellent potential in the
treatment of various types of cancers [130]. Phthalocyanines such as unsubstituted zinc
(1.27) and aluminium phthalocyanines with absorption maxima at 670 and 675 nm
respectively, a mixture of sulfonated aluminium phthalocyanines (1.28,1.29) derivatives also
with 670 nm Q-band absorbance and lastly a SiPc (1.30) have already been through clinical

trials [131-135].

43



INTRODUCTION

Table 1.3. Phthalocyanines in clinical trials for photodynamic therapy

Phthalocyanine structure Compound name Reference
ZnPc (1.27) [135]
N
| T I
N=——Zn=—N
7 | N
N
= —
Photosens (1.28) [133]
08 SO
AlPcS;(1.29) [134]
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S! L PC-4 (1.30) [132]
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1.5. Antibacterial activity studies

1.5.1. Gram positive and gram negative bacteria

There are two types of bacteria, gram positive and gram negative bacteria. The main
difference between these two types is their cell wall organization and chemical composition
[136]. Both cells consist of a cell wall and a peptidoglycan layer, though the cell envelope of
a gram negative bacterium consists of an extra layer called the outer membrane which is
embedded with a lipopolysaccharide. This layer controls the passage of molecules or
chemicals into and out of the periplasmic space of the cell. The gram positive bacterium

consists of a thick peptidoglycan layer on the outside of the cell [137,138].
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Gram Positive
Peptidoglycan layer
/ Periplasmic space
Cytoplasmic
membrane

/ Outer membrane

Gram negative

Figure 1.14: showing the structural cross-section of gram positive and gram negative
cell composition [138].

Gram staining with crystal violet is a distinctive test that may be used to differentiate
between the two cells, basically detecting the peptidoglycan layer. Gram positive bacteria
retain the purple dye whereas the gram negative bacteria do not since the gram negative’s
peptidoglycan layer is thin and covered by an outer membrane. This property can also be
used to explain why gram positive cells are more susceptible to antibiotics, unlike gram
negative cells [139]. Antibiotics are molecules produced by microbes and they cause death
or malfunction of other microbes. Since their discovery by Flemmings in 1928 [140],
antibiotics have been used as a treatment for various microbial infections. Unfortunalety
with time, some pathogens have developed a resistance mechanism towards antibiotics,
which could be the result of bacterial mutation. In the past, many drug resistant bacteria
have been reported, from single to multi-drug resistance [141]. Methicillin-resistant

Staphylococcus aureus (MRSA) is a good example of a multi drug resistant strain, which
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causes a large number of hospital acquired infections throughout the world [142].
Increasing reports of resistance to antibiotics has led to an intense drive towards finding
alternative antimicrobial strategies, one of which is a relatively new strategy based on PDT,
called photodynamic antimicrobial chemotherapy (PACT). PACT uses the same principles
as PDT; it involves a photosensitizer, light and oxygen. The photosensitizer produces
singlet oxygen which interacts with the cell molecules (proteins, DNA etc.) leading to the
photo-oxidative damage of cell walls and membranes, eventually leading to cell death

[143].

PACT appears to offer many advantages over conventional antibiotics as they are prone to
develop bacterial resistance [144]. Moreover, PACT has also shown to have rapid bacterial
elimination, with a minimal chance in developing resistance. Bacteria which have been
studied include Candida albicans [145], Staphylococcus aureus (S. aureus) [146] and

Escherichia coli [147].

1.5.2. Antibacterial properties of MPcs

Phthalocyanines have been reported to efficiently photosensitize the inactivation of various
microbial pathogens [148]. Several studies have shown that gram positive bacterial cells
are more susceptible to the photodynamic inactivation (PDI), while gram negative cells
have been shown to be significantly resistant to the photosensitizers normally used for PDT
such as hematoporphyrin or zinc phthalocyanines [149]. The gram negative strain only
shows susceptibility to modified sensitizers which contain cationic groups e.g.

ethylenediaminetetraacetic acid (EDTA) [150].
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Since the Pc chemical structure may be modified by introducing substituents into the

peripheral positions of the macrocycle, as well as by varying the central metal ion and the

axial ligands, the photophysical and photochemical properties of Pcs such as molar

extinction co-efficient, triplet and singlet oxygen quantum yields can be strongly modulated

by these changes. These greatly affect their interaction with cells and tissues, leading to

different photobiological effects. Phthalocyanines are highly conjugated and therefore have

improved optical properties. Pcs have been studied as potential drugs in photodynamic

microbial inactivation for example complex 1.28 [150,151], complex 1.29 [133], complex

1.31 [152] and complex 1.32 [153] as shown in Table 1.4.

Table 1.4. Phthalocyanines used in photodynamic antimicrobial chemotherapy.

Phthalocyanine structure Compound name Reference
Complexes 1.28 and 1.29 ( from [133]
table 1.3)
so,- Zinc phthalocyanines | [152]
tetrasulphonate
N
| T |
-0,8 N=——Zn—N SO,-
7 | N
— N —
ZnPcS,
SO,-

ZnPcS; (1.31)
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@ Zinc phthalocyanines | [153]

N

tetrapyridium.

/

N
t \ i
A\ N a
</_;” | N\‘\ />
N=——Zn—N
7 | N\
N=— —N

N

@ ZnPPc
+

N
g
@

ZnPPc (1.32)

Drug uptake into cells is an important factor for PACT, and it may be determined by the
balance between the charge and hydrophobicity of the photosensitizers [151]. Minnock et.
al. investigated the effect of photosensitization on the gram positive bacterium
Enterococcus and the gram negative bacteria Escherichia coli and Pseudomonas
aeruginosa by water-soluble zinc phthalocyanines of different charge [153]. Gram negative
bacterial survival was found to be decreased when exposed to complex 1.32 (a cationic
dye), where P. aeruginosa was less susceptible to photosensitization than E.coli [153]. The
presence of different functional groups allows for the photoinduced killing of the cells, even
with gram negative cells, which usually show resistance to non-cationic photosensitizers

[154].

1.5.3. Antibacterial properties of NPs
Silver ions and silver based compounds are well known as antibacterial agents since
ancient times [155]. Silver, in low concentrations, is not toxic to human cells and is therefore

considered to be an environmentally friendly antibacterial agent [156]. The mechanism of
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action of the silver ion is not well understood, but has been considered to be the result of
Ag’ interaction between the cytosol, the proteins, DNA etc. of the bacterial cell [157]. This
therefore leads to damage in the respiration and growth processes of the cell, eventually
leading to cell death. Recently, the approach to using Ag NPs involved the proposal that the
antibacterial action does not rely solely only on Ag® [158]. Although the mechanism of the
antibacterial effect of Ag NPs is still not fully understood, the antibacterial activity is good
and it is considered to be an alternative route in antimicrobial treatment. Some authors
have suggested that the effect relies on the release of silver ions from the nanoparticles,
followed by the interaction of these Ag* with proteins, bearing sulphur moieties in the cell
[159]. Ag NPs, compared to bulk silver, is expected to be more active because of its ability
to reach the bacterial site (i.e. EPR effect). In addition, Ag NPs have a large surface to area
ratio and they can therefore produce a high concentration of Ag® in the cells, resulting in
high antimicrobicidal effects [160]. Recently, there have been reports on the internalization

of the AgNPs in the Staphylococcus aureus cytoplasm [161].
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1.6. Summary of aims of this thesis

The aim of this work is therefore to:

1. Synthesise and characterize symmetrically and unsymmetrically (mono substituted with
carboxyl containing functional groups) substituted phthalocyanines. These macromolecules
were characterized by mass spectroscopy (MS), elemental analyses, UV-vis spectroscopy,
nuclear magnetic resonance (NMR) spectroscopy and infrared (IR) spectroscopy.

2. To evaluate the photophysical and photochemical properties (fluorescence quantum
yield, fluorescence lifetimes, triplet quantum yield, triplet lifetimes and singlet oxygen
quantum yields) of the newly synthesised macromolecules.

3. To synthesise and characterize silver nanoparticles (Ag NPs).

4. To conjugate the silver nanoparticles to the mono substituted phthalocyanines containing
carboxyl functional groups.

5. To evaluate the spectroscopic, photophysical and photochemical properties of AgNP-
phthalocyanine conjugates.

6. To investigate the photodynamic antimicrobial chemotherapeutic ability of these

conjugates towards Escherichia coli.
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2. EXPERIMENTAL

This chapter incorporates all experimental procedures and methods used in all

synthetic procedures as well as the methods of characterization for the molecules

employed in this work.
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2.1. Materials

Solvents: Dimethylsulphoxide (DMSO), methanol, dichloromethane (DCM), quinoline,
tetrahydrofuran (THF), deuterium oxide (D20O) and 25% ammonia were obtained from
Merck. Chloroform (CHCIs3), deuterated chloroform (CDCl3), 1,8-diazobicyclo[5.4.0Jundec-7-
ene (DBU) and dimethylformamide (DMF) was obtained from SAARCHEM and 1-pentanol
from Sigma Aldrich.

Reagents: Zinc acetate dihydrate, 2,3 dicyanohydroquinone, Agar bacteriological BBL
Mueller Hinton broth were obtained from Merck; caffeic acid, captopril, L-glutathione,
dicyclohexylcarbodiimide  (DCC), 1,3-diphenylisobenzofuran (DPBF) and 4-
nitrophthalonitrile (3.3) was obtained from Sigma-Aldrich, while p-toluene sulfonyl chloride
from Fluka Analytical and potassium carbonate, sodium borohydride and silver nitrate were
obtained from SAARCHEM. Escherichia coli (ATCC 25922) was purchased from Davies

Diagnostics, South Africa.
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2.2. Instrumentation

1. Infra red spectra were recorded on (ATR-FTIR) spectrometer using a Perkin Elmer
Spectrum 100 spectrometer.

2. Ground state electronic absorption spectra were aquired on a Shimadzu UV-Vis 2550
spectrophotometer.

3. Fluoresence excitation and emission spectra were recorded on a Varian Eclipse
spectrofluorimeter.

4. Fluorescence lifetimes were measured using a time correlated single photon counting
setup (TCSPC) (FluoTime 200, Picoquant GmbH) with a diode laser (LDH-P-670 with PDL
800-B, Picoquant GmbH, 670 nm, 20 MHz repetition rate, 44 ps pulse width). Fluorescence
was detected under the magic angle with a peltier cooled photomultiplier tube (PMT) (PMA-
C192-N-M, Picoquant) and integrated electronics (PicoHarp 300E, Picoquant GmbH). A
monochromator with a spectral width of about 8 nm was used to select the required
emission wavelength band. The response function of the system, which was measured with
a scattering Ludox solution (DuPont), had a full width at half-maximum (FWHM) of 300 ps.
All luminescence decay curves were measured at the maximum of the emission peak and
lifetimes were obtained by deconvolution of the decay curves using the FluoFit software
program (PicoQuant GmbH, Germany). The support plane approach [107] was used to
estimate the errors of the decay times.

5. X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 Discover
equipped with a Lynx Eye detector, using Cu-K, radiation (= 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 silicon
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wafer slide. The X-ray diffraction data were treated using the Eva (evaluation curve fitting)

software. Baseline correction was performed on each diffraction pattern.

6. A laser flash photolysis system (Figure 2.1) was used for the determination of triplet

decay kinetics. The excitation pulses were produced by a Quanta-Ray Nd:YAG laser

operating at 532 nm (1.5 J / 9 ns), pumping a Lambda Physik FL 3002 dye laser (Pyridin 1

in methanol). The analyzing beam source was from a Thermo Oriel 66902 xenon arc lamp

and a KratosLisProjekte 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) and the decay curves obtained were averaged over 256 laser pulses. Triplet

lifetimes were determined by exponential fitting of the kinetic curves using OriginPro 8

software.
PMT
“signal’
Oscilloscope monochromator
“trigger’
photo diode\/x
Nd:YAG Laser—> dye Iaser+.ml
beam splitter
Xenonlamp

Figure 2.1: Schematic representation of a laser flash photolysis set-up.
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7. Photo-irradiations for singlet oxygen studies and bacterial inactivation studies were done
using a General Electric Quartz line lamp (300 W). A 600 nm glass cut off filter (Schott) and
a water filter were used to filter off ultraviolet and infrared radiations respectively. An
interference filter (Intor, 700 nm with a band width of 40 nm) was additionally placed in the
light path before the sample. Light intensities were measured with a POWER MAX 5100

(Molelectron detector incorporated) power meter.

Figure 2.2: Schematic diagram of the singlet oxygen detection set-up.

8. Transmission electron microscope (TEM) images were obtained using a JEOL TEM 1210
transmission electron microscope at a 100 kV accelerating voltage.

9. "H Nuclear Magnetic Resonance signals were recorded on a Bruker AMX 400 MHz or
Bruker Avance 600 MHz NMR spectrometer, while 13

C NMR data was collected at 150 MHz (Bruker Avance).

10. Elemental analysis was done using a Vario-Elementar Microcube ELIII.
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11. Mass spectral data were collected with a Bruker AutoFLEX Il Smartbeam TOF/TOF
Mass spectrometer. The instrument was operated in positive or negative ion mode using an
m/z range of 500 — 3000. The voltage of the ion sources were 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 for positive ion mode. The spectra were
acquired using a-cyano-4-hydroxycinnamic acid as the MALDI matrix, using a 355 nm
Nd:YAG laser. Low resolution ESI-MS data was acquired in the negative ion mode on a
FinniganMAT LCQ spectrometer equipped with an ion trap and an electrospray source.

12. Plate readings for bacteria work were obtained using the LEDETECT 96 computer
controlled microplate reader for in vitro diagnostic from LABXIM products and Fluorimetric

measurements for cell studies were obtained using Fluostar Optima Labtech.
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2.3 Methods

2.3.1 UV-vis absorption studies

The successful synthesis of both AgNPs and ZnPcs were followed spectroscopically, by
observing the SPR and Q-bands, respectively. The interactions of AQNPs with the ZnPcs
were also studied spectroscopically. All spectral measurements were performed in a 1 cm

quartz cell at room temperature.

2.3.2 Fluorescence spectra and quantum yields

The fluorescence spectra of the synthesized Pcs together with the unsubstituted zinc
phthalocyanine (ZnPc) standard were prepared such that the absorbance of each at their
respective excitation wavelength was ~0.05. The emission spectra of the Pcs and the
standard were measured in DMF (as the solvent), and both the standard and sample were
excited at the same relevant wavelength. The refractive indices were not taken into
consideration since DMF was used as a common solvent, while the area under the

emission curves were measured to calculate the fluorescence quantum yields.

2.3.3 Fluorescence lifetimes

Fluorescence lifetimes for the Pcs and Pc-AgNP conjugates were determined from the
TCSPC measurements. The concentration of the Pc and its conjugates was adjusted so
that an absorbance of between 0.05 and 0.1 at the Q-band was attained because of the
high sensitivity of TSCPC instrument. The luminescence decay curves were measured at
the maximum of the emission peak and the lifetimes were obtained by deconvolution of the

decay curves using the FluoFit Software program (PicoQuant GmbH, Germany).

58



EXPERIMENTAL

2.3.4 Triplet quantum yields and lifetimes

Triplet quantum yields and lifetimes where determined by laser flash photolysis as
described in section 2.2. The ZnPc standard and the sample’s absorbance were adjusted to
~ 1.5 and introduced into a 1 cm path length spectrophotometric cell. The samples and the
ZnPc standard were de-aerated using Argon for ~ 15 min, and the samples were then
irradiated at a wavelength where the Q-band of the sample and the standard intersect. The
triplet quantum yields of the samples were determined using equation 2 with ZnPc in DMF
(7 = 0.58). The triplet lifetimes were determined by exponential fitting of the kinetic curves

using the OriginPro 8.0 software to fit the decay curves.

2.3.5. Singlet oxygen quantum yields

The singlet oxygen quantum yield (®a) determinations for phthalocyanines and their
conjugates were recorded using a set-up as shown in Figure 2.2. The studies were carried
out with the phthalocyanine or conjugate sample mixed with a singlet oxygen chemical
quencher (DPBF) in organic solvents at a volume of 3 ml. To avoid chain reactions the
concentration of the DPBF was kept at ~ 6 x 10 mol.dm™.The solution was placed in a 1
cm path length spectrophotometric quartz cell and then photolyzed at the Q-band using a
300 W General Electric quartz lamp for the photochemical reactions as described in section
2.2. The DPBF absorbance was then corrected for the absorbance of the sensitizer at the
respective wavelength. The light intensity reaching the reaction vessel was calculated to be
~4.12 x 10" photons cm™? s™. These values were determined (using equation 1.4) by
monitoring the absorbance decay of DPBF, at 415 nm in DMF, with time. ZnPc was

employed as a standard in DMF (®a = 0.56 [124]).
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2.3.6. Antimicrobial studies

E.coli was grown on a nutrient agar plate prepared according to the manufacturer’s
specifications. The bacteria were inoculated in broth to allow for exponential growth at 37 C
overnight, until a 0.6 OD was obtained at 600 nm. The antimicrobial activities of the Pc
complexes alone or of their conjugates with Ag NPs were determined in nutrient broth as
the control. A two fold serial dilution of the Pcs dissolved in DMF was used for the
antimicrobial activity. Irradiated and non-irradiated samples were prepared by adding
suitable volumes of the sensitizer MPcs alone and the conjugates to the bacterial cell
suspensions (5 uL) in a 96 well plate. Samples were incubated in the dark for 60 min or
irradiated with a visible light for 60 min to allow for comparison. Irradiated and non-
irradiated cells were incubated overnight and the optical density (OD) of the cells at 600 nm

was determined.

2.4 Synthesis

2.4.1 Synthesis of GSH-AgNP

A silver nitrate solution (1 mM, 25 ml) was reduced using a 3 mM sodium borohydride
solution adding it dropwise until the solution turned yellow showing the formation of silver
nanoparticles. The stabilizing agent L-glutathione (GSH) (1 mM, 12.5 ml) was then added
and the solution left to stir at room temperature for 30 min, finally stored in the dark. The

GSH capped AgNPs were thus synthesized.

2.4.2 Synthesis of phthalonitriles
The precursor phthalonitriles 3.1 (3,6-Di(octylthio)-4,5-dicyanobenzene) [161] , 3.2 ( 4-(3,4-

dicyanophenoxy)benzoic acid) [113] , 3.5 (1,2-bis (diethylaminoethanelthiol) [163] and 3.6
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(1,2-dichloro-dicyanobenzene) [61] were prepared according to well established, previously

reported methods

2.4.2.1. Captopril substituted phthalonitrile (3.4, scheme 3.1)

The captopril substituted phthalonitrile (3.4) was synthesized as follows: to dry DMSO (10
ml) under a nitrogen atmosphere, captopril (0.8 g, 3.7 mmol) and 4-nitrophthalonitrile (3.3, 1
g, 5.8 mmol) was added and the mixture left to stir for 15 min. K,CO3 (2.5 g, 18.01 mmol)
was slowly added to the mixture over 2 h. The mixture was stirred for a total of 48 h at room
temperature. After 48 h, the product formed was precipitated out by acetone, filtered and air
dried.

Yield: 76.3%. IR [Vmax/om™']: 2235 (C-N), 700 (C-S-C), 2921 (S-C), 3440 (O-H). 'H-NMR
(D20O): 8, ppm 8.32 (1H, s, Ar-H), 8.25 (1H, d, Ar-H), 7.60 (1H, m, Ar-H), 2.87-4.10 (3H, m,
N-CHz, CH), 1.50-2.92 (7H, m, CH,, S-CH,), 1.08 (3H, m, CHs). "*C NMR (D;O with a drop
of MeOD): 8, ppm 175.1 (C=0), 169.8 (C=0), 142.2 (Ar-S), 135.3 (Ar-C), 124.0 (Ar-C),
123.9 (Ar-C), 121.2 (Ar-CN), 119.8 (Ar-CN), 118.6 (CN), 118.1 (CN) 57.1 (N-CH), 43.3 (N-
CHy), 35.8 (CH), 32.6 (S-CHy), 26.8 (CHy), 24.9 (CHy), 19.8 (CH3). ESI-MS m/z: Calcd: 343,

Found: [M] 343.

2.4.2.2. Caffeic acid substituted phthalonitrile (3.7, Scheme 3.2)

The synthesis and purification of this phthalonitrile was as described for 3.4 except caffeic
acid (1.2) and 4.5-dichloro-1.2-dicyanobenzene (3.6) were employed instead of captopril
and 4-nitrophthalonitrile (3.3).

Yield: 92%. IR [Vmax/cm™']: 2249 (C-N), 1363 (R-O-R), 3300(0-H). 'H-NMR (DMSO-ds): 3,

ppm 9.87 (1H, br s, OH), 8.52 (1H, d, Ar-H), 8.32 (2H, m, Ar-H), 8.17
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(1H, dd, HC=CH), 8.01 (1H, d, Ar-H), 7.58 (1H, m, Ar-H), 7.52 (1H, d, HC=CH). *C NMR
(DMSO-dg): 8, ppm 171.0 (C=0), 150.3 (Ar-O), 149.8 (Ar-O), 145.8 (Ar), 144.7 (Ar), 141.1
(C=C), 129.9 (Ar), 127.0 (Ar), 125.1 (Ar), 124.8 (Ar), 123.8 (Ar), 121.4 (C=C),120.8* (Ar,

CN, overlapped*), 114.4* (Ar, overlapped*). ESI-MS m/z: Calcd: 304. Found: [M-H]" 303.

2.4.3. Synthesis zinc phthalocyanines (ZnPcs)

Tetrakis-diethylaminoethylthiol zincphthalocyaninato (complex 3.8) and
octaoctylthiophthalocyaninato zinc (complex 3.9) were synthesized as by products in the
synthesis of the low symmetry phthalocyanines. These phthalocyanines have been
reported before in [162] and [61] respectively.
2.4.3.1.1,4,8,11,15,18,22,25-Octaoctylthiophthalocyaninato zinc (3.9, Scheme 3.3).
Briefly 3,6-Dioctylthiophthalonitrile (3.6) (0.4g), zinc acetate (0.037g) and DBU (0.13 ml) in
1-pentanol (4 ml) was refluxed under a nitrogen atmosphere for 6 hours. The mixture was
cooled and washed with methanol for several times. Column chromatography was done
over silica with CHCI3 as an eluent.

IR (KBr, cm™): 2921-2849 (C-H stretch), 1462 (C-H bending), 1236-1035 (C-O-C), 922-749
(C-S-C). UV/Vis (CHCI3), Amax nm (log €): 784(5.02) 705(4.54) 348(4.63).

2.4.3.2. Tetrakis-diethylaminoethylthiol zinc phthalocyaninato (3.8, Scheme 3.2).
Diethylaminoethylthiol phthalonitrile (3.5) (0.6g), zinc acetate (0.023g) and DBU( 0.13 ml)
were dissolved in (5 ml) pentanol and heated at 130°C for 6 hours under Nitrogen
atmosphere. The mixture was cooled to room temperature and washed several times with
methanol. Column chromatography over aluminium oxide was done with THF:MeOH (4:1)

as an eluent.
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IR (KBr, cm™): 2964-2931 (C-H stretch), 1472 (C-H bending), 1315-1103 (C-N stretch),

898-738 (C-S-C). UV/Vis (DMSO), Amax N (log €): 714(5.01).

2.4.3.3. Tris{11,19, 27-(1,2-diethylaminoethylthiol)-2-(captopril) phthalocyanines Zn
(Scheme 3.1, (ZnMCapPc (1.5)).

Diethylaminoethylthiol phthalonitrile (3.5) (0.5g, 1.2 mmol), (3.4) (0.28g, 0.4 mmol) and zinc
acetate (0.05 g, 0.21 mmol) was dissolved in quinoline (10 ml) and the mixture refluxed for
12 h. The mixture was cooled and dissolved in a CHCIl3:MeOH 1:1 solvent mixture ratio and
chromatographed using aluminium oxide with CHCIl3:MeOH as an eluent.

Yield: 33%. IR [Vmax/om™"]: 3420 (OH), 2956 (C-H stretch), 1646 (N-C=0), 1315,1119

(C-N ),806 (C-S-C). "H-NMR (DMSO-ds): 5, ppm 10.22 (1H, br s, OH), 9.25

(1H, d, Ar-H), 8.72 (1H, d, Ar-H), 8.46 (1H, d, Ar-H), 8.18 (3H, m, Ar-H), 7.73 (3H, d, Ar-H),
7.51 (3H, m, Ar-H), 4.24-4.06 (2H, m, CH), 3.89-3.76 (10H, m, S-CH;,N-CH,), 2.40-2.06
(42H, m, CH,, CHj3).

UV/Vis (DMF), Amax nm (log ¢€): 687 (4.07) 621 (3.35) 335(3.6). Calculated
Cs9HesN1203S4Zn: C 59.64, H 5.77, N 14.15, S 10.80; Found: C 60.96, H 6.00, N 13.00, S

10.60. MALDI TOF MS m/z: Calcd: 1187; Found: [M+2H]" 1189.

2.4.3.4. Hexakis{8,11,16,19,42,27-(octylthiol)-1-(4-phenoxycarboxy) phthalocyanine}
Zn (scheme 3.3, (ZnMPCPc (1.7)).

Phthalonitriles (3.1) (0.17 g, 1.2 mmol) and 3.2 (0.04 g, 0.4 mmol) were suspended in 10
mL of 1-pentanol in the presence of zinc acetate (0.05 g, 0.2 mmol) and heated at 130°C
under a nitrogen atmosphere. The solution was left to stir for 18 h at reflux. On cooling to
room temperature, methanol was added to the product and the resulting precipitate

centrifuged and washed several times with methanol. The product was dissolved in a
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minimum amount of CHCI3 and chromatographed on a neutral alumina column and eluted
first with CHCI; followed by a THF:MeOH (6:4) solvent mixture to remove the intermediate
fractions.

Yield: 23% IR [Vmax/cm™']: 3422 (O-H), 2917-2850 (C-H stretch), 1730 (C=0), 1464-1367 (C-
H bending), 1236-1035 (C-O-C), 962, 929, 803(C-S-C). 'H-NMR (DMSO-ds): 5, ppm 8.03
(2H, d, Phenoxy H), 7.88 (1H, d, Ar-H), 7.57 (1H, d, Ar-H), 7.39 (1H, s, Ar-H), 7.19 (2H, d,
Phenoxy H), 7.00 (6H, m, Pc-H), 2.93 - 2.70 (12H, m, S-CHy), 2.34-1.23 (72H, q, CH;), 0.86
(18H, m-CHs).

UV/Vis (DMSO), Amax nm (log €): 698 (4.36), 634 (4.35), 337 (4.54). Calculated for
Cs7H116NgSsZn03: C 66.24, H 7.64, N 6.96, S 11.95; Found: C 66.78, H 8.01, N 7.00, S

12.23. MALDI TOF MS m/z: Calcd: 1578, Found: [M]* 1578.

2.4.3.5 Tris {11, 19, 27-(1,2-diethylaminoethylthiol)-1,2(caffeic acid)

phthalocyanine} Zn (Scheme 3.2, (ZnMCafPc (1.3)).

The synthetic method employed was similar to that of complex 1.5, except the caffeic acid
phthalonitrile (3.7) was used instead of captopril phthalonitrile (3.4). The amounts of
reagents used were the same as that need to prepare complex 1.5. The product was
chromatographed over alumina, using a 1:1 solvent mixture ratio of CHCI;:THF and
THF:MEOH respectively for purification.

Yield: 33%. IR [Vmax/cm™']: 3464 (O-H), 2970-2958 (C-H stretch), 1753 (C=0), 1445-

1373 (C-N stretching),1231-1098 (C-O-C), 895,739 (C-S-C). "H-NMR (DMSO-ds): 3, ppm
8.60 (3H, m, Ar-H), 8.35 (3H, m, Ar-H), 7.97 (3H, m, Ar-H), 7.78 (2H, m, Ar-H), 7.70 (1H, s,
CH), 7.28 (1H, d, Ar-H), 6.88 (1H, s, Ar-H), 6.69 (1H, d, Ar-H), 6.59 (1H, s, CH), 4.03-2.76

(6H, m, CH,), 2.69-1.96 (18H, m, CH,), 1.64-0.94 (18 H, m, CHs).
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UV/Vis (DMF), Amax nm (log €): 701(4.92) 634(4.26) 338(4.45). Calculated for
Cs9Hs50N1104S3Zn: C 61.72, H 5.18, N 13.43, S 8.38; Found: C 61.60, H 5.68, N 13.19, S

8.53. MALDI TOF MS m/z: Calcd: 1147; Found: [M-7H] 1140.

2.4.4 Conjugation of Ag NPs with ZnPcs

The conjugation was carried out using the methods reported as before [32] with a few
modifications; briefly the monocarboxy Pc (complexes 1.5 and 1.3) (10 mg 0.0084 mmol)
was firstly dissolved in DMF (10 ml), then DCC (30 mg, 0.15 mmol), used to activate the
carboxylic group of the Pc to a carbodiimide ester group, was added. The mixture was left
to stir for 48 h at room temperature under an inert atmosphere as shown in scheme 3.4.
After 24 h, GSH-AgNPs (20 ml) in DMF was added to the activated Pc and the mixture was
left to stir for 7 days to allow for conjugation to take place. The conjugate was separated
from the unconjugated nanoparticles and free Pc by running the solution through a size

exclusion column (Bio-Beads S-X1 from Bio-Rad) using THF as an eluent.
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RESULTS AND DISCUSSION

This section includes the following chapters

3. Synthesis and characterization

4. Photophysical and photochemical properties
5. Antibacterial studies

List of Publications:

The results discussed in the following chapters are based on work contained in the
following publications which have been published (or are in press) in peer-reviewed

journals. The articles are not referenced in the chapters.

1. Synthesis and photophysicochemical properties of novel zinc phthalocyanines mono
substituted with carboxyl containing functional groups, N. Rapulenyane, E. Antunes, N.

Masilela, T. Nyokong, J. Photochem. Photobiol. A: Chem. 250 (2012) 18-24.

2. A study of the photophysicochemical and antimicrobial properties of two zinc
phthalocyanine-silver nanoparticle conjugates. N.Rapulenyane, E.Antunes, T.Nyokong, In

Press, New Journal of Chemistry, (2013) DOI:10.1039/C3NJ41107A.
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3. SYNTHESIS AND SPECTROSCOPIC

CHARACTERIZATION

This chapter discusses the synthesis and spectroscopic characterization of the

nanoparticles and metallophthalocyanines used in this work.
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3. SYNTHESIS AND SPECTROSCOPIC CHARACTERIZATION

3.1 Synthesis and characterization of Ag NPs

The Ag NPs were prepared by an aqueous solution method and were stabilized by
glutathione (GSH). Nanoparticles need to be stabilized to control the particle size, shape
and morphology [27], and in this case glutathione was selected for this work because of the
free-cystenyl thiol moiety which will have a strong binding affinity for silver, as it has for gold
[15]. Glutathione, bearing two carboxyl moieties and an amino functional group, was further
selected since it enables conjugation of the Ag NPs to suitably modified phthalocyanines,
scheme 3.4. The nanoparticles were found to be water soluble due to the hydrophilic nature
of the glutathione itself. However, glutathione (GSH) is prone to oxidation due to the free
cystenyl group present in the peptide sequence, i.e. GSH can be oxidized to GSSG. Inert
conditions were therefore used during the synthesis of Ag NPs in solution to keep the GSH

in its reduced form. The nanoparticles were synthesized in both water and in DMF.

Figure 3.1 shows the UV-Vis spectra of the synthesized Ag NPs stabilized with glutathione
in water and DMF. The broad surface plasmon resonance (SPR) band which is
characteristic of the Ag NPs absorption was observed at 385 nm for Ag NPs in water and
406 nm in DMF. An increase in the refractive index of the surrounding medium results in
red-shifting of the resonance wavelength, hence the SPR band in DMF is red-shifted
because of its larger refractive index [164]. Small, spherical AQNPs are associated with one

SPR one band [165] which was observed

68



RESULTS AND DISCUSSION

Q
J
c
©
0
S
o
(7]
o]
< .
o} e AgNPs in water
Q
B === AgNPs in DMF
©
£
()
2
300 400 500 600 700 800

Wavelength nm

Figure 3.1: ground state electronic absorption spectra of GSH-AgNPs in water (solid)

and DMF (dotted).
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Figure: 3.2: Transmission electron microscope (TEM) image of GSH capped Ag NPs
The nanoparticles were further characterized by TEM. Confirmation of the spherical shape
of the Ag NPs was obtained from the TEM images (Figure 3.2) though the NPs seem to be

aggregated.
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Figure 3.3: Infrared spectra of (i) glutathione alone and (ii) GSH-AgNPs.

FT-IR was also used to characterize the GSH-AgNPs. Figure 3.3 (i) shows that the S-H

band present at 2553 cm™ due to the GSH disappeared upon formation of GSH-AgNPs

because the sulphur of the GSH becomies engaged upon co-ordination to the Ag NP

surface [166].
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Figure 3.4: XRD diffraction patterns of GSH-AgNPs

The size of the nanoparticles was determined using X-ray powder diffractometry (XRD),
(Figure 3.4) and equation 1 (the Debye-Scherrer equation [167]) and they were found to be
5.4 nm in size. Though the peaks are weak due to small sample quantities used, the peaks
at 26 = 38° and 45° degrees show a powder diffraction pattern resembling a face centered
cubic crystal (FCC), which is typical of silver [168], while the broad peaks at 26 = 60° and

80° are due silicon wafer holder used.

3.2 Low-symmetry zinc phthalocyanines

3.2.1. Synthesis of zinc phthalocyanines mono substituted with carboxyl

containing functional groups

Schemes 3.1, 3.2 and 3.3 show the synthetic pathways used to make the low symmetry
phthalocyanines used in this work. The cross condensation method was employed in the
synthesis of the three low symmetry compounds (complexes 1.3, 1.5 and 1.7). The

synthesis of asymmetrically substituted phthalocyanines is a relatively complicated
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procedure compared to the symmetrically substituted phthalocyanines. Low yields are
obtained due to extensive purification procedures, and due to the possibility of forming of
isomers in the expected products. It is expected that a mixture structural isomers is
obtained. Relatively good yields were obtained for complexes 1.3 and 1.7 after continuous
washing in methanol and purification by column chromatography, whereas with complex 1.5
the yield was very low. With respect to unsymmetrical Pcs bearing bulky substituents,
particularly at non-peripheral positions, Céspedes-Guirao et al. have previously reported on
the preferential formation, and purification, of one pure regioisomer simply by column
chromatography [169]. It is therefore possible that with complexes 1.7, 1.5 and 1.3, one
isomer is present in greater quantities. Complexes 1.5 and 1.3 and their symmetrical
counterpart (complex 3.8, scheme 3.2) showed solubility in most organic solvents including
DMSO, dichloromethane (DCM), methanol, acetone, chloroform and tetrahydrofuran (THF).
Complex 1.7, however, was found to be only soluble in DMF and DMSO.

Characterization of the complexes was achieved using IR, UV/Vis, MALDI-TOF mass and
'H NMR spectroscopies, and elemental analyses. The "H-NMR spectra of all the complexes
showed characteristic signals for the aromatic Pc ring protons between 7.0 and 11.0 ppm
corresponding to the required number of Pc protons for each of the complexes.

3C NMR spectrum for 3.4 showed clearly the characteristic shifts C=0 X2 (175.1 and 169.8
ppm), S-Ar (142.2 ppm) and N-CH (57.1 ppm), N-CH; (43.3 pm) as expected. Moreover,
the '"H NMR spectra of complex 1.5 showed signals at 10.22 and 4.24 ppm specific
corresponding to the carboxyl and the pyrrolidine proton moieties (N-CH), respectively still
present in the Pc complex.

Phthalonitrile 3.7 '*C NMR spectra showed the presence of two Ar-O, C=0 and C=C

moieties characteristic to the phthalonitrile, proving the successful synthesis. Complex 1.3
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showed additional peaks in the aromatic region due to the caffeic acid moiety. Furthermore,
the CH; and CH, peaks in complex 1.3 were overlapping, although similar peaks were
observed in the region 2-4 ppm region, due to the diethylaminoethylthiol moiety (as found in
complexes 1.5 and 1.3). The OH peak for complexes 1.3 and 1.7 expected to show around
at 13 ppm, was not observed, possibly due to trace amounts of water or oxygen present in
the solvent and thus making the signal.

Complex 1.7 showed more CH; and CH; peaks which integrated to 102 protons as
expected due to octylthio substituent. The phenoxy carboxy protons were also observed
bringing the total number of protons in the aromatic region to 13.

The syntheses and characterization of complexes 3.8 [163] and 3.9 [61] has already been
reported.

Phthalonitrile cyclization was proven by the absence of the sharp C-N phthalonitrile
vibration peak (~2230 cm™) in the IR spectra of all MPc complexes. Infra-red spectra further
showed the presence of C-H stretching and bending alkyl group bands around 2900 cm™
and 1400 cm™ respectively, and a C-S-C stretch between 800 and 990 cm™ for all
complexes. MALDI-TOF MS further confirmed the formation of the complexes (complexes
1.7, 1.5 and 1.3) with the molecular ion peaks observed at 1578, 1189, and 1140 amu,
respectively, as expected. The molecular ion peaks also displayed the characteristic

isotopic cluster expected for a Zn complex.
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(complex 1.5).
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phthalocyaninato (complex 3.8).
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3.2.2 Ground state UV-visible spectral characterization

Figure 3.5A shows an overlay of the ground state electronic absorption spectra of

complexes 1.7 and 3.9 in DMF. The two complexes in DMF the Q-band absorption peak, in

the red region as expected of phthalocyanines. The presence of one single peak in this

region suggests a monomeric behavior for the complexes and the Q-band is typical of

metallated phthalocyanine complexes in organic solvents.

Table 3.1. Photophysical

and photochemical

parameters (in DMF) for the

synthesized phthalocyanines and their conjugates (with mixtures given in brackets).

AbS)\max Ems)\max AStO kes
Sample

(nm) (nm) (nm)
ZnMPCPc (1.7) 698 710 12
ZnOTPc (3.9)* 782 810 25
ZnMCapPc (1.5) 683 693 10
1.5-AgNPs 677 (683) - -
ZnMCafPc (1.3) 699 711 12
1.3-AgNPs 684 (694) - -
ZnTDTPe 706 729 23
(3.8)*
ZnTCPP

niLrre 678 690 12

(3.10)*

*Known complexes 3.8, 3.9 and 3.10 are given to enable comparison
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The absorption data is presented in table 3.1. A broadening of the Q-band at 698 nm was
observed for complex 1.7 and this is commonly associated with loss of symmetry in
asymmetrically substituted phthalocyanines [170,171]. Therefore further evidence of the
successful formation of a low-symmetry complex 1.7 is given in this way. The symmetrical
counterpart, complex 3.9 possessing additional sulphur groups (and the absence of a
COOH electron withdrawing group) had an enhanced, red-shifted Q-band at 782 nm when
compared to its asymmetric counterpart (1.7). Figure 3.5B shows an overlay of the ground
state electronic absorption spectra of complex 3.8 and its asymmetrical counterparts,
complexes 1.5 and 1.3, in DMF. Complex 3.8, the symmetrical Pc, has a Q-band at 706 nm
whereas the asymmetrical counterparts (complexes 1.5 and 1.3) had blue shifted Q-band
absorption maxima at 683 and 699 nm respectively. The shift was expected as electron
deficient groups (COOH groups) were introduced to the macrocycle. Complex 3.8 has an
extra diethylaminoethylthiol group and the enhanced red shift is due to the presence of this
extra sulphur group. The spectral shift observed (in complexes 1.7, 1.5 and 1.3) also

confirmed the formation of asymmetrical phthalocyanines.
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Figure 3.5: Ground state absorption spectra of (a) complexes 1.7 and 3.9 and (b)
complexes (1.5, 1.3 and 3.8) in DMF.
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Figure 3.6: Ground state electronic absorption spectra of complex (1.3) at various

concentrations ranging from 3.2 x 107 - 1.6 x10”° mol. dm™ in DMF.

A plot of the Q-band absorbance versus various concentrations for the phthalocyanines
was found to be linear at concentrations below 1.6 x 10”°> mol. dm™. As shown in Figure 3.6,
as an example, complex 1.3, as well as all the other Pcs, were found to obey the Beer-
Lambert Law, where no aggregation was detected below a concentration of 1.6 x 10 mol.
dm™. Complexes 1.7 and 1.5 also showed the same trend. These plots were used to

determine the extinction coefficients as listed in chapter 2.

3.3. Interaction of phthalocyanines with Ag NPs

Mono carboxy zinc phthalocyanines were synthesized to allow for, or to target, the selective

attachment of the Pc to Ag NPs. In this work, glutathione stabilized silver nanoparticles
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were conjugated to mono carboxy zinc phthalocyanines (complexes 1.3 and 1.5). The
phthalocyanines were covalently linked to the Ag NPs via the amino group of the GSH and

the free carboxylic acid of the phthalocyanine using DCC as a coupling agent, scheme 3.4.

HoOOG
ECOOH
HN
o HooOC
NH J
r s HN o
COOH s\/r -<‘ ts&
COOH v NH
SR, N =N
HZNJV s L NH, + TSN L R2
Hﬁ HoOC N—Zn'N
H HOOC 1 N
© Lcoon s HN" N—= =N
o
s NH SR; (2)

H pcc
N_COOH DMF,rt,7 d
HooC N HOOC~”~NH, -rt,7 days
H o SR, SR,
N
N

Scheme 3.4: Schematic representation of the coupling of glutathione capped silver

nanoparticles (1) to low symmetry monocarboxy metallophthalocyanines (2).

Agglomeration or aggregation is visible in the TEM images for the conjugated samples i.e.
1.3-AgNPs-linked and 1.5-AgNPs-linked, Figure 3.7. The agglomeration shows that there is

some interaction between the AQNP-GSH and the low symmetry phthalocyanines, but this
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also makes size determination using TEM prone to serious errors due to the aggregation.
Although not conclusive, the size determined by XRD, Figure 3.8, showed that some

change (conjugation) had taken although this change is small.

A) B)

Figure 3.7: Transmission electron microscope (TEM) images of GSH capped AgNPs

linked to (a) 1.5 and (b) 1.3.

e GSH-AgNPs-5.4nm
= 1.5-AgNPs-linked-8nm
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Figure 3.8: XRD diffraction patterns of (A) 1.5-AgNPs-linked (black), GSH-AgNPs (red)

and (B) 1.3-AgNPs-linked (red), GSH-AgNPs (blue).

The FTIR spectra in Figure 3.9 further served as a conformation for the MPc conjugation to
the GSH-AgNPs. The spectra shows the presence of the C=0 stretching band for the
unlinked carbonyl group around 1700 cm™ for the free Pc. The IR spectra of the conjugates
Figure 3.9A and B (i) shows a shift in the C=0 stretching bands around 1600 cm
indicating that the C=0 groups are now involved in an amide bond. Furthermore evidence is
given by the sharp doublet corresponding to the C-H stretching band around 2900 cm™
attributed to the aliphatic C-Hs of both the methyl and methylene groups of the MPcs and
the GSH capping. These bands were found to be more pronounced as compared to the

spectra given by the MPc and GSH-AgNPs alone.
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Figure 3.9: Infrared spectra of (A) 1.5-AgNPs-linked and (B) 1.3-AgNPs-linked:GSH-
AgNPs (i), MPc-AgNPs (ii) and MPc alone (iii).

To account for the influence of the AgNPs on the MPc spectra, the MPc complexes were

simply mixed with AgNPs (i.e. without formation of a chemical bond). A slight 5 nm blue
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shift in the Q band, Figure 3.10A (Table 3.1) was observed as a result of a change in the
MPc (1.3) environment after mixing the Ag NPs. The 1.3-AgNPs linked, however, showed a
more significant (10 nm) blue shift (Fig. 3.10A, Table 3.1) indicating successful coupling
between the nanoparticles and the MPc.

The blue shifting of the Q band as observed in Figure 3.10A has been reported before for
phthalocyanine linked nanoparticles such as AuNPs [67], and indicates the likelihood of the
electron deficiency induced in the Pcs upon coordination to AgNPs. When complex 1.3 and
AgNPs are simply mixed, a broad band is observed at ~630 nm due to aggregation, this
band is greatly reduced when the two components are chemically linked, Figure 3.10A. A
broadening of the Q band is a result of the coplanar association of the phthalocyanine rings.
The most likely type of aggregate formation possible for phthalocyanines is the H
aggregates (face to face) which result in blue shifting of the Q-band and, or, the broadening
of the spectra [32]. The broad absorption bands observed around 400 nm for the 1.3-
AgNPs mixed corresponds to the SPR absorption band for Ag NPs. The 1.5-AgNPs linked
and mixed complexes (Figure 3.10B) showed a slightly smaller blue shift of 7 nm in the Q-
band maxima. A clear SPR band was observed at 389 nm for the 1.5-AgNPs linked, which
was blue shifted compared to the AgNPs alone (406 nm). This further proved that the MPc

had some interaction with the nanoparticles.
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Figure 3.10: Ground state absorption spectra of 1.5-AgNPs linked and mixed (A) and

1.3-AgNPs-linked and mixed (B).
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4. PHOTOPHYSICAL PROPERTIES

The photophysical properties, MPcs and their GSH-AgNPs conjugates are discussed

in this chapter.
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4.1 Fluorescence quantum yields and lifetimes

4.1.1 Zinc phthalocyanines

Figure 4.1 shows the absorption, emission and excitation spectra of complex 1.3 in

DMF. The excitation spectra were similar to the absorption spectra and both were mirror
images of the emission spectra, confirming lack of aggregation and that there is no change
in symmetry of the molecule upon excitation. Similar fluorescence behavior was observed

for complexes (1.5, 1.7, 3.8 and 3.9). The data is tabulated in Table 4.1.
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Figure 4.1: Ground state absorption (black), fluorescence excitation (red) and
emission (green) of complex (1.3) in DMF, with excitation wavelength at 700 nm.

Typical Pc stokes shifts of 12 - 25 nm (Table 3.1) were observed upon comparison of the
excitation and emission spectra of the Pc complexes (1.3, 1.5, 1.7, 3.8, 3.9 and 3.10) in
DMF [94]. Fluorescence lifetimes were obtained for all complexes using TCSPC. The decay

curve for complex 1.7 is shown as an example in Figure 4.2, and this is used as a
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representative for the rest of the Pcs. The complex showed a mono-exponential
fluorescence decay curve, suggesting that the solution had only one species which
fluoresces. Monoexponential behavior was observed for all complexes as evidenced by a

single lifetime Table 4.1.
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Figure 4.2: Photoluminescence decay of complex (1.7) in DMF.

Higher fluorescence quantum yields (®f = 0.15, 0.13, 0.10 and 0.29) were obtained for
complexes 1.7, 3.8, 1.5 and 3.10 respectively, compared to ® =0.03 and 0.09 obtained for
the symmetrical complexes 3.9 and 1.3, respectively (Table 4.1). For complex 3.10 the
reported values are in DMSO, while the rest of the complexes are in DMF. ®f values in
DMF and DMSO have however been found to be comparable [107]. Complex 1.7 has a
larger ®¢ value compared to its symmetrical counterpart, complex 3.9. However, the ®f
value from the literature for a tetra substituted carboxyphenoxy ZnPc (3.10) is the highest at
@O = 0.29 [32]. The fact that 1.7 and 1.19, both with carboxyphenoxy substituents, show

high ®f suggests that this substituent enhances fluorescence. Comparing the symmetrically
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substituted 3.9 complex with asymmetrically substituted counterparts 1.5 and 1.3, a slightly
decrease in ®f is observed for the latter which could suggest it is not the asymmetric
substitution but the quenching effect of the substituents that affect the ®r values. The ©®f
corresponds to the Tr obtained in that complexes 1.7 and 3.10, with the large ®f also have
the long 1F values. Conversely, complex 3.9 with the lowest ®f values, also had the

shortest 1. The trend is not, however clear for complexes 1.3, 1.5 and 3.8.

4.1.2 Fluorescence spectra and lifetimes of the conjugates

These studies were performed on the Pc-AgNP conjugates and the Pc complexes alone. A
simple mixture was found to be too unstable, since it readily decomposed, and the data is
therefore not presented. This could suggest that upon mixing the Pc and AgNPs, the
capping agent may be removed and the stability of the NP compromised. In forming a
conjugate, on the other hand, the GSH remains bound to the surface of the NP. Figure 4.3
shows the absorption, emission and excitation spectra of complex 1.5 alone. The
conjugates show a broader Q band in the absorption spectrum as compared to the
excitation and this difference is most likely due to the presence of aggregates since both
the aggregates and AgNPs do not fluoresce. The fluorescence emission spectrum was
found to be a mirror image of the excitation spectrum and this was obtained for all

conjugates.
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Figure 4.3: Ground state absorption (i) Fluorescence excitation (ii) and fluorescence
emission (iii) spectra of 1.5 in DMF, with excitation wavelength at 684 nm.

Table 4.1 compares the fluorescence quantum yields (®¢) of the MPcs alone and MPc-
AgNP-linked complexes. The fluorescence quantum yield was observed to decrease from
0.09 to 0.05 for complex 1.3 upon conjugation to the GSH-AgNPs (1.3-AgNPs) and the
same trend was observed 1.5 upon conjugation (1.5-AgNPs). Metallic nanoparticles such
as Au and Ag are known to quench the phthalocyanine’s fluorescence due to energy
transfer from phthalocyanines in the excited state to the gold nanoparticles for example
[172]. Therefore the significant decrease in the fluorescence quantum yields after
conjugation is most likely due to quenching of phthalocyanine fluorescence by the silver
nanoparticles. The decrease in ®r values could also be due to the Ag NP promoting the
MPc’s intersystem crossing to the triplet state, leading to the enhanced triplet quantum
yields observed, as compared to the MPcs alone. This will be discussed later in section

4.2.2.
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Figure 4.4 shows the typical time-resolved fluorescence decay curve obtained for the

conjugates. Two lifetimes are generally observed for the conjugates as compared to the

mono exponential lifetime obtained for the MPc alone, Table 4.1. The presence of two

lifetimes in phthalocyanines in the company of nanoparticles has been explained in terms of

the effect of quenched and unquenched fluorescence lifetimes for the Pc, and has been

found to depend on the orientation of the Pc molecules on the NP surface [173]. However,

in this study, only one lifetime was obtained for the conjugate. The fluorescence lifetime

was found to be longer for the conjugate than for the Pc alone as with 1.5-AgNPs, but

shorter for 1.3-AgNPs, Table 4.1.

Table 4.1: Photophysical and photochemical parameters of phthalocyanines and

their conjugates (MPc-AgNPs-linked).*

TT TF
Sample (o2 Ok D, Sa

(us) (ns)

+0.003

ZnMPCPc (1.7) | 0.8 286 0.15 |44 0.77 0.96
ZnOTPc (3.9)* | 062 | 177 0.03 |096 |0.61 0.98
ZnMCapPc (1.5) | 0.65 | 148 0.1 169  |0.26 0.40
1.5-AgNPs-linked | 1.04 | 290 0.058 |2.02  |057 0.54
ZnMCafPc (1.3) |0.57 | 109 0.09 |216 |0.25 0.44
1.3-AgNPs-linked | 0.86 | 109 0.050 |2.07 | 052 0.64
ZnTCPPc (3.10)* | 0.47 | 181 029 [323 |0.50
ZnTDTP
(3”8)* ¢ 058  |144 013 |169 |0.56 0.96
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Complexes 3.8, 3.9 and 3.10 are included to enable comparison of the photophysical

parameters between symmetrical and unsymmetrical phthalocyanines.
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Figure 4.4: Photoluminescence decay curve of 1.3-AgNPs-linked in DMF and the
residuals of the fit.

Metallic nanoparticles can increase or decrease the radiative decay rates of fluorophores,
depending on orientation between the metal nanoparticles and the molecule itself [174-
176]. Radiative lifetimes (t9) are directly connected to the absorption coefficients and
excited state lifetimes and hence these were estimated from the measurement of
fluorescence quantum yields (®f) and lifetimes (t¢) using equation 2 (as given in chapter 1).
Generally, the radiative decay rates are increased resulting in shorter lifetimes. The fact
that we observe longer radiative lifetimes (1o values, Table 4.1) for the conjugates
compared to Pcs alone, suggests a decrease in radiative decay rates, most likely due to

orientation of the Pc molecules on the surface of NPs.
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4.2. Triplet state quantum yields and lifetimes

4.2.1. Zinc phthalocyanines
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Figure 4.5: Triplet decay curves for complex (1.7) in DMF.

(Residuals)

The triplet decay curve for complex 1.7 as shown in (Figure 4.5) was found to obey first
order kinetics. Similar curves were observed for the rest of complexes with lifetimes within
the range generally observed for Pcs. It is expected that when the @ is high, the ®1 will be
low. But this is not the case (Table 4.1) where complex 1.7 has highest values for both
these parameters. The high @t values 0.80 coupled with a ®r of 0.15 (total = 0.95), leaves
very little room for loss of energy via non-radiative processes. This makes complex 1.7 a
very good photosensitizer. The symmetrical counterpart, 3.9, has a low ®r and a relatively
low @7, showing less efficiency in triplet state population compared to 1.7. The symmetrical
tetracarboxyphenoxy ZnPc complex (3.10) on the other hand has a higher fluorescence

quantum yield (®r = 0.29) [177], but a lower &1 (0.47) [177] when compared to complex
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1.7. It may be prudent to note that the data for complex 3.10 were acquired in DMSO.
Triplet lifetimes are generally expected to be short when triplet yields are large. This is not
observed for complex 1.7, which has both long lifetimes and large triplet yields as given in
Table 4.1. Again this shows that complex 1.7 is a promising photosensitizer. The
symmetrically substituted counterpart of 1.7, complex 3.9, has a lower ® and triplet lifetime
compared to 1.7, showing the advantage of asymmetrical substitution when a
carboxyphenoxy substituent is employed. For complexes 1.5 and 1.3 there does not appear
to be an advantage to asymmetrical substitution with captopril or caffeic acid, since the
photophysical parameters are nearly the same or as that for complex 3.8. The transfer
efficiency data for complex 3.8 also shows that energy transfer is efficient in this system.

This is not the case for complexes 1.3 and 1.5, due to the substituents present.

4.2.2. Triplet state spectra and lifetime of the conjugates

The triplet decay curve for the conjugates, shown in Figure 4.6 for the 1.5- AgNP-linked
conjugate, was found to obey second order kinetics. Second order kinetics is found to be
typical of MPc complexes at high concentrations, due to triplet-triplet recombination [177].
Table 4.1 shows that upon conjugation, the triplet quantum yields and triplet lifetimes
increased consistently. The highest triplet quantum (®r = 1.04, this is ~ 1 considering
experimental error (Table 4.1) was obtained for the 1.5-AgNP-linked conjugate, followed by
the 1.3-AgNP conjugate (0.86) in DMF. There was a significant increase in the triplet
quantum vyields (®r) for the linked conjugates compared to the MPcs alone. This
observation suggests that the GSH-AgNPs encourages intersystem crossing of the MPc to
the triplet state. The near unity ®y value obtained for 1.5-AgNPs could be due to the fact

that captopril is a photodamage mitigating agent, hence it may be protecting the
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phthalocyanine photosensitizer [178]. Quantum yields higher than one (Table 4.1) have

previously been reported as a result of experimental errors [179].
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Figure 4.6: Triplet decay curve of 1.5-AgNPs-linked in DMF.

The triplet lifetimes of the MPc complexes are low, viz. 109 and 148 us, and upon
conjugation the lifetimes increased significantly to 247 and 290 ps for 1.3 and 1.5
respectively. The increase in the triplet quantum yields of the conjugated MPcs should
result in decreased lifetimes, however the opposite is observed (Table 4.1). This has been
noted before [180,181] where phthalocyanines have been conjugated to nanoparticles such
as quantum dots and AuNPs, and may be attributed to the protection afforded to the Pcs by

the NPs.
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4.3. Singlet oxygen quantum yields

Production of singlet oxygen is the most important attribute that any sensitizer should have
in order to be used in photodynamic therapy and photodynamic antimicrobial
chemotherapy. Figure 4.7 shows the chemical photodegradation of DPBF (with time from O-
60 sec) which was used as a quencher during singlet oxygen quantum yield determinations
for complex 1.7 (as with all Pcs studied). The complex’s Q-band remained unchanged over
the irradiation period for singlet oxygen production, suggesting that complex 1.7 is stable,

another important attribute for a good photosensitizer.

Absorbance

300 400 500 600 700 800

Wavelength nm

Figure 4.7: Typical absorption spectra observed during the generation of singlet

oxygen using DPBF as a singlet oxygen quencher for complex 1.7 in DMF.

The same stability was observed for all the other Pc complexes (1.3, 1.5, 3.8 and 3.9).
Complexes 1.7 and 3.9 gave the largest singlet oxygen quantum yields (®, = 0.77 and
0.61, respectively) Table 4.1. Low ®, values are observed for complexes 1.5 and 1.3

containing captopril and caffeic acid, respectively. Caffeic acid in particular is a well-known
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singlet oxygen quencher [182], hence the low value is not surprising. The results in Table
4.1, suggest that captopril also quenches singlet oxygen. Also of interest is the high
efficiency of energy transfer between ground states triplet oxygen and the triplet state of
complexes 1.7, 3.9 and 3.8. This given by with Sy and values of 0.96, 0.98 and 0.96,
respectively (where Sy = @,/ Or) were obtained. The ®, lowered value for 1.5 and 1.3 does

not rule them out as potential photosensitizers since the values are still reasonable.

The conjugates were also irradiated at the Q-band and it was shown to be stable over the
irradiation period, whilst DPBF was unstable (i.e. it degraded). DPBF and Ag NPs absorb in
the same region (though to different extents) therefore the photodegradation of Ag NPs
alone in the presence of DPBF was carried out without the Pc as shown in Figure 4.8. No
significant degradation of the DPBF was observed, suggesting that the singlet oxygen thus
produced by the sensitiser was due to the degradation of DBPF and not due to co-
degradation caused by the Ag NPs. Ag NPs alone therefore do not seem to produce singlet
oxygen on its own. The singlet oxygen quantum yield also increased (as observed for the
other photophysical properties) upon conjugation, with yields of 0.57 and 0.52 being
obtained for the 1.5-AgNPs and 1.3-AgNPs conjugates respectively. It was also observed
that upon conjugation the energy efficiency transfer for 1.3 and 1.5 improved, by 0.2 and

0.14 units respectively.

98



RESULTS AND DISCUSSION

1.6

14 -
1.2 -

0.8 -
0.6 -

0.4

Absorbance

0.2

0 L | L] L]

300 400 500 600
Wavelength nm

700

800

Figure 4.8: Attempted photodegradation of DPBF in a GSH-AgNPs solution (in DMF).
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5. Antibacterial studies- Photodynamic Antimicrobial Chemotherapy (PACT)

Phthalocyanines have been widely studied for use in photodynamic therapy due to their
ability to produce singlet oxygen which is responsible for cancer cell death in the body. This
attribute has allowed for the further development of photodynamic antibacterial
chemotherapy which employs the production of reactive oxygen species (ROS) to Kkill
bacterial cells. The free MPcs, including complex 1.5, were tested for bacterial inactivation
against E.coli in the presence and absence of light shown Figure 5.1. Figure 1.5 was laid
out in a manner to allow for easy comparison of different concentrations and light
conditions.

A concentration dependant response was observed and the PACT activity was found to
increase with increasing concentration of the MPc, with 1.5 (at 20 uM) showing less than 10
% survival of cells in the presence and absence of light as depicted in Figure 5.1. It was
observed however that when the concentration was doubled from 5 to 10 uM, the survival
rate decrease by a factor of ~4 for 1.5 and ~2 for 1.3, under both light conditions. The
antimicrobial activity was also observed to be consistently enhanced under irradiative
conditions. Complex 1.5 had a higher PACT activity compared to complex 1.3 as depicted
in Figure 5.1 (under irradiative conditions) and this may be related to the slightly higher ®,
observed for complex 1.5 (0.26) as compared to 1.3 (0.25). The phthalocyanines do show
some dark toxicity, however.

Silver nanoparticles have been reported to kill or inhibit bacteria; therefore the conjugates
(MPc-AgNP) were also tested against gram positive E.coli cells in the presence and
absence of light. There is a significant decrease in bacterial cell survival under light
conditions for the Pc conjugates with Ag NPs compared to the Pcs alone. This is expected

as the singlet oxygen and triplet quantum yields were significantly higher (doubled) for the
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conjugates (e.g. ®, = 0.57 for complex 1.5-AgNP) than the Pcs alone (e.g. ®, = 0.26 for
complex 1.5). This is also thought to be due to the synergistic effect brought about by the
Ag NPs and the Pc, Figure 5.1. The PACT activity is more pronounced with the conjugates,
and it is evident that they are toxic both in the dark and under irradiative conditions.
Complex 1.5 with and without Ag NPs had highest growth inhibition effect compared to
complex 1.3, which was expected as complex 1.5 has a higher singlet oxygen quantum
yield. GSH-AgNPs (1 mM, 100 pl) alone were tested in the cells, in the presence and
absence of light. At this high dosage, ~20 % cell survival was observed. This indicates that
the antimicrobial activity observed is most likely due to the Pcs (alone and in the
conjugates). The literature indicates that AgNPs are effective antimicrobial agents; the lack
of activity here, then, may be attributed to the GSH capping (which is an essential nutrient
in the cell) as reiterated below.

Interestingly, for both conjugates (with the 1.3-AgNPs conjugate in particular) show much
less activity in the dark compared to irradiative conditions. It may be possible that the AgNP
(with its GSH capping — a known antioxidant) is protecting the bacterial cell from ROS
induced damage. This protection however is not afforded under light conditions in the
presence of a photosensitiser.

Unfortunately, a complete, comprehensive study was not done to evaluate all parameters
and establish baselines, due to time constraints. In addition this study was only intended to
establish whether the Pcs and their AgNP-conjugates showed some antibacterial

properties.
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Figure 5.1: Results of photodynamic antimicrobial chemotherapy of MPc alone and

MPc-AgNPs conjugates.
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6. GENERAL CONCLUSIONS

This chapter summarizes all the results obtained for MPcs alone, MPc-AgNP and the

studies conducted and reported in this thesis.
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6. GENERAL CONCLUSIONS

A series of novel unsymmetrically substituted zinc phthalocyanines (complexes 1.3, 1.5 and
1.7) were successfully synthesized using the statistical condensation method.
Subsequently, the symmetrically substituted counterparts (complexes 3.8 and 3.9) were
also synthesized as by products. Silver nanoparticles stabilized with glutathione (GSH)
were synthesized and fully characterized using IR, TEM, XRD and UV-Vis. Complexes (1.3
and 1.5) were successfully linked to GSH-AgNPs as evidenced by the data obtained. The
complexes were characterized by UV-Vis, TCSPC, NMR and MALDI-TOF mass
spectroscopies and elemental analyses. The photophysicochemical properties of these
complexes were investigated. Complexes 1.7 and 3.9 showed the largest ®, values of 0.77
and 0.61 and triplet lifetimes of 286 us and 177 ps respectively. Complexes 1.5 and 1.3 on
the other hand, gave the lowest ®, of 0.26 and 0.25 respectively, which also corresponded
to low triplet quantum yields obtained for these complexes. The molecules reported in this
work show potential to be used as photosensitizers in PDT, as they produce reasonably
high singlet oxygen yields, especially complex 1.7.

Conjugation of the MPcs to Ag NPs led to an improved photophysical and photochemical
performance for the photosensitizers, which enhanced PACT. The triplet quantum yields
and singlet oxygen quantum yields increased for the conjugates. Complex 1.5 showing an
increase from 0.65 to 0.86, and 0.26 to 0.57 for both triplet and singlet quantum yields
respectively, while the fluorescence quantum yields decreased for the same complex from
1 to 0.05. Upon conjugation, blue shifts in the Q-band were observed in the UV-Visible
spectra indicating successful conjugation. The PACT activity increased and with lower
concentrations needed for the conjugates as compared to the MPcs alone. The conjugates

showed improved light toxicity, indicating that they may be effective as bactericides. In
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agreement with the ®, and ®1 data obtained, the most effective complex in terms of PACT
was found to be complex 1.5. Novel phthalocyanines for antimicrobial activity were
successfully synthesized and liked to Ag NPs for synergistic action and shown positive

activity against E.coli cells.
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