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Abstract

Abstract

This thesis presents novel asymmetrical and symmetrical lanthanide
phthalocyanines (Pcs) characterized using a number techniques including proton nuclear
magnetic resonance, electron spin resonance, time correlated single photon counting,
FTIR spectrometry, MALDI-TOF mass spectrometry, UV-Vis spectrometry, Raman
spectroscopy and CHNS elemental analysis. The design of theses lanthanide Pcs takes
the form of mononuclear, binuclear, trinuclear, bis- and tris(phthalocyanines).
Nanomaterials such as zinc oxide nanoparticles (ZnO NPs), multi-walled carbon
nanotubes (MWCNTSs) and graphene oxide nanosheets (GONS) (oxidized and reduced)
were employed for covalent linkage to mono- and binuclear phthalocyanines as

conjugates.

Transmission electron microscopy was used to characterize ZnO NPs, MWCNTSs
and GONS alone and when linked to lanthanide Pcs. Lanthanide Pcs alone and when
linked to ZnO NPs, MWCNTs and GONS where embedded in polymers such as poly
(methyl methacrylate) (PMMA), poly (bisphenol A carbonate) (PBC) and poly (acrylic
acid) (PAA) for thin film preparation. The thickness of the thin films was determined by
utilization of the knife edge attachment of the A Bruker D8 Discover X-ray diffraction

(XRD).

Optical limiting properties of lanthanide Pcs alone and as conjugates in solution
and when incorporated into polymers were determined by employing a Z-scan
technique. It emerged that low symmetry lanthanide Pcs (19, 20 and 21), the blue forms
of bis(phthalocyanines) (only in solution; 24 and 28) as well as tris(phthalocyanines) (30
and 31) exhibit low limiting threshold (llim) values in solution and thin films (particularly
PBC and PAA). The low limiting threshold values make these lanthanide Pcs reliable

optical limiters.
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Chapter 1 Introduction

1. Introduction

This thesis presents the examination of new lanthanide phthalocyanines (Pcs) for optical
limiting (OL) when alone or in the presence of zinc oxide nanoparticles, multi-walled

carbon nanotubes or graphene oxide nanosheets.

1.1 Phthalocyanines

1.1.1 History, applications and structure ofphthalocyanines
The discovery of metal-free phthalocyanine (H2Pc) shown in Fig. 1.1 was accidental and

stretches back to 1907 when a by-product was obtained during the preparation of 2-
cyanobenzamide [1]. The synthesis of copper phthalocyanine (Pc) from 1,2-
dibromobenzene followed almost twenty years later. Iron Pc also came about accidentally
in 1928 as ablue product found in areaction flask where only white product was expected
at the Scottish Dyes Ltd [2-4]. Several metallophthalocyanines (MPcs) were prepared by
Linstead and his coworkers, who developed synthetic methods and used the name
"phthalocyanine” for the first time [5-10]. The X-ray structural characterization of Pcs was

carried out by Robertson and coworkers [11-15].

The applications of Pcs include their use as catalysts [16-21], photosensitizers for
photodynamic cancer therapy [22-29], markers for bioimaging [30,31], antibacterial
composites [32-35], components in ink-jet printing [36], chemical sensors [37-40],
semiconductors [41,42], functional polymers and liquid crystals [43-46], light-harvesting

modules for dye-sensitized solar cells and organic photovoltaics [47-54], in
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nanotechnology [55-59] and nonlinear optics [60-67]. Pcs are planar aromatic blue or
green macrocyclic molecules with 18 ~-electrons. Nomenclature of Pcs is position-
dependent. One way of naming Pcs is in accordance with the International Union of Pure
and Applied Chemistry (IUPAC) [2], which takes into consideration the positions of
tetrapyrroles as shown is Fig. 1.1 [68,69]. Another way of naming Pcs takes the form of

referring to the positions as (3- or a- (peripheral or nonperipheral, respectively).

Fig. 1.1: General structure and nomenclature of an H2Pc based on positional numbering
in accordance with ITUPAC.
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1.1.2 Synthesis

1.1.2.1 General synthesis of mono-nuclear phthalocyanines

The general synthetic route of MPcs is shown in Scheme 1.1. The most commonly
employed methods in the laboratory involve refluxing a substituted phthalonitrile in an
appropriate organic solventin the absence or presence of a metal salt and a catalyst. These
methods include the employment of substituted phthalic acid (1), isobenzofuran-1,3-
dione (2), phthalimide (3), phthalamide (4), 2-cyano-benzamide (5), phthalonitrile (6) or
isoindole-1,3-diylidenediamine (7) to form a substituted MPc (8) in the presence of a

metal salt [70].

Lanthanide phthalocyanines (LnPcs) [71-76] follow the same synthetic approach with a
substituted phthalonitrile refluxed in the presence of a lanthanide salt and a catalyst such

as 1,8-diazabicycloundec-7-ene (DBU) at the boiling point of the solvent.
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NH o]
OH
R R
OH
0
1
0
R R o]
o)
2
0
R R NH
(0] 0] (0]

4

Scheme 1.1: Synthetic route of MPc using substituted phthalic anhydride derivatives [70].
R denotes hydrogen or range of substituents in the peripheral position of MPc and L

represents the ligand in the metal salt.

1.1.2.2 Clam shell and trimeric phthalocyanines

Clam shell Pcs are normally prepared by self- and cross-condensation strategy involving
bis(phthalonitriles) or tetracyano-benzene with substituted phthalonitriles [77-100]. A
bridged phthalonitrile such as 3,3'- or 4,4'-bis(phthalonitriles) (9), Scheme 1.2, or the
corresponding naphthalene-containing bis(phthalonitrile) (12) (Schemes 1.3) may be
used in the cross-condensation reaction with an excess of a phthalonitrile or substituted
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isoindole-1,3-diylidenediamine precursor (10) to form an asymmetric type of a dimeric
Pcs 11, (B3A-AB3). Co-facial Pcs (Scheme 1.3) could be formed depending on the rigidity
of the linking group in starting A-A phthalonitrile (12) to form 13 [78]. This is a strategy
employed in this thesis for clam shell Pcs. Another approach for preparing clam shell Pcs
is by linking two pure Pcs of AB3 type asymmetric Pc molecules with selective binding
moieties in one of peripheral or nonperipheral positions [101]. One could design such a
system in such a way that two different metals are inserted into the central cavity of each

binding Pc.

Page |6



Chapter 1

OR

OR

a: M = H2; R = CH2C(CH3)3
b: M = Co; R = CH2C(CH3)3

Scheme 1.2: Synthesis of a planar clamshell [78].
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CN
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NH OR
- <
| B ' _NH
OR : I OR
NH
10 13

Scheme 1.3: Synthesis of a cofacial clamshell [79].

Another type of Pcs formed from the self-condensation involves the reaction of
tris(phthalonitrile) with a substituted phthalonitrile [102,103] to form trinuclear Pcs. For
example, a trinuclear lutetium-based Pc (17) was synthesized by self-condensation
between 2,4,6-tris(2-oxaphthalonitrile)-s-triazine (14) or 2,4,6-tris[2-oxa(1,3-hexaimino
isoindoline)]-s-triazine (15) with 4,5-bis(hexylthio)-1,2-diimino-isoindoline (16) [102],

Scheme 1.4.

Page |8



Chapter 1 Introduction

CN
CN HN N NH
© o
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N AN
NC@D N Kl HN
HN |l
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NC HN
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HN NH
14 N
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NH
RS
+
NH Lu(OOCCH)3
RS
NH
16

SR SR

Scheme 1.4: Synthesis of an s-triazine trimeric Pc [102]. M = LUOOCCH3 R = C6H13
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Sub-aim of this thesis: Therefore the aim of this thesis, in part, is to present the synthesis
of new neodymium based mononuclear (18) clam shell Pc (19 in Table 1.1) with a
carboxyl moiety attached to the bridge as well as new s-triazine trimeric ytterbium and
lutetium phthalocyanines (20 and 21 in Table 1.1). The latter are substituted with tert-
butyl for improved solubility. To the best of the author's knowledge, the nonlinear
optical (NLO) behavior of has been studied only indium- and gallium-based binuclear
Pcs [104,105], using a Z-scan technique. The NLO behavior of S-triazine phthalocyanines
has not received much attention [103]. It has been suggested that lanthanide
bisphthalocyanines show improved optical nonlinearities due to their expanded n-
electron system and the presence of the heavy lanthanide central metal [104,106-108]
which enhances the rate of intersystem crossing (ISC) to the triplet state. Hence in this
work, NLO and photophysical behavior of trimeric trilanthanide and clam shell Pcs
which also have expanded n-electron system are studied. Previous reports have shown
the importance of asymmetry on the photophysical, photochemical and optical limiting
(OL) properties of phthalocyanines [69,109-112]. Thus complexes 20 and 21 are expected
to show improved NLO properties due to their low symmetry. S-triazine oxygen (or
nitrogen, sulfur, ethynyl and ethenyl) bridged trinuclear phthalocyanines have been
reported for Zn, Co, Lu and Cu as central metals and containing long chain ring
substituents [102,113-116]. This work reports for the first time on an s-triazine sulfur
bridged Yb phthalocyanine and its Lu counterpart (20 and 21). For practical applications,
phthalocyanine complexes are embedded in thin films of polymers such as poly (methyl
methacrylate) (PMMA) [117,118] resulting in improved optical limiting behavior
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compared to solution. Recently [119], poly (acrylic acid) (PAA) was shown to result in

improved optical limiting behavior when compared to PMMA, hence the former is

employed in this work. Poly (bisphenol A carbonate) (PBC) is also employed in this

study.

Table 1.1: Structures of lanthanide Pc complexes synthesized in this thesis, with their

names given below this table. Names of the complexes are shown at the end of the table.

Complex Lanthanide Complex number
/K Nd (18)
@] o
1 (o-substituted:
2-yloxy pyridine)
st I
T °
=T | KB
=N o N>
/J% Nd (19)

(c-substituted:

2-yloxy pyridine)
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Table 1.1 continued...

Introduction

Complex Lanthanide Complex number
6 Yb (20)
6 % 5 (B-substituted:
SeAad TS tert-butyl phenoxy)
B oo
><@/o } TN s% ,_5:‘3 y
5% 62g®
= o N

Lu (21)

(B-substituted:

tert-butyl phenoxy)
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Table 1.1 continued...
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Complex Lanthanide Complex number
S92, oo 2
N—L SN O—_»
@:(\/N N N\\/:@ (o-substituted:
N=<h) '.'_N
o —~
@“ = 2-yloxy-pyridine)
S o . N=
>N NS
SN o—>
N@—oﬁ ___|Yb (23)
LSy o<
@N N N;:@ (a-substituted:
Nt —N
o e
S o—< N 4-yloxy-pyridine)
N= L
y
Ne Oﬂ‘ —
N ‘,"/ N ‘\‘ N O_GN
SN NS
o N=g TN

Page |13



Chapter 1

Table 1.1 continued...

Introduction

Ln

Complex Lanthanide Complex number
5 Yb (24)
o S ==
N N N - ' .
éj:N;l\I_ N E\;\—j@ (c-substituted:
P ? tert-butyl phenoxy)
© N7 4NN
S U
N— —N 0
—%@—;g
o) Yb (25)

(B-substituted:

4-yloxy-pyridine)
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Complex Lanthanide Complex
number
N )—O La (26)
—@:N(KN R — N | (B-substituted:
0 >N E N O — _N - .
= L
N S 4-yloxy-pyridine)
o)
=
N
5 5 Ce (27)
e} e}
— NQN N s B-substituted:
EbS e e B e b an (
j% tert-butyl henoxy)
@gmﬁg N \N\NC@S@F
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Complex

Lanthanide

Complex number

=%
TRy

— > N ‘ —>
T TR T e =

=P

B
F= 3

Pe—sesan

<o N

O (e}

P2

Lu
(B-substituted:

tert-butyl phenoxy)

(28)

Gd
(B-substituted:

tert-butyl phenoxy)

(29)

Page |16



Chapter 1

Table 1.1 continued...

Introduction

@] O
> N >
—0—@—83@:@ 52\@@” =1
&1 o

S
VA

S+
oy
TR e R T

10
0

Complex Lanthanide Complex number
Nd (30)
< (a-substituted:
N (@]
<> ? tert-butyl phenoxy)
o< >——
0 X N :
N—N _; o
EIDENP,
Ce (31)

(B-substituted:

tert-butyl phenoxy)
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Names of the complexes in Table 1.1:

2(3), 9(10), 16(17), 23(24)-(tetrapyridin-3-yloxy phthalocyaninato) neodymium (llI)
acetate (18), bis{23-(3,4-di-yloxybenzoic acid)-(2(3), 9(10), 16(17), 23(24)-(hexakis-pyridin-
3-yloxy phthalocyaninato)} dineodymium (Ill) acetate (19), 2,4,6-tris[3-thio-
9,10,16,17,23,24-hexa(4-tertbutylphenoxy) phthalocyaninato ytterbium (I111) chloride]-s-
triazin (20), 2,4,6-tris[3-thio-9,10,16,17,23,24-hexa(4-tertbutylphenoxy) phthalocyaninato
lutetium (I11) chloride]-s-triazin (21), bis-{1(4), 8(11), 15(18), 22(25)-(tetrapyridin-2-yloxy
phthalocyaninato)} ytterbium (I11) (22), bis-{1(4), 8(11), 15(18), 22(25)-(tetrapyridin-4-
yloxy phthalocyaninato)} ytterbium (Ill) (23), bis-{1(4), 8(11), 15(18), 22(25)-tetra(4-tert-
butylphenoxy) phthalocyaninato} ytterbium (I11) (24), bis-{2(3), 9(10), 16(17), 23(24)-
(tetrapyridin-4-yloxy phthalocyaninato)} ytterbium (1) (25), bis-{2(3), 9(10), 16(17),
23(24)-(tetrapyridin-4-yloxy phthalocyaninato)} lanthanum (mn  (26), bis-
{2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy) phthalocyaninato} cerium (lll) (27),
bis-{2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy) phthalocyaninato} lutetium (l11I)
(28), bis-{2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy) phthalocyaninato}
gadolinium (n (29), tris-{1(4),8(11),15(18),22(25)-tetra(4-tertbutylphenoxy)
phthalocyaninato} dineodymium (IlI) (30) and tris-{2,3,9,10,16,10,16,17,23,24-octa(4-

tertbutylphenoxy) phthalocyaninato} dicerium(l11) (31).
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1.1.2.3 Multi-decker phthalocyanines

1.1.2.3.1 Double-decker phthalocyanines

Like all the normal Pcs, double-decker or lanthanide bis(phthalocyanines) (LnPc2) may
be prepared directly from a phthalonitrile (32) in the presence of a lanthanide salt, organic
solvent and a catalyst, Scheme 1.5. The ratio of a lanthanide salt to a phthalonitrile is
very important since monophthacyanines are also highly likely to form in the same
reaction mixture. A ratio of 1.8 of a lanthanide salt to a phthalonitrile is normally
employed to eliminate the formation of monophthalocyanines [120], and enhance the
likelihood of the formation of LnPc2complexes. Another synthetic strategy is to prepare
an LnPc complex (34) is by sandwiching of a lanthanide ion with an H Pc molecule (33)
in organic solvents with high boiling points in the presence of a catalyst, Scheme 1.5 [121].
This strategy could be time-consuming, considering that an H Pc molecule, on its own,

requires extensive purification. These two methods are employed in this thesis.
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@CN

32 CN NQN
Solvent : N

Heat ©iN/\/N

Solvent
Heat

LnliCl,

Lnincl,

34

Scheme 1.5: Synthesis of LnPc2complex via two routes.

Studies for the Ce derivatives are nonexistent, hence are subject of this work. As stated
above, LnPc2complexes show improved optical nonlinearities due to their expanded n-
electron system and the presence of the heavy lanthanide central metal [106,107,106]
which enhances the rate of intersystem crossing (ISC) to the triplet state [108]. The
reported NLO behavior of LnPc2 complexes has concentrated on unsubstituted or
peripherally substituted derivatives [106,122-127]. This work presents YbPc derivatives
substituted at non-peripheral positions (complexes 22, 23 and 24 in Table 1.1), which will
result in reduced aggregation. Peripherally tetra substituted Pcs containing the same
substituents as 23 are also presented as complexes 25 and 26. Also to date, the studies on

the NLO behavior of LnPc2 have concentrated on the neutral green form, despite the
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paramagnetic nature, which shortens triplet state lifetimes. This thesis also compares the
NLO behavior of green and blue forms of LnPc complexes based on ytterbium and
lutetium, complexes 24 and 28 in Table 1.1. NLO parameters such as third order optical
susceptibility and hyperpolarizability have been extensively reported for monomeric Pcs,
but are still limited for LnPc2and are thus reported in this work. The work also reports
on the octa substituted derivatives containing Ce, Lu and Gd (complexes 27, 28 and 29

respectively)

1.1.2.3.2 Triple-decker phthalocyanines

Triple-decker or dilanthanide tris(phthalocyanines) (Ln Pc ) are a family of LnPc
complexes. The difference between the two is the number of coordinating lanthanide ions
and Pc molecules, with the former having two lanthanide ions and three Pc rings while
the latter has one lanthanide ion and two Pc rings. The preparation of Ln Pc complexes
(36) involves many synthetic strategies. One simplest approach involves refluxing one
coordinating Pc (35) entity in the presence of a lanthanide salt, appropriate solvent and a
catalyst [128], Scheme 1.6. Normally a 1:1.5 molar ratio of a Pc and a lanthanide salt
would result in a successful formation of Ln2Pc3 complex, though 1:1 molar ratio may

also be used. This strategy is as time-consuming as that of preparing LnPc complexes

from Pc entities mentioned above.
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Scheme 1.6: Synthesis of an Ln2Pc3complex.

Introduction

in

Another approach involves coordinating an LnPc2 complex (37) to a lanthanide

phthalocyanine (LnPc, 38) [129,130] by employing a molar of 1:1 in an appropriate

organic solvent with the addition of a catalyst to form an Ln2Pc3 complex (39), Scheme

1.7.
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Scheme 1.7: Synthesis of an Ln2Pc3complex from LnPc2and LnPc complexes.

Unlike the LnPc2counterparts which are paramagnetic, the positive charge on the two Ln
(1) in Ln Pc balances the negative charge in the three Pc ligands, hence Ln Pc complex
are neutral. The neutral Ln Pc complexes are expected to show improved NLO
characteristics compared to LnPc2 or monomeric derivatives. Apart from very limited

reports on hetero phthalocyanine-porphyrin tris derivatives [131], the NLO behavior of

Ln Pc complexes has been un-explored. A number of Ln Pc has been synthesized with

substituents at the peripheral positions [132-136], but no reports on their NLO behavior.

This work presents a Ln Pc derivative substituted at non-peripheral positions with tert-

butylphenoxy substituents (complex 30, Table 1.1) and an octa substituted Ce containing

Page |23



Chapter 1 Introduction

Ln Pc (complex 31, Table 1.1) and reports on their NLO behavior. In summary, this

thesis compares the following Pc molecules for their NLO behavior:

1. The effects of ~-electron system (complexes 18 and 19; 27 and 31).

2. Effects of central metals (complexes 20 and 21 or 25 and 26 or 27, 28 and 29).

3. The effects of substituents (complexes 22, 23 and 24; 23 and 25).

4. Complex 30 is independently investigated.

5. The effects of thin films against solutions.
In this work, PBC, PAA and PMMA are employed, with PBC chosen because it has been
used as a material for making safety visors in the past and has great affinity for

modification [137].

1.1.3 Electronic absorption spectra of phthalocyanines

1.1.3.1 Monomeric phthalocyanines

Monophthalocyanines absorb strongly in the near infrared region of the visible spectrum

due to transitions from the aluof the highest occupied molecular orbital (HOMO) to the
eg of the lowest unoccupied molecular orbital (LUMO), Fig. 1.2, resulting in the Q band.

The B band occurs at higher energy and is due to transitions eg™ a 2u(B1) and eg"b2u (B2).

Page |24



Chapter 1 Introduction

eg
b2u

g i . LUMO

Iu IHuUu ™M u

Fig. 1.2: Electronic transitions in phthalocyanines.

The Q band of monophthalocyanine splits into two in the absence of a central metal [138],

Fig. 1.3, due to DZhsymmetry and when there is a lack of symmetry [139]. The metallated
Pc shows an unsplit Q band as a result of a D4h symmetry and the degeneracy of the

LUMO.
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Fig. 1.3: Ground state absorption spectra of metallated ((i) black) and unmetallated ((ii)

red) Pc

1.1.3.2 Multi-decker phthalocyanines

The neutral or green forms of LnPc2 complexes are designated as (Pc-1LnPc-2). The
electronic absorption transitions of LnPc complexes were not understood until Orti et al
[140-142] made the first theoretical attempt to interpret the spectrum of LuPc2 as a
delocalized system, using a molecular orbital (MO) model based on a valence effective
Hamiltonian (VEH) calculation. The B or Soret band is associated with various inter-
phthalocyanine allowed transitions [140-149] assigned to 6el(ft) ~ 4al(ft*), Fig. 1.4. Next
is the characteristic absorption band in the 400-500 nm region for the green form referred
to as the blue valence band (BV) [144,148-154] arising from the electronic excitations

2a2(rc¥) ™ 5el(ft). Using VEH calculations, the Q band was assigned to the electronic
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transitions [148] arising from the excitation 6e3(ft*) ~ 2b1("). The red valence (RV) band
is assigned to the vibronically activated forbidden transition 6e3(rc*) ~ 2a2(ft) involving

semi occupied molecular orbital (SOMO) [150,155], Fig. 1.4. The RV slightly red shifts

with decreasing the size of the metal center.

With the exception of Ce and Pm, all other neutral LnPc2 complexes (La - Tm) exhibit
split Soret bands with maxima around 335-343 and 369-374 nm, an intense Q-band at 672-
699 nm, BV band at485-513 and RV band 900-915 nm, and the ring-to-ring charge transfer
transition band(s) in the near IR region (NIR band) between 1416 and 2250 nm [120] due
to excitation 2al”™ 2bJ, Fig. 1.4. The absorptions are sensitive to the metal center. Most of
the absorptions, particularly the longest-wavelength ring-to-ring charge transfer

transition bands, are monotonically blue-shifted with the decrease of the ionic radius

from La3+to Tm3+
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Fig. 1.4: Electronic excitation transitions observed in LnPc2complexes in accordance with

VCH calculations [126,140-155].

Fig. 1.5 therefore shows the absorption spectra of green (Pc-1L.nPc-2) and blue (Pc-2LnPc-2
forms of LnPc2 in CHCI3. The absorption bands corresponding to the electronic
transitions discussed above are labeled. It is noteworthy that the Q band of Pc-2LnPc-2is
split. This is attributed to an electron accepted by the Pc ring which was Pc-1in Pc-1LnPc-

2. The radical-related BV band also disappears. It has been discovered that the polarity of

the solvent plays huge role on the character of the LnPc2 ultra violet-visible (UV-Vis)
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spectra, with the LnPc solutions blue in the polar dimethyl formamide (DMF) and green

both in low-polarity dichloromethane and non-polar nujol [156,157].

Fig. 1.5: The absorption spectra of YbPc2 complexes (unpublished) in green form (no Q

band split) and blue form (indicating splits in the Q bands, resulting in Qland Q2).
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1.2 Nonlinear optical limiting

1.2.1 Definition ofoptical limiting

Nonlinear optics was observed for the first time about six decades ago when the invention
of the laser provided enough light intensity [158]. This was followed by theoretical
examination of interactions between light waves in a nonlinear dielectric [159]. The birth
of nonlinear optics is often associated with J. Kerr, who observed that the refractive index
of organic liquids and glasses in the presence of an electric field could change [160-162].
Ideally, the output intensity (transmitted by a material) should be a linear function of the
input intensity. However, with lasers providing highly illuminating intensities, the
transmitted intensity may cease to behave linearly as a function of the input intensity,
allowing the occurrence of optical nonlinearities. Optical limiting (OL) is therefore
viewed as an important phenomenon that can be useful for applications in nonlinear
optics in which devices decrease transmission with increasing excitation. Such devices
are referred to as the optical limiters. For Pcs, the 18 "-electron system contributes to
strong NLO response as a measure of optical limiting of nanosecond [163], picosecond
[74] and femtosecond laser pulses [164] due to easy modification of their physical,
optoelectronic and chemical parameters in a broad range, resulting in exceptional

stability and processability features [64,66,165-167].

Page |30



Chapter 1 Introduction

1.2.2 Nonlinear optical mechanisms

Nonlinear absorption (NLA), nonlinear scattering (NLS) and nonlinear refraction (NLR)
are the most important mechanism for optical limiting [168-170]. Highly illuminating
lasers provide higher input energies to the NLO material with a positive nonlinear
absorption coefficient, thus exhibiting reverse saturable absorption (RSA). RSA isan NLO
process characterized by a decrease in transmission under high intensity or high fluence
illumination but would not occur at normal light intensities due to higher transmission.
When the transmission increases with increasing input intensity of the laser beam,

saturable absorption (SA) occurs. Fig. 1.6 illustrates both RSA and SA.

2 O Experimental data

0.6
0.4

0.2

-6 -4 -2 0 2 4 6

Z (cm)

Fig. 1.6: Illlustration of RSA and SA occurring when high input energies of light are
pumped in the NLO material. Red and blue lines are the fits used to predict which
mechanism is dominant in a material. This data was obtained from the Z-scan but

remains unpublished.

Page |31



Chapter 1 Introduction

Negative nonlinear absorption coefficient is normally observed in the materials that
undergo SA [163]. Two photon absorption (2PA) [171] and three photon absorption (3PA)
[172-175] associated with the imaginary part of the third-order susceptibility, are known

as the two out of many mechanisms accounting for optical limiting.

Upon receiving the energy, NLO material undergoes transitions that can be explained in
terms of a five-level diagram [176,177], Fig. 1.7. The system absorbs the energy that results

in the transitions [SO to S1] (ground state absorption), [S1to SZ] (singlet excited state
absorption) and [S2 to S]] excited state emission (ESE). The molecule then undergoes
intersystem crossing (ISC) [S1to T1] and re-absorbs the energy through the transition [T1
to T2 (triplet excited state absorption). In the five-level system, the following

assumptions are made:

\%

Energy levels are non-degenerate

\%

ISC transition [S1to T1] is fast

\%

Emission from the upper excited states: [S2to S1] and [T2to T1] is fast

\%

Larger excited state cross sections (02and 03) than the ground state cross section
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S2
T2
ESE
°2
°3
1
Sy ISC
T2
°1
SO

SO S1, S2= ground, first singlet excited and second singlet
excited states; (j, a2, a3 = ground, singlet excited and triplet
excited cross sections; ESE = excited state emission; ISC =
intersystem crossing; T and T = lower and higher energy
triplet states, respectively.

Fig. 1.7: A model used to describe the interaction of light with a molecular compound in

terms of electronic transitions in the NLO materials, particularly phthalocyanines.

Large a2and o3and a long excited state lifetime are prerequisites for the largest nonlinear

absorption [163]. Organic and organometallic materials, including porphyrins, MPcs,

fullerenes, organometallic cluster compounds and other materials are known to exhibit
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large excited state cross sections with large difference between the ground and excited

state absorption cross sections [178-182].

Good optical limiters are characterized by low limiting thresholds (I ), with large

nonlinear response over a wide range of fluences before the saturation of nonlinearity
occurs [163]. High concentrations of the nonlinear material in the optical beam are

required in the case of high saturation fluence.

The optical limiting (OL) effect of a NLO material is shown by a response to the intense

beams in the form of a strong attenuation when the input intensity has passed the Ilim
value, Fig. 1.8A and B. By definition, the llimvalue (J.cm-2) is the input fluence at which

the output fluence is 50% of the linear transmission [172,183].
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1.2 A

Linear transmission
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Fig. 1.8; The behavior of (A) transmission against input intensity (lin) and (B) (the output
intensity (lout) transmitted by an optical limiter vs linfrom the light source. These two

figures were modified in accordance with reference [163].
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lout and lin respectively, are the intensity of light beam transmitted by the NLO material

and the intensity of the incoming light beam from the light source. The most important
feature of the plot in Fig. 1.8B is the flattening of the curve called "effect of residual

absorption™ [184], due to a reduced transmittance once lin> Ilim

1.2.3 Calculations of nonlinear optical parameters

Using nonlinear regression technique, all open aperture Z-scan data based on two photon

absorption may be fitted with Eqg. 1.1, where the normalized transmittance (TNom (z)) is

defined as a function of position [185-188] as described by Sheik-Bahae and co-workers.

Trdl 2)= 1 f In[l +qc(z)e-T ]Jdx k1l
rcq0(z) J-*
In Eq. 1.1, qo(z) = 1.2
a 10(2) 1+ (z /z0)

where yff and fOare the effective intensity dependent nonlinear absorption coefficient and
the intensity of the beam at focus, respectively. z and zOare sample position with respect
to the input intensity and Rayleigh length (defined byw /; A= wavelength of the laser
beam and wO= beam waist). L fis referred to as the effective thickness of the sample and

is given by Eqg. 1.3 [185]:

1_ 6_LII
Leff = “ 1.3
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Here “ and L are the linear absorption coefficient and the thickness of the sample

respectively.

The imaginary component of the third order optical susceptibility (Im[x@)j in esu) is

directly proportional to fieff via Eq. 1.4 [163,189]:

(n2g0cDPeff) 14
Qo)

Im[*(@3)]

In Eqg. 1.4, cand n, respectively, are the speed of light in vacuum and the linear refractive

index. e0is the permittivity of free space and Xis the wavelength of the laser light.

At a molecular level, there is a direct correlation of Im[x(3] with the hyperpolarizability y
(which provides the nonlinear absorption per mole of the sample) via the relationship

shown in Eq. 1.5 [163,190,191]:

Im{z@] L5

AT 4

where N* =CndNA(Cnol is the concentration active species in the excited state in mol)

andf represents Lorenz local field factor and is given by Eq. 1.6:

n2+2
1.6
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1.2.4 Nonlinear optical behavior of phthalocyanines

The electronic energy levels mainly account for the NLO response of a molecule [64]. The
Q band of a Pc is more intense than the B band. Between these two bands is an optical
region in which the nonlinear optical mechanisms take place with the involvement of
effective excited state absorption stronger than the ground state absorption [163],
resulting in reverse saturable absorption (RSA) due to MPA. The investigation of the
third-order NLO properties of Pcs stretches back to 1987 when chlorogallium and
fluoroaluminium Pcs were reported for the first time [66]. Table 1.2 [107,123,192-196] lists

LnPc complexes have been studied for NLO behaviors.
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Sample

EuPc2

a-EuPc?2

P-EuPc?2

p2-EuPc?2

EuPc2

SmPc2

EuPc2

LuPc2

GdPc2

Solvent

THF

THF

THF

THF

THF

DMF

DMF

CHCI3

Pyridine

Concentration (M)

2.20 x104

2.16 x104

2.16 x104

2.08 x104

2.20 x104

(m.W-1)

3.27 x10-11

1.88 x10-11

1.24 x10-11

2.23 x10-1

3.27 x10-11

1.42 x10-10

4.54 x10-10

Table 1.2: Nonlinear absorption properties of LnPc complexes.

Im [j(3)] (esu)
b1.94 x10-D

b1.11 x10-20

b0.738 x10-20

b1.33 x10-20

b1.94 x10-20

1.8 x10-13

1.7 x10-13

y(esu)

3.3 x10-30

1.98 x10-30

1.31 x10-30

2.45 x10-30

3.3 x10-30

55 x10-2

4.1 x10-3L

lim(J.cm-2)

Introduction

Ref.
[192]

[192]

[192]

[192]

[192]

[193]

[194]

[195]

[195]
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Table 1.2 continued....

Sample Solvent

Eu[Pc(OC5H CHCI3

11)8]2

Eu[Pc(C7THi5 CHCI3

)82

LuPc2 DMSO

LuPc2

Concentration (M)  Peff (m.W-1)

9.7 x10-6

8.6 x10-6

2 x10-3 7.76 x10-10

b =valuesinm2/v2 a=1g/L.

Im [j3)] (esu)

j (esu)

llim (J<m-2)
0.3

0.45

1.8

Introduction

Ref.

[196]

[196]

[197]

[123]
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Most of the studied NLO of LnPc2 complexes do not indicate susceptibility,
hyperpolarizability and llimvalues but predict how these molecules behave in both
ground and excited states [122,192]. Nonlinear optical data for Ln2Pc3complex is limited.
Furthermore, to the best of the author's knowledge, LnPc2linked to or mixed with either

polymers or nanoparticles have not been studied in nonlinear optics.

The aim, in part, therefore is to characterize by Z-scan both LnPc2 and Ln2Pc3

complexes in detail.

1.2.5 Nonlinear optical limiting of phthalocyanines in the presence of carbon nanotubes

Carbon nanotubes (CNTSs) are considered as a new form of pure carbon [197]. There are
two types of common carbon tubes, namely: single-walled (SWCNTs (comprising only
one cylinder)) and multi-walled (two or more concentric graphene cylinders) carbon
nanotubes (MWCNTSs). Historically speaking, CNTs were discovered in the mid-1970s by
Endo [198]. ljima [199] employed the arc-discharge fullerene reactor (operating at low
direct current) to generate the helical carbon microtubules (today also called nanotubes)
which were comprised of graphene tubules, Fig. 1.9, and used the high resolution
transmission electron microscopy (HRTEM) and electron diffraction to prove the

existence of MWCNTs.
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Fig. 1.9: HRTEM image of a multi-walled carbon nanotube [200].

Due to their superior mechanical, thermal, and electrical properties, CNTs can be
employed as nanocomposites [200-202], supercapacitors [203-207], in lithium batteries
[208-213], electrochemical sensors [214,215] and nonlinear optics [216-218]. The optical
limiting properties of MWCNTs have therefore been taken advantage of by linkage to

monophthalocyanines [219], with reasonably high values obtained. SWCNTs were

also studied in the presence of Pcs [220]. However, it is only when embedded in PMMA
that extremely high values were obtained [221,222]. The data in which clam shell Pcs
are covalently linked to MWCNTs or SWCNTs is non-existent. In this thesis, the surface
of MWCNTs was modified with diaminomaleonitrile for covalent linkage to a
neodymium clamshell. Even though both MWCNTs and Pcs are optical limiting
materials, their combination does not always lead to improved NLO behavior [223]. It
has been reported that since solutions of CNTs are in the form of a dispersion, their

optical limiting is due to scattering combined with possible electronic absorption
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contributions [223,224]. The aim of this work is to elucidate the mechanism used for NLO

for a clamshell Pc in the presence of MWCNTSs.

1.2.6 Nonlinear optical limiting of phthalocyanines in the presence ofgraphene oxide nanosheets

Graphene is a basic building block for all graphitic forms [225]. It consists of a single

atomic layer of sp2 two-dimensional hybridized carbon atoms arranged in a honeycomb
structure [226]. Graphite oxide, which contains abundant oxygen-based groups, can be
easily exfoliated to graphene oxide nanosheets (GONS), Fig. 1.10, by employing
ultrasonic devices [227-229]. On reduction using standard procedures involving
temperatures and chemical reagents [230-235], the amount of oxygen decreases and
therefore GONS are viewed as the precursor to produce reduced graphene oxide
nanosheets (rGONS). Despite challenges such as production at large scale and difficulty
to incorporate and distribute homogeneously into various matrices for applications,
graphene finds its applications based on its electronic properties [236-238] such as
nonlinear optics [239-241]. Graphene possesses other exciting properties, such as high
stiffness and strength, excellent thermal properties and promising biocompatibility [242].
When monophthalocyanines were covalently linked to GONS and rGONS, a good optical
limiting behavior was obtained [243]. However, NLO studies in which GONS or rGONS
are covalently linked to low symmetry clam shell Pcs are non-existent. As stated already,

low symmetry improves NLO behavior of Pcs.
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Fig. 1.10: Structure of graphene oxide nanosheets.

This research thesis presents the surface modification of GONS and rGONS with
diaminomaleonitrile. The linking of GONS and rGONS to a clam shell Pc is reported for
the first time. Conjugates with GONS and rGONS are embedded in PAA, which help to
form thin films for solid state Z-scan laser characterization to determine their potential in
optical limiting. In general, this study is aimed at investigating the optical liming

processes induced by 2PA.
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1.2.7 Nonlinear optical limiting ofphthalocyanines in the presence of zinc oxide nanoparticles

Nanoparticles are defined as particulate dispersions or solid particles with a size in the
range of 10-1000 nm [244]. Gold, silver and bismuth nanoparticles exhibit a strong
nonlinear scattering [245-247], while zinc oxide show strong 2PA [248]. In this work, the
Pc complexes are linked to zinc oxide nanoparticles (ZnO NPs) since the latter show good
NLO due to two photon absorption [249]. The combination of the two NLO materials (Pc
and ZnO NPs) is expected to improve NLO behavior. Conjugates of low symmetry clam
shell Pcs covalently linked to ZnO NPs do not exist. In this thesis, ZnO NPs are linked to
an Nd clam shell Pc complex (19) using different strategies in order to compare the effects
of different linkages on the photophysical and NLO behavior. This thesis presents the
photophysics and NLO behavior of neodymium based clam shell Pc (alone or linked to
ZnO NPs). The NLO behavior is studied in solution or when embedded in thin films of
poly (acrylic acid). As stated above, zinc oxide nanoparticles exhibit 2PA. Since
neodymium based clam shell Pc also shows 2PA, the nonlinear optical mechanisms are
not expected to change. The heavy atom effect of zinc will aid in increasing the triplet

state population.
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1.3 Photophysico-chemical parameters
1.3.1 Fluorescence quantum yields and lifetimes

Fluorescence quantum yield (Of) is the number of emitted photons relative to the number
of absorbed photons. The emission rates of fluorescence are typically 108 s 1, so that a
typical fluorescence lifetime is near 10 ns [250]. Fluorescence lifetime (tf) is the average

time an excited fluorophore spends in the excited state before it releases energy and
decays to its basic ground state [250,251]. Fluorescence lifetime may be determined by a
time correlated single photon counting method [252] and this is employed in this work.
Fluorophores decay with various exponential processes. For those that decay with multi-
exponential mechanism, Eqg. 1.7 may be used to calculate the amplitude weighted

fluorescence lifetimes.

TFAy =T ,a -T- 1.7
|

In Eq. 1.7, a is the relative amplitude contribution to the lifetime t The data obtained

from afluorescence lifetime measuring equipmentisjudged by a goodness of fit (y2) close

to one, with good residuals.
By comparing with a standard using Eqg. 1.8 [253], fluorescence quantum yield (Of) may

be determined:

F.Atlln2
FH’
Fstd .A -n std
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F and FSd denote the areas under the fluorescence curves for sample and standard,
respectively. A and ASd represent the absorbances of the sample and reference at the
excitation wavelength respectively, in the solvents of the refractive indices nand n  for

the sample and the reference, respectively.

1.3.2 Triplet quantum yields and lifetimes

Laser flash photolysis technique is used to determine the triplet lifetime and the change
in absorbance in the triplet state, which is directly related to the triplet qguantum yield
[254]. The efficiency of the triplet state is quantified by the use of the triplet quantum
yield (Ot) and the triplet lifetime (¢t). The triplet absorption is ~500 nm for
phthalocyanines. This is far from the ground singlet state absorption, making it possible
to conduct these measurements. One may determine Otvalues either by using the triplet
absorption or singlet depletion method. In this work the triplet absorption method was

employed hence its discussion below.

A comparative method [255] using standard may be employed for the calculations of ®T,

Eq. 1.9

g AATE I
< NS

0 1.9

where AAr and AASd are the changes in the triplet state absorbances of the sample and

the standard respectively; sT and , the triplet state molar extinction coefficients for
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the sample and the standard respectively; o fd the triplet quantum yield for the standard.

st and s fd are determined from the molar extinction coefficients of their respective

ground singlet state (SS and SS'd), the changes in absorbances of the ground singlet states

(AAS and AA™) and changes in the triplet state absorptions,

(AAr and AASd) in accordance with Egs 1.10a and 1.10b:

AAt
= 1.10a
SS A
AASt
SStd:SSSTd o 1.10b

A A fd

1.3.3 Singlet oxygen quantum yield

In this thesis, singlet oxygen quantum yields (0A are determined as a side study to

determine the fate of the excited triplet state in the presence of single oxygen (102).

There are different experimental procedures employed in the determination of 0 A The

singlet-oxygen quantum yields for the MPc complexes may be conveniently determined
using a singlet-oxygen quencher such as 1,3-diphenylisobenzofuran (DPBF) in organic

solvents or by using the singlet-oxygen luminescence method (SOLM) [256].

Employing the comparative method, the singlet oxygen quantum vyield of the

phthalocyanine can be determined according to Eq. 1.11 [257-259]:
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std WA

O, o4& 1.11
W 199 ap

where 0 Ad is the singlet oxygen quantum yield for the standard, Wand W3d are the
photobleaching rates of a quencher such as DPBF in the presence of MPc derivatives
under examination and the standard, respectively. J 85 and JAs are the rates of light

absorption by the MPc derivative and standard, respectively.

For the SOLM method, the dynamic course of 10 concentration can be clearly recorded,

following Eq. 1.124 as described theoretically in the literature [260]:

Jt)=B 7 [e— ——7 ] 1.12
7T—ID

where I(t) is the phosphorescence intensity of O2(1Ag) at time t, xDis the lifetime of O2(1Ag)
phosphorescence decay, tt is the triplet state lifetime of standard or sample and B is a
coefficient involved in sensitizer concentration and singlet oxygen quantum yield. The
Oa of the phthalocyanine is then determined by a comparative method using Eq 1.13
[260]:

st¢ B =OD

0, . 113
A-oh BqiwoD

where 0 is the singlet oxygen quantum yield for the standard usually unsubstituted

zinc phthalocyanine. B and BStd refer to coefficient involved in sensitizer concentration
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and 10 quantum yield for the sample and standard respectively. OD and ODSd are the

optical density of the sample and standard correspondingly at the excitation wavelength.
In the family of lanthanides, only lanthanum and lutetium are diamagnetic. The rest are
paramagnetic due to unpaired f-orbital electrons. Table 1.3 shows LnPc2 complexes
whose physico-chemical properties are known [72,76,261,262]. Even though Yb and Nd

are paramagnetic, this thesis explores their physico-chemical behavior.
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Table 1.3: Photophysico-chemical parameters of lanthanide complexes.

MPc Type O+ (tr/ns) Ot Oa Ref.
LuPc monomer <0.01 0.83 0.71 [76]
ErPc monomer <0.01 - - [76]
DyPc2 dimer <0.01 - - [76]
[(acac)Er(Pc(P-OCsHu11)4}] monomer - - - [72]
[(acac)Er(Pc(P-CaHo9)4}] monomer -- -- -- [72]
Er(Pc(P-OC5HN 4R Dimer - - - [72]
Er(Pc(P-C4H9)4}2 Dimer -- -- -- [72]
Eu(acac)Pc monomer -- -- - [261]
Eu(q)Pc monomer [261]
[(Ac)Lu(Pc(p-HPTCP)4}] monomer 0.01(0.07) -- 0.66 [261]
Lu{Pc(HPCP)4j2 Dimer 0.03(0.03) - 0.10 [262]
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Summary of the aims of this thesis is given below:

1. To design
> new lanthanide bisphthalocyanines
> new lanthanide based mono and clam shell phthalocyanines
> new lanthanide trimeric phthalocyanines
> new dilanthanide triphthalocyanes

2. To carry out extensive characherization of these molecules using, among other
techniques, NMR, elemental analysis, mass spectrometry, Fourier transformer
infrared spectroscopy, time-correlated single photon counting, ultra-violet visible
absorption spectroscopy, transmission electron microscopy, etc.

3. To modify the surface of mutli-walled carbon nanotubes and graphene oxide
nanosheets.

4. To covalently link neodymium monophthalocyanines and clamshelled (via
carbonyl moieties and carboxyl groups available on the bridge) to zinc oxide
nanoparticles, multi-walled carbon nanotubes and graphene oxide nanosheets.

5. To study photophysics and photochemistry of the designed molecules

6. To incorporate the new molecules into polymers for thin film formation.

7. To carry out nonlinear optical studies and determine the mechanisms of the new

molecules and conjugates in solution and thin films.
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Chapter 2

Experimental
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2. Experimental

2.1 Materials

2.1.1 Solvents

1-Pentanol, deuterated dimethylsulfoxide (DMSO-d6) and deuterated chloroform
(CDCI3) were purchased from Sigma Aldrich. Dichloromethane (DCM), dimethyl
sulfoxide (DMSO), and dimethyl formamide (DMF) were purchased from Merck.
Tetrahydrofuran (THF) and chloroform were purchased from MINEMA. Diethyl ether,

ethanol, methanol, formamide and n-hexane were purchased from SAARCHEM.

2.1.2 Synthesis reagents

Ammonia (25%), dicyclohexylcarbodiimide (DCC) (99%), 3-diphenylisobenzofuran
(DPBF), ytterbium (IIl) chloride hexahydrate, ytterbium (l11) chloride, lutetium(lll)
chloride, cerium chloride, neodymium (lll) acetate hydrate, gadolinium (l1I) chloride,
thiocyanuric acid, graphene oxide, diaminomaleonitrile, multi-walled carbon nanotubes
(diam. = 110-170 nm; length = 5-9 micron), sodium borohydride, poly (acrylic acid)
(PAA), poly (methyl methacrylate) (PMMA), poly (bisphenol A carbonate) (PBC), p-
toluenesulfonic acid (p-TSA), potassium carbonate, trifluoroacetic acid (TFA), hydrazine
(HZ) and sodium azide were purchased from Sigma-Aldrich. 3,4-Dihydroxybenzoic acid,

2,5-dihydroxybenzoic acid, alpha-cyano-4-hydroxycinnamic acid and 1,8-
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diazabicyclo[5.4.0]Jundec-7-ene (DBU) were purchased from Fluka. Silica gel s OPF254 was

purchased from Merck.

2.1.3 Previously synthesized phthalonitriles, phthalocyanines and nanoparticles

2.1.3.1 Phthalonitriles

The syntheses of 4-nitrophthalonitrile (40) [263-265], 3-nitrophthalonitrile (41) [263], 3-

(pyridine-2-yloxy)-phthalonitrile (42) [266], 4,5-bis-{4-tert-butylphenoxy}-phthalonitrile

(43) [267] 3-(pyridine-4-yloxy)-phthalonitrile (44) [268-272] and 4-(pyridin-4-yloxy)-

phthalonitrile (45) [273] have been reported before.

2.1.3.2 Phthalocyanines

1(4),8(11),15(18),22(25)-Tetra(4-tertbutylphenoxy) phthalocyanine (46) [274] and
2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy) phthalocyanine (47) [275,276] were

prepared according to literature methods.

2.1.3.3 Nanoparticles

ZnO NPs employed in this work have been synthesized elsewhere [277].

2.2 Instrumentation

Infrared spectra were recorded on a Perkin Elmer 100 ART FT-IR spectrometer.
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Ultraviolet-visible spectra (UV-Vis) were recorded on a Shimadzu UV-Vis 2550
spectrophotometer.

The emission spectra were recorded on a Varian Cary Eclipse fluorescence
spectrophotometer.

Luminescence lifetimes were measured using time correlated single photon
counting setup (TCSPC) (PicoQuant FluoTime 200), Fig. 2.1. The excitation source
was a diode laser (LDH-P-C-485, 480 nm, 10 MHz repetition rate for excitation of
QDs, or LDH-P-670 with PDL 800-B, 670 nm, 20 MHz repetition rate Picoquant
GmbH, for excitation of Pcs. Fluorescence was detected under the magic angle with
a peltier cooled photomultiplier tube (PMT) (PMA-C 192-N-M, Picoquant) and
integrated electronics (PicoHarp 300E, Picoquant GmbH). A monochromator with
a spectral width 4 nm was used to select the required emission wavelength. The
response function of the system, which was measured with a scattering Ludox
solution (DuPont), had a full width at half-maximum (FWHM) of 300 ps. All
luminescence decay curves were measured at the maximum of the emission peak
and the lifetimes obtained by deconvolution of the decay curves using the FluoFit
Software program (PicoQuant GmbH, Germany). The support plane approach [278]

was used to estimate the errors of the decay times.
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Fig. 2.1: Schematic diagram of time-correlated single photon counting (TCSPC) setup.

(MCP)-PMT = Monochromator photomultiplier tube, PC = Personal computer.

1H NMR nuclear magnetic resonance signals were recorded on a Bruker AMX 600
NMR spectrometer.

Raman spectra were obtained using a Bruker Vertex 70-Ram |l spectrometer
equipped with an Nd:YAG laser that emit at 1064 nm and liquid nitrogen cooled
germanium detector.

Mass spectral data were collected with a Bruker AutoFLEX IIl Smart beam

TOF/TOF Mass spectrometer. The spectra were acquired using 2,5-dihydroxy
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benzoic acid or alpha-cyano-4-hydroxycinnamic acid as the MALDI matrices, and
a 355 nm Nd:YAG laser as the ionizing source. Elemental analyses were carried
out on aVario EL 11l MicroCube CHNS instrument Analyzer.

All Z-scan experiments described in this study were performed using a frequency-
doubled Nd:YAG laser (Quanta-Ray, 1.5 J/10 ns fwhm (full width at half
maximum) pulse duration) as the excitation source. The laser was operated in a
near Gaussian transverse mode at 532 nm (second harmonic), with a pulse
repetition rate of 10 Hz and energy range of 0.1 pJ- 0.1 mJ, limited by the energy
detectors (Coherent J5-09). The low repetition rate of the laser prevents cumulative
thermal nonlinearities. The beam was spatially filtered to remove the higher order
modes and tightly focused with a 15 cm focal length lens. The Z-scan system size
(I x w x h) used was 600 mm x 300 mm x 350 mm (excluding the computer, energy
meter, translation stage driver and laser system). The liquid samples were placed
in a cuvette (internal dimensions: 2 mm x 10 mm x 55 mm, 0.7 mL) and a path
length of 0.2 cm while thin films were run on a thin glass slide, making a total
average path length of 0.005 cm (Starna 21-G-2). The Z-scan setup is shown in Fig.

2.2.
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Fig. 2.2: Schematic representation of the open-aperture Z-scan setup. BS = beam splitter;

L = lens; D1 and D2 = photodetectors; S = sample.

Laser flash photolysis experiments were performed with light pulses produced by
a Quanta-Ray Nd:YAG laser providing 400 mJ, 9 ns pulses of laser light at 10 Hz,
pumping a Lambda-Physik FL3002 dye laser (Pyridin 1 dye in methanol), Fig. 2.3.
Single pulse energy ranged from 2 to 7 mJ. The analyzing beam source was from
a Thermo Oriel Xenon arc lamp, and photomultiplier tube (a Kratos Lis Projekte
MLIS-X3) was used as a detector. Signals were recorded with a two-channel 300
MHz digital real time oscilloscope (Tektronix TDS 3032C); the Kinetic curves were

averaged over 256 laser pulses.
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Time resolved phosphorescence decay of singlet oxygen at 1270 nm was used to
determine singlet oxygen quantum yield. The dynamic phosphorescence decay of
singlet oxygen (O2(1Ag))/was demonstrated using time resolved phosphorescence
of O2(1Ag) at 1270 nm. For these studies an ultra sensitive germanium detector
(Edinburgh Instruments, EI-P) combined with a 1000 nm long pass filter (Omega,
RD 1000 CP) and a 1270 nm band-pass filter (Omega, C1275, BP50) (Fig. 2.4) was
used to detect O2(1Ag) phosphorescence under the excitation using Quanta-Ray
Nd:YAG laser providing 400 mJ, 90 ns pulses of laser light at 10 Hz pumping a

Lambda-Physik FL3002 dye laser (Pyridin 1 dye in methanol), with a pulse period
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of 7 ns and repetition rate of 10 Hz. The near-infrared phosphorescence of the
samples were focused onto the germanium detector by a lens (Edmund, NT 48-157)
with detection direction perpendicular to the excitation laser beam. The detected
signals were averaged with a digital oscilloscope (Tektronics, TDS 360) to show the

dynamic decay of O2(1Ag).

Fig. 2.4: Schematic diagram for the singlet oxygen detection setup using its

phosphorescence.

Photo-irradiations for singlet oxygen quantum yields were done using a General
Electric Quartz line lamp (300 W), Fig. 2.5. A 600 nm glass cut off filter (Schott) and
awater filter were used to filter off ultraviolet and infrared radiations respectively.

An interference filter (Intor, 670 nm with a band width of 40 nm) was additionally
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placed in the light path before the sample. Light intensities were measured with a

POWER MAX 5100 (Molelectron Detector Inc.) power meter.

Fig. 2.5 Latic diagram of photolysis setup.

Electron spin resonance (ESR) spectra were recorded on a Bruker EPR 300E X-band
(10 GHz) spectrometer equipped with a TM probe with a flat quartz cell. The spin
Hamiltonian parameters were obtained by simulation of the spectra. The static
field (2500-3486 G), the center field (3488-3500 G), the modulation amplitude
(5.44-8.10 G), the time constant (10.24 ms), the conversion time (5.12 ms), the
resolution (1024-2048 pts), power (2.00 mW) and the modulation frequency (100

kHz) were used as the experimental parameters at 298 K with one to five scans.
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Film thickness (~10 pm) was determined by utilization of the knife edge
attachment of the Bruker Ds Discover X-ray diffraction (XRD) following removal

of the films from the glass slides.

2.3 Synthesis

2.3.1 Synthesis of phthalonitriles

2.3.1.1 Synthesis of 3,4-Bis-(3,4-dicyano-phenoxy)-benzoic acid (48) (Scheme 3.1)

4-Nitrophthalonitrile (40) (2.00 g; 9.75 mmol), 3,4-dihydroxybenzoic acid (751 mg; 4.87
mmol) and DMF (25 mL) were added together in a round bottom flask (250 mL). The
reaction mixture was purged with argon for 10 min before the addition of potassium
carbonate (20.00 g; 144.71 mmol), followed by constant stirring under inert
atmosphere at room temperature for 48 h. The product was then poured into ice water,
followed by addition of concentrated hydrochloric acid. The precipitate was washed

several times with water and methanol and dried at 60 °C in the oven.

Yield: 17%. IR: [KBr, v, cm-1] 776, 804, 844, 860, 881, 904, 921, 950, 961, (benzene ring)

1092, 1110, 1171, 1197, 1242, 1273, 1372, 1414, 1436, 1482, 1497 (C-O-C), 1568, 1592

(C=0), 1722, 1740 (-C=N-), 2232 (C=N) 3033, 3078 (C-H, aromatic), 3247 (OH). 1H NMR
(DMSO-d6): 6, ppm 13.44 (1H, s, COOH), 8.09-8.05 (2H, g, Ar-H), 7.97-7.97 (1H, d, Ar-

H), 7.87-7.83 (3H, m, Ar-H), 7.50-7.45 (3H, m, Ar-H).
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2.3.1.2 Synthesis of2,4,6-tris(3-thiopthalonitrile)-s-triazine (49) (Scheme 3.2)

3-Nitrophthalonitrile (41) (4.40 g; 25.4 mmol) and thiocyanuric acid (1.50 g; 8.46 mmol)
were added into round a bottom flask (100 mL). After 10 min of purging with argon, DMF
(50 mL) was added to the mixture. The mixture was stirred for another 10 min and then
potassium carbonate (3.50 g; 25.42 mmol) was added all at once before heating the
mixture at 65 °C for 48 h as explained by §en et al [103]. The reaction mixture was cooled
to room temperature and then poured into ice water before slowly filtering and washing
with water. The obtained product was washed four times with ethanol. The crude yellow
product was dried in open air. Yield: 59%. IR: [KBr, v, cm-1] 1002, 1147, 1199, 1278, 1429,

1445 (Benzene ring), 1570, 1666, 1729 (-C=N-), 2232 (C=N), 3075 (CH).

IH NMR (DMSO-de): 6, ppm 8.14-8.12 (3H, d, Ar-H), 7.85-7.84 (3H, t, Ar-H), 7.82-7.81
(3H, d, Ar-H). 13 NMR (CHCI3): s, ppm 113.21 (3C, s, Ar-C), 114.56 (3C, s, Ar-C), 118.61
(3C, s, Ar-C), 119.45 (6C, s, C=N), 133.55 (3C, s, Ar-C), 133.70 (3C, s, Ar-C), 137.84 (3C, s,

S-Ar-C), 138.42 (3C, s, N-C=N).
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2.3.2 Synthesis of phthalocyanines

2.3.2.1 Synthesis 0f2(3), 9(10), 16(17), 23(24)-(tetrapyridin-3-yloxy phthalocyaninato)
neodymium (I11) acetate (18) (Scheme 3.3)

Complex 18 was prepared as follows: Compound 42 (160 mg, 0.78 mmol), neodymium
acetate hydrate (220 mg; 0.68 mmol), DBU (0.5 mL) and 1-pentanol (10 mL) were added
to a round bottom flask, and the mixture was heated at reflux temperature with constant
stirring for 21 h. The product obtained was centrifuged at 3000 rpm several times in THF

and methanol, respectively. The pure green solid was dried in oven at 110 °C.

Yield: 23%. IR: [KBr, v, cm-1] 667, 726, 750, 814, 851, 891, 933 (Pc skeleton), 1018, 1046,
1082, 1130, 1193, 1236, 1283, 1343, 1399, 1485 (C-O-C), 1538 (C=0) 1634 (-C=N-), 3325
(OH). UV-Vis (DMSO): Xmaxnm (log e), 335 (4.21), 385 (3.94), 630 (3.86), 695 (4.45). Anal.
Calc. for CssH31N1206Nd: C, 59.60; H, 2.87; N, 15.45. Found: C, 58.92; H, 2.32; N, 14.93%.
1H NMR (DMSO-d6): 6, ppm 9.81 (2H, s, Ar-H), 9.50 (3H, m, Ar-H), 9.17-9.15 (2H, m, Ar-
H), 8.84-8.76 (2H, m, Ar-H), 8.61-8.50 (5H, m, Ar-H), 8.35-8.29 (3H, m, Ar-H), 8.03-8.00
(1H, m, Ar-H), 7.89-7.86 (2H, m, Ar-H), 7.39-7.28 (4H, m, Ar-H), 7.08-6.99 (4H, m, Ar-H),

1.43 (3H, m, CH3) . MS (MALDI-TOF): (m/z): Calc. 1087 amu. Found: 1091 amu [M+4H+].
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2.3.2.2 Synthesis ofbis{23-(3,4-di-yloxybenzoic acid) (2(3), 9(10), 16(17), 23(24)-(hexakis-
pyridin-3-yloxy phthalocyaninato)} dineodymium (111) acetate (19) (Scheme 3.4)

Complex 19 was synthesized by refluxing compounds (42) (400 mg; 1.95 mmol) and
48 (132 mg; 0.325 mmol) in 1-pentanol (15 mL) and DBU (0.5 mL) in the presence of
neodymium acetate hydrate (229 mg; 0.713 mmol) for 21 h in open air. The green
solution which formed was cooled to room temperature and centrifuged several times
at 3000 rpm in THF and methanol to obtain a green solid. After drying at 100 °C, the
product was subjected to Soxhlet extraction using THF as a solvent. The Soxhlet
extraction vessel was cooled to room temperature to obtain a green solid which was
dried in open air. Further purification was achieved by subjecting the green product
to a reverse phase column first using THF and DMSO solvent system (4:1; v/v),
followed by DMSO containing TFA (5 drops at a time). Ice water was added to the
obtained green solution and neutralized with ammonia to get a green precipitate
which was washed in water and methanol respectively. The product was dried at 110
°C.

Yield: 60%. IR: [KBr, v, cm-1] 747, 810, 837, 872, sss, 900, 953, 974 (Pc skeleton), 1038,
1080, 1123, 1213, 1236, 1269, 1287, 1325, 1374, 1388, 1481, 1553, 1573 (C-O-C), 1655
(C=0), 1712, 1773 (-C=N-), 2850, 2924 (C-H, aromatic), 3326 (OH). UV-Vis (DMSO):

~mexnm (log e) 336 (4.66), 564 (3.82), 656 (4.60). Anal. Calc. for C10sHs58N22012Nd2. C,

58.93; H, 2.73; N, 14.45. Found: C, 59.35; H, 3.40; N, 15.12%. 1H NMR (DMSO-d®6): s,

ppm 8.21 (1H, s, COOH), 8.03 (3H, s, Ar-H), 7.90 (16H, s, Ar-H), 7.66-6.64 (16H, m, Ar-
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H), 7.58-7.56 (16H, m, Ar-H), 1.36-1.19 (sH, m, methyl). MS (MALDI-TOF): (m/z):

Calc. 2140 amu. Found: 2144 amu [M+4H+].

2.3.2.3 Synthesis of2,4,6-tris[3-thio-9,10,16,17,23,24-hexa(4-tertbutylphenoxy)
phthalocyaninato ytterbium (lI1) chloride]-s-triazin (20) (Scheme 3.2)

Complex 20 was synthesized as follows: compound 43 (687.7 mg; 1.62 mmol), compound
49 (100 mg; 0.180 mmol) and ytterbium (l11) chloride hexahydrate (216.2 mg; 0.558 mmol)
were added into a round bottom flask. After the addition of DBU (5 drops) and 1-
pentanol (15 mL), the reaction mixture was heated at reflux in open air for 21 h and then
cooled to room temperature. The obtained green product was subjected to silica column
chromatography, using chloroform and hexane solvent mixture (v/v; 1:1) as an eluent to
give the first green layer which was not the desired product. The second green layer (the
desired product) was obtained by further eluting with ethanol and chloroform solvent
mixture (v/v; 1:3). Yield: 77%. IR: [KBr, v, cm-1] 723, 750, 769, 829, 890, 989, 1013 (Pc
skeleton), 1064, 1083, 1172, 1207, 1240, 1290, 1322, 1363, 1389, 1430, 1462, 1487, 1506 (C-O-
C), 1599, 1728 (-C=N-), 2871, 2926, 2952 (CH3 (t-Butyl) and C-H (aromatic)), UV-Vis
(DMF): ~mex nm  (log e), 345 (4.03), 647 (4.78), 680 (4.07). Anal. Calc. for

C279H261N27018S3Yb3Cl3: C, 66.99; H, 5.26; N, 7.56, S, 1.92. Found: C, 66.01; H, 5.35; N, 7.60;

S, 1.52%. 1H NMR (DMSO-de): 6, 7.67-7.29 (36H, m, Ar-H), 7.24-6.94 (33H, m, Ar-H), 6.92-
6.70 (21H, m, Ar-H), 6.69-6.50 (9H, m, Ar-H), 1.43-1.24 (162H, m, t-Butyl). MALDI-TOF

MS, m/z: Expected: 5001 [M]+; found: 5002 [M+H]+
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2.3.2.4 Synthesis of 2,4,6-tris[3-thio-9,10,16,17,23,24-hexa(4-tertbutylphenoxy)
phthalocyaninato lutetium (111) chloride]-s-triazin (21) (Scheme 3.2)

Complex 21 was prepared and purified as explained for 20, using compound (43) (150
mg; 0.35 mmol), compound 49 (21.8 mg; 0.039 mmol) and lutetium (I11) chloride (34.3 mg;
0.122 mmol). Yield: 69%. IR: [KBr, v, cm-1] 718, 747, 831, 890, 986, 1013 (Pc skeleton),
1083, 1082, 1172, 1206, 1243, 1290, 1363, 1391, 1434, 1484, 1504 (C-0O-C), 1623, 1712, 1729 (-
C=N-), 2866, 2930 (CH3s (t-Butyl) and C-H (aromatic)). UV-Vis (DMF): ~maxnm (log e), 332

(5.00), 633 (4.74), 677 (4.63). Anal. Calc. for C27eH26:1N27018S3LusClI3; C, 66.92; H, 5.25; N,

7.49; S, 1.90. Found: C, 67.07; H, 5.59; N, 7.29; S, 1.53%. 1H NMR (DMSO-de): 6, ppm 7.44-
7.32 (54H, m, Ar-H), 7.01-6.97 (45H, m, Ar-H), 1.43 (162H, m, t-Butyl). MALDI-TOF MS,

m/z. Expected: 5006 [M]+, found: 5006 [M]+.

2.3.2.5 Synthesis ofbis-{1(4), 8(11), 15(18), 22(25)-(tetrapyridin-2-yloxy phthalocyaninato)}
ytterbium (111) (22) (Scheme 3.5)

Compound 42 (400 mg, 1.95 mmol) and ytterbium (Il11) chloride hexahydrate (94.4mg,
0.244 mmol) were added into a round bottom flask and heated for a three minutes. DBU
(2 mL) and 1-pentanol (15 mL) were added to the reaction mixture, followed by heating
under reflux for 21 h to obtain a green product of 22. The product obtained was
transferred to a centrifuge tube, followed by addition of THF. After centrifugation at 3500
rpom for several minutes, the supernatant obtained was evaporated under reduced

pressure. The product was further purified with column chromatography packed with
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silica and C18 reverse phase column using DMF and THF (v/v; 1:2) solvent mixture as an
eluent, yielding complex 22. Yield: 23%. IR: [KBr, v, cm-1] 809, 825, 840, 825, 892, 1006 (Pc
skeleton), 1046, 1072, 1111, 1136, 1158, 1225, 1244, 1286, 1316 (Pc”- IR marker), 1496, 1530
(C-0-C), 1574, 1658, 1728 (-C=N-), 2856, 2924, 3068 (C-H, aromatic), 3291, 3397 (OH). UV-

Vis (DMSO): Xmex nm (log s), 395 (4.23), 612 (4.03), 675 (4.73). Anal. Calc. for

C104Hs6N2408Yb: C, 64.30; H, 2.91; N, 17.30. Found: C, 63.28; H, 3.96; N, 16.53%. 1H NMR
(DMSO-de): 5, ppm 9.94 (1H,s, Pc-H), 8.16-7.53 (13H, m, Pc-H), 7.07-6.82 (10H, m, Pyr-H),
6.48 (1H, s, Pyr-H), 6.33 (1H, s, Pyr-H), 5.35 (1H,s, Pyr-H), 3.75-3.22 (29H, m, Pyr-H). MS

(MALDI-TOF): (m/z): Calc. 1942 amu. Found: 1949 amu [M+7H+].

2.3.2.6 Synthesis of bis-{1(4), 8(11), 15(18), 22(25)-(tetrapyridin-4-yloxy phthalocyaninato)}
ytterbium (111) (23) (Scheme 3.6)

Complex 23 was prepared as described for complex 22 except that compound 44 (200 mg,
0.975 mmol) and ytterbium (Ill) chloride hexahydrate (47.2 mg, 0.112 mmol) were
employed. Once obtained, the complex was subjected to centrifugation in acetone and
DCM (1:1). After drying the supernatant, the Soxhlet method was employed to further
purify the complex, using acetone as a solvent. The product was then centrifuged in a
mixture of ethanol and THF (2:3), with the supernatant giving a green product on drying
in open air. The product was further purified with column chromatography and C18

reverse phase column as described for 22 above to give complex 23.
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Yield: 57%. IR: [KBr, v, cm-1] 663, 680, 750, 811, 847, 892, 974 (Pc skeleton), 1044, 1080,
1127, 1189, 1264, 1322 (Pc™- IR marker), 1403, 1482, (C-O-C), 1562, 1633 (-C=N-), 2924,
3058 (C-H, aromatic), 3230 (OH). UV-Vis (DMSO): Xvaxnm (log e), 655 (3.98), 694 (4.21).
Anal. Calc. for C104Hs6N2408Yh: C, 64.30; H, 2.91; N, 17.30. Found: C, 63.78; H, 4.04; N,
16.91%. 1H NMR (DMSO-d6): 6, ppm 8.23-8.22 (4H, s, Pyr), 7.92 (12H, s, Pyr), 7.81-7.71
(3H, m, Pc), 7.63-7.56 (11H, m, Pc), 7.52-7.49 (6H, m, Pc), 7.39-7.38 (4H, d, Pc), 6.45-6.38
(8H, m, Pyr), 6.28-6.18 (8 H, m, Pyr). MS (MALDI-TOF): (m/z): Calc. 1942 amu. Found:

1945 amu [M+3H+].

2.3.2.7 Synthesis ofbis-{1(4), 8(11), 15(18), 22(25)-tetra(4-tert-butylphenoxy)
phthalocyaninato} ytterbium (111) (24) (Scheme 3.7)

Complex 46 (100 mg, 0.090 mmol) and ytterbium chloride (23.00 mg; 0.082 mmol) were
transferred into a round bottom flask. 1-Pentanol (15 mL) and DBU (0.5 mL) were added
into the reaction vessel. The reaction mixture was heated at reflux temperature for 21 h
and then cooled down to room temperature. The green product was eluted as a second
band from a column chromatography packed with silica, using chloroform and hexane
(v/v; 3:2) as a solvent mixture, and dried in vacuum. Yield: 13%. IR: [KBr, v, cm-1] 747,
776, 802, 826, 878, 933, 958, 969, 999, 1011, 1044 (Pc skeleton), 1072, 1108, 1173, 1247, 1290,
(C-0-C), 1318 (Pc™- IR marker), 1360, 1391, 1411, 1477, 1504, 1588, 1729 (benzene, pyrrole,
isoindole and aza), 2866, 2927, 2954 (C-H, aromatic or CH3 t-butyl). UV-Vis (DMF): ~rex

nm (log e), 324 (4.78), 631 (4.54), 701 (4.96). Anal. Calc. for C144H12sN1608Yb: C, 72.56; H,
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5.41; N, 9.40. Found: C, 72.27; H, 5.15; N, 9.15%. 1H NMR (CDCI3): 6, ppm: 6.86-6.85 (28H,
m, Ar), 6.29-6.28 (28H, m, Ar), 1.72-1.58 (72H, m, t-Butyl). MS (MALDI-TOF): (m/z): Calc.

2384 amu. Found: 2390 amu [M+s HH.

2.3.2.8 Synthesis of bis-{2(3), 9(10), 16(17), 23(24)-(tetrapyridin-4-yloxy phthalocyaninato)}

ytterbium (111) (25) (Scheme 3.8)

Compound 45 (215.7 mg, 0.975 mmol) and ytterbium chloride hexahydrate (47.3 mg;
0.122 mmol) were added to a round bottom flask. DBU (0.5 mL) and 1-pentanol (15 mL)
were added to the reaction mixture, followed by heating under reflux for 21 h in open air
to obtain a green product of 25. The product obtained was transferred to a centrifuge
tube, followed by addition of THF. After centrifugation at 3500 rpm for several minutes,
supernatant obtained was evaporated under reduced pressure, yielding a green product
which was subjected to a column packed with silica and eluted with a mixture of DMF
and THF (v/v; 2:3). After evaporation, the product was subjected to a reverse phase
column to give complex 25 after eluting with a mixture of DMF and THF (v/v; 3:1).

Yield: 19%. IR: [KBr, v, cm-1] 663, 680, 750, 811, 847, 892, 974 (Pc skeleton), 1044, 1080,
1127, 1189, 1264, 1322 (Pc™- IR marker), 1403, 1482, (C-O-C), 1562, 1633 (-C=N-), 2924,
3058 (C-H, aromatic), 3230 (OH). UV-Vis (DMSO): Xraxnm (log €), 354 (4.79), 621 (4.40),
687 (4.99). Anal. Calc. for C104Hs6N24O8Yb: C, 64.30; H, 2.91; N, 17.30. Found: C, 63.71; H,
3.13; N, 17.22%. 1H NMR (DMSO-d6): 6, ppm 8.47-7.69 (39H, m, Ar-H), 6.47-6.32 (17H, d,

Ar-H). MS (MALDI-TOF): (m/z): Calc. 1943 amu. Found: 1947 amu [M+4H+].
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2.3.2.9 Synthesis ofbis-{2(3), 9(10), 16(17), 23(24)-(tetrapyridin-4-yloxy phthalocyaninato)}
lanthanum (1) (26) (Scheme 3.8)

Complex 26 was synthesized and purified as explained for 25, except that lanthanum (111)
chloride (29.89 mg; 0.122 mmol) was employed in the place of ytterbium (I1) chloride in
the reaction. Yield: 26%. IR: [KBr, v, cm-1] 809, 825, 840, 825, 892, 1006 (Pc skeleton), 1046,
1072, 1111, 1136, 1158, 1225, 1244, 1286, 1316 (Pc™- IR marker), 1496, 1530 (C-O-C), 1574,
1658, 1728 (-C=N-), 2856, 2924, 3068 (C-H, aromatic), 3291, 3397 (OH). UV-Vis (DMSO):

Xmexnm (log s) 400 (4.36), 618 (4.46), 683 (4.78). Anal. Calc. for C10sHs6N240sLa.H20: C,

64.83; H, 3.03; N, 17.45. Found: C, 64.13; H, 2.73; N, 16.69%. 1H NMR (DMSO-d6): 5, ppm
8.72-8.70 (2H, d, Ar-H), 8.19-7.56 (41H, m, Ar-H), 7.25-7.16 (2H, m, Ar-H), 6.79-6.77 (2H,
d, Ar-H), 6.55 (LH, s, Ar-H), 6.30-6.14 (s H, m, Ar-H). MS (MALDI-TOF): (m/z): Calc. 1907

amu. Found: 1912 amu [M+5H+].

2.3.1.10 Synthesis ofbis-{2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy)
phthalocyaninato} cerium(ll1) (27) (Scheme 3.9)

A mixture of compound 43 (150 mg, 0.35 mmol) and cerium (l11) chloride (7.75 mg, 0.044
mmol) was added into a round bottom flask. After addition of DBU (2 mL) and 1-
pentanol (15 mL), the reaction mixture was heated at reflux temperature for 21 h in open
air to obtain complex 27 as a green product. The crude product was purified by silica

gel column chromatography using chloroform and distilled hexane (v/v; 4:1) as an eluent.
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Yield: 17%. IR: [KBr, v, cm-1] 689, 724, 743, 782, 827, 854, 866, 890, 990, 1013 (Pc skeleton),
1063, 1109, 1170, 1205, 1240, 1308, 1364, 1385, 1433, 1487, 1506 (C-O-C), 1599 (-C=N-), 2868,
2927, 2956 (C-H, aromatic). UV-Vis (CHCI3): ~mex nm (log €), 352 (4.42), 652 (4.42), 663
(4.40), 702 (4.20). Anal. Calc. for C224H224N16016Ce: C, 76.08; H, 6.38; N, 6.34. Found: C,
76.21; H, 6.16; N, 6.55%. 1H NMR (CDCI3): 6, ppm 8.99-8.85 (15H, m, Ar-H), 8.34 (15H, m,
Ar-H), 7.75-7.65 (15H, m, Ar-H), 7.60-7.28 (35H, m, Ar-H), 1.50-1.43 (144H, m, t-Butyl).

MS (MALDI-TOF): (m/z): Calc. 3536 amu. Found: 3537 amu [M+H+].

2.3.2.11 Synthesis ofbis-{2,3,9,10,16,10,16,17,23,24-octa(4 tert-butylphenoxy)
phthalocyaninato} lutetium (111) (28) (Scheme 3.9)

Complex 28 was prepared as explained for complex 27, except that compound 43 (300
mg, 0.71 mmol) and lutetium (I11) chloride (24.9 mg, 0.088 mmol) were emplyed. The
crude green product was purified by silica gel column chromatography using THF as
an eluent.

Yield: 50%. IR: [KBr, v, cm-1] 830, 8ss, 985, 1013 (Pc skeleton), 1083, 1098, 1171, 1287
(Pcn-), 1359, 1390, 1429, 1505 (C-O-C), 1601, 1728 (-C=N-), 2955, 3090 (C-H, aromatic).
UVv-Vis (DMSO): ~mex nm (log e), 635 (4.40), 676 (4.77). Anal. Calc. for

C224H224N16016LU.3H20: C, 74.21; H, 6.41; N, 6.18. Found: C, 73.91; H, 6.92; N, 7.47%.
1H NMR (DMSO-d6): 6, ppm 8.42 (4H, s, Pc), 7.94-7.89 (4, m, Pc), 7.69-7.63 (s H, m, Pc),

7.45-7.41 (32H, m, Ar), 7.08-7.6.99 (32H, m, Ar), 1.31-1.25 (144H, m, t-Butyl).
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2.3.2.12 Synthesis ofbis-{2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy)
phthalocyaninato} gadolinium (I11) (29) (Scheme 3.10)

Complex 47 (90.00 mg; 52.93 pmol) and gadolinium (IIl) chloride (6.98 mg; 26.48 pmol)
were added together into a round bottom flask. DBU (2 mL) and 1-pentanol (10 mL) were
added, followed by heating reaction mixture at reflux temperature with constant stirring
for 21 h in open air to obtain complex 29 as a blue product. The purification of the crude

product was achieved as reported for complex 27 above.

Yield: 14%. IR: [KBr, v, cm-1] 685, 723, 750, 781, 826, 852, 865, 892, 990, 1012 (Pc skeleton),
1067, 1095, 1108, 1170, 1205, 1235 (C-O-C), 1317 (Pc--), 1363, 1380, 1424, 1444, 1482, 1506
(C-O-C), 1598 (-C=N-), 2861, 2927, 2954 (C-H). UV-Vis (CHCI3): ~maxnm (log e), 333 (5.43),

356 (5.34), 483 (4.69), 615 (4.93), 681 (5.53). Anal. Calc. for C224H224N16016Gd: C, 75.71; H,

6.35; N, 6.31 %. Found: C, 75.43; H, 6.42; N, 3.01%. 1H NMR (CDCI3): s, ppm 12.42 (56 H,
m, Ar-H), 8.67 (12H, m, Ar-H), 7.21 (LH, s, Ar-H), 7.11 (1H, s, Ar-H), 1.54-1.26 (144H, m,

t-Butyl). MS (MALDI-TOF): (m/z): Calc. 3554 amu. Found: 3556 amu [M+2H+].

2.3.2.13 Synthesis of tris-{1(4), 8(11), 15(18), 22(25)-tetra(4-tert-butylphenoxy)
phthalocyaninato} dineodymium (111) (30) (Scheme 3.11)

Complex 46 (50.6 mg, 0.0457 mmol) and neodymium acetate hydrate (9.89 mg; 0.0305
mmol) were transferred into a round bottom flask. 1-Pentanol (15 mL) and DBU (0.5 mL)
were added into the reaction vessel. The reaction mixture was heated at reflux for 8 h and
then cooled down to room temperature. The green product was eluted as a second band
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from a column chromatography packed with silica, using chloroform and hexane (v/v;
1:1) as a solvent mixture, and dried in vacuum. Yield: 71%. IR: [KBr, v, cm-1] 745, 826, 966,
996, 1013, 1041 (Pc skeleton), 1073, 1108, 1173, 1214, 1247, 1290, 1327, 1363, 1391, 1411,
1478, 1506 (C-O-C), 1584, 1646, 1731 (-C=N-), 2866, 2956 (C-H, aromatic or CH3, t-butyl).

UV-Vis (DMF): “maxnm (log e), 468 (3.67), 662 (4.47). Anal. Calc. for C216H192N24012Nd2:

C, 71.97; H, 5.37; N, 9.33. Found: C, 71.88; H, 6.08; N, 9.39%. 1H NMR (CDCI3): 6, ppm:
7.52-7.32 (45H, m, Ar), 7.06-6.92 (39H, m, Ar), 0.96-0.82 (108H, m, t-Butyl). MS (MALDI-

TOF): (m/z): Calc. 3604 amu. Found: 3608 amu [M+4H+].

2.3.2.14 Synthesis of tris-{2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy)
phthalocyaninato} cerium(l1l) (31) (Scheme 3.12)

Complex 47 (90.00 mg; 52.93 pmol) and cerium (I1l) chloride (9.78 mg; 39.70 pmol) were
added together into a round bottom flask. DBU (2 mL) and 1-pentanol (10 mL) were
added, followed by heating reaction mixture at reflux temperature with constant stirring
for 21 h in open air to obtain complex 31 as a blue product. The crude product was
subjected to silica gel column chromatography ethanol and distilled hexane (v/v; 4:1) as
eluent. The open air dried product was further purified using chloroform and distilled

hexane (v/v; 4:1) as an eluent in silica column chromatography and dried in vacuum.

Yield: 13%. IR: [KBr, v, cm-1] 690, 724, 745, 781, 827, 854, 890, 990, 985, 1012 (Pc skeleton),
1063, 1109, 1170, 1204, 1240, 1307, 1348, 1364, 1385, 1433, 1487, 1506 (C-O-C), 1598 (-C=N-

), 2867, 2921, 2955 (C-H, aromatic). UV-Vis (CHCI3): “mexnm (log e), 352 (5.84), 653 (5.87),
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698 (5.51). Anal. Calc. for C36H36N2024Ce2 C, 75.09%; H, 6.30; N, 6.25. Found: C, 74.83;
H, 6.19; N, 6.95 %. 1H NMR (CDCI3): 6, ppm 9.15-8.80 (22H, m, Ar-H), 8.45-8.23 (23H, m,

Ar-H), 7.66-7.61 (24H, m, Ar-H), 7.60-7.30 (51H, m, Ar-H), 1.49-1.42 (216H, m, t-Butyl).

MS (MALDI-TOF): (m/z): Calc. 5375 amu. Found: 5375 amu [M+].

2.4 Functionalization of nanomaterials

2.4.1 Functionalization of MWCNTSs with diaminomaleonitrile toform NH-MWCNTSs
(Scheme 3.13)

MWCNTs were functionalized with acid as reported before for SWCNTs [279]. Acid
functionalized MWCNTs were linked to diaminomaleonitrile for further attachment to
complex 19 as follows: acid functionalized MWCNTs (50 mg) were transferred into a
clean vial containing DMSO (15 mL). DCC (70 mg; 0.34 mmol) was added to the mixture
and stirred in an airtight vial at room temperature for 24 h to activate the carboxyl groups,
followed by addition of diaminomaleonitrile (70 mg; 0.65 mmol) to obtain
diaminomaleonitrile functionalized MWCNT (represented as NH-MWCNTs) whose

purification was achieved by centrifugation at 3000 rpm in methanol and then ethyl

acetate and drying at 110 °C in the oven. IR: [KBr, v, cm-1] 3783 (NH).
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2.4.2 Graphene oxide nanosheets

2.4.2.1 Reduction of GONS toform rGONS (Scheme 3.14) and theirfunctionalization with
diaminomaleonitrile toform NH-rGONS (Scheme 3.15)

Following literature methods [233] graphene oxide nanosheets (GONS) were reduced as
follows (Scheme 3.14): 1 g of GONS were dispersed in 100 ml Millipore water through
ultrasonication. NaBH4 (0.57 g, 15 mmol) was added and the mixture stirred for 3 h at 70
°C to reduce the GONS. The black solid product was obtained by filtration over a fritted
glass funnel, washed with copious amounts of water (5 x 50 ml), and dried in an oven at
70 °C. The resulting sample was further treated with 98% H2SO4 and is designated as
rGONS [233].

rGONS were linked to diaminomaleonitrile to form NH-rGONS as explained below for

the formation of NH-GONS. IR: [KBr, v, cm-1] 1636, 1578 (amide), Scheme 3.15.

2.4.2.2 Functionalization of GONS with diaminomaleonitrile to give NH-GONS (Scheme 3.15)

GONS (which contain COOH in addition to other oxygen containing groups) were linked
to diaminomaleonitrile for further attachment to complex 19 as follows: acid
functionalized GONS (50 mg) were transferred into a clean vial containing DMSO (15
mL). DCC (70 mg; 0.34 mmol) was added to the mixture and stirred in an airtight vial at
room temperature for 24 h to activate the carboxyl groups, followed by addition of

diaminomaleonitrile (70 mg; 0.65 mmol) to obtain diaminomaleonitrile functionalized
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GONS (NH-GONS) whose purification was achieved by centrifugation at 3000 rpm in

methanol and then ethyl acetate and drying at 110 °C in the oven. IR: [KBr, v, cm-1] 1623,

1569 (Amide), 3323 (NH).

2.5 Preparation of conjugates

2.5.1 Coordination of phthalocyanines with ZnO NPs

2.5.1.1 Covalent linking of complex 18 to ZnO NPs (Scheme 3.16)

Complex 18 (20 mg; 18.4 pmol) and ZnO NPs (20 mg) were added into a round bottom
flask containing ethanol (10 mL) and p-TSA (20 mg; 0.12 mmol) and stirred at 60 °C for
24 h. The product was centrifuged several times at 3000 rpm in methanol and water
solvent mixture (4:1; v/v) and ethyl acetate and dried in open air to obtain 18-ZnO NPs

(Scheme 3.16). IR: [KBr, v, cm-1] 1548 (C-N).

2.5.1.2 Covalent linking of complex 19 to ZnO NPs (Schemes 3.17 and 3.18)

Complex 19 was linked to ZnO NPs in two ways to form 19-ZnO NPs_A (Scheme 3.17)

and 19-ZnO NPs_B (Scheme 3.18) as follows:

Method (a): Complex 19 (20 mg; 9.34 pmol) was dissolved in DMSO (10 ml) in avial. DCC
(30 mg; mmol) and TFA (5 drops) were added to the solution of complex 19 and
constantly stirred in a sealed vial for 24 h to activate the carboxyl moiety. ZnO NPs (20

mg) was added to the carboxyl-activated solution of 19. After sealing the reaction vessel,
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the reaction mixture was stirred for another 24 h after which ice water and ammonia
solution (25%) were added and followed by centrifugation at 3000 rpm. The formed solid

was further centrifuged in methanol and ethyl acetate. On drying at 110 °C, 19-ZnO

NPs_A (Scheme 3.17) was obtained. IR: [KBr, v, cm-1] 1626 (amide), 3324 (NH).

Method (b): 19-ZnO NPs_B (Scheme 3.18) was prepared as explained for 18-ZnO NPs,

except that complex 19 (20 mg; 9.34 pmol) and ZnO NPs (20 mg) were employed in the

reaction. IR: [KBr, v, cm-1] 1704 (C-N).

2.5.2 Coordination of complex 19 to NH-GONS or NH-rGONS (Schemes 3.19)

Complex 19 (20 mg; 9.34 pmol) was dissolved in DMSO (10 ml) in a vial. DCC (30 mg;
0.15 mmol) and TFA (5 drops) were added into the solution of complex 19 and the
mixture was constantly stirred in a sealed vial for 24 h to activate the carboxyl moiety.
NH-GONS or NH-rGONS were separately added to the carboxyl-activated solution of
19. After sealing the reaction vessel, the reaction mixture was stirred for another 24 h after
which ice water and ammonia solution (25%) were added and followed by centrifugation
at 3000 rpm. The formed solid was further centrifuged in ice water, methanol and ethyl

acetate, respectively. On drying at 110 °C, 19-NH-GONS or 19-NH-rGONS, respectively,
were obtained. 19-NH-GONS; IR: [KBr, v, cm-1] 1563, 1536 (amide), 3696 (NH). 19-NH-

rGONS; IR: [KBr, v, cm-1] 1656, 1533 (amide), 3697 (NH).
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2.5.3 Coordination of complex 19 to NH-MWCNTSs toform 19-NH-MWCNTSs (Scheme 3.20)

19-NH-MWCNTs was prepared as explained for 19-NH-GONS or 19-NH-rGONS,
except that NH-MWCNTSs (20 mg) were used in the place of NH-GONS or NH-rGONS

in the reaction.

2.6 Preparation of thin films (TFs)

Different polymers were employed for different complexes to match solubilities as

explained below.

2.6.1 Using poly(bisphenol A carbonate) (PBC) - complexes 20 and 21

Thin films were prepared by adding poly(bisphenol A carbonate) (110 mg) and complex
20 or 21 (~2.48 mg; ~ 5 x10-7 mol) into a vial containing DCM (1.5 mL). The mixture was
sonicated for fifteen minutes to dissolve the polymer and the complexes. Three drops
from the mixture were then placed on a glass substrate placed in a 100 mL beaker. The
solvent was allowed to evaporate at room temperature. The beaker was then covered
with aluminum foil for thirty minutes to allow for the uniform drying of thin films. The

TFs prepared from complexes 20 and 21 are presented as 20-TF and 21-TF respectively.

2.6.2 Using poly (methyl methacrylate) (PMMA) - complexes 23, 25 and 26

PMMA (200 mg) was added to DMF (2.5 mL) and the mixture stirred at room temperature

in an airtight vial. Each of the LnPc2 complexes (23, 25 or 26; 1.65 mg each) (used as
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examples) was transferred into a well dissolved PMMA solution and stirred for another
24 h. The mixture was then transferred onto a clean thin glass slide and dried in the oven
at 110 °C. The thin films prepared from complexes 23, 25 or 26 are presented as 23-TF, 25-

TF and 26-TF, respectively.

2.6.3 Using poly (acrylic acid) (PAA) -18,19,18-Zn0O NPs, 19-ZnO NPs_A, 19-ZnO
NPs_B, 19-NH-MWCNTSs, 24, 27, 29 and 31

PAA (200 mg) was added to DMSO (2.5 mL) and the mixture stirred at room
temperature in an airtight vial. Each of the neodymium Pc complexes (18 or 19; 0.86
pmol) as well as 19-ZnO NPs_A (1.8 mg), 19-ZnO NPs_B (1.8 mg) or 18-ZnO NPs
(0.92 mg) were transferred into a well dissolved PAA solution and stirred for another
24 h. Each mixture was then transferred onto a clean thin glass slide and dried as
explained for 23-TF, 25-TF and 26-TF. The thin films prepared from complexes 18 or
19 are presented as 18-TF and 19-TF and, from 18-ZnO NPs, 19-ZnO NPs_A and 19-
ZnO NPs_B, as 18-ZnO NPs-TF, 19-ZnO NPs_A-TF and 19-ZnO NPs_A-TF
respectively.

The same technique was used to form TFs from conjugates of complex 19 and MWCNTSs.
Briefly, a mixture of PAA (200 mg) and DMSO (2.5 mL) was stirred at room temperature
in an airtight vial followed by addition of 19-NH-MWCNTSs (1.8 mg) into a solution of
PAA (200 mg) dissolved in DMSO and stirring continued for 24 h. The TF prepared from
19-NH-MWCNTSs is presented as 19-NH-MWCNTs-TF throughout this thesis. Those

prepared from NH-GONS, NH-rGONS, 19-NH-GONS, 19-NH-rGONS (1.8 mg for all
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four) and PAA (200 mg) in DMSO (2.5 L) are referred to as NH-GONS-TF, NH-rGONS-
TF, 19-NH-GONS-TF and 19-NH-rGONS-TF. Similarly complex 24 and PAA were
used as explained above, except that PAA (200 mg) and DMF (2.5 mL) 24 (2.02 mg,
0.86 pmol) were employed. The TF prepared from 24 is represented as 24-TF.

Complexes 27 (3.01 mg), 29 (3.02 mg) and 31 (4.57 mg) were employed in TF preparation
as explained for TFs prepared from PAA (200 mg) in DMSO (2.5 L) above. The thin films
prepared from complexes 27, 29 and 31 are presented as 27-TF, 29-TF and 31-TF,

respectively, throughout this thesis.

2.7 Photophysical and photochemical conditions

2.7.1 Fluorescence quantum yields (&F

O fvalues of the Pcs were determined in either DMF, CHCI3 or DMSO by a comparative

method, Eq. 1.8. Unsubstituted zinc phthalocyanine (ZnPc) {(ZnPc in DMSO, =0.2)

[280])} was employed as the standard, with the same wavelength chosen for excitation of
both the samples and standard. The absorbances of the solutions at the excitation

wavelength were between 0.1 and 0.05 to avoid any inner filter effects.
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2.7.2 Triplet quantum yields (OT) and lifetimes (rT)

The absorbance of sample solutions and that of the standard were adjusted to be nearly
1.5 at their Q-band maximum. All samples were introduced into a 1 cm quartz cell and
then bubbled with argon for 10 min to remove dissolved oxygen before taking readings.
The triplet quantum yields of the sample phthalocyanines alone and in the presence of

ZnO NPs were determined using Eq. 1.9. ZnPc was employed as a standard {ZnPc in

DMF (Qpd= 0.68 [281]) and DMSO (0 3= 0.65 [255])}. Triplet lifetimes were determined

from the kinetic data obtained, using ORIGIN Pro s software to fit the kinetics decay

curves.

2.7.3 Singlet oxygen quantum yields (O

The determination of Oawas achieved by employing both the optical and chemical
methods. Sodium azide (NaN3) was used as singlet oxygen quencher for the optical

method. The dynamic course of the singlet oxygen concentrations were clearly recorded

following Eqg. 1.12. The 0 Avalues were then determined using Eg. 1.13, and employing

ZnPc in DMF (0 f =0.56 [256]) as a standard.

A chemical method was also used in the determination of O aof Pcs and their conjugates

in solution (DMF or DMSO). The experiments based on the chemical method were carried
out in air using Pcs, conjuagates and ZnPc standard (absorbance of 2 atits Q band) and

mixed with DPBF (absorbance of 2 at 414 nm), resulting in approximate absorbance of 1
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at the Q band (when mixed with equal volume of a solution of DPBF). The resulting
solution was irradiated and the degradation of the DPBF monitored by recording the UV-
vis spectra of the sample solution at 30 s time intervals. Eq. 1.11 was employed and ZnPc
in DMF (0~Md= 0.56 [256]) or DMSO (0 $d = 0.56 [282]) was used as a standard. The two

methods have been compared [256] and give similar results. Hence the differentiation in

the results section is not made between the two.
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3.1 Phthalocyanines

3.1.1 Phthalonitriles (48 and 49; Schemes 3.1 and 3.2)

Compound 48 was synthesized by double substitution on 4,5-dihydroxybenzoic acid

with compound 40 through base catalyzation using excess K2CO3 (Scheme 3.1), yielding
17%. Compound 48 is expected to show nine aromatic protons and one from the carboxyl

group. On analysis with tH NMR, nine aromatic protons (two appearing at 8.09-8.05
ppm, one at 7.97-7.97 ppm, three at 7.87-7.83 ppm and another three at 7.50-7.45 ppm),

making up the predicted number of the proposed structure for the aromatic protons.
A broad 1H NMR peak appearing at 13.44 showed the presence of a single proton
resulting from the carboxyl group. IR also confirmed the presence of C=N at 2232 cm-

1and (OH) at 3247 cm-1.

COOH

CN o 0
+ DMF, Ar NC CN
P
ON CN KoLO;, NC CN

HO  OH

48
40

Scheme 3.1: Synthetic route for the preparation of compound 48.

Compound 49 was synthesized as a precursor for complexes 20 and 21 by

displacing nitro groups of three molecules of 3-nitrophthalonitrile (41) with the thiol

groups of thiocyanuric acid, yielding 59%. The 1H NMR spectrum was in good agreement
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with the structure of the compound 49 in DMSO. The aromatic protons gave two
doublets: 8.12-8.14 ppm (3H, d, Ar-H) and 7.82-7.81 ppm (3H, d, Ar-H) and a triplet at

7.85-7.84 ppm (3H, t, Ar-H) which, on integration, yielded 3 protons each adding up to
the expected 9 protons. 13C NMR spectrum for compound 49 was recorded in CDCI , and

gave aliphatic carbon atoms as the expected eight signals at: 5, ppm 113.21, 114.56, 118.61

(Ar-C), 119.45 (C=N), 133.55, 133.70 (Ar-C), 137.84 (S-Ar-C), 138.42 (N-C=N).
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Synthesis of complexes 49, 20 and 21.
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3.1.2 Mononuclear and clamshell phthalocyanines (18 and 19; Schemes 3.3 and 3.4)

The formation of complex 19 is a result of statistical condensation reaction between
compounds 42 and 48 in the presence of neodymium acetate hydrate (Scheme 3.4). Since
complex 19 is asymmetrical, purification is a challenge because monophthalocyanines
such as complex 18 also form in the same reaction pot in small amounts. Complex 18
(Scheme 3.3) was prepared separately in order to obtain high yields (about 23%), even
though these are low compared to 19 (about 60%). The results obtained from elemental
analysis corresponded well with the proposed structures. The IH NMR spectra of
complex 19 and 18 recorded in DMSO-ds gave results that were in agreement with their
proposed structures. Broad signals were obtained due to the paramagnetic nature of Nd

[283].

Mass spectrum of complex 19 gave a signal at 2144 amu. This value differs slightly with
the calculated value (2140 amu) for complex 19 by four protons, confirming its proposed
structure. Similarly, the calculated value for complex 18 (1087 amu) corresponded to the
experimental value (1091 amu). MPc complexes have been observed to degrade with
molecular ion peaks [M]+, [M+nH]+ or [M-nH]+ (n = 1-3) [284]. The matrix employed in
this work is 2,5-dihydroxybenzoic acid, which is known [284] to intensify the

fragmentation process, hence the observed mass spectral data.
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The C=N stretch (2232 cm-1, Fig. 3.1 for 48) of compounds 42 and 48 disappears on
formation of complexes 19 and 18. There are some shifts in the rest of the IR vibrations

for 42 and 48 on formation of 19 and 18.

Nd(C2H3023-H20
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Scheme 3.3: Preparation of complex 18.
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Scheme 3.4: Preparation of complex 19.
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Fig. 3.1: IR spectra of complexes 48, 18 and 19 in solid state.

Neodymium ion has open f-shell orbitals with unpaired electron and is therefore

paramagnetic. Both complexes 18 and 19 have Nd3+ion as a central metal. Electron
spin resonance (ESR) spectra for complexes 18 and 19 (Fig. 3.2) confirmed the
paramagnetic nature as a result of an unpaired electron. The g-values were the same

at 2.000 with a band width around 5.44 G and 6.25 G for both 18 and 19, respectively.
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Fig. 3.2: ESR spectral signals of complexes 18, 19 and 19-ZnO NPs_A in solid state.

3.1.3 Trinuclear phthalocyanines (20 and 21; Scheme 3.2)

The new s-triazine based trinuclear ytterbium and lutetium phthalocyanine complexes
(20 and 21 respectively) were prepared statistically by condensing compounds 49 and 43
(Scheme 3.2) in the presence of a metal salt (YbCl26 H20 or LuCl3) in 1-pentanol for 21 h
in open air, yielding 77% (complex 20) and 69% (complex 21) upon purification via a silica
column chromatography. Complexes 20 and 21 are soluble in THF, DMF, chloroform and

dichloromethane, but less soluble in DMSO.
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The 1H NMR spectra for complexes 20 and 21 were also taken in DMSO-d , with 20 being
paramagnetic due to an Yb metal. The paramagnetism of a compound is known to
perturb the proton signals situated in the vicinity of the aromatic core [285]. It was
therefore difficult to detect the individual protons situated in the aromatic region. The 1H
NMR

spectrum for complex 20 was broad in the aromatic region, but added up to the expected
number of protons on integration, with aromatic protons at 7.67-7.29 ppm (36H, m, Ar-
H), 7.24-6.94 ppm (33H, m, Ar-H), 6.92-6.70 ppm (21H, m, Ar-H) and 6.69-6.50 ppm
(9H, m, Ar-H). Complex 21 contains a diamagnetic central metal ion (Lu) and hence
shows better resolved protons at 7.44-7.32 ppm (54H, m, Ar-H) and 7.01-6.97 ppm (45H,
m, Ar-H). The protons resulting from t-butyl group for complex 20 appear as a broad
signal at 1.43-1.24 ppm (162H, m, t-Butyl) compared to the resolved t-butyl protons for
complex 21 at 1.43 ppm (162H, m, t-Butyl).

The IR spectra for complex 20 and 21 show the disappearance of the C=N stretching
vibration at 2232 cm-1 (for 49) confirming the formation of complex 20 and 21. The -C=N-
vibration for complexes 20 and 21 appear at 1728 and 1729 cm-1, respectively. The IR

spectra for both complexes 20 and 21 show the similarities in terms of appearance of
stretching vibrations such as CH and CH at 2871, 2926 and 2952 cm-1 (for complex 20)
and 2866, 2930 cm-1 (for complex 21). Small shifts of such vibrations (CH and CH3J) in
complex 20 compared to 21 are due to the paramagnetic nature of Yb3+ion. Complex 20

showed an ESR signal while 21 did not show any signal.
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3.1.4 Lanthanide bis(phthalocyanines)

The synthesis of YbPc2 complexes 22 (Scheme 3.5) and 23 (Scheme 3.6) was achieved by
employing literature methods [120], using compounds (42) and (44) as starting materials.
After purification via centrifugation and column chromatography, a yield of 23% was
obtained for complex 22. The low yield was expected since monophthalocyanes have
been reported to form in the same reaction vessel during the preparation of LnPc
complexes [286]. The desired productwas obtained after extensive purification. The yield
for complex 23 was higher at 57% through Soxhlet extraction, centrifugation, column

chromatography and C18 reverse phase column purification.

The 1H NMR data obtained were in agreement with the structure of complexes 22 and 23.
Results obtained from elemental analysis corresponded with the proposed structure of
complexes 22 and 23. Both complexes were soluble in polar organic solvents such as DMF,
DMSO, methanol and ethanol. MALDI -TOF mass spectra also provided results that

corresponded to the proposed structures as detailed in the experimental section.

The disappearance of C=N modes for complexes 42 and 44 on formation of 22
and 23, confirms cyclization. Overall, the aromatic regions of complexes 42 and 44 are

maintained in the IR spectra of complexes 22 and 23, respectively. The IR marker band
for the Pc monoanion radical, Pc% usually appears in the range 1311 cm-1 to 1324 cm-
[287,288]. Pc™- IR marker band was observed at 1316 cm-1 for complex 22 and at 1322 cm"

1 for 23. A broad OH- stretch was also observed at 3397 cm-1 for complex 22 and 3230
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cm-1 for complex 23. The OH- peaks can be attributed to the fact that the salt used

contained water.

The OH- stretching vibration appeared at 3241 cm- in the Raman spectra of
complex 22. The weak bands in Raman in the region: 2700-2900 cm-1 are assigned to
C-H on complexes 22 and 23 [289]. The bands appear to have shifted to lower energies

compared to other C-H stretching modes reported elsewhere [289].

CN
|
DBU
CN
YbCI3-6H20
& Yb
1-Pentanol, Reflux
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NS

SR =
42 N /N —N O S

22
Scheme 3.5: Synthesis of bis-{1(4), 8(11), 15(18), 22(25)-(tetrapyridin-2-yloxy
phthalocyaninato)} ytterbium (111) (22).
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Scheme 3.6: Synthesis of bis-{1(4), 8(11), 15(18), 22(25)-(tetrapyridin-4-yloxy

phthalocyaninato)} ytterbium (111) (23).

Reasonable but relatively low yield of 13% was obtained for 24 (Scheme 3.7) on

purification via a column packed with silica and using chloroform-hexane solvent

mixture (v/v: 3:2) as an eluent. The IH NMR data obtained was in agreement with the
structure of complex 24. Results obtained from elemental analysis are in agreement with
the proposed structure of complex 24. Complex 24 is soluble in organic solvents such as

DMF, ethanol, toluene, tetrahydrofuran, chloroform and dichloromethane. Aromatic

C=C peak for complex 24 is observed at 1588 cm-1L A weak band in the region 2866 cm-1

to 2954 cm-1is due to the aromatic C-H stretches on the Pc rings. For complex 24, the Pc/-
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IR marker was observed as a strong vibration at 1318 cm-1. In general, the in-plane C-H

bending dominate the IR spectra in the range 958 cm-1 to 1290 cm-1.
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Scheme 3.7: Synthesis of complex 24.

24
46

The yields obtained for complexs 25 and 26 were 19% and 26%, respectivcely. 1H NMR,
IR and mass spectroscopies as well as elemental analysis techniques were employed for
the characterization of LnPc2 complexes (25 and 26 (Scheme 3.8)). In general, the obtained
IH NMR data was in agreement with the proposed structures of complexes 25 and 26.

The 1H NMR data for complex 26 integrated for two protons at 8.72-8.70 ppm, forty one

protons at 8.19-7.56 ppm, two protons at 7.25-7.16 ppm, two protons at 6.79-6.77 ppm,

one proton at 6.55 ppm and eight protons at 6.30-6.14 ppm. For complex 25, the I1H NMR
data showed a broad but split signal at 8.47-7.69 ppm integrating for thirty nine protons.

The signal at 6.47-6.32 ppm was also broad and split into two and integrating for

seventeen protons. As shown by the IH NMR data, complexes 25 and 26 are of different
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nature in terms of their magnetic properties that result from lanthanum and ytterbium,
though structurally they are the same. Prominent IH NMR signals are obtained for 26 are
due to diamagnetism. However, the I1H NMR data for complex 25 reveals broadness and
splitting of signals around the same chemical shift range observed for 26, leading to
speculation that paramagnetism due to ytterbium results in deshielding and overlapping

of protons.

Results obtained from elemental analysis, IR and MALDI-TOF spectrometer also
corresponded with the proposed structure of complexes 25 and 26. Both complexes were

soluble in organic solvents such as DMF and DMSO.
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Scheme 3.8: Synthesis of bis-{2(3), 9(10), 16(17), 23(24)-(tetrapyridin-4-yloxy

phthalocyaninato)} ytterbium (111) (25) and bis-{2(3), 9(10), 16(17), 23(24)-(tetrapyridin-4-

yloxy phthalocyaninato)} lanthanum (111) (26).

The literature method [120] was employed to synthesize complexes 27 and 28 using

compound 43 as a starting material (Scheme 3.9), while 29 was achieved by sandwiching

gadolinium ion with two Pc rings of complex 47 (Scheme 3.10). Low yields in the range

of 13-17% were obtained for complexes 27 and 29 and 50% for complex 28. The triple

decker version of 29 (Gd derivative) was obtained as a bi-product for the synthesis of 29,

but with very low yields, hence was not employed further.

Page | 101



Chapter 3 Synthesis and Characterization

The 1H NMR data obtained were in agreement with the structure of complex 28. Results
obtained from elemental analysis corresponded with the proposed structure of complex
28. Pcs are often isolated as solvates [290], hence the observed results. Complex 28 is
soluble in organic solvents such as DMF, ethanol, toluene, THF, chloroform and
dichloromethane. The tH NMR spectrum is consistent with what would be anticipated
for the structure of the synthesized complex, 28. The aromatic region exhibited peaks at
8.42 ppm, 7.94-7.89 ppm and 7.69-7.63 ppm. These were assigned to the protons on the
Pc ring because of their close proximity to the deshielding region of the ring. The two
other sets of signals in the region, 7.45-7.41 and 7.08-6.99 ppm (each representing 32
protons), were assigned to the protons on the benzyloxy substituent of the Pc. These were
found at a slightly stronger field due to presence of the electron donating oxygen atoms
as well as the tert-butyl groups. A peak at 1.31-1.25 ppm for 28 was assigned to the tert-
butyl substituents. The 1H NMR signature for complex 29 was not obtainable in its green
neutral form, as compared to complex 27, due to its paramagnetic nature [283]. Addition
of hydrazine (reducing agent) resulted in appropriate tH NMR data. The challenge in
the synthesis of LnPc2 complexes is the formation of both the blue and green forms. The
blue GdPc2 complex obtained by MacKay et all. [291] was proposed to contain a proton
to balance the charge of the Pc ligand. The green form of LuPc2 complex was reduced
using hydrazine in the presence of tetrabutylammonium perchlorate to yield the blue

salt, NBus4[LuPc2] [292]. Electrochemical processes [293,294] can also be employed to

reduce the green forms of LnPc into their blue counterparts. 1H NMR spectra of
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samarium, europium, and erbium derivatives, NBu4[LnPc2] [295], and NBus4[LuPc2] [292]
salts have been obtained in DMSO-de and deuterated acetonitrile, respectively. Due to
challenges in obtaining reasonable tH NMR spectra of green LnPc complexes, many

researchers [296-298] prefer to study the blue forms whose paramagnetism could only

result from the type of a lanthanide ion.

It seems that the blue salts of LnPc2 complexes exhibit two significant tH NMR signals in
the aromatic region with different chemical shifts in neutral forms [295]. As stated above,
the 1H NMR spectrum for complex 29 analyzed in the neutral form using DMF in the
presence of hydrazine, giving two prominent and two weak tH NMR signals. This

observation of two significant iH NMR signals is in agreement with 1tH NMR spectra of

the other blue LnPc2 complexes [295]. Elemental analysis as well as the mass

spectroscopic signatures for all the three complexes, 27, 28 and 29 are in agreement with

their proposed structures.
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Scheme 3.9: Synthesis of bis-{2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy)
phthalocyaninato} cerium (mny (@7 and  bis-{2,3,9,10,16,10,16,17,23,24-octa(4-
tertbutylphenoxy) phthalocyaninato} lutetium (IlIl) (28). Ln = lanthanide (representing

Ce3+or Lu3+).

This Pc-- IR marker is observed at 1317 cm-1 for 29. Complex 27 does not possess
the Pc-- IR marker, as is typical of Ce sandwich complexes [286]. The other IR vibrations
(for complexes 27 and 29) such as those from the aromatic C=C, C-H from t-butyl or

aromatic groups and C=N are characteristic for phthalocyanines.
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The IR spectrum for 28, the region of fundamental frequencies, is characteristic of

the phthalocyanine ligand. Aromatic in-plane C-H bending vibrations are observed in
the region of 1000-1300 cm-1 [299]. An aromatic C=C peak is observed at 1601 cm-1. A
weak band around 3090 cm-1 is due to the aromatic C-H stretches on the phthalocyanine

rings [299]. The vibrations at 1505 cm-1 indicate the presence of C-O-C groups in the

structure for 28. The marker IR band for the phthalocyanine monoanion Pc-- radical was

observed at 1287 cm-1.

RO OR
GdCI3
Pentanol
DBU
29
47
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OR
3+
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Scheme 3.10: Synthesis of bis-{2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy)

phthalocyaninato} gadolinium (l11) (29).
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The paramagnetic nature was also obtained using ESR for all neutral LnPc2
complexes, except 24. It is known that LnPc2 complexes can be regarded as single-hole
complexes in which an unpaired electron is present in one of the macrocyclic ligands
[300]. The ESR spectra are comparable to those obtained elsewhere for LuPc2 [301]. On
reduction with NaBH4 and recrystallization, no EPR signal was observed for 28. This
provides direct spectroscopic evidence for the absence of an unpaired electron in the
reduced neutral [Pc-2LuPc-2]- and confirms that the reduction was successful.

Even though Yb3tis paramagnetic, no signal appears in the EPR spectrum for
complex neutral 24. This has been attributed to the strong interaction between the

spins of the unpaired electron in Pc-- and those of the central Yb ion [302].

3.1.5 Dilanthanide tris(phthalocyanines)

On refluxing a mixture of complex 46 and neodymium acetate hydrate in 1-pentanol in
the presence of DBU, complex 30 (Scheme 3.11) was formed, yielding about 71% upon
purification. The results obtained from elemental analysis were in agreement with the
proposed structure of complex 30. The yields were moderate. The IH NMR spectrum of

30 was taken in CDCI and was also in agreement with the proposed structure, though

the signals in the aromatic region were broad probably due to paramagnetism in Nd3+

ion or structural distortion of Pc rings. The IH NMR spectra of the MPc complexes
containing paramagnetic lanthanides, are shifted from their positions in the spectra of the

diamagnetic analogs [283,303]. This is the so called so called lanthanide induced shift.
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Since this thesis presents the study on complex 30, which was prepared from complex 46

whose 1H NMR data is known [274], the comparison can be made between the two
complexes 46 and 30). Complex 46 is unmetallated and hence diamagnetic, whereas
complex 30 contains a paramagnetic central metal. In the IH NMR signals for complex
46, the skeleton and the phenyl groups in the aromatic region were found in the ranges:
7.95-7.57 and 7.62-7.03 ppm [274]. Complex 30 also showed two 1H NMR signal ranges
7.52-7.32 and 7.06-6.92 ppm. The 1H NMR data for complex 30 in the aromatic region
showed broad signals due to paramagnetism from Nd ions, making it difficult to compare
the chemical shifts of 46 and 30. However, the ranges for the chemical shifts in I1H NMR
signals for complex 30 differ from those of complex 46. If only the first resonance signals
within the ranges above are considered, A5 values obtained are: -0.43 ppm and -0.56 ppm.
The 5 values for the t-butyl groups for complex 30 (0.96-0.82 ppm) are shifted upfield as

compared to those of complex 46 (1.69-1.21 ppm [274]).

Mass spectrum of complex 30 gave a signal at 3608 amu. This value differs slightly with
the calculated value (3604 amu) for complex 30 by four protons. This data corresponds to

the mass of complex 30, confirming the proposed structure.
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Scheme 3.11. Synthesis of tris-{1(4), 8(11), 15(18), 22(25)-tetra(4-tertbutylphenoxy)

phthalocyaninato} dineodymium (I1l) (30).

Complex 31 was prepared by refluxing complex 47 in 1-pentanol in the presence of DBU

and CeCl3.The yields obtained for complex 31 (Scheme 3.12) were low (about 13%). The

1H NMR signature obtainable for complex 31 corresponded with the expected number of
protons. Similarly, the elemental composition and mass spectral data gave the results that

corresponded with the calculated ones to confirm the proposed structure of complex 31.

IR spectra for complexes 46 and 30 are expected to be the same because of similar

Pc ligands. However, any distortion in the Pc rings may shift the IR bands. IR vibrational

frequencies ranging from 745-1041 cm-1 (attributed to a Pc skeleton), 1073-1506 cm-1
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(resulting from C-O-C vibrations), 1584-1731 cm-1 (representing the -C=N- IR modes)
and 2866-2956 cm-1 (showing the IR stretching for C-H, aromatic or CH3 t-butyl) were

obtained.

Complexes 30 and 31 do not possess the Pc™- IR marker. This observation is also
reported elsewhere [287], and is associated with the neutrality of Ln2Pc3 complexes and

lack of Pc rings with one charge.

RO oR
RO OR DBU
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47
31
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3+
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Scheme 3.12: synthesis of tris-{2,3,9,10,16,10,16,17,23,24-octa(4-tertbutylphenoxy)

phthalocyaninato} cerium(lll) (31).
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Sub-summary: I1H NMR, 13C NMR and elemental analysis data corresponded to the
proposed structures of the Pc molecules presented in this work. All IR spectral data of

LnPc2complexes showed the Pc™- IR marker, except complex 27.

3.1.6 Ultra violet-visible spectral data

3.1.6.1 Effects of ~-electron system and symmetry

The ground state electronic absorption spectra for complexes 18 and 19 in
DMSO are shown in Fig. 3.3. The Q band of complex 19 is blue-shifted compared to
18, Table 3.1. The lack of symmetry is known to result in blue shifting of the Q band
[304], hence the blue-shifting of the Q band for 19 compared to 18, is due to the low

symmetry of the former.
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Fig. 3.3: Absorption spectra of complexes 18 and 19 in DMSO (C = 1.6 x105M).

The ground state electronic absorption spectra for complexes 27, 29 and 31 in
chloroform are shown in Fig. 3.4. Complexes 27 and 31 contain the same coordinating
metal but differ in the number of Pc entities and lanthanide ions, hence different n-
electron systems. As can be observed, the Q bands for 27 and 31 are split as is typical
of Ce sandwich complexes [305]. A split in the Q band into two components may be
observed in LnPc2 complexes depending on the solvent and the central metal. For
example splitting has been observed in DMF but not in dichloromethane for some LnPc2
derivatives [306]. The presence of the unsymmetrical spectral pattern as well as splitting

of peaks suggests a degree of distortion of one of the Pc rings which is typical of
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bis(phthalocyaninato) lanthanides [307,308]. For complex 29 the n-radical-anion band is
observed near 500 nm as expected for lanthanide double-deckers which contain a hole in
one of the rings [151-154]. For complex 27, there is no Pc™- IR marker as stated above. The
B bands are split as is typical of double and triple decker phthalocyanines [128]. Despite
different n-electron systems in 27 and 31, with 31 having more n-electrons, no change

was observed in the Q band maxima, Table 3.1. The Q bands for 27 and 31 are also split.

Fig. 3.4: Absorption spectra of complexes 27, 29 and 31 in CHCI3 (C = 1.2 x105M).

In the case of complex 27, the split is a result of blue sandwich-type Pc like behavior as a
result of stable +1V oxidation state of cerium which allows both Pc rings to have the

overall charge of -2 each, i.e., Pc(2-), which causes the splitting in the Q band due to the
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exciton interaction between the two Pc rings that adopt an almost staggered orientation
in neutral CePc2complexes. Complex 28 was studied in detail to compare the neutral
and reduced forms. The ground state electronic absorption spectrum for complex 28 in
DMEF is shown in Fig. 3.5. The Q band lies at 676 nm, Table 3.1. Solutions of the reduced
form [Pc2-LnPc2]- were obtained by reducing Pcl-LuPc2 with hydrazine, resulting in a
split Q band with a shoulder appearing at 710 nm, and a blue shift as shown in Fig. 3.5.

The Q band for reduced 28 appeared at 632 nm, Table 3.1.

Fig. 3.5: Absorption spectra of neutral 28 in CHCI3 and reduced 28 in CHCI3 in the

presence of hydrazine (C = 1.3 x10-5 M).
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Table 3.1: Photophysical parameters of phthalocyanines alone and conjugates presented

in this thesis.

Complex

18

19

18-ZnO NPs

19-ZnO NPs_A
19-ZnO NPs_B
19-NH-MWCNTs
19-NH-GONS
19-NH-rGONS

20

21

22

23

Neutral 24
Reduced 24
25

26

27

Neutral 28
Reduced 28
29

30

31

tabs/nm
695
656
685
651
655
660
656
656
680
677
675
694
701
652

687
685
652
676
632
681

665
653

Solvent
DMSO
DMSO
DMSO
DMSO
DMSO
DMSO
DMSO
DMSO
DMF
DMF
DMSO
DMSO
CHCI3
CHCI,
DMSO
DMSO
CHCI,
DMF
DMF
CHCI,
DMF
CHCI,
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3.1.6.2 Effects of central metals

The ground state electronic absorption spectra for complexes 20 (M = Yb) and 21
(M = Lu) in DMF are shown in Fig. 3.6A. The Q band for 20 is observed at 680 nm while
21 has the Q band at 677 nm, Table 3.1. The B band for complex 20 was observed at 345
and 332 nm for complex 21. There is a slight red shift for 20 compared to 21. It was also
observed that complex 21 is more aggregated compared to 20. Phthalocyanines form H-
and J-type aggregates depending on the orientation of the induced transition dipoles of
their monomers [309-311]. In the more common H-aggregates, the component monomers
are arranged into a face-to-face conformation. In general, aggregation depends mainly on
parameters such as concentration, temperature, nature of the substituents, nature of
solvents and complexed metal ions [312]. H aggregation is evidenced by a broad (or split)
Q band with peaks due to the aggregate around 630 nm and the monomer peak near 680

nm (depending on the nature of the Pc) [313].

Aggregation studies were done in DMF for complex 21, Fig. 3.6B, in which serial
dilutions were carried out. It was observed that the dimer band decreases faster than the
monomer band, leaving a narrower the Q band at low concentrations (Fig. 3.6B, insert).
The broadening and splitin the Q band could also be related to lack of symmetry in these
complexes [116]. Complex 20 did not show aggregation (the changes shown in Fig. 3.6B
were not observed for 20), but the Q band was broadened probably due to lack of

symmetry, Fig. 3.6A.
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Fig. 3.6C shows the absorption spectra of TFs for complexes 20 (20-TF) and 21 (21-
TF) respectively. The absorption spectrum of 20-TF is broader compared to that of
complex 20 in solution. The broadness is due to aggregation in solid state which is more
enhanced than in solution, as expected. For 21-TF, the dimer band was higher than the
monomer band Fig. 3.6C. It can be observed that 21 is more aggregated than 20 in solid

state as was the case in solution.
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Fig. 3.6: (A) Normalized absorption spectra of complexes 20 (2.77 x10-5 M) and 21 (4.21
x106 M) in DMSO. (B) Absorption spectra of complex 21 in DMSO at different

concentrations 2.19 x10-51.45 x10-5 M. (C) Absorption spectra of thin films in 20-TF and
21-TF.

The ground state electronic absorption spectra for complexes 25 (M = Yb) and 26 (M =
La) in DMSO are shown in Fig. 3.7. The Q band of complexes 25 and 26 are observed at
687 nm and 685 nm, respectively, Table 3.1. The Q band for complex 25 is slightly red
shifted compared to 26. This is due to the larger central Yb metal in 25. Larger central
metals result in red shifting in Pcs [314]. Complex 23 is more red-shifted than 25 due to

non-peripheral substitution, which results in the red-shifting of the Q band in
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phthalocyanines [314]. The peaks beyond the Q band (around 900 nm) are typical of
bisphthalocyanines containing Pc(1-) rings, and they are due to transitions from the semi-
occupied orbital to the degenerate highest unoccupied molecular orbital (LUMO) [155].
A shoulder in the 400-500 nm region of the absorption spectrum characteristically
designates aradical phthalocyanine anion [315,316]. The absorption spectra of complexes
25 and 26 show a shoulder within this range. The absorption spectra are broad for
complex 26, suggesting aggregation. Complex 26 showed extensive aggregation (at
concentration higher than 6 x10-6 M) with a monomer peak at 685 nm and peaks due to
aggregation between 650 and 630 nm, Fig. 3.8A. On dilution, the peaks at high energy
decreased faster than the peaks due to the monomer, thus confirming that the split in the

Q band is due to aggregation and not due to low symmetry.

There was no clear aggregation for 25 (at the same concentration as complex 26), Fig.
3.8B. Aggregation is expected to be enhanced in peripherally substituted Pcs. The
extensive aggregation observed for 26 needs some explanation. It can be speculated that
the nature of the coordinating lanthanide could encourage aggregation. La (l1l) is a much
smaller ion than Yb (111) and hence the former may allow more interactions of the rings,

hence resulting in aggregation.
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Fig. 3.7: Ground state electronic absorption spectra for complexes 25 (1.3 x10-56 M) and 26

(6 X106 M) in DMSO.
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Fig. 3.8: Absorption spectral changes of complex 26 (A) and complex 25 (B).

Concentration range = 1.6 x10-5 6 x106 M for both (A) and (B).

3.1.6.3 Effects of natures of substituents

The ground state electronic absorption spectrum for complex 22 and 23 in DMSO is
shown in Fig. 3.9A and B. The Q band of complex 22 is at 675 nm and 694 nm for 23,
Table 3.1. Thus complex 23 is red shifted compared to 22. Nitrogen containing groups
result in the red shifting of the Q band in phthalocyanines [317]. It has also been reported
and it is possible that the overlap of bulky groups located at the non-peripheral positions
of the ring (such as phenyl groups) causes substantial deformation of the phthalocyanine
[318]. This results in splitting and red shift is observed in the Q band, which can be

observed in complex 23. The distortion seems to be related to the position of the nitrogen
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group on the pyridine substituent. This broadening or splitting in the Q band was also
observed in porphyrins and was attributed to out-of-plane deformation [319]. Spectral
changes observed for complex 23 on changing its concentration, Fig. 3.9C, did not give
evidence for aggregation, since both peaks decreased equally on dilution, showing that
the presence of the two peaks is not due to aggregation and confirms the possibility of
deformation discussed above. The peaks beyond the Q band (Fig. 3.9, inserts) are typical

of bisphthalocyanines containing Pc(1-) rings as stated above.

Wavelength (nm)
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Fig. 3.9: Absorption spectra of (A) complex 22 and (B) complex 23 in DMSO at ~4.0 x10-6
M and 8.23 x10-6 M. Inserts = NIR spectra. (C) Changes in absorbance spectra of 23 on

change in concentration. Starting concentration ~1 x10-5 M.
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3.1.6.4 Ultra violet-visible spectral data of dilanthanide tris(phthalocyanines)

The ground state electronic absorption spectra for complex 30 in DMF and DMSO are
shown in Fig. 3.10 with the Q-bands at 662 nm and 665 nm, respectively. Compared with
neodymium bisphthalocyanines [320] whose intense absorption band was recorded at
705 nm in DMF, the absorption spectrum of complex 30 is blue-shifted. The blue-shifting
as well as the nature of absorption spectrum for complex 30 is typical of neodymium

based tris(phthalocyanines) [321] and other Ln2Pc3[128]. 31 is also blue shifted compared
to LnPc2 complexes. It has been shown in literature that the absorption spectrum of a
tris(phthalocyanine) is similar to that of a reduced LnPc complexes with a split in the Q-

band [322], hence the appearance of a shoulder at ~687 nm for complex 30. The B band is
broad in Fig. 3.10. A split B-band has been reported for europium based
tris(phthalocyanines) [128]. Thus, the broad B band in Fig. 3.10 is a result of overlap of

split components.
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Fig. 3.10: Absorption spectra of complex 30 in DMF and DMSO (C = 1.6 x10-5 M).

Sub-summary: it was observed that the low symmetry binuclear Pc (19) is blue shifted

compared to its symmetrical monomer Pc (18). The LnPc complex (for example, complex

23) can be structurally distorted, depending on the nature of substituent. On addition of

a reductant (for example, neutral 28 and reduced 28), the Q band of an LnPc2 complex
blue shifts, leaving a shoulder in the NIR. CePc2 (27) was found as existing without n-

radicals. The UV-Vis spectra of 30 and 31 are typical of Ln2Pc3complexes.
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3.2 Characterization of nanomaterials and conjugates

3.2.1 Functionalization of multi-walled carbon nanotubes and graphene oxide nanosheets

Multi-walled carbon  nanotubes (MWCNTs) were functionalized  with
diaminomaleonitrile after activating the COOH groups on MWCNTs using DCC as a
coupling agent in DMSO to form NH-MWCNTs (Scheme 3.13). Graphene oxide
nanosheets (GONS) were reduced with NaBH4 to form reduced GONS (rGONS;
Scheme 3.14). NH-GONS (Scheme 3.15) was formed from GONS whose COOH
groups were activated by DCC in DMSO and linked to diaminomaleonitrile. DCC was
addded to the solution of rGONS in DMSO to activate the COOH groups for

coordination with diaminomaleonitrile to form NH-rGONS (same as Scheme3.15).
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Scheme 3.13: Synthesis of diaminomaleonitrile-functionalized MWCNTs (NH-MWCNTSs).
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NaBH4

GONS rGONS

Scheme 3.14: Reduction of GONS to form rGONS.
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DMF
DCC

GONS
NH-GONS

Scheme 3.15: Surface modification of GONS with diaminomaleonitrile to form NH-GONS.
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3.2.2 Linking ofphthalocyanines to nanomaterials

The formation of 18-ZnO NPs (Scheme 3.16) involved refluxing complex 18 and ZnO
NPs in ethanol at moderate temperatures and axially linking the two intities (18 and
ZnO NPs). p-TSA was employed as a catalyst for the dehydration reaction between
ZnO NPs and complex 18 to form 18-ZnO NPs, with ethanol used as solvent medium.
The amide bond formation between the COOH group of the bridging ligand of
complex 19 and the amino group the ZnO NPs was facilitated by DCC as a coupling
agent in the presence of TFA to form 19-ZnO NPs_A (Scheme 3.17). 19-ZnO NPs_B

(Scheme 3.18) was formed as explained for 18-ZnO NPs above.

The number of Pc molecules bonded to the ZnO NPs were estimated following
literature methods, but using absorption instead of fluorescence [323]. This involves
comparing the Q band absorbance intensity of the Pcs in the conjugate with that of the
initial Pcs before conjugation. By measuring the absorption intensities of complexes
18, 19, 19-ZnO NPs_A, 19-ZnO NPs_B and 18-ZnO NPs with gravimetrically equal
amounts of Pcs and the conjugates, the number of Pcs bonded to ZnO NPs were
estimated as Pcs: ZnO NPs ratio, to be: 2:1 (for complex 19-ZnO NPs_A), 3:1 (for
complex 19-ZnO NPs_B) and 4:1 (for complex 18-ZnO NPs). Complex 18 is smaller
than 19, so there are more molecules of 18 linked to ZnO NPs in 18-ZnO NPs than for
19-ZnO NPs_A or 19-ZnO NPs_B. Conjugate 19-ZnO NPs_B is bonded to ZnO NPs

through the axial ligand and accommodates slightly more Pcs on ZnO NPs than
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conjugate 19-ZnO NPs_A, using a bridging ligand for conjugation.
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Scheme 3.16: Schematic representation of complex 18 linked to ZnO NPs. This molecule

is presented as 18-ZnO NPs throughout this thesis.
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Scheme 3.17: Schematic representation of complex 19 linked to ZnO NPs. This molecule

is presented as 19-ZnO NPs_A throughout this thesis. Ac = C2H302
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19-ZnO NPs B

Scheme 3.18: Schematic representation of complex 19 linked to ZnO NPs via axial ligand.

This molecule is presented as 19-ZnO NPs_B throughout this thesis.
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19-NH-GONS, 19-NH-rGONS (Scheme 3.19) and 19-NH-MWCNTs (Scheme 3.20) were
formed by linking NH-GONS, NH-rGONS and NH-MWCNTSs, respectively, to complex

19 through the use of DCC as a coupling agent, as explained for 19-ZnO NPs_A above.
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DMSO
DCC

Scheme 3.19: Covalent linking of complex 19 to NH-rGONS to form 19-NH-rGONS.
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Scheme 3.20: Covalent linking of complex 19 to NH-MWCNTSs to form 19-NH-MWCNTSs.
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3.2.3 Transmission electron microscopy

Fig. 3.11 shows the TEM images of complexes ZnO NPs, 19-ZnO NPs_A, 19-Zn0O
NPs_ B and 18-ZnO NPs. Samples were prepared in ethanol for the image capturing
using TEM. As shown in Fig. 3.11A, nanoparticles of complex ZnO NPs are mono
dispersed and have a size average of 10 nm. For complex 19-ZnO NPs_A, the average
size was found to be about 13 nm. This increase in size for complex 19-ZnO NPs_A
suggests aggregation of the Pcs. The sizes obtained for complexes 19-ZnO NPs_B and
18-ZnO NPs are averaged at 27 nm and 45 nm respectively. The increase in the size
corresponds to the number of Pcs bonded to the ZnO NPs and the resulting

aggregation.
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Fig. 3.11: TEM images of (A) ZnO NPs, (B) 19-ZnO NPs_A, (C) 19-ZnO NPs_B and (D)
18-ZnO NPs.

Fig. 3.12 shows the TEM images of NH-MWCNTs and 19-NH-MWCNTs. The TEM
image of NH-MWCNTs alone (Fig. 3.12A) shows well dispersed NH-MWCNTs with
relatively smooth surface. However, there are clusters towards the ends of some NH-
MWCNTs. These clusters may be due to organic functionality, impurities or
agglomeration, as also observed elsewhere for single-walled carbon nanotubes [266,324].
However, on linking NH-MWCNTSs to complex 19 (to form 19-NH-MWCNTSs) there is a
huge change on the images of NH-MWCNTSs (Fig. 3.12B). The tubes are well dispersed
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with much smoother surface. Clusters, impurities and agglomeration are not evident.
This observation is a confirmation of structural changes occurring on formation of 19-

NH-MWCNTSs.

Fig. 3.12: TEM images of (A) NH-MWCNTs alone and (B) 19-NH-MWCNTSs.

The TEM image of NH-GONS alone are shown in Fig. 3.13A.As can be seen in Fig. 3.13A,
NH-GONS are not aggregated and are similar to TEM images of NH-rGONS (Fig.
3.13B), confirming that the reduction method employed for the preparation of NH-
rGONS was not destructive and did not encourage n-n stacking. As stated above, organic
functionality, impurities or agglomeration cause cluster-like structures on carbon-based
nanomaterials. Therefore the black spots on NH-GONS and NH-rGONS are due to

diaminomaleonitrile which acts as an impurity on the surface of GONS.
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Fig. 3.13: TEM images of (A) NH-GONS and (B) NH-rGONS.

Sub-summary: TEM images showed changes on the surface of the modified molecules.

3.2.4 FTIR spectral data

ZnO NPs show two C-O stretches at 923 and 976 cm-1, Fig. 3.14, originating
from the capping ligand. The vibrational stretches for amines appear in the same

region as the OH stretches. Because of this overlapping, the NH2stretch can be buried

inside the OH stretch that appears at 3267 cm-1. When complex 19 is linked to ZnO
NPs to form 19-ZnO NPs_A via the carboxyl group, amide | and Il stretches appear
at 1651 cm-1 and 1625 cm-l, Fig. 3.14. For 19-ZnO NPs_A, the NH stretch appears at

3323 cm-1 as a sharp peak. All these stretches confirm successful formation of 19-Zn0O
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NPs_A. On closely inspecting the vibrational frequencies, it is observed that the C=0
stretches for 19-ZnO NPs_B appear at 1704 cm-1compared to 19 at 1712 cm-1. The C=0
stretch observed at 1654 cm-1 for 19, which results from the COOH group, is
maintained for 19-ZnO NPs_B at 1656 cm-1. The C=0 observed at 1634 cm-1 and 1538
cm-1 for complex 18 are diminished in 18-ZnO NPs and observed at 1636 cm-1 and

1548 cm-1
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Fig. 3.14: IR spectra of complexes 19, 18, ZnO NPs, 19-ZnO NPs_A, 19-ZnO NPs_B and
18-ZnO NPs in solid state.
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On functionalizing COOH-MWCNTs with diaminomaleonitrile, a sharp NH stretch

(3783 cm-1) appears. Amide | and amide Il appeared at 1621 cm-1 and 1568 cm-1 thus
confirming amide bond formation between 19 and NH-MWCNTs to form 19-NH-

MWCNTs, Fig. 3.15.

Fig. 3.15: FT-IR spectra for 19, NH-MWCNTs and 19-NH-MWCNTSs.
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Amide | and Il appear at 1623 and 1569 cm-1for NH-GONS and at 1635 and 1578
cm-1 for NH-rGONS, respectively. A sharp NH stretch appeared at 3323 cm-1 for NH-
GONS, Fig. 3.16. All these characteristic frequencies confirm the amino functionalized of
GONS surfaces. When further covalently linked to complex 19, amide | and Il appeared
at 1656 and 1533 cm-1, respectively, for 19-NH-rGONS. For 19-NH-GONS, amide | and

Il appeared at 1563 and 1536 cm-1, respectively. All shifts in amide bond for GONS or

rGONS confirm functionalization.
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Fig. 3.16: IR Spectra of complex 19, NH-GONS, NH-rGONS, 19-NH-GONS and 19-
NH-rGONS.

Sub-summary: IR spectral data for 18-ZnO NPs, 19-ZnO NPs_A, 19-ZnO NPs_B, NH-
MWCTs, 19-NH-MWCNTs, NH-GONS, NH-rGONS, 19-NH-GONS and 19-NH-

rGONS confirmed the amide bonds.
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3.2.5 Electron spin resonance

The ESR signals were maintained in the conjugates with slight broadening as revealed
by the band widths of 18-ZnO NPs (7.26 G), 19-ZnO NPS_A (8.00 G) and 19-ZnO
NPs_B (8.10 G) compared to 5.44 G for 18 and 6.25 G for 19. The ESR spectrum of 19-

ZnO NPs_A is shown as an insert in Fig. 3.2,

3.2.6 Ultra violet-visible spectral data of nanomaterials and conjugates

The ground state electronic absorption spectra for 19-ZnO NPs_A, 19-ZnO
NPs_B and 18-ZnO NPs are compared with those of complexes 18 and 19 in DMSO,
Fig. 3.17. There is a blue shift for 19-ZnO NPs_A compared to 19 and a blue shift also
for 18-ZnO NPs compared to 18. Shifts in the Q band maxima may be due to

orientation of Pcs on the ZnO NPs as reported before for other chromophores [325].
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Fig. 3.17: absorption spectra of complexes 18, 19, 19-ZnO NPs_A, 19-ZnO NPs_B and 18-
ZnO NPs in DMSO.

The ground state electronic absorption spectra for 19 and 19-NH-MWCNTs are
shown in Fig. 3.18. There is an increase in the absorption below 500 nm due to the

absorption of NH-MWCNTSs. The Q band is also slightly red-shifted from 656 nm (for 19)

to 660 nm (for 19-NH-MWCNTSs) and broadened, Table 3.1.
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Fig. 3.18: UV-Vis spectra of (a) 19 (C = 1.6 x10-5M) and (b) 19-NH-MWCNTs in DMSO.

The absorption spectra for NH-GONS or NH-rGONS (Fig. 3.19) are broad with a peak
at 314 nm (NH-GONS) and 325 nm (NH-rGONS). 19-NH-GONS and 19-NH-rGONS
show an increase in the absorption below 500 nm due to the absorption of NH-GONS or
NH-rGONS. However, the position of the Q band remains unchanged at 656 nm (Fig.

3.19). The Q band is however broadened in the presence of GONS.
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Fig. 3.19: Absorption spectra for (a) complex 19 (C = 1.6 x105M), (b) NH-GONS, (c) NH-
rGONS, (d) 19-NH-GONS and (e) 19-NH-rGONS in DMSO.

Chapter summary: Synthesized Pcs and conjugates were characterized by various
techniques. The success of conjugation was confirmed by IR, which revealed amide

bonds. For LnPc2 the Pc”™- IR marker (which is a radical) was proved by IR and UV-Vis
spectroscopy, except for CePc2which does not possess any radical. The Q band maxima
do not change on linking Pcs to nanomaterials. Similarly for CePc2and Ce2Pc3 the Q band

maxima remained the same despite the extended "-electron system in Ce2Pc3.
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4.1 Emission spectral data

Emission and excitation spectral data of complexes 18, 19, 24, 27, 29 and 31 as well as
conjugates for complexes 18 and 19 are not discussed in this work due to lack fluorescence
shown by such complexes. This applies to fluorescence quantum yields and lifetimes
discussed below. Emission for complexes containing lanthanide is weak due to heavy

atom effect and for LnPc2 (neutral) also due to paramagnetic nature.

4.1.1 Trinuclear phthalocyanines

The excitation, absorption and emission spectra for complex 20 (Fig. 4.1 as an example)
and complex 21 were recorded in DMSO. It was observed that complexes 20 and 21
behave in a similar way with weak emission spectra. The complexes showed broadening
due to aggregation effects in the absorption spectra (which are more enhanced for

complex 21), which does not appear in the excitation spectra.
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Fig. 4.1: Absorption and fluorescence spectra of complex 20 in DMSO.

4.1.2 Lanthanide bis(phthalocyanines)

YbPc2complexes are known to fluoresce [306], but fluorescence is expected to be weak as

discussed above [326]. An emission in the IR region has also been reported for Yb

phthalocyanine incorporated in silica gel [327].

The absorption, excitation and emission spectra of 22 are shown in Fig. 4.2 and used as
an example. For 22, the emission spectrum was broad compared to the excitation
spectrum and the later was the same as the absorption spectrum except for the slight shift
in the Q band maxima, which could be due to different equipment. Only a very weak

emission was observed for 23 due to the deformation discussed above. The distortion in
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the macrocycles such as porphyrins results in decrease in fluorescence [328]. Hence, the

decrease in fluorescence for 23.

Fig. 4.2: Absorption, excitation and emission spectra of complex 22 in DMSO.

For the rest of the fluorescing LnPc2complexes (25, 26, 27 and 28), absorption and

emission spectra were similar and mirror images of the emission spectra (figures not
shown). Some were affected by aggregation, hence absorbances were broader than

excitation spectra.
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Table 4.1: Photophysico-chemical parameters of phthalocyanines alone and conjugates

presented in this thesis.

Complex
19

18

19-ZnO NPs_A
19-ZnO NPs_B
18-ZnO NPs

20

21

22

23

25

26

27

Neutral 28
Reduced 28
30

31

<0.01
~0.01
~0.01
<0.01
0.02
0.02
0.01
0.03
0.10
0.03
0.03

oT
0.08

0.01
0.34
0.61
0.70

0.65
0.74
0.89
0.48

tf (NS)

a3.18
a3.86
a4.82
a2.60
#2.26
#.59
5.68
a3d.7l
a2.18
al.31
.88

It (ms)
79

65
89
171
225

3.51
52.7
225

491

Solvent
DMSO

SMSO

DMSO
DMSO
DMSO

DMSO
DMSO
DMSO
DMSO
DMSO
DMSO
CHCI3
DMSO
DMSO
DMSO
CHCIg

a = average fluorescence lifetimes; - = photophysical parameter values not determined or that

do not exist as discussed in the text.
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4.2 Photophysical data

4.2.1 Fluorescence quantum yields (&F and lifetimes (if)

Fluorescence studies were carried out in DMSO. Low Of values were observed
due to the paramagnetic nature (for complexes 20, 22, 23, 25 and 27) and the heavy atom
effect that encourages intersystem crossing to the triplet state (for complexes 20, 21, 22,
23, 25, 26, 27, neutral 28, 30 and 31). Table 4.1. Of values lower than 0.01 have been
reported for lanthanide phthalocyanines [76]. The fluorescence lifetime decay curves for
complex 20, Fig. 4.3(i), and complex 21, Fig. 4.3(ii) (as examples) were obtained by a bi-
exponential fitting, with the calculated average fluorescence lifetimes (iHAY)) of each
trinuclear lanthanide phthalocyanine listed in Table 4.1. The two lifetimes (average
lifetimes shown in Table 4.1) could be due to the presence of small amounts of aggregates
which may quench fluorescence [329]. Fluorescence lifetimes are within the range
reported for monomeric phthalocyanines [330]. Complex 20 is shorter lived than 21 due

to its paramagnetic nature.
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Fig. 4.3: Fluorescence lifetime decay curves of (i) complex 20 and (ii) complex 21 in

DMSO.

As discussed above for absorption, low Of values for complex 23 may be due to

the distortion in the chemical structure on excitation. As stated above the out-of-plane
deformations can quench the fluorescence lifetime [328], which is the case with complex

23 having shorter i HAJ) compared to complex 22, Table 4.1.

Of value as low as 0.02 was obtained for 25 due to the paramagnetic nature of Yb

which will encourage intersystem crossing to the triplet state [16]. This value is
comparable to that of 26 which is aggregated, Table 4.1. The average lifetimes are longer

for 26 compared to 25, Table 4.1. Of values at 0.01 (for complex 27) and 0.03 (for
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complexes 30 and 31) were obtained. The Of values were lower at 0.03 for neutral 28

compared to 0.10 for reduced 28.
The fluorescence lifetime for complex 30, was obtained by a bi-exponential fitting
and expressed as an average to be 4.31 ns. A value of 5.88 ns was obtained for 31, Table

4.1.

4.2.2 Triplet quantum yields (&T) and lifetimes ()

Complexes 18 and 19 exhibited weak triplet decay curves as shown in Fig. 4.4 (for
complex 18). The triplet decay curve was stronger for the conjugates (Fig. 4.4, using
18-ZnO NPs as an example) compared to Pcs alone. The weak triplet decay curves
observed for complexes 18 and 19, are due to the heavy atom and paramagnetic nature
of the central metal, which encourages intersystem crossing to the triplet state, but
shortens triplet lifetimes. The triplet quantum yields were very low for 18 and 19 but
improved when linked to ZnO NPs, possibly due to the external heavy atom effect of
the latter. In addition to encouraging intersystem crossing to the triplet state, ZnO
NPs may also form charged species in the presence of excited Pcs. Upon excitation
with visible light, the electron hole pair is formed in the highest occupied molecular
orbital (HOMO) and Ilowest unoccupied molecular orbital (LUMO) of the
phthalocyanine. The electron in the LUMO is then injected into the conduction band
of ZnO [331]. This could reduce the population of the excited states. However, the

increase in triplet quantum yields show that the population of the triplet state
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increased.

Conjugates 19-ZnO NPs_A and 19-ZnO NPs_B differ only in the mode of linking to
the ZnO NPs, where 19-ZnO NPs_B is linked via axial ligation and 19-ZnO NPs_A is
linked though the carboxy phenoxy bridge. The latter has a larger triplet quantum
yield than the former. This could be related to the number of Pcs linked to ZnO NPs (
2:1 for 19-ZnO NPs_A and 3:1 for 19-ZnO NPs_B).

The tt value are short for complexes 18 and 19 at 65 gs and 79 @s, respectively.
However, on linking to ZnO NPs, the tt values increased to 89 qgs, 171 gs and 225 gs
for complexes 19-ZnO NPs_A, 19-ZnO NPs_B and 18-ZnO NPs, respectively. The
lengthening of triplet lifetimes could be due to the protection of the Pcs from the
environment by ZnO NPs. 18-ZnO NPs has the largest triplet quantum yield and
longest triplet lifetimes of all the conjugates. This could be due to the largest number

of Pcs on ZnO NPs.
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Fig. 4.4: Triplet decay curves of complexes 18 and 18-ZnO NPs in DMSO.

The triplet quantum yield for 21 at Ot = 0.74 was larger than for 20 at Ot = 0.65. Both

values were high due to the heavy atom effect.

Triplet quantum yield for 22 is large at Ot = 0.89, Table 4.1 and a lifetime of 225 gs.
However, for complex 23, Otvalue is 0.48 (nearly half the Ot value of 22) while ttis

491 gs. This can be attributed to deformation in 23.
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4.2.3 Singlet oxygen quantum yields (&J

Singlet oxygen decay curve in the form of changes in the absorption spectra of DPBF in
DMSO in the presence of 18-ZnO NPs as a result of irradiation is shown in Fig. 4.5 and
Oavalues are summarized in Table 4.1. 18-ZnO NPs, 20, 21, 23 and reduced 28 were
used as examples for O astudies. Oavalues were low for all complexes except for 20, 21
(which are trinuclear Pcs) and 23 (which is a bis(phthalocyanine)) at 0.13, 0.63 and 0.12,
respectively. For reduced 28, Oavalue obtained was 0.32. In all cases, Oavalues were
lower than O t values, showing that not all triplet state species were converted to singlet

oxygen. This is an inefficiency of Ot Oatransition.

Fig. 4.5: Singlet oxygen absorption decay for 18-ZnO NPs.
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5.1 Phthalocyanines alone

5.1.1 Effects of T-electron system and symmetry

This section compares complexes 18 and 19 as well as 27 and 31, with each pair containing

the same coordinating lanthanide ion but different T-electron system.

5.1.1.1 Complexes 18 and 19

Reverse saturable absorption (RSA) is a cross-section dependent process [332-334],
with the excited state cross section being larger than the ground state cross section for

it to occur. As shown in Fig. 5.1, complexes 18 and 19 exhibited the RSA process at 3.4
x10 4 M. However, there are differences in the reduction in transmittance (TNom). The

lack of symmetry in 19 brought about a larger reduction in transmittance than 18, Fig.
5.1. Low symmetry results in improved NLO behavior as stated above [104,110].
Although this phenomenon of asymmetric Pcs exhibiting low limiting threshold values
has been observed many times, there is still lack of mechanisms drawn from such
molecules to better understand the effects of low symmetry for NLO applications. It can
be speculated, therefore, that the differences in the polarities of the substituents in Pcs
reduce the scattering of electrons and favor a one-sided movement, resulting in their high
concentration over one point. Therefore high active electron densities in low symmetry
Pcs (complex 19) would reduce higher laser beam intensities better than in symmetric

molecules (complex 18). The weak NLO behavior for 18 could be related to their
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monomericbehavior (hence less t bonds) and to their symmetrical nature compared
to complex 19. As observed, the molecules with alarge number of t electrons (complex
19) exhibit good RSA when compared to monomeric 18. The same trend of RSA was
observed in thin films where 19-TF showed enhanced reduction in transmittance
compared to 18-TF (figure not shown for the latter). It has been reported before that
thin films improve NLO behavior of Pcs [118], hence more reduction in the
transmittance of 19-TF compared to 19 in solution, Fig. 5.2 (used as example to
represent 18 and 18-TF as well), or 18-TF compared to 18 in solution. All thin films

showed larger reduction in transmittance than for solution.

0.6

0.5
-5 -4 -3 -2 -1 0 1 2 3 4 5

Z (cm)

Fig. 5.1: Open aperture Z-scan curves for complexes 18 and 19 in DMSO registered at

532 nm using a 10 ns pulse length-based laser at ~35 /.
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Z (cm)

Fig. 5.2: Open aperture Z-scan curves for complexes 19 and 19-TF registered in DMSO

at 532 nm using a 10 ns pulse length-based laser at ~35 .

The transmittance reduction differences for Pcs are attributed to the amount of excited
state absorption, which occurs in lanthanide Pcs as shown for GdPc elsewhere [74]. The
excited state absorption, in turn, is associated with two photon absorption (2PA) [335-
337], hence the employment of Eq. 1.1 for the simulation of mechanisms replicated by all
complexes employed in this present study. The nonlinear absorption coefficients (Peff) can
be obtained from the Z-scan data but adjusted through Eq. 1.1 upon simulating, allowing
for the determination of values of third order imaginary susceptibility (Im[x(@3)j) and the

Page | 164



Chapter 5 Optical limiting properties

second order hyperpolarizability (y) using Egs. 1.4 and 1.5. The Im[x(3] values reported
in this work for complexes 18 and 19 as well as all other complexes (Table 5.1), including

conjugates, are larger than those reported for Yb, Gd and La polymeric phthalocyanines
(~2.00 x10-13to 2.52 x10-13esu) in DMF [289]. The yvalues, Table 5.1, are also larger than

those reported for In, Ga or Zn monomeric phthalocyanines [338] (y ~10-3Lto 10-30esu) in

solution.

Im[x@)] and y values are larger for 19 compared to 18, for reasons provided above, Table
5.1. The similar trend for Im[x@)] and yvalues of 18-TF and 19-TF was observed, with

Im[x@)] and yvalues of the latter being larger than those of the former, Table 5.1. This

observation is in agreement with the RSA behavior for 18, 19, 18-TF and 19-TF discussed

for Fig. 5.1 and Fig. 5.2 above. While Im[x@)] and yvalues increase as an indication of
better reduction of incident intensities by an optical limiter, the limiting threshold (llim
should decrease to show fast response of an optical limiter in terms of transmittance as a
result of the RSA effect. As seen in Fig. 5.3, the extent of reduction of input intensities
differs from one complex to another, with 19-TF nonlinearly behaving better than and 19

alone in solution or 18-TF better than 18 in solution. The I  values for 18, 19, 18-TF and
19-TF are indicated in Table 5.1 and follow the order: 19-TF<18-TF<19<18. The llimvalues
(inJ cm-2) presented in Table 5.1 are smaller than those reported for LuPc whosel was

determined to be 1.8 J cm-2[196].
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Fig. 5.3: Input against output intesnty plot for complexes complexes 18, 19 (in DMSO),
18-TF and 19-TF obtained at 532 nm using a 10 ns laser pulses when employing 35 |jJ

of energy.
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Table 5.1: Nonlinear optical parameters of lanthanide phthalocyanines alone and when

embedded in PMMA, PBC and PAA.

Complex Solvent/ Im[x@]/ esu  f/esu aPA(cm4s.  llim(J.cm-2)
Polymer photon-1)
18 DMSO 1.10 x10-10 0.28 x10-27 - 0.99
19 DMSO 1.43 x10-9 3.69 x10-27 - 0.42
18-TF PAA 3.35 x10-9 1.44 x10-%6 - 0.36
19-TF PAA 6.29 x109 2.70 x10-%6 - 0.22
20 DMF 1.4 x10-10 2.60 x10-8  7.80 x1045 031
21 DMF 8.10 x10-11 1.5 x10-8  4.60 x10-45 0.79
20-TF PBC 90.4 x10-10 38.9 x10-8  5516.0 x1045 0.11
21-TF PBC 69.3 x10-10 29.9 x10-8  395.0 x1045  0.26
22 DMSO a3.43 x10-10 a3.64 x10-7 al.03 x1045  a0.3
23 DMSO 3.33 x10-10 1.77 x10-27  6.78 x10-47 0.27
23-TF PMMA 7.48 x10-8 4.83 x10-5 - 0.033
Neutral 24 DMF 4.2 x10-10 1.1 x10-27 - 0.2
Reduced 24 DMF 3.52 x109 9.1 x10-27 - 0.18
24-TF PAA 5.12 x10-8 1.23 x10-5 - 0.075
25 DMSO 5.30 x10-10 2.83 x10-27 - 0.22
26 DMSO 7.40 x10-11 5.17 x10-8 - 0.25
25-TF PMMA 8.50 x10-9 5.49 x10-% - 0.14
26-TF PMMA 6.14 x109 3.96 x10-% - 0.13
27 CH2XCI2 2.55 x10-10 6.59 x10-8 - 0.08
27-TF PAA 1.79 x10-10 4.63 x10-8 - 0.08
Neutral 28 DMF 2.07 x10-10 450 x10-8 - 0.32
Reduced 28 DMF 2.44 x10-10 533 x10-8 - 0.09
29 CH2CI2 2.12 x10-10 5.56 x10-8 - 0.09
29-TF PAA 5.53 x10-10 1.43 x10-27 - 0.04
30 DMF 3.50 x10-10 7.60 x10-8 - 0.34
31 CH2CI2 2.68 x10-10 6.93 x10-8 - 0.07
31-TF PAA 1.66 x10-10 4.30 x10-8 - 0.08

a = values determined at 5.86 x10-5M. The concentration for the rest of the complexes in

3.4 x104 M. - = values not determined due to absorption of Pcs or thin films around 532
nm.
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5.1.1.2 Complexes 27 and 31

Fig. 5.4A shows an open aperture Z-scan curves obtained for complex 31 (as an example)
at 0.19 GW.cm-2 as well the fitting to 2PA. The same nonlinear behavior was observed
for complex 31. The Z-scan trace for Pcs in thin films is shown in Fig. 5.4B (using 31-TF
as an example). It can be seen that transmittance of these thin films is much lower than
that shown for complexes 27 and 31 in dichloromethane. The same applies for complex

27 and its thin film (27-TF) as well as all the Pcs and their thin films in this work.

Z (cm)
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Z (cm)

Fig. 5.4: Open aperture Z-scan signatures of (A) complex 31 obtained at lo = 0.19 GW.cm

2in dichloromethane and (B) 31-TF at lo = 2.41 GW.cm-2

Im[x@)] and y values for are larger for 31 due to extended ~-electron system compared to

27 both in solution, Table 5.1. Also 31 is neutral while 27 is paramagnetic. Similarly, 31-
TF exhibited larger Im[x(3] and y values compared to 27-TF, Table 5.1. Plots of I”* against
loutare shown in Fig. 5.5 for complexes 27 and 31, and for 27-TF and 31-TF. These plots
show a huge deviation from linearity as result of strong NLA. 27-TF and 31-TF showed

similar llimvalues, Table 5.1.
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31
A27-TF

A31-TF

Fig. 5.5: Input against output intensity plots of complexes 27and 31 (in dichloromethane),

27-TF and 31-TF.

To predict the extent of nonlinear behavior, the magnitudes of Peff values are taken into
account. These Peffvalues are shown as a function of the on-focus intensity (10) in Fig. 5.6.
Complex 31 which is a triple decker Pc shows a more positive slope of Peff against 10. Peff
values for both complexes 27 and 31 increase with increasing 10 values. Judging by the

slopes of the plots, complex 31 is a better optical limiter. This shows that increased
electron system in 31 improves NLO behavior. This brings about a conclusion that an

increase in Peff values with increasing 10 is an indication of higher order nonlinear

processes (2PA in the case of complexes 27 and 31 in solutions and thin films).
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Fig. 5.6: Peffagainst 10plots of complexes 27, 29 and 31 at various energies.

5.1.2 Effects of central metals

5.1.2.1 Complexes 20 and 21

Complex 20 is based on ytterbium while 21 comprises of lutetium as central metals.

Varying the central metal atom in a Pc usually leads to considerable variation in the

relevant NLO and OL properties [339]. Fig. 5.7 shows an open aperture Z-scan signals for

20 and 20-TF fitted by Eq. 1.1 (for a 2PA process), showing RSA.
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Z (cm)

Fig. 5.7: Open-aperture Z-scan curve of complex 20 (in DMF) and 20-TF.

As shownin Table 5.1, Im[x(@)] and yvalues are higher for 20 compared to 21, considering
the same approximate concentrations in solution. The higher values suggest better optical
limiting for the Yb3Pc3 derivative (20) due to lack of aggregation, even though it had a
lower triplet quantum vyield. The values are much higher in thin films, showing the
importance of embedding Pcs in thin films for NLO applications. llimvalues were lower
for 20 than for 21. Similarly, 20-TF showed lower llimvalue than 21-TF. In general, the Ilim
values for 20, 21, 20-TF and 21-TF follow the order: 20<21; 20-TF<21-TF, Table 5.1. Two
photon cross section (a2PA) values were determined only for complexes 20-23 as examples

using Eq. 5.1 [340].
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hvfreff

Nx10~

5.1

where where h is Planck's constant, v is the frequency of a laser excitation and N is

defined as the system's number of active species per unit volume (N = NAC; NA=
Avogadro's number and C = sample concentration). a2PAvalues are higher for complex

20 compared to 21, Table 5.2. An increase in a2PAvalues was observed for 20-TF and 21-

TF compared to solutions, as was the case for Im[x@)] and yin solution and the solid state.

5.1.2.2 Complexes 25 and 26

The coordinating lanthanide ion for complex 25 is Yb3+while for 21 is Lu3+t Fig. 5.8 (A
and B) show of the open aperture Z-scan signals for complexes 26 and 25 best fitted by
employing Eq. 1.1 at 2.6 x10-4 M in DMSO. The lack of a deep valley below 50% for 26,
could be due to aggregation at the concentration of 2.6 x104 M used for NLO. Complex
26 showed more aggregation than 25. Thus aggregation in solution does not favor good

NLO behavior. The spectrum for 25 still shows monomeric behavior at 3.4 x104 M. 25-TF
and 26-TF show better RSA processes (with a deep valley below 50%) in terms of open

aperture Z-scan curves as shown in Fig. 5.9 compared to solution as discussed above.
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Z (cm)

Z (cm)

Fig. 5.8: Open aperture Z-scan signal for complex 25 (A) and 26 (B) in DMSO at 10 ns

pulse duration.
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Z (cm)

Fig. 5.9: Open aperture Z-scan curve for 26-TF at 10 ns pulse duration.

The Im[x(3J] and yvalues are higher for 25 compared to 26 in solution. The low values for

26 are a result of aggregation, which does not favor triplet state population, hence NLO

behavior. The Im[x(3] and y values are much larger in thin films than in solution, due to
the rigidity of the media as already stated. The effect of aggregation is witnessed by

slightly high Illimvalues obtained for complex 26 compared to those for complex 25 in
solution but not different in thin films. It was also observed that 25-TF and 26-TF possess

even lower llimvalues (J.cm-2) than 25 and 26 in solution. In Fig. 5.10, a plot of the effective
nonlinear absorption coefficient (Peffin cm MW-1) against the on-focus beam intensity (10

in GW cm-2) is presented for complex 25 (as an example). It can be observed that the

effective nonlinear absorption coefficient increases with | . The same behavior was
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observed 26. This shows effects of high laser beam intensities which result in high Peff

values. Since this behavior is also dependent of concentrations, it can be observed that
higher concentrations (related to the number of excited molecules) give better effective

nonlinear absorption coefficients, Fig. 5.11.

Fig. 5.10: A plot of the effective nonlinear absorption coefficient (Peff) against the on-focus

beam intensity (10) for complex 25 in DMSO.
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Fig. 5.11: Nonlinear absorption coefficient (Peff) against concentration showing Peff

concentration dependence for complex 25. This experiment was performed in DMSO.

5.1.2.3 Complexes 27, 28 and 29

When compared to 27, complex 29 showed strong excited state saturation with increasing

I) values. This is evidenced by constant Peff values with changing on-focus input

intensities, Fig. 5.6. It can be seen that complex 27 is more advantageous in terms of use
as an optical limiter over complex 29 at very high intensities. Studies in which GdPc was
employed in Z-scan measurements, with the excitation wavelengths ranging between 460
and 600 nm, revealed strong excited state absorption (ESA) [341]. Therefore the observed
RSA can be associated with ESA for 29, while not ruling out the triplet excited state cross-

sections. This is explained by the proposed five-level diagram in Fig. 1.7 (chapter 1),

showing three cross sections contributing to NLA. 27 has larger Im[x(3)] and y values
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than 29 in solution due to lack of radical for 27. However, due to solubility problems,
complex 28 was studied in DMF while 27 and 29 in dichloromethane, making
comparison with 28 inaccurate, but the superiority of 27 over 29 is confirmed in
dichloromethane. This observation is reversed for thin films (29-TF > 27-TF). Table
5.1 summarizes the nonlinear optical properties of both the reduced and neutral forms
of 28. Both reduced and neutral forms of 28 showed RSA (figure not shown) as shown
for other complexes above. At the same concentrations, the values of Im[x(3)] and y are
larger for reduced 28 compared to neutral 28, showing that the reduced blue form is
a better optical limiter than the charged green form. For the neutral 28 and reduced
28, both the ligands and central metal are the same, hence similar optical limiting
properties are expected. However, the two are different in that the neutral 28 is

paramagnetic while the reduced 28 is not, resulting in improved photophysical

behavior for the latter. The llimvalue obtained for reduced 28 (0.09 J.cm-2) is smaller

than for neutral 28 (0.32J.cm-2), Table 5.1, showing the positive influence of reduction.

Sub-summary: The Im[x@3)] and y values for 20 and 25 were larger than those for 21

and 26, while the I  values for 20 and 25 were lower than those of their counterparts

(21 and 26), showing the superiority of paramagnetic lanthanide ions over the

diamagnetic counterparts. The similar trend was observed for thin films.
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5.1.3 Nature and position ofsubstituentsfor complexes 22, 23, 24 and 25

Complexes 22, 23 and 24 are all based on ytterbium as a coordinating lanthanide, but
differ in substituents. In the case of 22 and 23, only the position of nitrogen in pyridine is
different, while neutral 24 is tert-butyl phenoxy-substituted. It has to be noted that 22, 23
and 25 were studied in DMSO while neutral 24 in DMF. This makes comparison
inaccurate when comparing complexes in different solvents as stated before. Also the thin
film of 22 was not studied and therefore will not be discussed in this work. In summary,
22 will be compared to 23 due to same solvent but different substituent, while neutral 24
will be compared to reduced 24. 23 and 25 will be compared due to same solvent and
substituent, but different substitutional positions. As can be noted in Table 5.1, 23-TF and
25-TF are based on PMMA while 24-TF was prepared from PAA and is only for neutral
24. This compels the author of this work to discuss and draw conclusion both 23-TF and

24-TF independently.

Fig. 5.12 shows an open aperture Z-scan signal for complex 24, indicating a decrease in
transmitted beam as evidence of RSA effect. Such a Z-scan signal was also obtained for

complexes 22, 23 and 25 as stated already. 2PA has been especially effective at producing
large nonlinear absorptions [62]. Complex 22 shows larger Im[x(@3)], y values and Illim
values compared to 23, even at lower concentration for the former, showing the position
of nitrogen in pyridine is important - which is closest to the Pc ring for 22. a2PAvalues
are higher for 22 compared to 23, Table 5.1. Complexes 23 and 25, both contain Yb but

are a- (complex 23) and P-substituted (complex 25). Complex 23 showed lower Im[x(3)]
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and y values and higher I  values than 25 in solution showing the superiority of
peripheral substitution in solution. However, 23-TF gave Im[x(3] and y values which are
larger than those of 25-TF, but lower Ilimvalue (0.033 J.cm-2), showing the superiority of
non-peripheral substitution in thin films. However, a2PAvalues for complex 23 are still

indicative of an NLO material. 24 has an improved solubility and reduced aggregation

due to tert-butyl phenoxy substituent.

As shown in Fig. 5.12, neutral and the reduced forms of 24 exhibited a reverse saturable

absorption (RSA) process at 3.4 x10-4 M as judged by the decrease in the transmittance.
The normalized transmittance for reduced 24 exhibited deep valley to near 60% making
it a better NLO material compared to neutral 24 at only ~ 20%. Thus, as stated above for

28, reducing the Pc ring in Pc-1L.nPc-2to form [Pc-2LnPc-2]- improves the NLO behavior

even though the central Yb3+is paramagnetic.
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Fig. 5.12: Open aperture Z-scan curves for neutral 24 (in DMF), reduced 24 (in DMF in

the presence of hydrazine) and 24-TF at 532 nm.

In solid state, as shown in Fig. 5.12, 24-TF shows better NLO as judged by the largest

decrease in normalized transmittance. As indicated in the Table 5.1, the values of the
NLO parameters (Im[x@3] and y) increase as follows: neutral 24<reduced 24<24-TF.

Reduced 24 shows improved Im[x(3J] and y as a result of the reduction of the Pc ring, as

was the case for 28.

Fig. 5.13 shows the input against output intensity plot for complexes neutral 24 (in DMF),

reduced 24 (in DMF in the presence of hydrazine) and 24-TF. As indicated in Fig. 5.13,
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24-TF reaches a point of saturability much faster than neutral 24 and reduced 24, giving

lower threshold values.

Fig. 5.13: Input intensity (lin) against output intensity (lou) for neutral 24 (in DMF),

reduced 24 (in DMF in the presence of hydrazine) and 24-TF 532 nm.

Fig. 5.14, as an example for all molecules, further indicates a decrease in the
transmittance for neutral 24, reduced 24 and 24-TF with increase in the input intensity.
This behavior is in agreement with that observed in Fig. 5.12, with 24-TF showing
more enhanced reduction in the transmittance. When exciting at different

wavelengths, various processes co-exist [106,124] which could potentially compete
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with RSA.

Fig. 5.14: Normalized transmittance (TNom) against linfor neutral 24 (in DMF), reduced

24 (in DMF in the presence of hydrazine) and 24-TF at 532 nm.

Processes that compete with RSA are initiated by absorption of a material. It is
therefore important to verify the existence of RSA at 532 nm, particularly because
LnPc complexes have a BV band around this region which is likely to contribute to
ground state absorption. The model for RSA of an optically active polyacene-based
oligomer has been explained by Kojima et al [342], with the incident laser intensity

(lin) and the transmitted laser intensity (lout) obeying Eq. 5.2:

Page | 183



Chapter 5 Optical limiting properties

In(C -) - k(rin - 1out) + A 5.2

out
where k is a constant that depends on the absorption cross sections and lifetimes of
the ground, excited singlet, and excited triplet states, while A is the absorbance of the
ground state. To investigate the RSA existence, the previous reported procedure [343]

was followed by plotting natural logarithm of lin/lou ratio against the lin-lout difference as

depicted by Eqg. 5.2. If RSA is strongly affected by the other competing processes, the
fitting is expected to deviate quite strongly from the linearity. As shown in Fig. 5.15, the
fits are nearly linear (with the deviation at low lin- lout), suggesting the domination of
RSA upon which the nonlinear optical behavior of neutral 24, reduced 24 and 24-TF

materials is based. This applies to all complexes studied in this work.
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Fig. 5.15: Natural logarithm of lin/lout fraction against a change between linand lout for

neutral 24 (in DMF), reduced 24 (in DMF in the presence of hydrazine) and 24-TF at 532

nm for investigation of RSA existence.

Im[x@)] and llimvalues are much improved for reduced 24, indicating that reduced LnPc2
complex is more effective than the neutral counterpart. In thin films, 23-TF is superior to

24-TF, judging by m[x(3)], y and llimvalues, Table 5.1.

Sub-summary: The Im[x(3)] and y values of 22 in solution were larger than those of 23.

In comparison to reduced 24, neutral 24 gave lower Im[x(@)] and y values but larger

llimvalues, showing the superiority of reduced forms of LnPc2 complexes over the

neutral ones in solution.
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5.1.4 Nonlinear optical behavior of complexes 30

RSA was observed for complex 30, Fig. 5.16A. Fig. 5.16B shows an open aperture Z-scan
curve for 30. The signals demonstrate a decrease in the transmitted beam due to the RSA
effect of complex 30 and depend on concentration as is the case for all complexes in this
work. Comparison of NLO data with other work from literature is subjective, because of
the differences in the experimental conditions and procedures. For the hetero

phthalocyanine-porphyrin tris derivative (Sm2(Pc)(TPP)2 TPP = tetraphenyl porphyrin)
Im[x@] = 2.1 x10-13esu and y = 2.2 x10-0esu [131] and for Sm2(TPP)(Pc)2 y = 2.6 x10-30esu

[131]. These values are much lower than reported in this work for complex 30.

1.1

105 A Experimental

1 A —Simulation

0.95
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Fig. 5.16: Open aperture Z-scan curves obtained on simulation using (A) two photon
absorption mechanism at 2.7 x104 M. (B) was obtained on a two photon absorption

simulation at 3.4 x104 M. All two curves represent the behavior of complex 30 in DMF

on exposure to highly intense light monitored by Z-scan technique.

5.2 Phthalocyanines with nanomaterials as conjugates

5.2.1 Complexes 18 and 19 with ZnO NPs

The advantage of linking Pcs to NPs which exhibit the NLO mechanisms is interesting
and less complicated in terms of the NLO data analysis. Given that complexes 18 and 19
exhibit 2PA as discussed above and can be linked to ZnO NPs which also exhibit 2PA
[248-249], linking was performed to observe any NLO changes in new systems compared

to 18 and 19 alone. On linking to ZnO NPs, the RSA was enhanced as shown in Fig.
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5.17 (19 and 19-ZnO NPs_A shown as examples). There was a larger reduction in
transmittance for 19-ZnO NPs_A (linked to the ZnO NPs through the phenoxy
carboxy bridge) than for 19-ZnO NPs_B linked through axial ligand (figure not shown
for 19-ZnO NPs_B). The former showed lower triplet quantum yield than the latter,
Table 5.2. NLO behavior through RSA is expected to improve with triplet quantum
yields. The larger reduction in transmittance for 19-ZnO NPs_A could be related to
more reduction in symmetry when the Pcs are linked via the bridging ligand than via

the axial ligation for 19-ZnO NPs_B.

Z (cm)

Fig. 5.17: Open aperture Z-scan curves for complexes 19, 19-ZnO NPs_A (in DMSO),
19-TF and 19-ZnO NPs_A-TF registered at 532 nm using a 10 ns pulse length-based
laser at ~35 .
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Complex 18-ZnO NPs showed no RSA at all (figure not shown), irrespective of high
triplet quantum vyield in Table 4.1. The weak (or non-existent) NLO behavior for 18
(or 18-ZnO NPs) could be related to their monomeric behavior (hence less n bonds)
and to their symmetrical nature compared to complex 19 and its conjugates. As
observed, the molecules with a large number of n-electrons (19, 19-ZnO NPs_A and
19-ZnO NPs_B) exhibit good RSA when compared to monomeric 18 and 18-ZnO NPs.
The same trend of RSA was observed in thin films where 19-TF, 19-ZnO NPS_A-TF
and 19-ZnO NPS_B-TF enhanced reduction in transmittance compared to 18-TF. All
the thin films showed larger reduction in transmittance than for solution as discussed

above.

Both Im[x(3)] and y values are larger for 19-ZnO NPs_A and 19-ZnO NPs_B where

Pcs are linked to ZnO NPs compared to 19. The values are also larger in thin films

than in solution. In solution, 19-ZnO NPs_B has larger Im[x@)] and y than 19-ZnO
NPs_A, butin thin films the values are larger for 19-ZnO NPs_A-TF than for 19-Zn0O
NPs B-TF. The differences could be related to difference in symmetry in the different
media. Fig. 5.18 shows the input against output intensity plot for 19 and 19-ZnO
NPs_A (in DMSO) as well as 19-TF and 19-ZnO NPs_A-TF. While Im[x@] and y
values increase as an indication of better reduction of incident intensities by an optical
limiter, llimshould decrease to show fast response of an optical limiter in terms of

transmittance as a result of the RSA effect. The Ilimvalues are listed in Table 5.2 and

followed the order: 19-ZnO NPs_A <19-ZnO NPs_B <19 <18; 19-ZnO NPs_A-TF <
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19-ZnO NPs_B-TF <19-TF < 18-TF. In general, the llimvalues are lower for thin films.
The llim (J cm-2) values shown in literature are usually greater than 1J cm-2 [64,195,344].
The Ilim values for complexes are lower than 1 J.cm-2 suggesting that all complexes

studied in this work possess good NLO behavior in terms of Ilim(J.cm-2).

Fig. 5.18: Input against output intesnty plot for complexes complexes 19, 19-ZnO
NPs_A (in DMSO), 19-TF and 19-ZnO NPs_A-TF obtained at 532 nm using a 10 ns

laser pulses when employing 35  of energy.
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Table 5.2: Nonlinear

optical

parameters

of complexes

Optical limiting properties

mono and binuclear

phthalocyanines with ZnO NPs, NH-MWCNTs, NH-GONS and NH-rGONS as

conjugates in DMSO and when embedded in poly (acrylic acid) obtained at 532 nm

using a 10 ns laser pulses.

Complex

18

19

18-TF

19-TF

19-ZnO NPs_A
19-ZnO NPs_B
19-ZnO NPs_A-TF
19-ZnO NPs_B-TF
19-NH-MWCNTSs
19-NH-MWCNTs-TF
NH-GONS
NH-rGONS
19-NH-rGONS
19-NH-GONS
NH-GONS-TF
NH-rGONS-TF
19-NH-rGONS-TF

19-NH-GONS-TF

Solvent
DMSO

DMSO

DMSO

DMSO

DMSO

DMSO

DMSO

DMSO

DMSO

Im[x@3)] (esu)

1.10 x10-10
1.43 x109

3.35 x109

6.29 x10-9

2.38 x109

2.71 x109

58.9 x109

34.4 x109

2.65 x10-10

2.20 x10-10

1.40 x10-10

4.43 x10-10

1.55 x10-9

1.44 x109

3.06 x10-9

3.51 x109

4.53 x109

3.70 x10-9

y (esu)
0.28 x10-27
3.69 x10-27

14.4 x10-27
27.0 x10-27
6.14 x10-27
6.99 x10-27
253 x10-27
148 x10-27
6.85 x10-8
5.67 x10-28
3.61 x10-27
1.17 x10-27
4.00 x10-27
3.71 x10-27
7.90 x10-27
9.07 x10-27
1.17 x10-26

9.55 x10-27

llim (J.cm-2)
0.99

0.42

0.36

0.22

0.25

0.29

0.12

0.21

0.055

0.06

0.03
0.04
0.05
0.05
0.07
0.05

0.08
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Chapter 5 Optical limiting properties

5.2.2 Complexes 18 and 19 with MWCNTSs.

Fig. 5.19A and B shows the open aperture Z-scan signals indicative of reverse saturable
absorption (RSA) profile for 19-NH-MWCNTs [175,183,185-187], taken at 0.19 GW.cm-2
and 0.48 GW.cm-2 respectively. Itis evident from Fig. 5.19B that nonlinear response is
dependent on 10and can lead to RSA signals going below 50% atz = 0. The Im[x(3] and
y values for 19-NH-MWCNTs are less than for 19 alone under the same conditions in
solution and thin films, showing quenching of NLO behavior of complex 19 in the

presence of NH-MWCNTSs.

1.1

0.9
0.8
0.7
0.6
0.5

0.4

Z (cm)
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Z (cm)

Fig. 5.19: Open-aperture Z-scan curves for 19-NH-MWCNTs at (A) 0.19 GW.cm-2and (B)

0.48 GW.cm-2 all in DMSO.

Excited state absorption (ESA) and nonlinear scattering (NLS) are the two mechanism
that were employed in the interpretation of optical limiting effects for C60 and carbon
black suspension [224,345,346]. For carbon nanotubes, NLS is a generally accepted

dominant mechanism [347]. Fig. 5.20 shows a plot of input intensity against output
intensity for 19-NH-MWCNTs in DMSO at 0.19 GW.cm-2. It can be seen that loincreases
slowly with fast increase in I?, resulting in a nonlinear relationship and strong incident

laser transmission reduction. The Ilimis much lower for 19-NH-MWCNTs compared to

19 alone. Even though in thin films (19-NH-MWCNTs-TF) the Im[x(@@)] and y values
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decreased, Table 5.2, a decrease in llimshows the advantage of the combination of Pcs

with NH-NH-MWCNTSs.

Fig. 5.20: Input intensity against output intensity for 199-NH-MWCNTSs at 0.19 GW.cm-2

5.2.3 Complexes 19 with NH-GONS and NH-rGONS.

Fig. 5.21A shows the open aperture Z-scan curves obtained for 19-NH-rGONS (as an

example of conjugates of 19 with GONS) at 0.23 GW.cm-2 Fig. 5.21B shows the open

aperture Z-scan curves for 19-NH-rGONS_TF. Thin films were studied at higher on-

focus intensities (1.1 - 2.5 GW.cm-2), where more reliable data was obtained.
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Z (cm)

Z (cm)

Fig. 5.21: Open-aperture Z-scan curves for (A) 19-NH-rGONS at 0.23 GW.cm-2in DMSO
and (B) 19-NH-rGONS-TF at 1.11 GW.cm-2

It can be seen that there is stronger RSA in thin films than in solution. In comparison to
complex 19 in solution, Im[x(3] and y values for NH-GONS and NH-rGONS are much

lower. On linking 19 to NH-GONS and NH-rGONS, it was observed that the Im[x(3)]
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and yvalues improved and were slightly larger than for 19 alone and much larger than

for NH-GONS and NH-rGONS. The Im[x(@)] and y values for NH-GONS-TF and NH-

rGONS-TF were also lower than for 19-TF, Table 5.2. llimvalues for NH-GONS and NH-

rGONS in solution and NH-GONS-TF and NH-rGONS-TF were much lower than for
19 alone or 19-TF, showing the advantage of NH-GONS and NH-rGONS over 19 alone

or 19-TF. For NH-GONS, the Illimvalue is larger compared to NH-GONS-TF, but lower
for NH-rGONS in solution than for NH-rGONS-TF. Interestingly, the I value of 19-
NH-GONS is less than that of NH-GONS alone. For NH-rGONS and 19-NH-rGONS,
the llimvalue did not change much. Im[x(3)], yand llimvalues for NH-GONS, NH-rGONS,

19-NH-rGONS, 19-NH-GONS, NH-GONS-TF, NH-rGONS-TF, 19 and 19-TF are given

in Table 5.2.
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Chapter 6

Conclusions and future
prospects
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Conclusions

The synthesis of lanthanide phthalocyanines was achieved successfully. Covalent linkage
of mono- and binuclear phthalocyanine to ZnO NPs, MWCNTs and GONS was also
confirmed as an amide bond using FTIR. Ytterbium bis(phthalocyanine) (23) was found
structurally distorted while Lanthanide bis(phthalocyanine) (26) was found aggregated.
The optical limiting properties of lanthanide phthalocyanines and their conjugates were
were determined in solution and when embedded in poly (methyl methacrylate), poly
(bisphenol A carbonate) and poly (acrylic acid). High third order susceptibilities and
hyperpolarizabilities, and low limiting threshold values were found for the blue forms in

the case of lanthanide bis(phthalocyanines) (24b and 28b).

The low symmetry lanthanide phthalocyanines (19, 20 and 21) also exhibited high third
order susceptibilities and hyperpolarizabilities, and low limiting threshold values in
solution and thin films. The peripherally substituted lanthanide phthalocyanines also
possess higher third order susceptibilities and hyperpolarizabilities, and lower limiting
threshold values compared to non-periphherally substituted lanthanide
phthalocyanines. When linked to GONS, third order susceptibilities and

hyperpolarizabilities were enhanced, while limiting threshold values were reduced.

When embedded in polymesrs (PMMA, PAA and PBC), the third order susceptibilities
and hyperpolarizabilities increased, and limiting threshold values were further reduced.
In general, lanthanide phthalocyanines, alone or when linked to ZnO NPs, MWCNTSs and
GONS, showed good optical limiting properties in solution and thin films, except for
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complex 18 and its conjugate with ZnO NPs. The extension of ~-electron system

improved Im[x@)], y and Illim values. Bis(phthalocyanines) and trinuclear

phthalocyanines with lanthanide ions of half-filled f-orbitals showed Im[x@)] and y

values and lower |  values than those with either fully filled or empty f-orbitals.
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Future prospects

The elongated ~-electron systems in dilanthanide tris(phthalocyanines), the low
symmetry binuclear phthalocyanines as well as the reduced forms of lanthanide
bis(phthalocyanines) showed a huge potential in NLO application. However, the
reduced forms of lanthanide bis(phthalocyanines) proved to be a challenge in terms
of thin film preparation, hence no data is presented in this thesis. This, therefore,
draws attention for future innovations on the thin film preparation with the reduced

forms of lanthanide bis(phthalocyanines).
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