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ABSTRACT

The syntheses, spectroscopic characterisation, photophysical and photochemical
studies have been conducted for a variety of phenylthio substituted
phthalocyanines (Pcs). Comparisons have been made taking into consideration
the influence of the central metal ion, solvent properties and substituent type. The
optical limiting properties were also determined for all the Pcs synthesised.

A low-symmetry metallophthalocyanine complex was similarly characterised and
the photoelectrochemical parameters determined when used as a sensitiser of
nanoporous ZnO. The symmetric analogue was conjugated to gold nanoparticles
to determine the influence of interactions on its photophysical properties and
distinct differences occurred in the absorption and fluorescence spectra suggesting

successful formation of conjugates.
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INTRODUCTION

1. INTRODUCTION

This chapter gives a general overview of metallophthalocyanines and
nanoparticles, including synthesis and basic properties. An overview of
photodynamic therapy, dye sensitised solar cells and nonlinear optics is also

given. The characterisation techniques used in this thesis are also summarised.
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1.1 Metallophthalocyanine Chemistry

Intense research has been conducted on phthalocyanines (Pcs) ever since their initial
characterisation by Linstead and Robertson in the 1930s [1,2]. Linstead conceived the
term ‘phthalocyanine’ as a result of its structural origin from phthalic acid precursor
and ‘cyanine’ which refers to their blue colour. Metallophthalocyanines (MPcs) are
planar, tetrapyrolic, macrocyclic aromatic compounds which absorb strongly in the
red region of the visible spectrum due to their highly conjugated 18-r electron system
(Figure 1.1). Variations in the type, number and position of substituents (either o-
non-peripheral substitution, B-peripheral substitution or axial substitution) attached to
the MPc macrocycle or the central metal, greatly influence the chemical properties

that make these molecules applicable in a diverse range of fields.

Figure 1.1. Molecular structure of metallophthalocyanine showing a- and f-

positions

Originally used as dyes and pigments in the paint, textile and printing industries [3]
due to their low reactivity, low solubility and high thermal stability, phthalocyanines
have had recent renewed interest in high-technology applications [4] due to their high

degree of aromaticity, synthetic flexibility and ability to be adapted to a wide range of
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applications. These applications include use as electrocatalysts [5] and photocatalysts
[6,7], as photoconductors in laser printing devices, for optical data storage in the form
of rewriteable optical media (CD-RW) [8], use in Langmuir-Blodgett thin films
[9,10], field effect transistors [11], liquid crystals [12,13], electrophotography [14],
gas sensors [15], low-dimensional metals and semi conductors [16,17], molecular
electronics and photonics [18], electrochromism in display devices [5], photovoltaics
and solar cells [19,20], nonlinear optics [21,22] and in medicine as photosensitisers in

photodynamic therapy (PDT) [23-25].

1.1.1 Phthalocyanine syntheses

1.1.1.1 Symmetrical phthalocyanines

Cyclotetramerisation reactions (Scheme 1.1) have primarily been performed to
synthesise Pcs, with phthalonitriles (1,2-dicyanobenzene) (a) [26] most often as
precursors, but phthalic anhydrides (b) [27], phthalimides (c) [28], 1,3-
diiminoisoindolines (d), phthalic acids (e) [29], phthalamides (f), and o-
cyanobenzamide (g) are also used. The success of the synthetic approach is
dependant on several factors including precursors, metal salt, solvent, temperature,
base and catalyst, with the use of phthalonitrile as precursors considered the simplest

approach with highly pure products obtained.
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Scheme 1.1. Synthesis of phthalocyanines from different precursors

Phthalonitriles are often cyclised at high temperature in the presence of a metal salt
and a basic solvent, such as N,N-dimethylaminoethanol (DMAE). Alcoholic solvents
e.g. 1-pentanol in combination with bases such as 1,8-diazabicylo[5.4.0]undec-7-ene
(DBU), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), piperidine or cyclohexylamine can
also be used [30]. Labile metals such as lithium or sodium may be used for synthesis
of free base H,Pcs or MPcs with large central metals, with the labile metal ions easily
exchanged to form the desired MPc [31]. Much initial research was focussed on the
effect of changes at the a- and/or B-positions, with modifications of the peripherally
fused benzene rings resulting in a number of analogues including 2,3-
anthracocyanines and 1,2- [32] and 2,3-naphthalocyanines. Replacing the peripheral
fused benzene rings with other fused ring systems has led to analogues including
fluoranthocyanine, perylenophthalo-cyanine [33], phenanthrocyanine [34] and
triphenylocyanine with tetrapyrido- [35], tetrapyrazino- [35], thiopheno- [36], and

dithioleporphoryazines [37] containing peripheral heteroatoms.
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1.1.1.2 Low-symmetry AAAB type phthalocyanines

Condensation reactions of two different precursors is the most common method for
forming compounds with AAAA, AAAB, AABB, ABAB, ABBB and BBBB
structures (Scheme 1.2). Adjusting the ratio of the precursors can optimise the
formation of the AAAB structure, which can then be separated by chromatography.
A 3:1 ratio for two precursors of similar reactivity is commonly used for the
formation of the AAAB type Pc [38-40] with a mixture of products obtained in the
following predicted percentages: AAAA (33 %), AAAB (44 %) and 23 % for other
cross-condensation products. A:B molar ratios of up to 9:1 may be used when the

reactivity of B exceeds that of A [41,42].

D R e
L A&
QAP
S &L ST

Scheme 1.2. Products anticipated for a mixed condensation of two phthalonitriles

The other methods used to selectively synthesise low-symmetry phthalocyanines are
(i) the ring expansion of a subphthalocyanine [43,44] and (ii) the use of a polymer
support which preferentially reacts with the B precursor through the peripheral
substituent [45-48]. The statistical condensation of two different phthalonitriles was

employed in this work.
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1.1.1.3 Phthalocyanines synthesised in this work

In this thesis a novel low-symmetry (AAAB) ZnPc derivative containing a single
carboxylic acid group (COOH) and three phenylthio (SPh) substituents (Figure 1.2 a)
and novel symmetrical (AAAA) GePc derivative containing four phenylthio
substituents and two axial hydroxy ligands (Figure 1.2 b) were synthesised and
characterised. The reported [49] symmetric Zn and H,Pcs containing four phenylthio

substituents (Figure 1.2 b) were also synthesised and characterised.

HOOC

Q@ Tl ©
e @Q%@

ZnPc(COOH)(SPh), H,Pc(SPh),
Zn ZnPc(SPh),

Ph = @ Ge(OH), Ge(OH),Pc(SPh),

Figure 1.2. Structures of synthesised (a) low-symmetry, and (b) symmetrical Pcs

The carboxylic acid group allows for anchoring of the Pc to ZnO for applications in
dye sensitised solar cells (DSSCs), and linking to bio-molecules [50-52] and other
supports [53,54] is also possible. The bulky phenylthio substituents are beneficial in
reducing aggregation [55,56] due to their ability to impose steric repulsion. The Q
band absorbance of the Pc becomes red-shifted due to the presence of the electron
donating sulfur atoms [55-66]. Conjugation to gold electrode and gold nanoparticle
surfaces is also possible through the sulfur atoms [57-67]. The higher number of
delocalised m-electrons contributed by the phenylthio rings have been reported to

increase the ability of Pcs to create photocurrent [68]. The low-symmetry nature of
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the phthalocyanine is also expected to have improved performance in DSSCs due to
improved directionality of its electronic orbitals in the excited state, provided by the
electron-donating phenylthio “push” groups and electron-withdrawing carboxylic acid
“pull” group [68,69]. This “push-pull” mechanism is also useful in nonlinear optics
[70]. ZnPc and GePc derivatives show long triplet state lifetimes (t1) and high triplet
quantum yields (®v) [71-77] required for PDT and optical limiting which are the

focus of this work.

1.1.2 Ground state electronic absorption spectra of phthalocyanines

1.1.2.1 Origins of spectra

The dominant bands observed in the absorption spectra of monomeric MPcs are the
intense Q band (Qgo) at 600-750 nm [78,79], and the less intense broad Soret or B
band consisting of the B; and B, bands at ~ 350 nm [78-80]. One or two weak
vibronic bands (Q.i,) accompany the Q band (Figure 1.3), with additional bands
below 300 nm in UV-transparent solvents, such as dichloromethane (DCM) or

chloroform (CHCI3), referred to as N, L and C, in order of increasing energy [81,82].

B-band Quib

Absorbance

I

SN

340 390 440 490 540 590 640 690 740 790
Wavelength, nm

Figure 1.3. Typical ground state electronic absorption spectra of a free base

H,Pc (blue) and symmetrical MPc (red)
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The origin of these bands can be explained using Gouterman’s four-orbital model
[83], which considers four frontier molecular orbitals: Highest occupied molecular
orbital-1 (HOMO-1), HOMO, lowest unoccupied molecular orbital (LUMO) and
LUMO+1 account for transitions that give rise to the first two allowed transitions in
the UV-visible spectrum (Figure 1.4). The Q and B bands both generally arise from
n-n* (x/y polarised) transitions, where the Pc Q band (Qqp) is the result of a transition
from the a5, (HOMO) to the degenerate ¢4 (LUMO) orbital while the transition from

azy and by, to eq results in the B band absorptions (B and B»).

(a) (b)

blu blu
o e LUMO+1

9 1 1 LUMO, LUMO+1 g 1 LUMO

Qw B: B Qx Qy
a1y I HOMO a1u I I HOMO
€ HOMO-1 & HOMO-1
doy
b2u aZu
b2u

dau day

Figure 1.4. Electronic transitions (a) in symmetrical MPcs showing the origin of
the Qo) band and B, and B absorption bands [84] and (b) in symmetry lowered

MPcs showing the origin of the Q, and Qy bands

The absorption spectra of Pcs are sensitive to changes in central metal, solvent,

substitution pattern and aggregation [84-86]. Metal free Pcs are characterised by D>y,
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symmetry, increased symmetry to Dy, can be obtained by the introduction of a metal
that fits into the Pc cavity (3.96 A) [87], maintaining the planarity of the molecule and
resulting in a reduction in the number of allowed electronic transitions. Large metal
ions which often do not fit into the Pc cavity can lower the symmetry to C4,. Solvents
of different polarity, affect the shape, position and intensity of absorption bands.
Increase in solvent polarity [88], the use of conjugated or aromatic solvents [89], or
the use of coordinating solvents, such as N, N-dimethylformamide (DMF),
dimethylsulfoxide (DMSOQ) and pyridine, red shifts the Q band, with the coordinating
solvents resulting in interactions which stabilise the LUMO [90]. The non
coordinating nature of acidic solvents, such as DCM and chloroform, favours the
formation of Pc aggregates [90,91] and can affect ring oxidation, at times resulting in

demetallation [72,85,92] or protonation [71].

1.1.2.2 Phthalocyanine aggregation

MPc aggregation is recognised by broadening and/or splitting of the Q band and a
hypsochromic (blue) or bathochromic (red) shift [93] indicating the presence of
additional electronic levels of the aggregates due to non-covalent, n-n interactions
between the conjugated Pc rings. Aggregates could be formed in a number of ways
including direct linkage or bridging between two or more Pc rings [94], covalent
bonding involving the metal as p-0xo links [79], sandwich-type complex formation
[95,96] and weak association in which peripheral substituents hold two Pc rings that
are adjacent in space [97,98]. The tendency for Pcs to aggregate is dependent on the
central metal and axial ligands, position and type of substituents on the Pc periphery
as well as the solvent properties [99,100] and coordinating power [49]. Bulky
substituents impose steric repulsion [55,56], particularly at the a-position of the Pc

ring, and reduce the tendency to aggregate; they may also distort the Pc ring from
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planarity to reduce aggregation [101]. In polar solvents such as water and methanol
(MeOH), Pcs are prone to aggregation driven by hydrophobic interactions [94,102]
due to their large n-system [102]. Cofacial Pc dimers, referred to as H-aggregates,
result in a blue-shift with the overlapping of energy levels increasing radiationless
excited state deactivation leading to aggregates being photoinactive. Co-planar Pc
arrangements, give rise to red-shifted absorption characteristic of J-aggregates, which
are observed in some molecules, usually under certain conditions such as the nature of
the solvent and substituents attached to Pc ring periphery [103]. Unlike H-aggregates,

J-aggregates are photoactive [101].

1.1.3 Photophysical properties

The photophysical properties of Pcs are of particular importance in PDT, optical data

storage systems as red or near-infrared (NIR) light absorbers, nonlinear optics (NLO),
photoconductors and in solar cells. The Jablonski diagram [104-106] (Figure 1.5)
explains the origin of the radiative (fluorescence (F), phosphorescence (P)) and non-
radiative (internal conversion (IC), vibrational relaxation (VR), intersystem crossing

(ISC)) photophysical properties [105].
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Figure 1.5. Modified Jablonski diagram showing the transition between the
singlet ground state (Sp) and electronic excited states (S; and T;). A =
absorption, F = fluorescence, VR = vibrational relaxation, IC = internal
conversion, ISC = intersystem crossing, P = phosphorescence. S; = singlet

excited state and T; = triplet excited state.

1.1.3.1 Fluorescence spectra, quantum yields and lifetimes

MPc fluorescence properties such as fluorescence intensity, fluorescence quantum
yield (®f) and fluorescence lifetimes (tg) are influenced by aggregation, solvent
properties, concentration, nature of the central metal, substituent type and photo-
induced energy transfer [28]. Fluorescence in MPcs is usually short lived, of the
order of 10® s, and is reduced in the presence of paramagnetic metals and metals of
high atomic number, an effect in response to the heavy atom effect. These types of
compounds encourage ISC, a spin-forbidden process, which occurs as a consequence
of spin-orbit coupling. In general, the excitation spectra [107] are similar to the
corresponding absorption spectra in MPc complexes. Conformational reorganisation

on excitation may however lead to alteration in the shape of the spectra due to a

11
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difference in the nuclear arrangement of the ground and excited states due to changes
in the structure of the absorbing molecule. This is typical of MPcs with reduced
symmetry as a result of protonation or the presence of large central metals prone to

demetallation [71,108].

Quantum yields (®) are used to give a measure of the efficiency of a photophysical or
photochemical process. Fluorescence quantum yields (®f) are determined by steady-
state fluorescence measurements and give a measure of the efficiency of an emission
process. @ is defined by a ratio of the number of fluorescing molecules to the
number of photons absorbed. Relative ®f can be determined by a comparative
method using a standard reference [109,110], whereby the ®f of an unknown
substance is related to that of a sample with a known ®f value (standard) using

Equation 1.1 [109]:

F.Asq.n’

(I)F = (I)F(Std) >
Fsw. A . ngy

(1.1)

where ®q is the fluorescence quantum vyield of the standard; F and Fgyq refer to the
areas under the fluorescence emission curves of the MPc and reference respectively;
A and Agq are the absorbances of the sample and reference, respectively, at the
excitation wavelength and n and nyq are the refractive indices of the solvents used for
the sample and standard, respectively. A number of techniques exist to determine
fluorescence lifetimes [111-114], with time domain measurements more commonly
used [112,115]. The equipment used for time-domain measurements is based on

gating the fluorescence signal using either time-correlated single-photon counting

12
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(TCSPC) [113,116] or gated image intensifiers [112] techniques. Figure 1.6 shows a
typical fluorescence decay curve for ZnPc, obtained using a TCSPC set-up.
Determinations can also be made using the absorbance and emission spectra of MPcs

[74,117] in the PhotochemCAD software package [118].
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Figure 1.6. Fluorescence decay curve of ZnPc in DMSO (unpublished work)

The fluorescence lifetimes of MPcs are usually of the order of a few nanoseconds (10°
% s). Table 1.1 lists the photophysical properties of some ZnPc derivatives
[72,108,119-124]. Figure 1.7 shows the structures of the low-symmetry Pcs listed in
Table 1.1. The results show a strong dependence on the choice of substituents. The

table shows that the photophysicochemical studies relating to low-symmetry MPc

derivatives are also quite sparse, hence the aim of this thesis for ZnPc derivatives.
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Table 1.1. Photophysical and photochemical properties of synthesised ZnPcs and

selected low-symmetry and symmetrical ZnPc derivatives in DMSO

Complexa (U2 11 (1) O Dpy (XlOS) Ref

Low-symmetry

ZnPc-COOH 0.82 230 0.16 0.11 [119]
ZnPcTTBI 0.82 180 0.097 0.07

ZnPcTNC 0.05 [120]
ZnPcTNCDP 0.12

ZnPcTFMP 0.74 240 0.20 [121]
Symmetrical

ZnPcTMP 0.73 160 0.10 0.31 [119]
ZnPc(COOH),°  0.50 600 <0.01 [123]
ZnPc 0.65[122] 350 0.20 2.61

ZnPc(NO,)4 0.62 310 0.022

ZnPc(S03)4 0.86 470 0.07 4.03

ZnPcTBP 0.85 160 0.14 3.33 [72,108]
ZnPcOMP 0.63 370 0.24 2.12

ZnPcOE 0.19 275

ZnPcOP 0.17[71]  2.53[124]

# TMP = tetramercaptopyridyl; TBP = tetra(tert-butylphenoxy); OMP = octa(methyl-
phenoxy); OP = octaphenoxy; OE = octaestrone

0.1 M NaOH/EtOH (1:1) as solvent

14
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Figure 1.7. Structures of low-symmetry ZnPc derivatives
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1.1.3.2 Triplet quantum yields and lifetimes

Laser flash photolysis is often used to determine the triplet state properties of MPcs,
and involves the rapid introduction of an intense pulse of light, using a laser source,
into an MPc solution, followed by analysis of the time-evolved electronic absorption
signal. The relative population of (®7) and the time spent (t7) in the triplet state (T;)
can be determined. The technique monitors the absorption from the T, state to a
higher T, state (Figure 1.5) [106,125]. Flash photolysis also provides information on
the excited state lifetime of transient species. A typical triplet state decay curve is
shown (Figure 1.8). The triplet quantum yield (®1) may be determined by the

comparative method using Equation 1.2 [122]:

Std
AAT &, (1.2)

where AAT and AA3M are the changes in the triplet state absorbances of the sample

and the standard, respectively and @5 is the triplet quantum yield for the standard in

the respective solvent. et and &3 are the triplet state molar extinction coefficients for

the sample and the standard respectively, and are determined using the singlet

depletion method [126] Equations 1.2 aand 1.2 b.

AA,
Er =&y AA
5 (1.2a)
g5 Std AAitd
T N Std
AAS (1.2 b)
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The triplet state lifetime (t7) is determined by the time resolved absorption
measurement described above. Fitting of the triplet decay curves (as shown in Figure
1.8), using OriginPro 8 software has been used in this work for determination of the

lifetimes of the MPc transients.
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0.0000 0.0005 0.0010 0.0015 0.0020
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Figure 1.8. Typical triplet state decay curve of ZnPc standard

MPc triplet lifetimes are in the range between micro-seconds (us) and milliseconds
(ms) (Table 1.1). The forbidden T;—S, transition accounts for this longer lifetime.
The triplet state properties of phthalocyanines are sensitive to changes that deactivate
fluorescence. The @t and ®¢ values of MPcs in solution are influenced by the nature
of the central metal ion; heavy diamagnetic or paramagnetic metal ions are known to
enhance the triplet state yield. Diamagnetic metal ions such as Zn?* also promote
long lived lifetimes. Shortened lifetimes are experienced in the presence of heavy and

paramagnetic metals due to the presence of low-lying d-orbitals which endorse
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guenching of the T, state via charge transfer processes. Substitution with heavy
atoms also result in high ®t. However, the T;—S, transition may be enhanced as a
result of heavy atom induced structural deformation. Increased molecular rigidity
promotes fluorescence due to the decrease of non-radiative electronic energy ‘leaking’
[127]. Solvent properties such as polarity, viscosity, refractive index and temperature
may also influence this rigidity. Low ®¢ values are often predicted for aggregated
MPcs [128,129] and on the departure of molecular symmetry from Dy, in symmetry-
lowered Pc analogues [44,130]. The photophysical and photochemical properties
associated with symmetrically substituted ZnPc derivatives have been reported
extensively [13,71,72,75-77]. The influence of the properties of solvents used is
reported in this thesis. As Table 1.1 shows, photophysical studies have been
conducted on very few unsymmetrically substituted ZnPc complexes. The @t values
of ZnPc(SPh)3(COOH) are compared in this thesis to those of the symmetrical
analogues, ZnPc(SPh), and ZnPc(COOH), [123], and unmetallated H,Pc(SPh), and
Ge(OH),Pc(SPh),. As stated above unsymmetrical MPcs are expected to improve
performance in for example dye sensitised solar cells (DSSCs) and nonlinear optics

(NLO).

1.1.4 Photodegradation

Photodegradation is the photochemical induced oxidative degradation of a molecule
into lower molecular weight fragments [131] and is used to determine the stability of
MPc molecules to light, and is thus important for light-requiring applications of
interest in this work such as DSSCs and NLO. The ability of macrocyclic metal
complexes to react with singlet oxygen has been reported [132-134], thus
photodegradation is often considered a singlet oxygen mediated process, but

photoreduction is also possible in Sn [74,135] and GePc derivatives [74,136]. The
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photodegradation process generally involves oxidative attack of the MPc excited
triplet state macrocycle by singlet oxygen via a Diels-Alder cycloaddition mechanism,

the product being the respective substituted phthalimide (Scheme 1.3) [132,133].

MPc Phthalimide

Scheme 1.3. [4+2] cycloaddition reaction of MPc with singlet oxygen (*O,)

Photodegradation depends on the MPc structure i.e. nature of substituents attached to
the ring periphery and central metal, solvent, light intensity and the concentration of
singlet oxygen since it is a singlet-oxygen mediated process. Electron-donating
substituents on the Pc ring were reported to bring about rapid photodegradation, while
electron-withdrawing substituents stabilise the Pc ring, reducing photodegradation
yields owing to the difficulty in oxidising the MPc ring [124,137,138]. Substitution at
the non-peripheral (a) positions of the macrocycle are known to result in a stabilising
effect compared to the peripheral () positions [137]. Photodegradation is increased
in chlorinated solvents such as chloroform and DCM as a result of their low basicity,
leaving the MPc molecule open to oxidative attack [72,92,139].  Strongly
coordinating, highly solvating basic solvents, such as DMSO, permit axial
coordination to the central metal atom thus partly shielding the MPc molecule from

oxidative attack [140]. Photodegradation rates are also reduced in the presence of
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some singlet oxygen quenchers due to their ability to react with singlet oxygen
[124,138]. Equation 1.3 is employed for the determination of photodegradation

quantum yields [72]:

_ (CO B Ct )VNA
IabsSt (13)

o Pd

where Cy and C; refer to the respective MPc derivative’s concentrations (M) before
and after irradiation, respectively; V is the reaction volume, Na the Avogadro’s
number; l,ps the overlap integral of the radiation source intensity and the absorption of
the MPc in the region of the interference filter transmittance [136], S is the irradiated
cell area (2.0 cm?) and t is the irradiation time, in seconds. The photochemical
properties of ZnPc derivatives are quite widespread [71,72,76,77]. The aim in this

thesis is to study the photochemical behaviour of the MPc complexes.
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1.2 Dye sensitised solar cells

Dye sensitised solar cells (DSSCs) are a class of solar power devices that are
environmentally friendly and relatively cheap, and involve the sensitisation of a wide
band gap semiconductors such as ZnO or TiO, by organic dye molecules [141].
Moser, at the University of Vienna, discovered charge transfer from photoexcited
dyes into semiconductors more than 100 years ago [142]. He observed enhancement
in the photoelectric effect, in the presence of erythrosine, first detected on silver plates
by Becquerel [143]. The first commercially viable DSSCs however, were only
produced in 1991 by O’Regan and Gréatzel [144] utilising sintered TiO, nanoparticles
as substrate, after the discovery of the photocatalytic properties of TiO, for the
hydrolysis of water by Fujishima and Honda were published in 1972 [145].
Photoexcitation of the dye (Figure 1.9, step a) results in the injection of an electron
into the conduction band of the oxide (step b). Electron donation from the electrolyte
containing a redox system, such as the iodide/triiodide couple (step c), restores the
original state of the dye. Reduction of triiodide at the counter electrode regenerates
the iodide (step d), with electron migration through the external load completing the

circuit (step e) [146].
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Transparent Electrode

Counter Electrode

Figure 1.9. Diagrammatic representation of working principle of a DSSC

1.2.1 TiO, and ZnO as substrates

O’Regan and Grétzel first produced DSSCs with light-to-electric energy conversion
yields of 7.1-7.9% in simulated solar light and 12% in diffuse daylight in 1991 [144].
They did so by using a paste of nano-particles of TiO, sintered at 450°C, producing a
thin, highly porous film with a high surface roughness. This film was then sensitised
with a monolayer of a ruthenium complex, the produced DSSC showed high stability
as well as fast electron injection, and paved the way for practical development. The
most efficient DSSCs produced, with efficiencies above 11%, are those of TiO,
sensitised with Ru tris-bipyridyl (N3 dye) type complexes, structure shown in Figure
1.10 [147]. The drawback of such cells is the need for high temperatures for film
formation, preventing development of solar cells on flexible plastic substrates. This
was overcome by the development of ZnO films that could be produced and sensitised

under mild conditions.
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Highly crystalline ZnO thin films can be produced by cathodic electrodeposition
methods. Electrochemical reduction of molecular oxygen can be utilised to induce
precipitation of ZnO, with eosin Y added as a catalyst and structure directing agent
producing ZnO films with high roughness factors, increasing the available surface
area for sensitiser molecule binding [148]. The eosin Y molecules could be desorbed
in mild alkaline KOH solution, with readsorption of the dye resulting in higher
electrochemical performance [149]. The best performing photosensitiser on ZnO is
the indoline dye, 5-[[4-[4-(2,2-diphenylethenyl)phenyl]-1,2,3-3a,4,8b-hexahydro-
cyclopent[s]indol-7-yl]methylene]-2-(3-ethyl-4-ox0-2-thioxo-5-thiazolidinylidene)-4-
oxo-3-thiazolidineacetic acid (D149) (Figure 1.10), with efficiencies of over 5 %

obtained [150,151] (Table 1.2).
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1.2.2 Use of phthalocyanines in dye sensitised solar cells

Metallophthalocyanines are potentially useful in the production of photovoltaic cells
as they absorb intensely in the red and near infra-red regions of the solar spectrum, are
stable and non toxic, and are easily oxidised and reduced. Much research has
focussed on designing Pcs suitable for use in DSSCs, with particular interest in the
nature of the linkage to the semiconductor surface, the properties of the substituents,
and the effects these have on the directionality of the Pc in the excited state [152-156].
Carboxylic or sulfonic groups on the MPcs, not only increase their water solubility,
but also allow covalent bonds to form with the hydroxide groups on the ZnO surface
[152]. Decreasing the size of the link between the phthalocyanine ring and the
carboxylic acid has been reported to improve performance on TiO,, with insulating
and flexible linkers shown to result in poor electronic coupling [153]. Part of the
energy absorbed by the Pc can be transformed into heat as a result of non-radiative
processes of excited state deactivation, rather than in separation of charge. It was
found that photothermal conversion is most probably due to the presence of mobile
long-chains which contribute to the loss of energy, with the deactivation being the
thermal conversion to the ground state [68]. Thus in this work COOH is directly

attached to the Pc ring without a linker in ZnPc(SPh)3(COOH).

Table 1.2 lists some MPcs used as sensitisers of ZnO [154,156]. The highest
efficiencies obtained thus far for ZnPc derivatives on ZnO are 0.33%, 0.15% and
0.48% for zinc(Il)- octacarboxy (ZnPcOC) [154], -tetrasulfo (ZnPcTS) [155] and -
tris-(naptho)-2-(carboxy) (ZnPcTNCDP) phthalocyanines [156] respectively
(Structures shown in Figure 1.10). The relatively low efficiency of cells incorporating

phthalocyanines appears to be due to aggregation, solubility problems and lack of
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directionality in the excited state [69]. Novel low-symmetry zinc phthalocyanines
(TT1, PCHOO1 and TT5) that contain zert-butyl and carboxylic acid groups that act as
“push” and “pull” groups, respectively, have been designed [153,157] and using these
sensitisers on TiO,, high conversion efficiencies for Pcs of 3.05% (PCH001), 3.10%
(TT5) and 3.52% (TT1) were obtained (Table 1.2). The function of the carboxylic
acid groups was for attachment onto the semiconductor surface and to provide
electronic coupling between excited-state wave function of the phthalocyanine and the
conduction-band of the semiconductor. The purpose of the three tert-butyl groups
was to enhance the solubility, to minimise the aggregation, and to tune the LUMO
level of the Pc, providing directionality in the excited state. Based on these
observations, ZnPc(SPh)3(COOH) with a similar “push-pull” mechanism was

employed with the hope of improving efficiency in DSSCs.

Table 1.2. Photoelectrochemical parameters of sensitisers of ZnO at an incident

photon flux of 10'° s*.cm™ (IPCE, APCE) or conditions close to AM 1.5 (FF, 7).

Sensitiser IPCE (%) APCE (%) I (MACM?) Vo (MV) FF (%) n(%) Ref.

ZnPcOC 14.98 44.1 46 0.33 [154]
ZnPcTNCDP 30.9 34.6 3.1 420 37 0.48 [156]
PCHO001° 75.0 6.5 635 74 3.05 [157]
TT5 65.0 6.8 613 74 3.10 [153]
TT1® 85.0 7.6 617 75 3.52 [153]
OTiPcOC 50.6 62.8 36 0.45 [156]
D149 12.2 12.23 691 66 5.56 [151]
N3 Dye® >80 98 18.2 720 73 10.0 [147]

2 TiO, used as semiconductor substrate
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1.2.3 Parameters for dye sensitised solar cells

The incident photon to current conversion efficiency (IPCE) and absorbed photon to
current conversion efficiency (APCE), calculated in Equations 1.4 [158] and 1.5

[159], indicate how well the cells convert light into current.

I(ﬂ)
IPCE =1240x —%“

P, x4 (L.4)
ApCE = 1PCE
1_10—abs(i)

(1.5)

where |, is the current density (mA/cm?) at the photoexcitation wavelength (L), Pi, is
the incident light power density (mW/cm?) and 1 - 10 s the light harvesting
efficiency at the monochromatic absorbance of the photosensitiser. The short-circuit
current (lsc) and open-circuit voltage (Vo) are the maximum current and voltage

respectively from a solar cell (Figure 1.11).

The fill factor (FF), is a parameter which, in conjunction with V. and I, determines
the maximum power from a solar cell, and is defined as the ratio of the maximum
power (Vpmax X lpmax) from the solar cell to the 'dummy' power output (Vo X lsc),

Equation 1.6 [160]:

I,V
FF = % (1.6)

sC oc
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The quantum efficiency of a solar cell (n) is the ratio of charge carriers collected by
the solar cell to the number of photons of a given energy shining on the solar cell and

is calculated in Equation 1.7 [160]:

c L.7)

where lpmax.Vemax 1S the maximum power point on the IV curve (Figure 1.11), E
(W/m?) is the input light irradiance under standard test conditions (AM 1.5) and A.

(m?) is the surface area of the solar cell.

SC @iz = = = = = = = = = = = = = = %% %= ==m==s.=====aoa o=

(VocX |sc) :

max "
1]

(VPmax X IPm ax)

Current Density

Potential Vo

Figure 1.11. Typical 1V curve showing origin of parameters
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1.3 Nonlinear optics

Nonlinear optics (NLO) is the branch of optics that describes the behaviour of light in
nonlinear media, in which the dielectric polarisation responds nonlinearly to the
electric field. The mechanism present in all materials arises from perturbation of the
electronic distribution in the material by the electric field of the incident light. At low
intensities, this is the mechanism for linear polarisability, at high intensities, the
electron distribution no longer follows the applied field, resulting in both second and
third-order nonlinear susceptibilities [89]. Nonlinear processes can be classified into
two main categories, parametric and non-parametric. ~ Macroscopic parametric

processes are described in Equation 1.8:

P= yOE+y?EE + yOEEE + ... (1.8)

where 1, ¥ and 5® are the linear, quadratic (first-order) and cubic (second-order)
susceptibility tensors respectively. The molecular polarisation for microscopic

parametric processes is described in Equation 1.9:

p=0F +BEE +yEEE + ... (1.9)

a, B and vy being the linear polarisation and the quadratic and cubic
hyperpolarisabilities respectively. Non-parametric processes are resonant and rely on

light-induced changes in the population of the energy levels of the system.

There is a larger variety of third-order parametric effects, described by ¥ (@: @1, @2,

w3) susceptibilities [161], in comparison to those related to second-order.
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Experimental techniques used to study third-order NLO processes and to measure
susceptibilities include: third harmonic generation (THG) [162], which involves
electronic processes and measures X(S) Bw: o, o, ®); degenerate four-wave mixing
(DFWM) [161], which may include other contributions (thermal, non-parametric, etc.)
and measures 1 (o: o, - ®, ®); and Z-scan [163], which may respond to mechanisms
similar to DFWM and measures nonlinear refraction and absorption. Parametric and
non-parametric effects contribute to nonlinear refraction and absorption, and have

practical relevance in relation to optical limiting [164].

Optical limiting is a nonlinear effect consisting of a decrease in the transmittance of a
sample under high intensity or fluence illumination and has applications for sensor
protection including the human eye. The ideal behaviour (Figure 1.12) involves
transmitted intensity remaining constant (or decreasing) above a certain illumination
intensity, with a linear decrease of the initial constant transmittance above the

threshold [70].

(@) (b)

lOUl

Iin (or I:in) Iin (Or Fin)

Figure 1.12. Ideal behaviour of an optical limiter: (a) transmitted intensity loy: VS.

incident intensity li, (or fluence Fi); (b) transmittance T versus |, (or Fi,).
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Phthalocyanines have found application in NLO, and optical limiting in particular, as
they have two-dimensional m-electron delocalisation and their structure can be
modified by addition of suitable substituents and different central metals of different
oxidation states to fine tune the NLO response. They also have advantages over
inorganic materials as they have large nonlinearities, ultrafast response times and easy

and economic processability for the preparation of thin films [164-169].

Under illumination an initial photon of around 550 nm is absorbed at the ground state
level Sy (Figure 1.5) of the Pc to a high vibrational level S;” of the singlet excited state
S: (Q band). Rapid decay into a lower energy triplet T, state occurs, and another
photon may be absorbed exciting the system to a higher triplet level T,. One-photon
transitions from S; to S, are also possible [70]. Optical limiting properties of a

number of ZnPc derivatives [170] are shown in Table 1.3.

Table 1.3. Optical limiting parameters of some ZnPc derivatives [170]

Pc Structure

Im{zx®} (esu)

Im{y} (esu)

ZnPc(tBu),

ZnPc(CeHi3)s

ZnPc(CioH21)s
ZnPc(CisosH11)s
ZnPc(C3H;0S0,)s
ZnPc(C3H70S0,)6(1)
ZnPc(tBu)3(C=CH)
ZnPc(tBu)3(C=C)CoPc(1Bu)3

ZnPc(1Bu)3(C=C)ZnPc(Bu)s

(1.1+02)x10™
(1.5+0.3)x 10
(9.1+1.8)x 10
(1.5+0.3) x 10
(5.4 +1.0) x 10
(5.7+1.1)x 10"
(1.3+0.2) x 10
(2.1+0.4) x 102

(4.6 £0.8) x 10

(7.3+1.4)x 107
(8.6 +1.7) x 10
(6.9+1.3)x 10
(7.9+1.5) x 10
(3.2 +0.6) x 10
(3.2 +0.6) x 10
(8.3+1.6) x 10
(2.6 +0.5) x 10

(5.8+1.1) x 10
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The parameters for determining the suitability of Pcs for optical limiting are the
imaginary third-order susceptibility, Im{y®}, and the imaginary second-order
hyperpolarisability, Im{y}. Im{x(?’)} is directly related to the intensity-dependent

absorption coefficient 5;, and is calculated using Equation 1.10 [170]:

2
&.CA
|m{;((3)}= My E,CAB,
27 (1.10)

where no is the linear refractive index, c is the speed of light (m.s™), & is the
permittivity if free space (C.V.m™) and X is the wavelength of the laser used (m).
The relationship between Im{x®} and Im{y} takes concentration into account and is

calculated using Equation 1.11 [170]:
(1.11)

where fis the Lorentz local-field enhancement factor and is defined as /= (no® + 2)/3,
Cpor 1S the molar concentration of the solution and Np is Avagadro’s constant. The
aim in this thesis is to determine the suitability of the synthesised complexes for
optical limiting applications and to determine the effect of the central metal and

solvents on the optical limiting parameters.
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1.4 Conjugates of phthalocyanines with gold nanoparticles

Conjugates of gold nanoparticles (AuNPs) and Pcs may be used for drug delivery in

photodynamic therapy (PDT).

1.4.1 Basics of photodynamic therapy

PDT has developed as an alternative for the discriminative destruction of cancerous
tumours [171]. The superior attributes of MPcs, allow for their use in PDT
[23,24,172]. These include red or near infra-red absorption, non-toxicity, with low
skin photosensitising potency, selective localisation in tumours, efficient singlet
oxygen generation and appreciable fluorescence for visualisation. PDT is a non-
invasive, oxygen dependant treatment using a specific wavelength of light to excite
light-sensitive (photosensitiser) dyes within target cells to generate cytotoxic
derivatives of oxygen (e.g. O, (1Ag), 07, Oz, and OH’). The highly reactive nature of
these species are limited to the immediate vicinity of the photosensitiser. The
cytotoxic oxygen species are produced by one of two processes, namely Type | and
Type 1l processes (Scheme 1.4), mediated by the excited triplet state of the

photosensitiser.

Sensitiser hv___ igensitiser

TYPE | TYPE II
ISC
- 3

Radicals or -e/H 5 0, .
Radical ions ——— Sensitiser _— 0,
rOz l Substrate
Substrate
OOH, O7, OH;, etc. » Oxidation products

Scheme 1.4. Photosensitisation during photodynamic therapy
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It is difficult to distinguish between the two reaction mechanisms in PDT, with
contribution from both Types | and Il processes probable. Type | mechanism
involves electron/hydrogen transfer directly from the photosensitiser, producing ions
or radicals which then react rapidly, usually with oxygen, producing highly reactive
oxygen species (ROS). Direct interaction of the excited triplet state photosensitiser
with ground state molecular oxygen, in Type Il reactions, results in the photosensitiser
returning to its singlet ground state (Sp) and the formation of reactive singlet oxygen.
Studies suggest that singlet oxygen (Type Il mechanism) is the mediator in PDT

[171].

1.4.2 Nanoparticles in photodynamic therapy

Nanoparticles are routinely defined as particles with sizes between about 1 and 100
nm that show properties that are not found in bulk samples of the same material [173].
They have found applications in biology and medicine as fluorescent biological labels
[174-177], magnetic resonance imaging (MRI) contrast enhancers [178], as probes of
DNA structure [179] and in tissue engineering [180,181]. Other uses include
applications in drug and gene delivery [182,183], detection of pathogens [184] and
proteins [185], tumour destruction via heating (hyperthermia) [186], in the separation
and purification of biological molecules and cells [187] and in phagokinetic studies

[188].

Nanoparticles have been employed in multi-functional medicines as their surfaces can
be modified with different functional groups including photosensitisers and targeting
moieties. The nanoparticles are expected to concentrate at the target site due to the
enhanced permeability and retention (EPR) effect [189] and can be irradiated locally,

with higher concentrations of ROS thus produced by the photosensitiser at the site.
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The administered nanoparticles may act as photosensitisers, carriers of
photosensitisers, light antennas for photosensitisers (up- and down-converters) or as
carriers of multiple functions. Studies have shown that quantum dots alone are
capable of producing singlet oxygen and ROS [190-193], the overall quantum yields
were however low and cadmium-based quantum dots are toxic. ZnPcs have been
used as photosensitisers attached to up-converting nanoparticles and caused cell death
upon irradiation due to the production of ROS [194,195]. The most promising results
of increased PDT efficacy compared to the free photosensitising molecules has been
observed in the study of photosensitiser-doped silica nanoparticles [196] and gold
nanoparticle/photosensitiser conjugates [57]. A number of photosensitising molecules
have been conjugated to gold nanoparticles including toluidine blue O (TBO) [197],
porphyrins [198] and chlorins [199] after the initial conjugation with a phthalocyanine
[57]. Gold nanoparticles (AuNPs) are attractive as they are non-toxic [200,201] and
are already used in therapy. AuNPs are linked to the higher yielding ZnPc(SPh)4Pc in

this work, and the photophysical behaviour of the conjugate is studied.

1.4.2.1 Synthesis of gold nanoparticles

Generally, gold nanoparticles are produced in a solvent by reduction of chloroauric
acid (HAuCl;). A reducing agent, usually sodium borohydride (NaBH,), causes
dissolved Au** ions to be reduced to neutral gold atoms (Au®). The solution becomes
supersaturated as more gold atoms form and gold gradually starts to nucleate and
grow into particles. To prevent aggregation, stabilising agents are usually added to
bind to the nanoparticle surface. A number of synthetic methods have been developed
including aqueous syntheses of citrate stabilised nanoparticles by the so called
Turkevich method [202], using nanoparticles seeds with hydroquinone as the reducing

agent in the Perrault method [203] and using HCI and NaOH as stabilisers of ‘naked’
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nanoparticles in the Martin method [204]. The nanoparticles produced in this report
were synthesised following the Brust method (Scheme 1.5) in which the nanoparticles
are produced in an organic solvent with tetraoctylammonium bromide (TOABTr) used

as both a phase-transfer catalyst and stabilising agent [205].

HaCHaC HaG e

CHy
R//_\//{ﬁm
I NG " Br
)
r r
HaC
H,C:
CH3

HiCHyc” Hyc HaC

HsC

H

NaBH, . toluene
HAUCI,.3H,0,,, + TOABr -

Scheme 1.5. General synthesis of TOABT stabilised AuNPs using Brust method

The concentration of the freshly synthesised nanoparticles in solution can be

determined using Equation 1.12 [206]:

Total

N.V.N, (1.12)

where Nrota IS the number of atoms in the initial amount of gold salt added to the
reaction, V is the volume of the reaction solution in litres, N is Avogadro’s constant
and determining the number of gold atoms in each nanoparticle, N is calculated using

Equation 1.13 [206]:
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_ npD®
6M

(1.13)

where p is the density for face centred cubic gold (19.3 g/cm®), M the atomic weight
of gold and D the average core diameter determined form high resolution tunnelling

electron microscopy (HRTEM) or powder X-ray diffraction (XRD).

The size of the nanoparticles can be controlled by changing the relative ratios of the
reactants, but the most important parameter for tuning the properties for a specific
application is the shape of nanoparticle. Gold nanorods [207-211], nanoplates [212-
215], branched [216] and platonic nanoparticles including cubes [217] and faceted

spheres [218] have been synthesised.

1.4.2.2 Methods of characterising gold nanoparticles

A wide variety of characterisation and analytical techniques, other than those
discussed, applies to nanostructure materials. Imaging by microscopy and analysis by
spectroscopy are in general the two techniques for characterisation of nanomaterials.
Structural information relating to the crystal lattice can be acquired using XRD
[219,220]. The mean particle size can be determined using the Scherrer equation

[221], Equation 1.14:

kA

d(A) =

where k is an empirical constant (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 angle of
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the peak. Surface analysis and depth profiling can be conducted using X-ray
photoelectron spectroscopy (XPS). High-resolution images of the sample surface can
be obtained using scanning electron microscopy (SEM) and structure and
morphological fine structural details can be probed using transmission electron
microscopy (TEM). Surface topological information and imaging of the surface
structure can be provided by atomic force microscopy (AFM) and scanning tunneling
microscopy (STM) methods. Other commonly employed techniques include solid-
state nuclear magnetic resonance spectroscopy (NMR) and differential scanning
calorimetry (DSC). In this thesis, XRD, XPS and UV-vis and fluorescence
spectroscopies, and TEM and AFM microscopy have been used to investigate the

structural properties of the gold nanoparticles.

UV-vis electronic absorption spectroscopy is often employed for analysis of the
optical properties that accompany nanoparticles. The cherry-red to purple colour of
AUNP solutions is attributed to surface plasmon oscillations in the conduction band of
the gold. d-Electrons in the gold are free to move, with no scattering expected for
particles smaller than ~50 nm. All the interactions with light are expected to be on the
surface, with light of wavelengths larger than the nanoparticle size setting up standing
resonance conditions. The electron density in the particle polarises to one surface and
oscillates in resonance with the light’s frequency as the wave front of the light passes

(Figure 1.13) [222].
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Figure 1.13. Schematic description of electronic cloud displacements in

nanoparticles under the effect of an electromagnetic wave [222]

The shape, size, capping material and other chemically bonded molecules affect the
surface plasmon resonance (SPR) band peak (Figure 1.14) due to changes in the

nature of the nanoparticle surface [223].

Figure 1.14. Typical absorption spectrum of AuUNPs [224]
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The molar extinction coefficient (g) of the SPR peak of the nanoparticles in solution is

related to the size of the nanoparticles using Equation 1.15 [206]:

lne=kInD+a (1.15)

where k= 3.32111, a = 10.80505, and D is the core diameter of the nanoparticles.

1.4.3 Synthesis of phthalocyanine-nanoparticle conjugates

A ligand exchange approach has been successfully employed in a number of reports
[57-61,66,67,225] resulting in the conjugation of phthalocyanines to gold
nanoparticles. This approach involves stirring the nanoparticles with appropriately
substituted Pc molecules, allowing for the replacement of the stabiliser with the
phthalocyanine molecule, through binding of sulphur or nitrogen atoms of the Pc

substituents with the gold surface (Scheme 1.6).

©*  ZnPc(SR),, toluene

CH

Ar, r.t.

CHa eH, om, CHa

Scheme 1.6. General conjugation of Pcs to TOABr-AuNPs

A number of techniques can be employed to determine the nature of the bound

molecules. These include fluorescence techniques, such as time correlated single
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photon counting (TCSPC) and time resolved emission spectra (TRES). Gold
nanoparticles are known to quench fluorescence of bound dyes. Decreased
fluorescence quantum yields (®f) and lifetimes (t¢) are often observed. Table 1.4
shows some MPc complexes containing SH, S-S, RS or NH, groups which have been
coordinated to AuNPs. These complexes are still limited, hence the study of the
ZnPc(SPh);-AuNP conjugate in this work. As stated above AUNPs decrease

fluorescence of MPc complexes, this work will show an opposite effect.

Table 1.4. Phthalocyanines conjugated to AUNPs

Structure Ref.
CeHi1z H13Ce
[57]
t-Bu
t-Bu
R =
(o]
izo
S%
o [58]
M = Ta(OH),
R=C;H;;
C,Hq
[59]
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Structure Ref.
|_/\/\R
o?
N
X |
NN /N R = N(CHy),
SH
[60,61]
? [66]
Ao
R
HS
N~
N
(b) R= COOH R'='s /N CFj
() R, R =CH,,SH
-
[67]
[225]
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1.5 Summary of aims

The photophysical and photochemical properties are compared between the
synthesised low-symmetry ZnPc(COOH)(SPh); and symmetric ZnPc(SPh),
derivatives, as well as between the symmetric ZnPc(SPh),, Ge(OH),Pc(SPh), and
H.Pc(SPh), derivatives. The effect of different solvents on the spectra and
fluorescence are highlighted. The photophysical parameters are also compared to
those of differently substituted ZnPc and GePc derivatives. The optical limiting
properties of the synthesised Pcs are determined and compared in different solvents.
GePc complexes are known to be good optical limiters, hence Ge(OH),Pc(SPh), is
employed in this work. The low-symmetry ZnPc(COOH)(SPh); derivative is also
tested as a photosensitiser of ZnO to determine its suitability for use in DSSCs. The
higher yielding Zn(SPh)4Pc is conjugated to gold nanoparticles to determine the effect
of conjugation on the spectra and the fluorescence behaviour of the Pc in different

solvents.
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2. EXPERIMENTAL

Incorporated in this chapter are the experimental procedures used during the
course of the study i.e. all synthetic procedures and methods of characterisation

for the molecules and nanoparticles used in this work are reported.
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2.1 Materials

For synthesis and characterisation: Germanium tetrachloride, zinc acetate, 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU), gold(l11) chloride trihydrate, lithium, sodium
borohydride, tetraoctylammonium bromide (TOABTr) and deuterated tetrahydrofuran
(THF-dg) were purchased from Sigma-Aldrich. Zinc chloride was obtained from
Chimica. Column chromatography was performed on silica gel 60 (0.04-0.063 mm)
from Merck, dianion HP 20 resin obtained from Aldrich and Bio-Beads S-X1 beads

from Bio-Rad.

Photophysicochemistry: Unsubstituted zinc phthalocyanine was purchased from

Sigma-Aldrich.

Photoelectrochemistry: Acetonitrile and potassium iodide were purchased from
Roth, iodine was obtained from Scharlau and ethylene carbonate was obtained from
Fluka. Eosin Y and tetrabutylammonium iodide (TBAI) were purchased from Sigma-
Aldrich. The glue for electrode preparation was obtained form Araldite (Nichiban Co.

Ltd.), a silver paste was obtained from DOTITE (Fujikura Kasei).

Solvents: Dimethylsulfoxide (DMSO), ethanol, methanol, dichloromethane (DCM),
chloroform, tetrahydrofuran (THF), acetone, pyridine, n-pentanol, benzene, toluene
and dimethylformamide (DMF) were obtained from SAARChem and dried according
to reported procedures [226] before use. Uvasol® DMSO (spectroscopic grade) was

purchased from Merck for TCSPC, z-scan and laser flash photolysis studies.
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2.2 Equipment and | nstrumental

1. Proton nuclear magnetic resonance (*HNMR) spectra were recorded using a
Bruker AMX 600 MHz NMR spectrometer.
2. Fourier transform infra-red (FT-IR) spectra were recorded on a Perkin—Elmer

Spectrum 100 ATR FT-IR spectrometer.

3. Elemental analysis was performed using a Vario-Elementar Microcube ELIII
CHNS Analyser.
4, Mass spectral data was collected with a Bruker AutoFLEX 11l Smartbeam

TOF/TOF mass spectrometer. The instrument was operated in positive ion
mode using a m/z range of 400 — 3000 amu. The voltage of the ion sources
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. The spectra were acquired using trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile (DCTB) as the MALDI matrix, using
a N laser.

5. UV-visible (UV-vis) spectra were recorded on a Shimadzu UV-2550
spectrophotometer.

6. Fluorescence excitation and emission spectra were recorded on a Varian
Eclipse spectrofluorimeter using a 1 cm path-length cuvette at room
temperature.

7. 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 (1.5 J/9 ns), pumping a Lambda Physik FL 3002 dye laser
(Pyridin 1 in methanol). The analysing beam source was from a Thermo Oriel

66902 xenon arc lamp, and a Kratos Lis Projekte MLIS-X3 photomultiplier
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tube was used as the detector. Signals were recorded with a two-channel, 300
MHz digital real time oscilloscope (Tektronix TDS 3032C); the kinetic curves

were averaged over 256 laser pulses.

Nd:YAG laser Dye laser Focusing mirror Oscilloscope
\YZ2 :
\_/ m
Xenon lamp  Collimating Sample cell Mon(_)chromator
lens holder with PMT

Figure 2.1. Schematic representation of a laser flash photolysis set-up

8. 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 (PMA-C 192-N-M,
Picoguant) 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,
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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 FluorFit Software
program (PicoQuant GmbH, Germany). The support plane approach [125]
was used to estimate the errors of the decay times.

9. For photodegradation studies (Figure 2.2) the solution was irradiated with
light emitted from a 300 W, 120 V halogen photo optic lamp and passed
through a 600 nm glass cut-off filter (Schott) and a water filter 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, hence ensuring excitation at the Q band only (660 to 740
nm).  Light intensities were measured with a POWER MAX 5100

(Molelectron detector incorporated) power meter.

.l Power controller

Quartz Collimating Water Cut-off and Sample cell
lamp lens filter interference filters holder

Figure 2.2. Schematic representation of a photodegradation set-up
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The Z-scan equipment (Figure 2.3) employed in this work was fabricated at
the University of Stellenbosch in South Africa. All experiments described in
this study were performed using Nd:YAG laser (Quanta-Ray, 1.5 J/ 9 ns) at
532 nm. The laser was operated at its second harmonic, 532 nm, with a pulse

repetition rate of 10 Hz, energy range of 0.1 pJ — 0.1 mJ.

Nd:YAG laser

Z-position
Chopper < Zo >

i

i

i

Collimating Sample cell Aperture
lens holder
Detector Computer

Figure 2.3. Schematic representation of Z-scan set-up

11.

12.

13.

14.

Confocal laser microscope images were obtained at Justus-Liebig University
of Giessen, Germany using a Keyence VK-9700 Laser scanning microscope.
Scanning electron microscope (SEM) images were obtained using a JEOL
JSM 840 scanning electron microscope.

Transmission electron microscope (TEM) images were obtained using a JEOL
JEM 1210 transmission electron microscope at 100 KV accelerating voltage.
Atomic force microscopy (AFM) images were recorded in the non-contact
mode in air with a CP-11 Scanning Probe Microscope from Veeco Instruments

(Carl Zeiss, South Africa) at a scan rate of 1 Hz. The images were obtained
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using a spring constant range of 20 —80 N/m, and resonant frequency range of
217-276 Hz.

X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8,
Discover equipped with a proportional counter, using Cu-K radiation (A =
1.5405 A, nickel filter). Data were collected in the range from 26 = 5° to
100°, scanning at 1° min™* with a filter time-constant of 2.5 s per step and a slit
width of 6.0 mm. Samples were placed on a silicon wafer slide. The X-ray
diffraction data were treated using the commercially available Eva (evaluation
curve fitting) software. Baseline correction was performed on each diffraction
pattern by subtracting a spline fitted to the curved background.

X-ray photoelectron spectroscopy (XPS) measurements were performed with a
Kratos Axis Ultra Xray Photelectron Spectrometer equipped with a
monochromated Al Ka source. The base pressure was below 3 x 107 Pa.
XPS experiments were recorded with 75 W power source using hybrid-slot
spectral acquisition mode and an angular acceptance angle of £+ 20°. The
analyser axis made an angle of 90° with the specimen surface, with the
specimen surface making an angle of 45° with the X-ray angle. Charge
neutraliser was used due to the insulating surface used to prepare the sample.
The elemental analysis and metal core level were recorded with a step of 1 eV
and pass energy of 160 eV. XPS data analysis was performed with Kratos

version 2 program.
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2.3 Methods

2.3.1 Fluorescence and triplet yields and lifetimes

Fluorescence quantum yields were determined using Equation 1.1, with unsubstituted
ZnPc in DMSO (®r = 0.20) used as a standard [72]. For each study at least two
independent experiments were performed for quantum yield determinations. Both the

sample and the standard were excited at the same relevant wavelength.

For the laser flash photolysis experiments, the MPc solution (A ~ 1.5) was bubbled
with nitrogen for 30 mins in a 1 cm path-length spectrophotometric cell and irradiated
at the Q band using the laser flash photolysis system as described above. Triplet
guantum vyields (d1) were calculated using Equation 1.2, unsubstituted ZnPc in
DMSO (@1 = 0.65) [122] was used as the standard. Triplet lifetimes were determined

by exponential fitting of the kinetic curves using OriginPro 8 software.

2.3.2 Photodegradation quantum yields

Photodegradation quantum yields (®pg) were determined using a solution of the MPc
(~ 2.5 ml) in a 1 cm path-length spectrophotometric quartz cell and illuminated at the
Q band region using a 300 W General electric quartz lamp as described above
(represented in Figure 2.2). The wavelength of the interference filter was chosen such
that it was close to the Q band absorption of the MPcs of interest. The steady
reduction in the Q band absorption intensity with irradiated time was recorded and

used for the calculation of ®pq (Equation 1.3).
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2.3.3 Photoelectrochemical measurements

The preparation of ZnO thin films was performed at the Justus-Liebig University
Giessen, Germany. For the deposition of ZnO in the presence of eosin Y, FTO doped
conductive glass substrate (Asahi-Glas, Cond. 10 Q/cm?, with transparency > 85 % in
visible region) was cut to a size of 2.5 cm x 2.5 cm. The substrate (FTO) was cleaned
ultrasonically in acetone, iso-propanol and distilled water for 10 minutes each before
being mounted to the holder. The substrate was then etched in 45 % HNO3 for 2 min
and finally rinsed with distilled water. A conventional three electrode system,
consisting of a rotating disc electrode (RDE) as a working electrode, RedRod
(Radiometer) reference electrode (0 mV vs. Ag|AgCl) and zinc rod as a counter
electrode was employed. The electrochemical cell was filled with electrolyte (110 ml
ultrapure water containing 0.1 M of KCI) and saturated with O, gas (99 %) by purging
the solution with oxygen at a rate of 400 ml/min for approximately 15 minutes. The
electrolyte was heated to 72°C using circulating thermostated water surrounding the
cell and the substrate was mounted on the rotating electrode holder, contacted by an
electrically conductive tape and fixed by insulating tape leaving an uncovered circular
active electrode area of 2 cm diameter. A constant potential of -1.06 V vs. the
reference electrode was applied (Wenking potentiostat LPGO, Bank Elektronik) and a
rotating speed of 500 rpm (Radiometer CTV101) was set. This started the
electrochemical activation of the substrate, during which oxygen was reduced at the
working electrode and the current density gradually became more negative. After
this, 1 ml of an aqueous ZnCl, solution was added to the electrolyte such that the
concentration of zinc chloride in the electrolyte was 5 mM. This initiated the growth
of a compact (i.e. non-porous) zinc oxide film (the so-called blocking layer). After 5

minutes of blocking layer deposition, 1 ml of an aqueous eosinY solution was added
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such that the concentration of eosinY in the electrolyte was 50 uM. The addition of
eosinY initiated the deposition of a porous ZnO/eosinY hybrid film, which was
carried out for 20 minutes. After the electrodeposition, the films were rinsed with
water and dried in a nitrogen flow. To remove the structure-directing agent eosinY
out of the pores, the samples were immersed into an aqueous KOH solution of pH
10.5 and were irradiated with the light of two fluorescent tubes, which is known to
accelerate the eosinY desorption process, for approximately 48 h. The ZnO film on
glass was cut into six pieces and MPc dye adsorption on four of the pieces was done
by immersing the ZnO thin film into a ~1 mM solution of the MPc in pyridine
containing 50 mM chenodeoxycholic acid for 1 - 24 h. The films were then rinsed
with ethanol and dried under compressed nitrogen and stored in the dark. The films
were heated at 70°C in an oven for 20 min before photoelectrochemical studies. The
other two pieces were kept as control and test pieces.

Photoelectrochemical measurements were performed at the Justus-Liebig University,
Giessen Germany. An ORIEL 1000 W xenon arc lamp (intensity = 100 mW.cm™)
equipped with a water filter and a UV cut off filter to restrict the illumination to the
visible range (385 nm — 900 nm) was employed. The adjustment of the light intensity
was achieved using a thermopile (LaserPoint). The illumination to the electrode was
controlled using a PRONTOR magnetic E/40 mechanical shutter. The shutter
required approximately 15 ms to reach a completely open position as measured with a
SIEMENS SFH 219 silicon-PIN-photodiode and was open for 2 sec. The potential
and currents were measured with an Iviumstat potentiostat, using a conventional
three-electrode arrangement in a 5 ml glass cell with MPc/ZnO hybrid thin film as a
window of the cell illuminated from the fluorine-doped tin oxide (FTO) side and used

as the working electrode, a Pt counter electrode and Ag|AgNOg; reference electrode
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were also used with acetonitrile as internal solvent. A mixture of 0.5 M TBAI and
0.05 M I, (in a 1:4 by volume mixture of acetonitrile with ethylene carbonate) was

used as an electrolyte.

2.3.4 Optical limiting measurements

Volumes of MPc solution were placed in a quartz cuvette (internal dimensions: 2 mm
x 10 mm x 55 mm, 0.7 ml) with a path length of 2 mm (Starna 21-G-2) and irradiated
with the laser light (Nd:YAG, 532 nm) starting at a position (- 40 mm) before the
focal point of the laser to a position (+ 40 mm) from the focal point. The
transmittance of the solution at varying points was recorded and the intensity-
dependent absorption coefficient (B;) computed from the transmittance curve

obtained.

2.4 Synthesis

4-Carboxy phthalonitrile was synthesised using a similar method reported in literature
using trimellitic anhydride as the starting material [227]. The synthesis of 4-

phenylthio phthalonitrile has also been reported before [91].

2.4.1 Synthesis of tris-9 (10), 16 (17), 23 (24)[4-(phenylthio)-2-(carboxy)
phthalocyaninato]zinc(ll) (ZnPc(COOH)(SPh);), Scheme 3.1

A mixture of 4-carboxy phthalonitrile (0.750 g, 3.178 mmol) and 4-phenylthio
phthalonitrile (0.182 g, 1.059 mmol) was dissolved in pentanol (5 ml) and heated to
reflux. Lithium (68.9 mg, 10.59 mmol) was then added in small quantities. The
green mixture was left to reflux for 12 h, and then cooled to room temperature. A few
drops of glacial acetic acid were added, followed by methanol to precipitate out the

Pc, which was then dried and Soxhlet extracted with chloroform to remove symmetric
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H,(SPh),Pc which was purified as described in Section 2.4.2. Crude
H,Pc(COOH)(SPh); (62.4 mg, ~0.07 mmol) was subsequently dissolved in dry DMF
(5 ml) under N, and refluxed for 10 min after which DBU (0.25 ml) and then zinc
acetate (25.2 mg, 0.12 mmol) were added to the mixture and refluxed for a further 2%
h. After cooling, the metallated Pc was precipitated with water (5 ml) and then
thoroughly washed with water to yield 45.1 mg of crude product. The purified
product was obtained by dissolving the crude product in minimum pyridine followed
by the use of a silica column using DCM as eluent, followed by DMF. The green
DMF fraction was then passed through an HP20 resin bead column. The HP20
column was washed with acetone, and the Pc eluted with pyridine, which was
evaporated off to obtain a blue-green solid. Yield: 2.13 mg (3 %). UV-vis (DMSO)
Amax(nm), (log €): 690 (5.03), 367 (4.27). FT-IR (cm™): 687.9 (5 C-S-C), 741.0 (5 Pc
ring), 887.9 (6 isoindole & nitrogen mesoatoms), 1031.7 (6 C-H in-plane &
isoindole), 1092.4 (6 C-H in-plane), 1282.0 (6 C-H in-plane), 1375.6 (& pyrrole and
nitrogen mesoatoms), 1471.6 (v isoindole), 1577.8 (v C=C), 1638.5 (v C=0), 2916.5
(v O-H), 3048.1 (v C-H arom.). Anal. Calc. for Cs;H2sNgO,S3Zn: C 64.72, H 2.98;
Found: C 65.76, H 3.31%. '*H NMR (THF-ds): 9.50-9.25 (4H, broad m, Pc-H), 8.75-
8.40 (4H, broad m, Pc-H), 8.20-8.00 (1H, m, Pc-H), 7.80-7.60 (3H, m, aromatic-H/Pc-
H), 7.60-7.30 (4H, m, aromatic/Pc-H), 7.20-6.85 (6H, broad m, aromatic-H), 6.75-
6.30 (6H, broad m, aromatic-H). MALDI-TOF MS m/z: Calc: 946.424 amu. Found:

[M+Na] 970.138 amu

2.4.2 Synthesis of tetrakis-2,(3)-[4-(phenylthio) phthalocyaninato]

(HzPc(SPh),), Scheme 3.1

The Soxhlet extract containing H,Pc(SPh), (51.3 mg) was purified using a silica

column eluted with THF and followed by a silica plug eluted with chloroform. The
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green solid was then thoroughly washed with methanol. Yield: 23.6 mg. UV-vis
(toluene) Amax(nm), (log €): 713 (4.84), 678 (4.82), 343 (4.52). FT-IR (cm™): 687.2 (8
C-S-C), 742.0 (6 Pc ring), 894.5 (6 isoindole & nitrogen mesoatoms), 1282.0 (6 C-H
in-plane), 1382.7 (3 pyrrole and nitrogen mesoatoms), 1473.0(v isoindole), 1579.0 (v
C=C), 3054.26 (v C-H arom.), 3286.2 (v N-H). Calc. for CssH34NgS,: C 71.01, H
3.62, N 11.83, S 13.54; Found: C 70.10, H 3.57, N 11.68. S 12.82%. 'H NMR (THF-
dg): 7.85-7.60 (12H, m, aromatic-H + Pc-H), 7.60-7.45 (12H, m, aromatic-H + Pc-H),
7.45-7.40 (4H, m, aromatic-H/Pc-H), 7.40-7.15 (4H, broad m, aromatic-H/Pc-H), the
inner two protons were not observed. MALDI-TOF MS m/z: Calc: 947.183 amu.

Found: [M-H] 946.189 amu

2.4.3 Synthesis of tetrakis-2,(3)-[4-(phenylthio) phthalocyaninato]zinc(l1)]

(ZnPc(SPh),), Scheme 3.1

To synthesise the symmetrical ZnPc(SPh),, the symmetrical H,Pc(SPh), (20.2 mg,
~0.02 mmol), DBU (0.25 ml) and zinc acetate (10.0 mg, 0.12 mmol) were dissolved
in dry pentanol (4 ml) under N, and refluxed for 3%z h. After cooling, the metallated
Pc was precipitated with water, centrifuged, and purified as for H,Pc(SPh), to obtain a
blue-green solid. Yield: 12.1 mg (57 %). UV-vis (DMSQO) Amax(nm), (log €): 692
(5.34), 365 (4.86). FT-IR (cm™): 682.7 (8 C-S-C), 734.3(5 Pc ring), 886.7(5 isoindole
& nitrogen mesoatoms), 1033.9(6 C-H in-plane & isoindole), 1093.4(6 C-H in-plane),
1380.7(d pyrrole and nitrogen mesoatoms), 1473.1 (v isoindole), 1579.0 (v C=C),
3049.1 (v C-H arom.). Calc. for CsgH32NgSsZn: C 66.56, H 3.19, N 11.09, S 12.69%;
Found: C 66.22, H 2.64, N 10.22. S 11.56 %. ‘HNMR (THF-dg): 9.05-8.90 (4H,
broad m, Pc-H), 8.90-8.70 (4H, broad m, Pc-H), 8.05-7.90 (4H, broad m, Pc-H), 7.90-
7.75 (8H, m, aromatic-H), 7.45-7.60 (8H, m, aromatic-H), 7.35-7.45 (4H, m,

aromatic-H). MALDI-TOF MS m/z: Calc: 1010.576 amu. Found: [M]" 1010.787 amu.
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2.4.4 Synthesis of {tetrakis-2,(3)-[4-(phenylthio) phthalocyaninato]

germanium (IV)}(OH), (Ge(OH),Pc(SPh),), Scheme 3.1

To synthesise the symmetrical Ge(OH),Pc(SPh),, crude H,Pc(SPh), (80.6 mg, ~ 0.09
mmol) was dissolved in dry DMF (5 ml) and heated under N,. DBU (0.75 ml) and
GeCl, (0.46 ml, 4 mmol) were then added, and the solution allowed to reflux for 2 h.
The Pc was precipitated out and then thoroughly washed with water, dried, and passed
through a silica column using pyridine as eluent. The first fraction collected was then
purified thrice as for H,Pc(SPh), to obtain a dark-green solid. Yield: 4.2 mg (5 %).
UV-vis (DMSO) Amax(nm), (log ¢): 698 (5.11), 373 (4.63). FT-IR (cm™): 687.9 (5 C-
S-C), 743.5 (6 Pc ring), 1031.7 (6 C-H in-plane & isoindole), 1077.2(5 C-H in-plane),
1282.0 (6 C-H in-plane), 1390.3 (& pyrrole and nitrogen mesoatoms), 1474.2 (v
isoindole), 1580.3 (v C=C), 2921.5 (v C-H arom.), 3045.2 (v O-H). Anal. Calc. for
Cs6H34NgO,S,Ge: C 63.95, H 3.26, N 10.65, S 12.19%; Found: C 63.43, H 3.51, N
8.43, S 11.94%. *H NMR (THF-ds): 9.50-9.17 (6H, broad m, Pc-H + OH-H), 8.26-
7.98 (4H, broad m, Pc-H), 7.84-7.64 (8H, m, aromatic-H), 7.64-7.40 (16H, m,
aromatic-H + Pc-H). MALDI-TOF MS m/z: Calc: 1051.82 amu. Found: [M-OH]

1035.121 amu

2.4.5 Synthesis of gold nanoparticle-MPc conjugate

The synthesis of TOABr functionalised AuNPs (TOABr-AuNP) and their
characterisation has been reported before [57] (Scheme 1.5). Briefly, a gold(ll)
chloride trihydrate solution (25 mM, 4 ml) was vigorously stirred with a toluene
solution of TOABr (85 mM, 6 ml). The reducing agent, NaBH,, in aqueous solution
(87 mM, 5 ml) was added dropwise for 10 min, and the mixture was stirred vigorously

for 20 min. The cherry-red organic phase was separated and washed with deionised
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water. The attachment of ZnPc(SPh), to AuNPs was achieved by dissolving
ZnPc(SPh), (0.800 mg, 0.8 pmol) in TOABr-AuNP solution (1.5 ml, 3.18 M) and
stirring in the dark, under argon atmosphere for 65 hours for ligand exchange to take
place, forming ZnPc(SPh),-AuNP (Scheme 1.6). A small volume of an aqueous
NaBH, solution was added to the ZnPc(SPh)s-AuNP solution to ensure reduction of
any oxidised AuNPs. The dark coloured organic layer was washed with water and
then separated twice in a size-exclusion column using toluene as the eluent, to yield
the tan-coloured conjugate solution. The conjugate was determined to be free of any

unconjugated Pc using silica thin layer chromatography (TLC).

58



RESULTS AND DISCUSSION

3. RESULTS AND DISCUSSION

Reported in this chapter are the syntheses and spectroscopic characterisation of
the metallophthalocyanines, gold nanoparticles and conjugates employed in this
work. The photophysicochemical properties of the MPcs and gold nanoparticle
conjugates synthesised are discussed. For the MPcs, comparisons are made with
respect to the presence of different metal ions, substituents and solvent
properties. The photoelectrochemical properties of the low-symmetry MPc

synthesised as a sensitiser of nanoporous ZnO is also discussed.

Publications arising from this work

The results discussed in the following chapter have been presented in the articles

listed below that have been submitted to peer-reviewed journals.

1. Unquenched fluorescence lifetime for [B-phenylthio substituted zinc
phthalocyanine upon conjugation to gold nanoparticles, Shaun Forteath, Edith
Antunes, Wadzanai Chidawanyika, Tebello Nyokong, Polyhedron 34 (2012) 114-

120.

2. Synthesis and photophysical behaviour of a novel low-symmetry zinc
phthalocyanine containing a single carboxylic acid and three phenylthio
substituents, Shaun Forteath, Edith Antunes, Tebello Nyokong, submitted to

Journal of Luminescence

59



RESULTS AND DISCUSSION

3.1 Synthesis and spectroscopic characterisation

3.1.1 Synthesis of phenylthio substituted phthalocyanines

Scheme 3.1 shows the synthetic pathways for the compounds used in this work.
Substituted phthalocyanines are normally prepared by the cyclotetramerisation of
substituted phthalonitriles. 4-Tetra-substituted phthalocyanines can be synthesised
from their 4-substituted phthalonitriles precursors. The symmetrical complexes
ZnPc(SPh), and H,Pc(SPh), have been reported before [49], but were obtained in this
work as by-products of the synthesis of the asymmetric ZnPc(COOH)(SPh); complex,
hence a different method from the usual synthesis of MPc derivatives. The

symmetrical Ge(OH),Pc(SPh), is reported here for the first time.

HOOC\©i \©i Li, pentanol
reflux, 12 h, Ar
HOOC HooOC
zinc acetate, DBU, DMF \ NH
>>: :<< reflux, 2/, h, N, ; i

Zn Pc(COOH)(SPh)3
Ph

\ NH
zinc acetate, DBU, pentanol i j
>>: :<< reflux, 3/ h, N, ;: :;
4
N

ZnPc(SPh), H,Pc(SPh),

Ph
HO
\>>:N N\:i GeCl,, DBU, DMF
\ reflux, 2 h, N,, H,0
\ HO
- e O
Ph

Ge(OH ,Pc(SPh),

PhS

Scheme 3.1. Synthesis of p-phenylthio substituted Pcs
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The syntheses of all the complexes gave satisfactory spectroscopic analyses. The
MPc complexes synthesised in this study were soluble in organic solvents such as
DMF, THF, pyridine and DMSO, with the symmetric complexes also soluble in non-
polar solvents like chloroform, toluene and benzene. The unmetallated H,Pc(SPh),
was not soluble in the polar solvents, DMSO and DMF. The complexes were
characterised by various spectroscopic methods: FT-IR, UV-vis, *H NMR and mass
spectra as well as elemental analysis and are consistent with predicted structures. The
'H NMR spectra of all the complexes showed aromatic ring protons between 6 and 9
ppm. From the FT-IR spectra peaks at 682-688 cm™ correspond to the C-S-C stretch
of the phenylthio substituents, with the peak at 1638 cm™ (C=0) confirming the
presence of the carboxylic acid group in ZnPc(COOH)(SPh)s, and the peak at 3045

cm™ (OH) confirming the axial ligands of Ge(OH),Pc(SPh)s.

3.1.2 UV-vis absorption studies of synthesised phthalocyanines

The ground state electronic absorption spectra (Figure 3.1 A) of ZnPc(COOH)(SPh)s
and ZnPc(SPh), in DMSO showed monomeric behaviour, as evidence by a single
sharp Q band typical of metallated phthalocyanine complexes in organic solvents.
Both spectra are red shifted compared to unsubstituted ZnPc (with a Q band at 672 nm
in DMSO, Figure 3.1 A), due to the electron donating effects of the phenylthio groups
(Table 3.1). The Q band maximum of ZnPc(COOH)(SPh); is at 689 nm and that of
ZnPc(SPh), is at 692 nm in DMSO (Table 3.1), the latter is red shifted due to the extra
phenylthio group. For ZnPc(SPh), and Ge(OH),Pc(SPh), in toluene (Figure 3.1 B)
the Q band maxima are at 692 and 704 nm respectively. The B band is split for
Ge(OH),Pc(SPh)4 with peaks at 357 and 367 nm. For H,Pc(SPh),, the Q band is split

(680 nm and 713 nm, Table 3.1) due to the unsymmetrical nature of the molecule.
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Figure 3.1. UV-vis absorption spectra of 1 x 10° M (A) ZnPc (blue), ZnPc(SPh),
(red) and ZnPc(COOH)(SPh); (black) in DMSO, and (B) H,Pc(SPh), (black),

ZnPc(SPh), (red) and Ge(OH),Pc(SPh), (blue) in toluene.
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There is no clear splitting for ZnPc(COOH)(SPh)s, but there is broadening compared
to ZnPc and ZnPc(SPh), due to the low-symmetry nature of the molecule.
Ge(OH),Pc(SPh), is more red-shifted than ZnPc(SPh), due to the higher oxidation
state of the Ge(IV) versus Zn(ll). A single Q band is observed for H,Pc(SPh), in
pyridine (Table 3.1), due to basic nature of this solvent [84]. N bands were observed
for H,Pc(SPh)4, ZnPc(SPh), and Ge(OH),Pc(SPh), in chloroform at 298, 294 and 304

nm respectively.
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Table 3.1. Ground state absorption, fluorescence emission and excitation spectral

parameters for synthesised Pc derivatives in different solvents.

Complex Solvent  daps (NM)  Aexe (NM)  Aem (NM)  Astoke's (NM)
DMSO 689 690 700 10
ZnPc(COOH)(SPh);  Pyridine 690 693 700 7
DMF 686 684 696 12
THF 682 682 692 10
DMSO 692 692 704 12
Pyridine 693 694 705 11
DMF 688 688 700 12
ZnPc(SPh), THF 685 686 695 9
Benzene 690 691 699 8
CHCl; 690 693 703 10
Toluene 692 693 702 9
Pyridine 692 694 712 18
THF 678,710 680,711 719 8
H,Pc(SPh), Benzene 680,713 682,715 721 6
CHCl; 680, 713 682,715 723 8
Toluene 680,713 681,714 721 7
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Complex Solvent  daps (NM)  hexe (NM)  Aem (M) Astoke's (NM)

DMSO 698 701 710 9

Pyridine 700 702 710 8

DMF 700 698 709 9
Ge(OH),Pc(SPh), THF 697 696 706 10

Benzene 704 705 714 9

CHCl; 705 708 717 9

Toluene 704 704 713 9

% Low energy band used to determine Stoke’s shift

The electronic absorption spectra of the ZnPc derivatives synthesised in various
solvents was analysed using the method described originally by Bayliss [90,228]. The
plot of (n? — 1)/(2n® + 1) versus the Q band maximum wavelength, where n is the
refractive index, is shown in Figure 3.2. The linear nature of the plot suggests that the
red shifts in the Q band are mainly a result of solvation rather than coordination [71].
The differences in Q band wavelengths in different solvents for Ge(OH),Pc(SPh), and
H,Pc(SPh), (Table 3.1) cannot only be attributed to differences in the refractive index
of the solvent, with red shifting not being directly proportional to a higher refractive
index. Plots of Q band wavelengths against dipole moment, polarity index and
dielectric constants of the solvents were also not directly proportional suggesting that
a combination of different solvent properties contribute to the differences in the Q

band wavelengths observed.
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Figure 3.2. Relationship of Q band maximum wavelength of ZnPc(SPh), (black)

and ZnPc(COOH)(SPh)s (red) to refractive index of solvent

Plots of absorbance at the Q band against concentration of the synthesised complexes
were linear for concentrations below 1 x 10®° mol.L™ confirming adherence to the
Beer-Lambert law (Figure 3.3), with no aggregation detected below this

concentration.
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Figure 3.3. Beer's law dependence of Ge(OH),Pc(SPh), absorption in DMSO
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3.2 Photophysical properties

3.2.1 Fluorescence spectra and parameters

Figure 3.4 shows the absorption, excitation and emission spectra of the synthesised
complexes in DMSO or toluene. The fluorescence emission peak for
ZnPc(COOH)(SPh); was observed at 700 nm with the excitation peak being at 690
nm in DMSO (Table 3.1). For ZnPc(SPh),, H2Pc(SPh), and Ge(OH),Pc(SPh), in
toluene, the emissions were observed at 702, 721 and 713 nm respectively (Figure 3.4
and Table 3.1). The excitation spectra are in agreement with the absorption spectra,
with the slight differences between peak wavelengths attributed to the different
spectrometers used. For H,Pc(SPh), there is a peak to peak match between excitation
and absorption spectra even though the intensities are different due to conformational
reorganisation upon excitation. Also for H,Pc(SPh),, the fluorescence spectra show
one peak as is typical of metal free Pcs which are known to fluoresce with only one
main peak in non-aqueous media which has been assigned as the 0-0 transition of the

fluorescence [229]. Stokes' shifts are typical of MPc complexes.

The fluorescence quantum yields (®g) of the complexes, calculated using Equation

1.1 and listed in Table 3.2, are typical of monomeric phthalocyanines

[71,72,108,230].
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Figure 3.4. Normalised absorbance (black), excitation (blue) and emission (red)
spectra of (A) ZnPc(COOH)(SPh); in DMSO; (B) ZnPc(SPh)4, (C) H,Pc(SPh),

and (D) Ge(OH),Pc(SPh), in toluene
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Table 3.2. Fluorescence quantum yields of synthesised Pcs in different solvents

Complex? DMSO  Pyridine THF DMF CHCI, Benzene Toluene
ZnPc(COOH)(SPh); 0.14 0.11 0.13 0.06

ZnPc(SPh), 0.14 0.14 0.15 0.15 0.15 0.13 0.15
H,Pc(SPh), 0.14 0.21 0.22 0.22 0.24
Ge(OH),Pc(SPh), 0.17 0.14 0.13 0.11 0.13 0.13 0.14

ZnPcOMP  [108] 0.24

ZnPcOP [71] 0.17

ZnPcOE [108] 0.19

ZnPcTMP  [119] 0.10

® OMP = octa(methyl-phenoxy); OP = octaphenoxy; OE = octaestrone; TMP =

tetramercaptopyridyl. References in brackets.

Factors such as temperature, solvent parameters (polarity, viscosity, refractive index

and the presence of heavy atoms in solvent molecule) are known to influence the yield

of fluorescence. A decrease in viscosity of the solvent increases the possibility of

deactivation of the excited state by external conversion. A chromophore could be rigid

in the ground state, but may loosen up after excitation in low viscosity solvents.

Except for values in DMSO, the ®¢ values are lower for ZnPc(COOH)(SPh); than

ZnPc(SPh),, as expected for symmetry lowered MPcs [119,231]. In DMSO the

values of ®f for ZnPc(SPh), and ZnPc(COOH)(SPh)s, are smaller than for the aryl
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substituted derivatives containing oxygen bridges in Table 3.2. This shows that the
effects of sulfur could be to quench the singlet state most likely by enhancing
intersystem crossing due to the slightly larger sulfur atom compared to oxygen.
ZNnPcTMP in particular is similar in structure to ZnPc(SPh), except the former
contains pyridyl instead of phenyl rings, it has a lower ®¢ showing that the slightly
larger nitrogen atom could also quench the singlet state by enhancing intersystem
crossing. The values for H,Pc(SPh), in different solvents are higher than those for
ZnPc(SPh), or Ge(OH),Pc(SPh),, with the exception of pyridine, due to the heavy

atom effects of Zn and Ge which encourage intersystem crossing.

The fluorescence lifetimes (tg) of ZnPc(COOH)(SPh);, ZnPc(SPh), and
Ge(OH),Pc(SPh)4 in DMSO, and H,Pc(SPh), in toluene were determined (Table 3.3),
and a typical TCSPC trace is shown in Figure 3.5. H,Pc(SPh), is not soluble in
DMSO, hence toluene was employed for fluorescence lifetime determination. First
order kinetics were obeyed for all complexes, showing that only one species is present
in each of the solutions, confirming purity of the complexes. The plot of residuals
shows that the exponential fit is good, as it is a fairly straight line, with deviations at
~3 ns being due to deviations from the instrument response function and a 2 of near

unity was obtained.
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Table 3.3. Photophysical and photochemical parameters for Pcs in DMSO

Complex? @ e (Ns) @7 11 (ps) ®pqg (X10°)
ZnPc(COOH)(SPh);  0.14  253+0.01 0.65 331 042
ZnPc(SPh), 014  256+0.01 0.65 149  0.46
H,Pc(SPh),” 024 526+001 ° 13 d
Ge(OH),Pc(SPh), 0.17  344+001 0.33 97 1.75
ZnPc [72] 0.20 0.65[122] 350  2.61
ZnPcTMP [119] 0.10 0.73 160  0.31
ZnPcOMP [72] 0.24 0.63 370 212
ZnPc(NOy)4 [72] 0.02 0.62 310
Ge(Cl);PcOMP  [74] 0.31 0.50 168
Ge(Cl);PcOP  [74] 0.12 0.30 340
Ge(Cl);PcOE  [74] 0.21 0.20 205
Ge(Cl)2Pc(SOs)s [73]  0.12 0.84 640  8.57

® OMP = octa(methyl-phenoxy); OP = octaphenoxy; OE = octaestrone; TMP =

tetramercaptopyridyl. References in brackets.

Y parameters determined in toluene due to lack of solubility in DMSO.

° not determined due to lack of standards in toluene.

9 no change in spectra.
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Figure 3.5. Photoluminescence decay curve of ZnPc(COOH)(SPh); in DMSO

with measurement (black), fit (red) and instrument response (blue).
The t¢ values are typical of MPc complexes [106] and the rate constants for

fluorescence (kg) for the ZnPc derivatives were basically the same, but lower for

H,Pc(SPh), and Ge(OH),Pc(SPh), (Table 3.4).
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Table 3.4. Rate constants for excited state deactivation processes in DMSO

ke "kisc kic %q
Complex (x10" s (x10® s (x10" s (x102 s
ZnPc(COOH)(SPh)s 553 258 8.33 1.27
ZnPc(SPh), 5.47 2,54 8.20 3.09
H,Pc(SPh), 4.18° ' ' 9
Ge(OH),Pc(SPh). 4.94 0.96 145 18.0

*e = @f/1F and is the rate constant for fluorescence.

bk|3c = d+/1¢ and is the rate constant for intersystem crossing.

kic = ®c/r and is the rate constant for internal conversion, where ®c = 1- (@ + d7)
%, = Dpg/tr and is the rate constant for photodegradation.

® determined in toluene.

"not determined due to lack of standards in toluene.

9 no change in spectra.

3.2.2 Triplet state spectra and parameters

Triplet quantum yield (®+) is the measure of the fraction of absorbing molecules that
undergo intersystem crossing (ISC) to the triplet state. The efficiency of a
phthalocyanine as a photosensitiser is determined by its triplet state quantum yield
and lifetime (t7). The triplet quantum yields (Table 3.3) were determined using
Equation 1.2 as discussed in Chapter 1. The triplet decay curve of
ZnPc(COOH)(SPh)s is shown in Figure 3.6, and obeyed second order kinetics. This
is typical of MPc complexes at high concentrations due to triplet—triplet
recombination [232]. Due to lack of standards in toluene and the lack of solubility of

H,Pc(SPh), in DMSO, the @+ value was not determined for this complex.
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Figure 3.6. Triplet state decay curve of ZnPc(COOH)(SPh); in DMSO.

Excitation wavelength 679 nm.

The replacement of one phenylthio group with COOH did not have an effect on the
@1 value comparing ZnPc(COOH)(SPh); with ZnPc(SPh), in Table 3.3. This is
consistent with the similarities in the ®¢ values discussed above. Triplet state lifetime
in toluene is low for H,Pc(SPh),, this could be related to the viscosity of the solvents
as discussed before, where molecules tend to spend more time in the triplet state in
highly viscous solvents such as DMSO compared to toluene. The @t values for the
aryl substituted ZnPcOMP (Table 3.3) is similar to those of ZnPc(COOH)(SPh); and
ZnPc(SPh),. The @1 of Ge(OH),Pc(SPh), is similar to that of Ge(Cl),PcOP [74],
lower than that of ZnPc(SPh)s, Ge(CIl),PcOMP [74] and Ge(Cl),Pc(SO3)4 [73] but
higher than that of Ge(Cl),PcOE [74] (Table 3.3). The ®t of Ge(OH),Pc(SPh), is
lower than that of ZnPc(SPh),, probably due to the slightly larger Zn enhancing
intersystem crossing compared to the smaller Ge metal centre. The triplet lifetimes
are highly influenced by the presence of oxygen, however in this work the solutions

for triplet lifetimes determinations were de-aerated sufficiently before recording of
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flash photolysis traces. ZnPc(COOH)(SPh)s has a higher triplet lifetime than that of
ZnPc(SPh);.  The tr of the former is close to that of ZnPc, ZnPc(NO,), and
ZnPcOMP (Table 3.3) showing that the usymmetrical ZnPc(COOH)(SPh); molecule
is more favourable for applications as a photosensitiser than the symmetric
ZnPc(SPh), complex. Table 3.3 shows that in general, the triplet lifetimes values for
ZnPc(COOH)(SPh); and ZnPc(SPh), complexes, are in the reported range for ZnPc
complexes. The rate constants for deactivation processes are shown in Table 3.4. The
rates of intersystem crossing (kisc) and internal conversion (kic) are basically the
same for the two ZnPc derivatives, k;sc is however lower for Ge(OH),Pc(SPh), due to
it having a lower @+ as described above. The k¢ for Ge(OH),Pc(SPh), is greater than
for ZnPc(SPh),, due to Ge(OH),Pc(SPh), having a larger quantum yield of internal
conversion (®c), indicating that it decays from the T, state to the S, state more

readily than ZnPc(SPh)s.

3.3 Photochemistry

3.3.1 Photodegradation

Photodegradation quantum yield (®py) determinations were carried out using the
experimental set-up described in Chapter 2 and calculated using Equation 1.3. The
photodegradation of the synthesised ZnPc derivatives are identified by a decrease in
the spectra without formation of new peaks (Figure 3.7) and the ®py were within the
range for ZnPc complexes (Table 3.3). The slightly lower ®py for
ZnPc(COOH)(SPh); (Table 3.3) is possibly due to the electron withdrawing nature of
the carboxyl group, which is reported to increase the stability of the Pc to oxidative
attack [124,137,138]. The ®pq of ZnPc(SPh), is of the same order of magnitude

compared to ZnPcTMP, which is possibly due to similarities in the structure of the
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phenylthio and mercaptopyridyl substituents. The rate constant for photodegradation
(kg, Table 3.4) is higher for the symmetric ZnPc(SPh), complex due to the MPc

having a shorter triplet state lifetime than the low-symmetry analogue.

1.6 - 1le
* o
0.98 .
<
124 3
) 0.96
S
©
o
o
& o8- 094 ‘
2 0 10
o
7]
g ||
<
0.4
O T T T T T T T T 1
350 400 450 500 550 600 650 700 750 800

Wavelength, nm

Figure 3.7. Photodegradation of ZnPc(SPh), in DMSO after illumination for 5

min intervals (Kinetic curve inset). Excitation wavelength 660-740 nm.

3.3.2 Phototransformation

Figure 3.8 A shows the absorption spectra of Ge(OH),Pc(SPh), in DMSO at 5 minute
intervals of illumination. After illumination, there is an initial 16% decrease in Q
band intensity with simultaneous increase of absorption in the short-wavelength
region around 580 and 600 nm, typical of ring reduction in phthalocyanines [81].
These reduction peaks were obtained within 5 min of photolysis, then decreased as
photolysis progressed. A clear photobleaching process was observed after this time.

The insert shows the kinetic curve for the photobleaching process. After allowing the
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solution to remain in the dark, the Q band is recovered by 10%, with a subsequent

decrease in the absorption of the reduction peaks (Figure 3.8 B).
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Figure 3.8. Absorption spectra of Ge(OH),Pc(SPh), in DMSO (A) after
illumination for 5 min intervals (black) and after 120 min (red) (Kinetic curve
inset); (B) after illumination for 120 min (red) and left for 3 min in the dark

(black). Excitation wavelength 660-740 nm
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Reductive photodegradation has been reported for GePc derivatives [74,136]. Similar
new peaks observed have been attributed to the presence of anionic radicals [136]
which according to Mack and Stillmann [81] are characteristic of the one-electron
reduced species, M(Pc-3). Work by other groups [233] have shown that reduction of
(CD,Ge(IV)Pc with sodium borohydride resulted in a species which did not retain a
Pc moiety, identified as hydroxygermanium(lV) triazabenzcorrole, with a typical
sharp band at 400 nm, which was not observed in this work. The reaction mechanism
for the photoreduction of the excited GePc derivative (Pc*) has been proposed [74]

and is shown in Scheme 3.2:

Pc* + S-H — Pc™ + S-H™ &)
Pc”+ 0, — Pc+ O;” (2)
S-H™ + Oz._ — H50, (3)

Scheme 3.2. Proposed mechanism for the photoreduction of GePcs

In this mechanism, electron or hydrogen atom transfer from the solvent (S-H in the
Scheme 3.2) to the excited phthalocyanine molecule may be assumed. Interaction of
the semi-reduced phthalocyanine radicals with oxygen results in the recovery of the
phthalocyanine according to step 2 of Scheme 3.2. The peroxides formed may then
oxidise the phthalocyanine ring, by a mechanism known as photooxidation with
chemical sensitisation [136]. The ®pq was calculated to be 1.75 x 10 (Table 3.3), not
including the initial decrease due to Pc reduction. This is lower than that observed for
Ge(Cl)2Pc(SO3)4 [73] (Table 3.3). The rate constant of photodegradation (kg, Table
3.4) of Ge(OH),Pc(SPh), is higher than for ZnPc(SPh), due to its higher ®py and

shorter tT.
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3.4 Optical limiting properties

The linear absorption spectra of phthalocyanine complexes have a Q band in the
region of 700 nm, and a B band in the region of 350 nm, with a high linear
transmittance window between these two absorption bands, making them attractive as
limiters of visible light (~420-650 nm). The triplet absorption maximum is found
between the Q and B bands in the UV-vis spectra with the excited state occurring at
approximately 520 nm. Irraditaion at 532 nm is therefore a near-resonant excitation
[170]. The open-aperture z-scans performed exhibited a reduction in transmission
about the focus of the lens. This is typical of induced positive non-linear absorption
of the incident light, assumed to be reverse saturable excited state absorption [170]. A
sample of typical open-aperture z-scan spectra with normalised transmission plotted

as a function of sample position are shown in Figure 3.9.
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Figure 3.9. Open aperture z-scan spectra of ZnPc(COOH)(SPh); (black) and

ZnPc(SPh), (blue) in DMSO, with fits (red)
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No single parameter can be used to describe the efficacy of an optical limiter. A
number of optical limiting parameters are summarised in Table 3.5. The linear
absorption coefficient (o) was determined as the absorbance at the Q band maxima in
the UV-vis spectra, the third-order nonlinear absorption coefficient (B;) and waist
radius at the focus (wo) were determined by the fitting of the z-scan spectra, the
imaginary third-order susceptibility (Im{x®}) and imaginary second-order
hyperpolarisability (Im{y}) were calculated using Equations 1.10 and 1.11

respectively, the incident laser energy (E) is also shown.

Table 3.5. Optical limiting parameters of synthesised Pcs in different solvents

p E Wo B1 Im{y”} Im{y}

Complex Solvent (cm™) (uJ) (um)  (cmW%) (esu) (esu)

ZnPc(COOH)(SPh); DMSO 156 134 259 1.08x10° 3.79x10™ 1.13x10™"

DMSO 3.01 153 238 147x10° 518x10™ 1.63x10%
ZnPc(SPh), Toluene 3.05 159 21.8 249x10%® 896x10™ 3.34x10%

THF 303 150 195 167x10%® 533x10% 2.75x10%

H,Pc(SPh), Toluene 1.27 21.0 318 6.12x10° 1.12x10% 258x107%

THF 116 107 308 3.12x10° 1.95x10% 9.56x 10

Ge(OH),Pc(SPh), DMSO 273 137 282 238x10° 839x10" 1.72x10%

Toluene 2.67 130 196 1.85x10% 6.68x10%? 1.44x10%

It can be seen that the effective third-order absorption coefficient, B, ranges from
values of 10° to 10® cm.W™*, which corresponds to second-order molecular
hyperpolarisabilities (Im{y}) ranging from on the order of 103 to 10! esu. Im{y}
can be useful as a comparable value of the molecular response as opposed to the
macroscopic response and indicate that the phthalocyanines in this work show

promise as optical limiters. The B; and Im{y} values for ZnPc(COOH)(SPh); in
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DMSO are slightly smaller than those for ZnPc(SPh), in DMSO. These values for
ZnPc(SPh), is ~1.4 times greater than that of ZnPc(COOH)(SPh)s, this may be due to
the increased conjugation in the extra phenylthio substituent as compared to the low-
symmetry analogue. The slightly higher values of Im{x(?’)} and Im{y} obtained for
Ge(OH),Pc(SPh)4 in DMSO versus ZnPc(SPh), is attributed to the higher molecular
weight of the Ge metal centre. The values obtained for ZnPc(SPh), are an order of

magnitude higher than that of the unmetallated H,Pc(SPh)a.

The difference between the values obtained in different solvents may be attributed to
thermally induced refractive index changes which dominate the changes of the
refractive index in the solutions [234]. This is most notable for ZnPc(SPh), in toluene
having 1, Im{y®} and Im{y} values near double that in DMSO. However, nonlinear
absorption is still the predominant effect contributing to the third-order nonlinear
process. The differences seen for H,Pc(SPh), in THF and toluene may be due to

differences in solubility for this complex in these solvents or the intensity of the laser.

The refraction effects indicated by the waist radius, wy determined from the fitting,
shows that the unmetallated and GePc derivatives have greater refraction effects,
showing that it defocuses the laser more effectively relative to the Zn complexes.
This is a desirable effect as it spatially disperses the incident pulse, reducing the
energy density, which may keep the incident energy density below the damage

threshold of the limiting material.
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3.5 Photoelectrochemical properties

3.5.1 Preparation of ZnO, MPc readsorption and surface morphology

Deposition of nanoporous ZnO in the presence of eosin Y as a structure directing
agent (SDA) was achieved electrochemically as described in the Experimental section
and in Chapter 1. A colour change from red to white was observed indicating

complete desorption of eosin Y from the ZnO surface (Figure 3.10).

KOH, pH 10.5

v

desorption

Figure 3.10. ZnO before and after desorption of eosin Y

Figure 3.11 shows the confocal laser microscope and scanning electron microscope
(SEM) images of the edge of a ZnO film after desorption of eosin Y. The film
thickness was determined to be 4.8 um. The porous ZnO and nonporous blocking
layers are clearly visible on the FTO substrate. Porous substrates are important in
DSSCs as they have a high surface area for dye adsorption. After desorption of the
SDA by treatment with KOH, the surface area of ZnO increases significantly, with a
highly porous ZnO film formed (Figure 3.11). Similar crystal shapes of nanoporous

Zn0O have been reported using different SDAs [235].
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SEMMAG: 202k HYV. 2000KY
WAC: Hivar DET: SEDetectar 20 um Vega @Tescan
DATE: 10i20i11 Device: VG1760481) Rhodes University SEM

Figure 3.11. Confocal laser microscope image (a) showing FTO coated glass
(dark blue), blocking layer (light blue) and porous ZnO (yellow to orange), and

(b) SEM image of deposited ZnO with layers labelled.

The Zn(COOH)(SPh); dye adsorption was achieved as described in the Experimental
section. When the MPc dye molecules were readsorbed on the surface of ZnO after
the desorption of eosin Y, an intense blue-green colour was observed suggesting
complete coverage of the ZnO by the dye molecules (Figure 3.12). UV-vis
spectroscopy was used to characterise the ZnO/MPc films to determine whether there

were changes in the electronic structure of the dye molecules on the ZnO surface.

Pure ZnO 1h 5h 12 h 24 h

Figure 3.12. ZnO/FTO after adsorption of ZnPc(COOH)(SPh); for different

times
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Figure 3.13 shows the solid state absorption spectra of the ZnPc(COOH)(SPh);
adsorbed on the ZnO films deposited on FTO. The complex was monomeric in
solution, but aggregates are expected in the solid state. New bands were formed due
to aggregation of the MPc on the ZnO substrate, as a result of co-facial self-assembly
of the Pcs on the surface. The bands in the long wavelength region in the Q band
region (680 nm) are due to monomeric species and are of similar intensity to that of
the blue-shifted dimeric peaks observed (630 nm), suggesting fairly strong
aggregation [97,236]. The amount of dye adsorbed to the ZnO is not directly
proportional to the deposition time, this is possibly due to differences between the
ZnO film sections used for each deposition time or due to differences in the rinsing of

the films after sensitisation.
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Figure 3.13. Solid state absorption spectra of ZnO/FTO (a), and after 1 h (b),5 h

(¢), 12 h (d) and 24 h (e) deposition in ZnPc(COOH)(SPh)s solution.
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Previous reports suggest that the efficiency of the DSSC may be increased by full
monolayer coverage of dye molecules on the ZnO surface [237]. Dimers will result in
lower efficiencies of photovoltaic cell performance as aggregates are photoinactive
[158], with the increased rates of non-radiative recombination and back-electron
transfer possibly as a result of strong electronic coupling observed in the aggregates
[238,239]. Dye molecules must be in close proximity to each other, with interaction
of the molecules required to form the self assembled monolayer hybrid. The confocal
laser microscope and SEM images (Figure 3.14) show that there is little visible
structural difference between the ZnO film and dye sensitised ZnO surfaces at the

specific magnifications.

V. e W,
Hy: 20000 kv IS T S | HV: 2000 kv
WAC Hivac DET: SEDetector 10um Vega@Tescan iMac DET: SEDetector 10 prm Wega@Tescan
DATE: 10/20i11 Device: VG17B0481 Rhodes University SEM DATE: 10/20/11 Device: Y51760481J Rhodes University SEM

Figure 3.14. Confocal laser microscope (a) and SEM images (b) of porous ZnO

on FTO (i) and ZnPc(COOH)(SPh)s adsorbed on ZnO/FTO for 5 h (ii)
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3.5.2 Photoelectrochemical measurements and parameters

Studies have shown that aggregation is one of the limiting factors for MPc use in
DSSCs. The synthesised dye used in this report contains a carboxylic substituent
since they are known to form an ester-like linkage with free OH groups on the ZnO
surface [238,240,241]. The photoelectrochemical measurements were performed at
Justus-Liebig University, Germany, using the set-up as described in the Experimental
section. Table 3.6 summarises photovoltaic parameters. The incident photon to
current conversion efficiency (IPCE), absorbed photon to current conversion
efficiency (APCE), fill factor (FF) and overall cell efficiency (n) at different

deposition times were calculated using Equations 1.4, 1.5, 1.6 and 1.7 respectively.

Table 3.6. Photoelectrochemical data obtained at an incident photon flux of 10
s™. cm™ (680 nm red light) (IPCE, APCE) or conditions close to AM 1.5 (white

light) (FF, n) for ZnO sensitised with ZnPc(COOH)(SPh); for different times

Time (h)/Complex? Abs. IPCE APCE V. ls FF n
@u) (%) (%) (mv)  (mAcm?) (%) (%)

1 0.480 4.86 7.29 433 0.47 35 0.072
5 0.693 3.74 4.69 440 0.49 34 0.074
12 0476  4.57 6.85 435 0.49 34 0.072
24 0.605 4.64 6.17 430 0.47 34 0.069
ZnPcOC [154] 1498 44.1 46 0.33
ZnPcTNCDP [156] 30.9 34.6 420 3.1 37 0.48
OTiPcOC [156] 50.6 62.8 36 0.45

# OC = octacarboxy; ZnPcTNCDP structure shown in Figure 1.10. References in

brackets.
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The IPCE values obtained were low compared to MPcs previously reported (Table
3.6), with the highest external quantum efficiency (IPCE) of 4.86% for 1 h deposition
time obtained for ZnPc(COOH)(SPh); (Table 3.6). The film under illumination with
white light gave the highest photocurrent density of 0.45 mA.cm® and with
illumination at the Q band maximum (680 nm) and an incident photon flux of 10 s°
L.cm?, a photocurrent density of 0.08 mA.cm™ was obtained (Figure 3.14). Lower
IPCEs tended to be obtained for the films containing more adsorbed dye (Figure
3.16), due to the higher aggregation tendency leading to charge traps and non-
radiative recombination of charges before and after electron injection from the LUMO
of the phthalocyanine molecules to the conduction band of the ZnO or to increased

recombination of the charges already in the electrolyte.
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Figure 3.15. Photocurrent transients for ZnPc(COOH)(SPh); sensitised ZnO (1 h
deposition) under illumination with white light (black), and red light of 680 nm

wavelength and incident photon flux of 10**s™.cm™ (red)
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Figure 3.16. Relationship of IPCE (red), and APCE (black) to

ZnPc(COOH)(SPh); absorption at 680 nm of the sensitised ZnO films.

Similarly shaped time-resolved photocurrent density transients were obtained for the
different deposition times indicating that similar relative rates of fast electron
injection and reduction of dye regeneration were obtained. Almost rectangular
photocurrent responses were obtained, with no overshoot of photocurrent when the
light was switched on, showing that the dye molecules are in contact with the
electrolyte [242], suggesting full coverage. The absorbed photon to current
conversion efficiency (APCE) determines the number of electrons that are generated
or converted to the external circuit per photon absorbed on the surface of the
electrode, and thus gives an indication of the efficiency of internal processes like
injection efficiency. As shown in Table 3.6, the deposition time of 1 h again shows
the highest APCE of 7.29% with the absorbance of 0.48. The fact that only 7% of the
absorbed photons generate an electron in the external circuit suggests inefficient
injection of electrons into the conduction band of the ZnO at a high recombination

probability. At higher dye absorption values, injection efficiency was decreased
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resulting in a decrease in the APCE (Figure 3.16) suggesting re-adsorption of dye
molecules that are not directly linked to the ZnO. The overall cell efficiencies (n)

were similar and showed no clear trend (Table 3.6).

Figure 3.17 shows the time-resolved photovoltage curve for the ZnPc(COOH)(SPh);
sensitised ZnO (1 h deposition) under illumination with white light. A high
photovoltage of about 460 mV was obtained. Upon shutter closure, a slow decrease

of the photovoltage was observed during the decay period.
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Figure 3.17. Time dependent photovoltage curve of ZnPc(COOH)(SPh);

sensitised ZnO (1 h deposition) under illumination with white light
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Shown in Figure 3.18 is a typical current to voltage (IV) curve in the dark (red) and
under illumination with white light (black) for the ZnPc(COOH)(SPh); sensitised
ZnO film (5 h deposition) giving the short circuit photocurrent (ls.) of 0.49 mA.cm™
and an open circuit voltage (Vo) of 440 mV. Faradaic characteristics were observed
for the films, with the highest fill factor of 35% obtained. The electrolyte is being
shielded from the ZnO by the dye molecules due to aggregation, resulting in low fill
factor values and limiting cell efficiency. This could be improved by using additives

in the redox solution of the cell.
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Figure 3.18. Photocurrent density to voltage (1) curves for ZnPc(COOH)(SPh);
sensitised ZnO electrode (5 h deposition) in the dark (red) and under

illumination with AM 1.5 simulated sunlight (black)
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3.6 Conjugation of MPcs to gold nanoparticles

3.6.1. Synthesis and characterisation of AuUNPs

The synthesis of TOABr capped AuNPs has been described in the Experimental
section. The TEM (Figure 3.19) and AFM (Figure 3.20) images of the synthesised
TOABr-AuNPs and ZnPc(SPh),-AuNP conjugate show a varied size distribution of
nanoparticles, with the very large particles (white) in the AFM images being possible

agglomerates of nanoparticle or small particles of bulk material.

(@)

(b)

Figure 3.19. TEM images of TOABr-AuNPs (a) and ZnPc(SPh),-AuNPs (b)
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Figure 3.20. 2D (a) and 3D (b) AFM images (height profile), and size distribution

histograms (c) of TOABr-AuNPs (i) and ZnPc(SPh)4-AuNPs (ii)
The TOABr-AuNPs have a size distribution of up to > 4.5 nm (Figure 3.20 c i), the

size distribution between 2 and 4 nm dominated, with an average size near 3.2 nm,

which corresponds well to the size determined using XRD (Figure 3.21).
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The average size of the TOABr-AuNPs synthesised was determined by XRD of
powdered AuNPs and using the Scherrer equation (Equation 1.14) to be 2.97 nm, the
fit obtained is shown in red. The labelled peaks are broad as expected for small
crystallite sizes, and correspond well to gold, with the peak indexes given in Figure

3.21.

(111)

(200) (220) (311)
(222)

Figure 3.21. X-ray diffraction spectrum of TOABr-AuNPs

The XPS spectrum (Figure 3.22) shows peaks corresponding to C 1s, O 1s, Au 4d and
Au 4f electrons. The carbon and oxygen peaks may be due to the presence of the
capping agent (TOABT) and oxidised species, or from the tape used for securing the
powdered nanoparticles. The resolved XPS spectrum (Figure 3.22 inset) shows the
presence of the Au 4fs;, and Au 4f7, peaks at 85.1 eV and 81.4 eV respectively, which

are shifted as expected for gold nanoparticles compared to bulk gold [243].
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Figure 3.22. XPS spectrum of TOABr-AuNPs. Resolved Au 4f peaks inset.

3.6.2. Synthesis and characterisation of ZnPc(SPh),—~AuNPs conjugates

The conjugation was achieved through ligand exchange described in Chapter 1 and
the Experimental section. The AFM histogram in (Figure 3.20 c ii) shows a small
increase in the size for ZnPc(SPh),-AuNP, with a size distribution ranging from 1.2
to > 10 nm and an average of 5 nm, possibly as a result of agglomeration of the
ZnPc(SPh),-AuNP conjugate particles or due to the increase in size due to the Pc
molecule contribution. The TEM image shows a similar size distribution of the
conjugate particles (Figure 3.19 b) compared to the unmodified AuNPs (Figure 3.19
a), with possible agglomeration also present. The surface plasmon band maximum of
TOABr-AuNPs in toluene, is observed at 525 nm (Figure 3.23 A (red)). The
ZnPc(SPh), has a Soret band at 373 nm and a Q band with the maximum at 692 nm in
toluene (Figure 3.23 A (blue), Table 3.7). The Q band of the Pc becomes blue-shifted
(684 nm) and broader after the attachment to the gold nanoparticles (Figure 3.23 A

(black)). The blue-shifting of the Q band can be attributed to the attachment of the
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sulfur atoms to the gold surface, the broadening has been attributed to possible tight

packing of the phthalocyanines on the gold [58].

Table 3.7. Spectral and photophysical data of ZnPc(SPh), and ZnPc(SPh),-AuNP

conjugate in different solvents

Mabs dem A 2 le sz

Complex  Solvent (nm) (nm) @& (nm) (nm) (ns) (ns)
Toluene 692 702 0.15 2.60 + 0.01 (100%)
ZnPc(SPh), THF 685 696 0.15 2.65 + 0.01 (100%)
CHCIl; 690 703 0.15 2.74 + 0.01 (100%)

Toluene 685 698 0.09 694 702 4.23x0.07(73%) 1.74+0.11 (27%)
ZnPc(SPh),- THF 688 696 0.09 696 694 3.76+0.02 (68%) 1.83%0.04 (32%)

AUNP CHCl; 691 700 009 698 700 4.14+0.08(73%) 1.78+0.19 (27%)

% values obtained from TRES spectra

b percentage contribution shown in brackets

Phthalocyanines usually form face-to-face-oriented, non-fluorescent H-aggregates,
characterized by blue shifted absorption bands, with side-by-side-oriented, fluorescent
J-aggregates also possible [101]. Aggregation is unlikely though as the ZnPc(SPh),
loading on the AuNPs was determined to be approximately 2.1 molecules per AuNP
using the absorbance spectra of the conjugate and molar extinction coefficients
(Equation 1.12). This is relatively low compared to previous studies [58], but not
unexpected due to the comparatively low concentration of ZnPc(SPh), used for
conjugation. Dye loading may also be low due to the bulky nature of the phenylthio
substituent decreasing the ability for conjugation. The surface plasmon band of the

gold nanoparticles in the ZnPc(SPh),-AuNP has the same position (525 nm) as before
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the attachment of the phthalocyanines, indicating that the core size of the particles is
not affected by the ligand exchange. The bandwidth has however broadened, due to
modification of the AuNP surface by Pc molecules. In THF and chloroform (Figure
3.23 B (blue and red, respectively)), the ZnPc(SPh), in the conjugate appears to have

sharper peaks as compared with that in toluene (Figure 3.23 B (black)).
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Figure 3.23. Absorbance spectra of (A) TOABr-AuNPs (red), Zn(SPh)4Pc (blue)
and Zn(SPh)4;Pc-AuNP conjugate (black) in toluene; (B) ZnPc(SPh),~AuNP

conjugate in toluene (black), THF (blue) and chloroform (red)
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For ZnPc(SPh), in toluene and in the absence of AuNPs, the emission maximum of
the Q band was at 702 nm (Table 3.7). The fluorescence peak in ZnPc(SPh),-AuNP
was observed at 699 nm (Figure 3.24), the blue shift corresponds to the blue-shifted

absorption peak.
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Figure 3.24. Fluorescence spectra of ZnPc(SPh), (dashed) and ZnPc(SPh),-AuNP

(solid) excited at equivalent absorbance wavelength of 632 nm

The fluorescence decay curves of ZnPc(SPh), and ZnPc(SPh),-AuNP measured by
the TCSPC instrument are shown in Figure 3.25. A dramatic increase in the
fluorescence lifetime was observed in the presence of AuNPs (Table 3.7)
contradicting the reports that AuNPs quench Pc fluorescence. Two lifetimes were
observed for the ZnPc(SPh),-AuNP, with one lifetime significantly longer and one
shorter compared to that of the ZnPc(SPh), alone. It is known that AUNPs quench Pc
fluorescence [58], but other studies have shown that gold nanoparticles stabilised by

thiol or amino derivatised phthalocyanine do not quench the fluorescence [57,225]. In
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the case of alkyl thio substituted phthalocyanine, the lack of quenching was attributed
to the combination of the long C11 alkyl tether employed and the small gold core. An
increased lifetime was reported, but only contributed 2% of overall fluorescence [57],

however in this work the increased lifetime contributed considerably more.
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Figure 3.25. Photoluminescence curves of free ZnPc(SPh), (a) and ZnPc(SPh),-
AUNP (b) in toluene with bi-exponential fit shown (red). Fluorescence lifetimes

inset.

Time-resolved fluorescence spectroscopy (TRES) was conducted, to determine the
origin of the lifetimes. Figure 3.26 shows that the two lifetimes are as a result of
contributions of fluorescence at 702 nm, which is also the fluorescence maximum of
the free Pc in toluene (Table 3.7), and one at 694 nm. The sum of the two spectra
(Figure 3.24 c) corresponds well to that of the observed steady state fluorescence

maximum (Figure 3.22 (solid)).
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Figure 3.26. TRES spectra of lifetimes of 4.23 ns (a) and 1.74 ns (b), and sum of

spectra (c) of conjugate in toluene

The two lifetimes may be as a result of Pc molecules packed differently on the gold
surface, with the shorter lifetime possibly due to Pc quenched by interactions with the
gold nanoparticles or between the phthalocyanines through aggregation, and the
longer lifetime possibly due to Pc molecules which have been stabilised on the AUNP
surface. It may also possibly be due to differences in the number of bound sulfur
atoms of the phenylthio substituents to the surface of the gold nanoparticle, with Pcs
that have more bound sulfur atoms held more rigidly than those that have fewer
bound. Since the Pc loading on the AuNPs is also relatively low, it is expected that
there would be fewer interactions between Pc molecules which would otherwise

decrease fluorescence in the same way as aggregation.
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4. CONCLUSIONS AND FUTURE PROSPECTS

This chapter summarises the results obtained for the studies conducted and

reported in this thesis and future prospects.
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4.1 Conclusions

In conclusion, a number of B-phenylthio substituted Pcs have been successfully
synthesised and characterised, including a novel, symmetrical GePc derivative and a
novel low-symmetry ZnPc derivative containing a single carboxylic acid group. All
the complexes presented in this thesis gave satisfactory spectroscopic results
confirming their purity. All the complexes exhibited monomeric behaviour in organic
solvents as was evident from their UV-vis spectra characteristic of a high intensity
monomeric Q band absorption for the MPc(SPh), derivatives and a split Q band for
the H,Pc(SPh), derivative. The photophysical and photochemical properties of the
MPc derivatives were investigated and compared. Similar fluorescence quantum
yields and triplet state quantum yields were observed for the low-symmetry and
symmetrical ZnPc complexes, with high triplet state lifetimes obtained.

All of the complexes studied showed promise as optical limiters. They also showed
high photostability, with photodegradation quantum yields obtained comparable to
other ZnPc and GePc derivatives.

Photoelectrochemical studies of the low-symmetry ZnPc derivative as a sensitiser of
ZnO gave a low IPCE value of 4.86% and an APCE of up to 7.29% as compared to
values previously reported, due to strong forces of aggregation, with a maximum
quantum efficiency of 0.074% obtained.

The higher yielding ZnPc(SPh), was successfully conjugated to TOABT capped gold
nanoparticles and the fluorescence behaviour of the conjugated MPc investigated.
Novel behaviour of increased fluorescence lifetime and decrease in fluorescence
quantum yields was observed suggesting both stabilisation of the Pc molecule and

energy transfer to the gold nanoparticles.
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4.2 Future prospects

Spectroscopic and photophysical studies of the synthesised low-symmetry and
symmetrically substituted Pcs conjugated to variously stabilised gold nanoparticles,
particularly with agents which improve water solubility, can be explored. The
development of MPc-gold nanoparticle conjugates characterised by low toxicity,
intense red absorption and good photophysical properties may advance the ongoing
research for the treatment of cancer. The optical limiting properties of Pc thin films
or polymer-embedded Pcs may also be studied for applications in photo-detector

filters.
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