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Abstract

This work reports on the synthesis of symmetrical and asymmetrical AsB type metal free,
cobalt and zinc Phthalocyanines (Pc) .A wide range of spectroscopic techniques such as
Uv-visible absorption (UV), magnetic circular dichroism (MCD), mass spectrometry,
elemental analysis, IR spectroscopy and time correlated single photon counting
spectroscopy (TCSPC) have been used to study the spectroscopic properties of the

phthalocyanine complexes.

The Z-scan technique was used to comparatively investigate the nonlinear absorption
coefficient (B) and the nonlinear refraction index (n,) of the synthesized complexes. The
following trend was obtained for the synthesized Pc’s in terms of the B values 7.25x 1071°
(4b) > 3.76x 1071° (4a) > 3.52x 1071° (4¢c) > 2.29x 1071° (3¢c) > 1.68x 10719 (3a) >
1.65x 1071° (3b) mW-'. The B values trend of synthesized Pc complexes show that the
asymmetrical AsB type metal free, cobalt and zinc Pc complexes (4a, 4b and 4c) have
larger B values as compared to the octa-substituted symmetrical metal free, cobalt and
zinc Pc complexes (3a, 3b and 3c) which is attributed to the low symmetry of the Pc
complexes. The five- level model rate equations were used to determine the two photon
absorption, excited state absorption and ground state absorption cross sections of the
synthesized complexes. The zinc AsB type asymmetrical Pc complexes gave the largest
two photon absorption and ¢,/g, ratio values. This Pc complex could be used in future
work to enhance the nonlinear response further by introducing nanomaterials and
converting the Pc complex to a binuclear Pc. This work also reports on the density
functional theory (DFT) calculations of dipolar/octupolar contributions in order to study the

first order hyperpolarizability of the synthesized Pc complexes.
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CHAPTER 1:

Introduction



1. Introduction

1.1. History of Phthalocyanines

Phthalocyanines (Pcs) have been the subject of intense research since their accidental
discovery in 1907 by Braum and Tcherniac [1], who were trying to synthesize o-
cyanobenzimide using phthalimide as a starting reagent. The structure of the ‘mysterious’
compound was unknown at that time, but was described then as an insoluble bluish
compound, which was later known as free-base (H2Pc). In 1927, Diesbach and van der
Weid accidentally synthesized the first copper phthalocyanine during the synthesis of o-
dibromobenzene and cuprous cyanide [2]; however, their structures were not correctly
clarified. Until Linstead, in 1933 and 1934, elucidated the phthalocyanine structure and
explored various properties including its chemical and physical stability [3-6]. Robertson
and his co-workers provided crystallographic information on the Pc which confirmed
Linstead’s structure and showed that the molecule is planar [7-9]. The name
‘phthalocyanine’ was derived from its precursor phthalic acid derivative, ‘phthalo’, and

‘cyanine’ from the Greek word for blue.

o
N, AcsO Coloured
. Ac22 NH_ B _ impurity later
2 A known as a
(0] \\N

Phthalocvanine

Phthalamide O-cyanobenzamide

Scheme 1.1: First synthesis of a phthalocyanine molecule {Ac202 = Acetic acid}.

1.1.1. Structure and application of Phthalocyanines

Phthalocyanines are planar heteroaromatic 18 tr-electron complexes which consist of
high chemical and physical properties (such as high reactive active stability, high

temperature stability) as well as interesting optical properties [10]. Pc’s are formed by four



isoindole units that are linked together by the aza nitrogen atoms. Porphyrins also belong
to the same class as Pcs, the difference being that porphyrins are produced biologically
while Pcs are synthesized [11]. The inner ring (Figure 1.1) of the Pc is responsible for the
observed intense blue green colour due to TT-1* transition in the visible region [12]. The
four benzene rings located at the outer most part of the Pc causes aggregation and
solubility problems. However, substituting these outer benzene rings with functional
groups on the peripheral (B) and the non-peripheral (a) position (Figure 1.1) greatly

improves the solubility and avoids major aggregation in organic solvents [12].

Figure 1.1: General Structure of Phthalocyanine.

One of the most reliable analytical techniques used to characterize Pc’s is ultra-violet
visible (UV/vis) spectroscopy. The effects of 3 or a substitutes on Pc’s, in terms of electron
donating or withdrawing groups, can be easily observed with UV/vis spectroscopy.
Electron donating functional groups at the non-peripheral position will create a greater
bathochromic (red) shift of the main absorption band compared to the peripheral

substituted functional groups [12,13,14]. Electron withdrawing groups such as NO:2 are



meta-directing, hence make the aromatic ring to be deactivated due to the partially
positive nitrogen atom. Substitution with suitable functional groups such as long alkyl
chains, aryl, carboxylic acid, thiol and hydroxyl groups among others, have been
observed to increase the intensity of the main absorption band as well as altering the

electrochemical and physical properties of the Pc’s [12,13,14].

Pc’s are known to have exceptional stability, versatility and processability and hence the
reason why Pc’s are used in a wide variety of different fields. Due to their intense blue-
green colour Pc’s have been used as colorants in dyes, paints (for cars), dyestuff, [13,14]
plastics, pigments and photography [15], and in optical recording devices such as
rewritable compact disc (RW-CD) ROM’s. In recent year, Pc’s have been used in organic
conductors, catalysts, chemical sensors, liquid crystal displays, in electro-chromism and
laser dyes [14] for photodynamic therapy (PDT) [14] and nonlinear optical modulating
devices [14]. The semi-conducting, conducting, high linear and nonlinear optical
properties of most Pc’s and their analogues are of interest for electronic and photonic

devices [14].

1.2. General synthesis of Phthalocyanines

Synthesizing a Pc’s can be achieved by a one-step self-condensation reaction through
the cyclotetramerization of its precursors, e.g. phthalic anhydride, phthalimide, O-
cyanobenzamide, phthalonitrile or isoindolinediimine as seen in Scheme 1.2 below [16-
20]. The most popular precursor used for peripheral substituted Pc’s synthesis is the
substituted phthalonitrile, as is it offers easy and clean reactions with high purity products
which often require minimal purification steps where necessary. In some cases, when the
low reactivity of the precursor inhibits the macrocycle formation, isoindolinediimine can
be use used as well. Catalysts such as 1,8-diazabicylo- [5,4,0]- undec-7-ene (DBU) can
be used to increase the rate of cyclotetramerization of phthalonitrile in solution (e.g.
pentanol, octanol) [16-20]. In some cases, metal ions and salts such as lithium metal or
zinc acetate can be used to template the precursors to form a metal phthalocyanines [16-
20].



Diiminoisoindoline

H Phthalamide acid

MX, Formamide

r 4
Phthalonitrile

YN

a) Reflux, ROH then H
b)Fuse with hydroquinone
o c)DBU,ROH

Phthalic acid
d) Metal salt, ROH
Anhydride CaCW / )
— H

r Urea, Reflux, Metal ion

Dibromobenzene @ Phthalic acid
O
r

Scheme 1.2: The general synthesis of a Phthalocyanines complex. {M= metal, MX=
metal salt, DBU=1,8-diazabicylo- [5,4,0]- undec-7-ene, ROH= alcohol}.

MX, Solvent

MX, Solvent,heat,NH;

1.2.1 Synthesis of Asymmetrical (AsB-type) Phthalocyanine

In recent time, special attention has been given to the design of asymmetrical Pc
molecules. This is because of their improved photophysicochemical properties with
valuable applications in PDT, materials science, optical signal detection techniques and
optical limiting [21]. The approaches that are usually used to synthesize asymmetrical
substituted phthalocyanines are statistical condensation of two differently substituted
precursors, the sub-phthalocyanine approach and the polymeric support method.
However, statistical condensation is the most widely used method for the synthesis of
AsB-type Pcs[22]. An AsB-type Pc molecule possesses three identical (A) isoindole units
and one different (B) isoindole unit. The ratio of the starting phthalonitriles commonly used
is 3:1 or 9:1 (A:B) which usually affords a mixture of six compounds but favors the
formation of asymmetrical Pcs (Scheme 1.3), [22]. Sometimes, a ratio of 10:1 or even

40:1 (A:B) is employed due to the different reactivities of the substituents [23]. Even



though this method has been widely used for preparing AsB-type Pcs, it is often laborious,

due to the difficulty usually encountered during separation and purification.

Asymmetrical Pcs bearing both electron withdrawing and donating substituents represent
another important class of Pc compounds. In general, statistical condensation of
appropriately substituted phthalonitriles has been the most widely used technique [21].

Halogen-, nitro-, carboxyl-, and tosyl-substituted Pcs are probably the most common and

well explored in terms of ‘push-pull’ Pc chemistry [21].

CENNCE

Scheme 1.3: Method of preparing asymmetrical phthalocyanines [23].



1.3. Electronic absorption spectra of Phthalocyanines

The intense blue-green colour observed in Pc’s arises from the intense absorption at the
Q band which appears at red end of the visible spectrum of light, that is normally between
650 and 720 nm approximately. And a second band known as the Soret (or B) band which
appears 300 and 400 nm and is generally less intense that the Q band [24-26]. These
intense features are as a result of transitions from bonding to anti-bonding orbitals (11-11*)
states. Figure 1.2 Shows the Absorption spectra of a metallated and unmetallated

phthalocyanine in chloroform [27].

Qx
Qy

Figure 1.2: Absorption spectra of a metallated (ii) and unmetallated (i)

phthalocyanine in chloroform [27].

For unmetallated Pc’s, the Q band appears as two intense peaks which results from the

a, »ay" (for a;, = eg’) and a, — b," (lor ay, - egy”) transitions (Figure 1.3) [28].



Unmetallated Pc’s have a D2n symmetry which results in the split Q band referred to as
Qx and Qy (see Figure 1.2), because the m-1m* transition at the Q band is polarized in
either the x or y direction [24-26], as a result of the non-degenerate eq energy level [27]
(see Figure 1.3). The Q band also consists of two weaker vibrational bands at a higher

energy of the main absorption peak which are known as vibronic bands (Qvib).

Compared to the Q band, the B band appears as a less intense peak at a lower
wavelength. This is due to the azu (/or bau ) to eg (LUMO) transitions [24-26]. As seen in
Figure 1.2, the UV/vis spectrum of the metalated Pc (MPc) appears to have a single
peaked Q band. The single Q band arises from the degenerate eq energy level (Figure

1.3). The presence of a central metal increases the symmetry from a Dzn to Dan [27].

blu*
b2u* *
“LUMO b3+
4 g’ A 23

B
Q| B Q
alu ' al
HOMO

alu b2
blu , a2
b2

Figure 1.3: Electronic energy levels for Metallated Pc (Left) and Metal-free Pc (right)
[27].

1.3.1. Aggregation of Phthalocyanines

The phenomenon of organic dye aggregation in solution has been known for a very long
time. The discovery of aggregation in Pc’s was first witnessed in 1907 by Braun and co-
workers [29]. Thereafter, the first Pc absorption spectra was published in 1937, [30,31]
by Jelly and Schiebe and it clearly showed evidence of aggregation although not

identified. The spectra showed a sulfonated zinc Pc which was quantitatively studied

8



seven years later, resulting in the findings that aggregation is dependent on solvent
(methanol vs. water), temperature, and pH [32]. It was then that the notions of dye
aggregate size, structure, and bonding with the concepts of "dimer," "coplanar," and

"optical coupling" are first being applied to a phthalocyanine compound.

Due to the planar structure that Pc’s have, it allows for different types of aggregation
patterns to occur, namely H-aggregation and J-aggregation [33] and intermediate
aggregates (Figure 1.4) [34]. H-aggregates (comes from hypsochromic shift) are
associated with larger aggregates and are ideally non-fluorescent in nature [35, 36]. This
behavior is known to limit the use of H-aggregated chromophores as they are not useful
in designing display devices and sensors [33, 34]. Whereas, J-aggregates (comes from
Jelley who discovered it) are attributed to polymeric aggregates involving very large
numbers of dye molecules [31]. They are known to have sharp (i.e. intense and narrow)
main absorption bands and are accompanied by a strong fluorescence and an increase
in viscosity [36]. The former H-aggregation can be recognized by a shift in the Q band
towards the blue the region of the monomeric absorption band, whereas the latter J-
aggregation is known with the red-shift of the Q band which belongs to monomeric
species [36]. In addition, J-aggregates have high oscillator strength of their electronic

excitations in nonlinear optical properties [37].

Aggregation occurs as a result of -1 stacking between molecules, which results in the
shifting of the absorption band with respect to the Q band respectively [38]. The -1
stacking is attributed to the van der Waals forces between the Pc complexes where there
is an interaction between the two or more electronic states [36]. Aggregation in Pc’s is
known to affect the optical properties of Pc’s in solution (organic or aqueous) and films

[36]. The interaction between the electronic states of Pc’s is known to alter the properties

of the ground (HOMO) and excited states (LUMO).

Slipped cofacial Pure Head-to-tail
> H-and J-aggregate J-aggregate

Y

Figure 1.4: Face-to-face and head-to-tail dimers and their intermediates [34].
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Figure 1.5 below shows the splitting of the energy levels due to the different types of
aggregation patterns. The small distances between the Pc complexes results in the
interaction of the excited states such that two new exciton splitting energy levels (E’ and
E”) are produced (see Figure 1.5). The excitation to the lower energy state (E’) in the
Face-to-face orientation is forbidden. Similarly, the excitation to the higher energy state
(E”) in the Head-to-tail orientation is also forbidden. The forbidden transitions are
represented by the dash lines. In the case of the Oblique orientation both the transitions
are allowed. The splitting between the two energy levels is dependent on the intensity of
the Pc transition moments, the separation of the two molecules and their relative

orientation to each other.
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Monomer Dimer Monomer Dimer Monomer Dimer
Face-to-face Head-to-tail Oblique

Figure 1.5: Band splittings of face-to-face, head-to-tail, and oblique dimers [27].

There are two types of dipoles observed in Figure 1.5 which are known as out of phase
(E’) and in phase (E”). When an out of phase transition is observed there is a lowering of
the energy level, and the zero transition moments which leads to a forbidden transition to
E’. This results in the blue shift of the absorption spectrum [27, 35]. In the case of the in
phase dipoles, the is a rise in the energy level and the zero transitions dipole moments
and the forbidden transition to E” is observed resulting in a red shifted absorption
spectrum [20, 35]. The reduction in the degrees of freedom compared to the liquid state
is observed in solid-state, thus the transition moment may not be equal to zero [27,39-
40]. Therefore, in solid-state, allowed transitions for both E’ and E” can be observed.
Thus, the observed blue and red shift in the split Q band results in what is known as a
Davydov splitting (see Oblique in Figure 1.5). Davydov splitting can be defined as the
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splitting of bands in electronic and vibrational spectra of crystals due to the presence of

more the one equivalent molecular entity in the unit cell [27,39-40].

1.4. Nonlinear Optical properties

Nonlinear optics is the study of phenomena that occur as a result of the modification of
the optical properties of material system through its interaction with light [41]. Typically,
only high intensity laser light is sufficient to modify the optical properties of material
systems. The invention of the laser in the 1960s, introduced the study of materials with
nonlinear optics (NLO) properties [41]. The field of nonlinear optics (NLO) has been
developing for a few decades as a promising field with important applications in the
domain of photoelectronics and photonics [41-43]. The first materials that was discovered
to have nonlinear optical activity were inorganic crystals such as lithium niobite (LiNbO3)
and potassium dihydrogen phosphate (KH2POs4). The crystals displayed low NLO
responses, processing them into thin films and incorporating then into micro-
optoelectronic devices [44] posed a serious problem. TT-electron organic materials were
potential candidates as NLO materials until Tr-electron conjugated systems received more
attention due to many advantages [45-47]. These include having a larger optical
nonlinearity and a faster optical response [48]. In addition, advantages like higher
bandwidth, lower driving voltage, more flexible device design and lower processing cost
are displayed in 1r-electron organic materials [49, 50]. NLO materials can be used in a
wide range of applications such as telecommunication to manipulate optical signals,

optical data processing, storage devices and optical limiting [51-56].

Nonlinear optical effects can be classified in two main groups electronic and non-
electronic, which are also called parametric and non-parametric, respectively [41, 44, 57].
The first class of electronic nonlinearities, often called parametric, is extremely fast, on
the subpicosecond regime, since that is the response time that is required for the
electrons to redistribute under the influence of the applied field [41,44].They correspond
to virtual optical transitions and obey strict phase- matching rules. Second- (SHG) and
third-harmonic generation (THG) belong to this type of nonlinearities and are used to

generate coherent radiation in the transparent range of the nonlinear medium. In addition,
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four-wave mixing, intensity-dependent refractive index (nonlinear refraction) and electro-
optic effects also belong to this group [41,44]. The macroscopic susceptibilities (™ can
be derived from the microscopic hyperpolarizabilities by a suitable average over all the
possible molecular orientations in the system [57].0On the other hand, non-parametric
NLO processes rely on light-induced changes in the population of the energy levels of the
molecules, which result in changes of the optical properties of the medium. In this case
processes like photorefractive and other optical pumping effects, such as saturable
absorption (SA) and reverse saturable absorption (RSA) are dominant here [57]. The
optical limiting phenomena is of great interest from the point of view of applications, which

also rely mostly on the types of processes mentioned above [41,57].

1.4.1 Parametric NLO processes

The effects of light on a nonlinear optical material can be desired through the induced
electrical polarization (P) [41,57]. When low intensity light is induced upon an NLO

material the polarization is a linear function of the electric field E,
P=xyWE (1.1)

where the y(V is the linear susceptibility of the material [41,57]. However, when high
intensity light (e.g. Laser light) is induced upon the NLO material, the polarization
becomes independent of the linear function of the electric field [41,57]. This can be

expressed by using the Ker effect equation:
P=yW E+ y? EE+ y® . EEE +..... (1.2)

where y®and y® are the second and third order susceptibilities of the NLO material,
these are tensorial vectors that can determine the second and third order nonlinear optical
responses [41,57]. The same equation applies at a molecular level where an equation

can be written for the light induced molecular dipole moment ()
u=a.E+B.EE+Yy.EE+ - (1.3)

where a, B and y represent the linear polarizability, the first order hyperpolarizability and

the second order hyperpolarizability [41,57].
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The study of nonlinear optics (NLO) involves the prediction of B and y values for a given
material [44]. This prediction constitutes the basis for the optimization of the microscopic
NLO performance [44]. In a highly polarizable 1r-conjugated system the B value arises
from polarization of the Tr-electrons. The most widely used experimental techniques of
determining the first order hyperpolarizability in organic molecules are electric-field-
induced second- harmonic generation (EFISH) and hyper-Rayleigh light scattering (HRS)
[58-61]. On the other hand, the second order hyperpolarizability (y) is determined by
processes such as third-harmonic generation, four-wave mixing, nonlinear refraction and
two photon absorption (TPA) to name a few [41,57]. The techniques employed to
determine the second order hyperpolarizability are third-harmonic generation (THG),
degenerate four wave mixing (DFWM), and Z-scan [62-65]. In this thesis Z-scan
technique is used experimentally to determine second order hyperpolarizability (y). A
theoretical approach using DFT calculations, is used to determine the first order

hyperpolarizability (Bxrs) values.

1.4.2 Z-scan

Z-scan is a fast and convenient experimental method used to assess materials for NLO
properties [66]. Z-scan experiments measure the nonlinear refractive index (NLR) by
focusing a gaussian beam onto a cell containing a solution of chromophores [65]. The
optical transmittance through the cell is measured as a function of sample position with
regard to the focal point. Similar scans using an open aperture yield the nonlinear
absorption (NLA). The NLR and NLA can determine the sign and the magnitude of both
the real and imaginary parts of ¥ or y [65]. Since this technique is sensitive to non-
electronic mechanisms (thermal, etc.), it is important to perform experiments with different
pulse widths of the exciting beam, both in the picosecond and in Pcs accounting for NLA
are two photon absorption (TPA) and excited-state absorption (ESA). Z-scan is mainly
employed to study the optical limiting behavior of Pcs [55], in which case samples are
excited at around 532 nm, between the B and Q absorption bands of Pcs, where strong
NLA is measured [64].
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Figure 1.6: Typical Z-scan set-up. The ratio of the signal measured by the photo

diodes D2/D1 is recorded as a function of sample position (Z) [67].

Figure 1.6 shows the schematic diagram of the experimental set up for the Z-scan
measurements. The scan works on the principle of moving the sample under investigation
through the focus of the tightly focused Gaussian laser beam. Where the interaction of
the sample with the laser light changes as the sample is moved. This is caused by the
sample experiencing different intensities, which is dependent on the sample position (Z)

relative to the focus [67].

1.4.1.1 Theoretical background for open aperture Z-scan

An open aperture z-scan was used to determine the second order NLO parameter by
measuring the normalized transmittance. The normalized transmittance equation given
by [64, 68]:

1
Aqo(zs)

T, (z5) = I22 I [1 + go (20)f (D)]dr (1.4)

Where the f(7) is the function of time which describes the temporal pulse of the Gaussian
pulse and consists of the form f(7) = e, q0(z5) is a parameter that describes the
strength of the nonlinearity and A is a normalization constant derived by fj;of(r)]dr.

When a circular Gaussian beam is used gq, is derived by the Equation 1.5 [69, 70]:
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2PPoless (1.5)

nw?(zs)

do (Zs) =

Where g is the nonlinear absorption coefficient of the NLO material, P, is the peak power
of the pulses and the L., is the effective propagation length of the NLO material, which
is derived by [69, 710]:

1—e(D)

Where the L is derived as the sample length and « is the linear absorption coefficient of
the NLO material given by Equation 1.7 [69, 70]:

a="p (1.7)

Where h is Planck’s constant and v is the frequency in of the laser and N is the number
of active species per unit volume. The parameter w(z,) given in Equation 1.8 is the beam
width of at the sample plane which is defined as the distance between the beam optical

axis and the and the point where the intensity is reduced by 1/e? of its axis value.

The parameter w(z,) is derived by the Equation 1.8 below [61]:

wize) = wo [1+(E2y2 (1.8)

Were w, is the beam width at the focal point and z, is the location of the beam focus. z;
is the parameter which defines the Rayleigh length, and can be derived by the Equation
1.9 given below [68]:

zp =2 (1.9)

Where A is the wavelength of the beam. Equation 1.4-1.9 are used to determine the
nonlinear absorption coefficient obtained from the experimentally measured

transmittance.
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An analytical formula was derived to attain the parameter q,(z;) from the normalized
transmittance where the coefficients a,, a;, as, ¢y, c;0f the Gaussian pulses are given as
15.66, -37.45,30.76, -8.97, -2.301 and -1.563 respectively [69,70]:

aoT,(z) + a,T, % (z) + asT,> (z5) for T,(zs) < 0.75

Co + C1 [Tn(zs)]cz fOT‘ Tn(Zs) > 0.75 (1 10)

qo(zs) = {

The q,(zs) can then be used to obtain the nonlinear absorption coefficient including the

z, and zi. Therefore qy(z;) can be derived by the Equation 1.11 [69, 70]:

qo(zs) = —2— (1.11)

1+(2s—2R)/2s>

Where:

Q, = 2E2eir (1.12)

AZR

Which is the maximum value at the beam waits ((z, = z;). The nonlinear absorption

coefficient can be derived by using the Equation 1.13 [68]:

= ZZ&%. (1.13)

" 2PoLeff
The imaginary third order optical susceptibility can be derived by the Equation 1.14 [69]:

n?eqcAf

2

Im[x®] = (1.14)

Where c represents the speed of light, n is the linear refractive index of the material, ¢, is
the permeability of the material at a vacuum and A represents the wavelength of the laser
[61]. As mention above in the nonlinear optics section Im[)((3)] and Im[y] are directly

correlated. Where Im[y] is derived by the Equation 1.15 [68]:

_ Imx®]
- N*f4—

Im[y] (1.15)
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Where N* represents the concentration in mol of the material and f represents Lorenz

local field factor.

1.4.1.2 Theoretical background for Closed aperture Z-scan

The closed aperture parameters were defined by changing in transmittance between the

peak and valley in a Z-scan as AT,,= T, -T, where T and T, are the normalized peak and

valley transmittances. The empirically determined relation between the induced phase

distortion, A®,, and AT, for a third-order nonlinear refractive process in the absence of

NLA is [41,71],

1
ATp_, = 0.406(1 — S)+|Ad,| (1.16)
Where

ADg = ZnyloLesy (1.17)

with, Lk = (1-e"uL)/a, and S is the transmittance through the aperture in the absence of a
sample. A®, and |, are the on-axis (r=0), peak (t=0) nonlinear phase shift and the
irradiance with the sample at focus (Z=0) respectively. The sign of A®,and hence n,
(nonlinear refractive index) is determined from the relative positions of the peak and valley
with Z. This relation is accurate to within +3% for AT, < 1. As an example, if the induced
optical path length change due to the nonlinearity is A/250, AT,, =1% for an aperture

transmittance of S=0.4. Use of S=0.4 is a good compromise between having a large signal
which averages possible beam nonuniformities, thus reducing background signals, and

loss of sensitivity [42,71].

The real third order optical susceptibility can be derived by the Equation 1.18 [41,71]:

Re[x®] = 10‘4@112 (1.18)
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Where c represents the speed of light, nyis the linear refractive index of the material, ¢,
is the permeability of the material at a vacuum [71].The Re[y] is also calculated in a similar

fashion as Im[y] as seen by Equation 1.19:

Rel[y®3)
Refy] = "]

(1.19)

1.4.3 Density Functional theory

Density functional theory (DFT) is a modelling tool used in the field of computational
physics, computational chemistry and materials sciences. The computational technique
is used to obtain general properties of compounds due to the presence of electron density
within the molecules. DFT theory puts great emphasis on one electron density function
than the wavefunction. DFT can be useful in determining the electronic molecular
structure of atoms and molecules [70]. In the recent years, understanding of chemical
structure and the nature of chemical reactions of different molecules based on the
calculations of the electronic structure has gained a lot of interest from different
researchers [70-74]. This interest arose due to the fact that, DFT calculations can be done

correctly while maintaining the time of calculating.

1.4.2.1Theoretical calculations of the second order hyperpolarizability of using
Hyper-Rayleigh Scattering technique

DFT calculations for Hyper-Rayleigh Scattering (HRS) is done in order to the calculate
the first order hyperpolarizability (BHrs) [70-74]. The are many different methods of
calculating Burs, such as Becke three-parameter Lee-Yang-Parr (B3LYP), time
dependents Hatree-fock (TDHF) and Coupled perturbation Hatree-fock (CPHF) to name
a few. However, in this thesis CPHF was used to obtain the Burs value of the Pc
complexes. The reasoning behind using this method is due to its accuracy when

compared to the experimental Burs [73].

Another advantage of this method is that the octupolar and dipolar second order NLO
contributions are theoretically separated. The values of both the dipolar (BJ=1) and

octupolar (BJ=3) are known to be significantly influenced by the number of electrons in the
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system [72]. Due to symmetry constriants there is no permanent dipole moment for

octupolar molecules [73], therefore octupolar molecules present an isotropic 3 tensor.

It is to be noted that the equations presented below are only valid in the off-resonance
region [75]. The following equations were used to calculate the (Burs) response. In
Equation 1.20, (#%zzz) and (B%zxx) are the orientation average of the molecular g tensor

components [75, 65]:
BHRs (2w, W, W)=({Bzzz?) + (Bzxx?))"? (1.20)

Where the (fzzz?) and (Bzxx?) are the orientational average of the molecular B tensor

components, which without assuming Kleinman’s conditions read [75]:

2 XY,z 2 6 «xyz 9 wxy.z
(Bzzz®) = 3577 Begr” + 52 L2 Beog Bomn + 55 Loy Buce” + 52 Teuas Boce Boge +

35 Ziomec Bone” (1.21)
(ﬁzxxz)—— X7 Beog” — 2(;&7) Beeg B + 2?37';2 Bcg” = Zc::n::f Prge Pngs +
wo5 L e Bon” (1.22)

In addition, the molecular geometric information is given by the depolarization ratio (DR),
which is expressed as follows [73]:

R=22) (1.23)

(Bzxx?)

To further clarify the nature of symmetric Rank -3 B tensor, (84zs>) can be decomposed
as a sum of the dipolar(Bj=1) and Octupolar (Bj=3) tensorial components, which are

expressed as [73]:

2
BHrs = +/ (BHRs)? _J |l3] 1 105|B] 3| (1.24)
xyz xyz 3 x,y,Z 3 XY,z
2
zﬁm tz Zﬁazﬁznn c Zb’nc{ tz Z Bnss Bnge  (1.24a)
¢#n {#n J#En#E
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XY,z 2 6 «xy,z 12 «x,y,z 2 3 oxy.2z
|B S X7V Bees® = 2 T2 Beor Benm + 5 S Buct” =% i Buc Bree +
Xiree Bene” (1.24b)

|Bj=3l

Then, the Anisotropy parameter (p)= 7 ———which is employed to evaluate the ratio of the

Jj=1

octupolar [@j=1 =1:;p] and dipolar [j=1 =E] contributions to the B tensor? [73].

The theoretical normalized HRS intensity (12%) is determined by using Bersohn’s
expression [73, 76], Equation 1.25 , which assumes a general elliptically polarized
incident light propagating along the X direction, see Figure 1.7 as an example , reported
in literature [73, 76].

Figure 1.7: Dipolar and Octupolar plots [77].

Equation 1.25 further assumes that the intensity of the harmonic light scattered at 90°

along the Y direction and vertically (V) polarized along the Z axis [73]:

1220 (Bzxx?)cos*W + (Bzzz?)sin*W + sin*Wcos?W * ((Pzxz + Bzzx)? — 2BzzzPfzxx)(1.25)
Where the orientation averages ((Bzxz + Bzzx)? — 2fzzzfzxx) is expressed as?:
((Bzxz + Bzzx)? — 2Bzzzfzxx) = 7{Bzxx?) — (ﬁzzzz)—— nyzﬁzaz —

2 Z{-‘#T] 5((( ﬁinn + Z?L’f ﬁn(( -= Z<¢n¢§ 577(( 51756 + it Z{w;qef ﬁfnf (1.26)

20



1.4.4 Non-parametric NLO processes (Optical Limiting)

Materials consisting of non-parametric NLO processes are often used as optical limiters
[57]. Optical limiting (OL) is a nonlinear effect consisting of a decrease in the
transmittance of the NLO material under high-intensity light. Thus, the transmission of an
optical limiter is high at normal light intensities and low for intense beams of light. Ideally,
the output energy of a limiter rises linearly with input until a threshold is reached, as shown
in Figure 1.8. After the threshold, the output energy is clamped at a given value for any
larger input intensity [44]. Optical limiters are mostly used to protect optical sensors e.g.
the human eye, range finders and night vison goggles from damage against high intensity
light [78].

Figure 1.8: Ideal behavior of an optical limiter [44].
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The optical limiting effect of NLO materials can be attributed to the reverse saturable
absorption (RSA) [44]. In addition, NLO materials consisting of a positive nonlinear
absorption coefficient (B) exhibit RSA. RSA generally occurs when the excited state
absorption cross sections (64, and o1, combined are equal to a,) is larger than the
ground state cross section (gy1)[57, 79]. This process can be understood by looking the
five-energy level diagram in Figure 1.9 below, where the singlet and triplet excited state
absorption cross sections are annotated by o4, and orirn,, and the ground state
absorption cross section is annotated by a4;. The fluorescence lifetimes for the ground,
singlet and triplet state absorption cross sections are annotated by 749, 7,1 and Tyatn

respectively.

When light is absorbed by a material, the singlet excited state is populated and contributes
to the total absorption cross section. And if o, is smaller than ay; , then the material
becomes more transparent or ‘bleaches’; i.e. it is a saturable absorber, whereas if o, is
larger than o, then the total absorption increases, and the material is known as a reverse
saturable absorber. Hence, the ratio of cross sections @, /6y; can be used to evaluate
RSA materials [79]. That means that a large excited-state absorption cross section is not
the only requirement, but also a large difference between the ground and excited state
cross sections [80]. However, although the ratio @, /6, is widely accepted as an indicator
for optical limiting power, there have been examples of materials that exhibit high o, /641
ratios but have weak nonlinear response, since they overemphasizes the advantage of
reducing gy, to achieve a large ratio o, /6¢1[44, 79]. Thus, it has also been suggested
that the cross section difference (o, - 6¢1) could be a more useful indicator of optical
limiting action [44, 79].
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Figure 1.9: Five-Orbital Model: Five-Level Energy Diagram explaining the dynamics
of the excited-State population (upward linear blue arrows), two photon absorption
(upward linear red arrow) and nonradiative relaxation and radiative (curved lines)

in the studied complexes [44].

S and T are singlet and triplet states, respectively, as shown in Figure 1.9. As light is
absorbed by a molecule, an initial photon is absorbed at the ground-state level So and
takes the molecule to a high vibrational level of a singlet excited state (S1) and decays to
a low vibrational level through a process known as internal conversion (IC) [44,49]. At this
point the molecule can relax back down to So or decay to the to the triplet excited state
(T1) through a process known as inter system crossing (ISC), were the molecule
undergoes spin-flipping cause by spin-orbit coupling, which normally occur through the
assistance of heavy atoms[44,80]. At T1 the molecule may absorb another photon and be
excited to a higher triplet level Tn or relax back down to Sothrough a process known as

phosphorescence (t1q) [44].

Two photon absorption (TPA) can also be used in a manner similar to RSA to construct
optical limiters. However, TPA is an instantaneous nonlinearity that involves the

absorption of a photon from the electric field to promote a molecule from So to a virtual
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intermediate state, followed by the absorption of a second photon that takes the molecule
to a higher singlet level Sn[44,79]. Since the intermediate state for such transitions is
virtual, energy need not be conserved in the intermediate state but only in the Sp.
Therefore, TPA can be thought of in terms of the three level RSA model for the case
where the lifetime of the intermediate state approaches zero and So is extremely low [44].
The five-level system in Figure 1.9 is derived from the five- level model rate Equation

1.27-1.31 [81]:

dNs,  I*ogNs, Ns, N Ns, (1.27)

dt 2(hw)?2 149 T30 hw '

dNg, 120N N. N INs, N,

S L Tson o Msy | Nsw  O1200sy [y (1.28)

dt 2(hw)? Tio0 T21 hw T13 '
dNr, _ 034INr, _ Nr, + E _ Nz, (1.29)

dt hw Ty3 713 T30 .
dNTn _ 0-34_INT1 _ NTTI. (1 30)

dt hw T3 '

dt hw Ty,

where 641, 612, and o34 are the cross sections describing ground state to §; state, §;to
some state §,,, and T, to some triplet state T,,, respectively, h is Planck’s constant, w is
the frequency of light, and the N;’s represents the populations in different states; af,i)is
the TPA cross section, and the t;’s are the rate constants of the respective states. The
intensity transmitted through the material is represented as I. The intensity transmitted

through the material is given by Equation 1.32 and 1.33 [81]:

Al cdl cl? (2
—_—=——= — [0'01N1 + 0—12N2 + O-34N3] +— O-O‘l’l (132)
dt n,dz n, ny

With
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W t? 2r?

where n, is the solution refractive index (n,, = 1.445 which is the refractive index of
chloroform used in this thesis), c is the speed of light in vacuum, I, is the peak intensity

at the focus of Guassian beam, 7, is the input pulse width, w, is beam waist at focus, z,
is the Rayleigh range, and r is the radius of the aperture. % in Equation 1.32 describes

the change of intensity with propagation of laser light through the material, with z as the
position of the material in the beam profile. Because the lifetimes of §,,, and T,, can be
very short [82,83] these levels can be neglected, and only the time variation of populations
Ny, N4, and N, corresponding to Sy, $1, and T energy levels has been accounted for in
Equations 1.27-1.31. The absorption cross section for the ground state was calculated

using Equation 1.34 [81]:

a
0

where a is the linear absorption and N, is the number of molecules per cm3.
1.4.5 Nonlinear optical properties of phthalocyanines:

Strong nonlinearities in organic molecules usually arise from highly delocalized Tr-electron
systems [45-47] as mentioned above. Research into Pcs as NLO materials has piqued
interest in the past few decades, due to their high 181r-electron conjugated system [44].
Their other advantages include high thermal and chemical stability and their architectural
flexibility [44]. Table 1.1 shows an analogue of Pc’s that have been in the last two

decades.
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Table 1.1: Analogue of Phthalocyanines

m
— Im[y](esu X
Compound R-group B(W) [¥i{esu) Im[x®](esu) | o.lo, Purs Ref.
~10 10-%3(esu)
xX 10 X 10—12
R1=
[(R1)3(R2)]ZnPc 5 3.11 - 10.7 - - [84]
R2=NH2-
R=
(R)sZnPc 2.55 - - 13.3 - [85]
R=
H\N H
(R)}sLnCIPc @ 221 | 3.90E-27 78 - - [86]
[(R1)6(R2)]ZnPc | R1=C3H7OSOz2-, 1.5 3.2E-33 5.7 13.4 -
Ro=| [79]
[(R1)s(R2)]CoPc 0.58 | 1.2E-34 0.22 2.0 -
R1=n-butoxy,
[(R1)s(R2)]ZnPc - - - - 2.2 [87]
R2=NO2PhC=C-
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Table 1.1 (continued)

Compound

R-group

m
B (W)

x 10710

Im[y](esu)

Im[x®)](esu)
x 10712

o.la,

Burs %

10~28(esu)

Ref.

(R)aH2Pc

(R)4CoPc

R=
C=CHsOPhO-

28.5

4.01E-31

7.66

2.28

14.5

4.60E-31

11.2

210

[88]

1.76E-32

13.2

11.3

[89]

0.25

[90]

0.01

[91]
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1.5. Instrumentation/Spectroscopic Characterization

1.5.1 Magnetic Circular Dichroism

Magnetic Circular Dichroism (MCD) spectroscopy was first applied to porphyriniods
during the 1970s [92,93]. MCD is a technique that has been intensively used to assign
the spectra of porphyriniods [92,93].The interest in using MCD spectroscopy to study
porphyriniods arose from the variety of applications that naturally occurring porphyriniods
such as chlorophylls, Heme proteins poses in fundamental processes such as
photosynthesis and as oxygen carriers [92]. In the hopes that synthetic porphyriniods
such as porphyrins, corroles, porphyrazines and phthalocyanines can mimic the same
processes in fields like electrochemistry, photochemistry and ligand- binding chemistry
[92]. In addition, the shape and extent of deformation of synthetic porphyriniods can be
modified by introducing substituent groups or by changing the shape of their 1 systems
[93]. This kind of structural and functional diversity of porphyrins may be the reason why
MCD spectroscopy has been intensively used by porphyrin researchers. MCD
spectroscopy has provided the key to understanding the optical spectrum of porphyrinoids
by confirming the validity of theoretical models, that had been developed based on
molecular orbital (MO) theory. This accounts for the relative intensities and wavelengths
of the major spectral bands of porphyrinoids based on the orbital angular momentum
(OAM) and magnetic quantum number (M.) properties of the LUMOs and HOMOs of the
porphyrinoid T1-system [92]. In the case of biologically significant transition metal
porphyrinoid complexes such as the heme proteins, MCD spectroscopy also provided key
information about the redox and spin state of the central metal, the redox state of the 11-
system and spectral band polarization information, which could not easily be derived from

analysis of UV-vis absorption spectra and theoretical calculations, alone [92].

However, MCD spectroscopy has not been universally adopted in the study of
porphyriniods, despite its success. This is mainly due to the dependence that MCD
spectroscopy has on MO theory while prevalent techniques such as nuclear magnetic
resonance (NMR) and electron paramagnetic resonance (EPR), that rely on valence bond

theory are more extensively used in organic and inorganic molecules [92].The theorical
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basis of MCD spectroscopy are the five electronic quantum numbers which are quantum
number (n), angular momentum (I) , magnetic quantum number (m|), spin quantum
number (s) and spin angular momentum (ms). This is because the magnetic dipole
moment can be attributed to the orbital and spin motion of electrons which results from

the interaction of the electronic states with an applied magnetic field [92,93].

Unlike NMR and EPR, which rely on resonance between spin states, MCD spectroscopy
rely on the absorption of circularly polarized light to form excited electronic states [92].
The signal from MCD spectroscopy arise from the same transition as those observed in
Uv-vis absorption spectrum [92]. However, in contrast to the Uv-vis spectrum, MCD
spectroscopy right-handed polarized light (rcp) is absorbed to the Qx electronic excited
state and left-handed polarized light (Icp) is absorbed to Qy electronic excited state [92].
This is due to the applied magnetic field lifting the degeneracy of the orbital and spins
states of complexes. The process is known as Zeeman splitting or Zeeman effect were
the degeneracy of the ground or excited state is lifted by an applied magnetic field to Am;
=0 and Am, =1 and the difference in the rcp and Icp light intensity of the spectral band is
measured according to the Am; =0 and Am, =1 selection rule [92]. The intensity of the

MCD can be represented by Equation 1.35 below:

Aif“ = 152.58cl |4, (_a—if) +(Bo+ %) f] (1.35)

Where AA._, is the differential absorbance of Icp and rcp light, B the field strength, cl the
product of the concentration (mol I7') and path length (cm), E represents the energy
coordinate in cm™" and is used here to signify that the expression is for the entire spectral
band rather than for just one wavelength, while f is a normalized band shape function

(normally a Gaussian-shaped curve)[92].

The following analysis of the MCD spectra in Equation 1.35 are based on the estimation
of magnitude of three Faraday terms which are Faraday 4,, B, and C, terms respectively
[92-95]. These terms are dependent on the Zeeman splitting of the absorption bands for
rcp and Icp light, the Zeeman splitting of the absorption bands for Icp and rcp light, the
field-induced mixing of zero-field states and the Zeeman splitting based ground state

population adjustment, respectively [92-95]. The Faraday A; term seen in Figure 1.10
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originates from the Zeeman splitting of the orbitally degenerate excited state. The
Faraday A, term shows a highly distinctive derivative band shape, caused by the
separation of the individual band centers of the Icp and rcp light absorbing bands [92-95].
Faraday A, terms are generally observed only when the molecule possesses at least a

three-fold axis of symmetry [92-95].

Figure 1.10: Faraday A; term [92].

The Faraday B, term consists of a Gaussian shaped band (Figure 1.11) see which arises
from the second order effects based on the field induced mixing of the zero-field states
through magnetic dipole transition moments. In this case Faraday B, terms to appear be
dominate when the is no three-fold or higher rotation axis, since there are no orbitally
degenerate states present in the spectra that can be split due to Zeeman splitting [92-95].
Faraday B, terms are also present in the spectra of high symmetry complexes but tend

to be significantly less intense than A; and C, terms, due to their dependency on the
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energy separation of states J and K (AEk;) mixed by the field[84]. Hence, B, terms are
usually observed in complexes with a D2n symmetry, where the two Gaussian shaped
bands lying under the two absorption components indicate that there is a symmetry-split
between the x and y polarized transitions as seen in Figure 1.11. However, a derivative-
shaped signal can be seen when the energy splitting of the x and y polarized transitions
is small, relative to the spectral band width, zero-field splitting of what would otherwise be
an orbitally degenerate 11-1m* excited state is thus referred to as a pseudo-4, term, (see
Figure 1.11) [ 92-95].

Faraday 3, terms Pseudo 4, term|
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Figure 1.11: Faraday B, terms and pseudo-4; term [92].

The Faraday C, term originates from the Boltzmann population distribution across a
degenerate ground state and shows a strong 1/KT temperature dependence. A Gaussian-
Shape Faraday C, term is observed at very low temperature because the lowest split state
contributes to the MCD. The intensity of the C, term dominates the MCD spectrum at very
low temperature and at temperature above saturation point at which the lowest

microstates exists with 100% population, the €, term shape gradually becomes
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asymmetric as a result of the separation of the band centers of transitions absorbing rcp
and Icp light until an equal population is attained for both states at high temperature where

an A, term litke derivative shape band is seen [92-95].
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Figure 1.12: Faraday C, term [92].

Figure 1.13 below shows the MCD and Uv-vis spectra of a AsB type asymmetric Pc
complex respectively. The Q band can of the Pc complex can be seen at the 600-700 nm
region in both the MCD and Uv-vis spectra. the MCD spectrum in this spectral region is
dominated by a pseudo-4; term and hence the transition involves a near-degenerate
excited state [96].
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Figure 1.13: MCD spectra of a tris[3-(4-(phenoxy)phenyl)propanoic acid)-4-
(bezothiazol-2-ylphenoxylphthalocyaninato]zinc(ll)(AsB type asymmetric Pc) in
DMSO [96].

1.5.2. Time- correlated single photon counting (TCSPC)

Time-correlated single photon counting (TCSPC) is based on the detection of single
photons of a periodical light signal, the measurements of the detection times of the
individual photons within the signal period, and the reconstruction of the waveform from
the individual time measurements. The TSCPC technique makes use of the fact that for
low level, high repetition rate signals the light intensity is usually so low that the probability
to detect one photon in one signal period is less than one. Therefore, the detection of
several photons per signal period can be neglected [97]. The TCSPC measurements
relies on the concept that the probability distribution of emission of a single photon after
an excitation yields the actual intensity against time distribution of all the photons emitted
as a result of the excitation [97]. TCSPC is used to measure the fluorescence emission,

excitation, lifetimes and rotational correlation time (anisotropy).
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1.5.2.1 Fluorescence

Luminescence is the process of emission of a photon for any orbital in the excited state,
back to the ground state. Fluorescence in one of two process of luminescence with the
other being phosphorescence. The Jablonski diagram (see Figure 1.14), is named after
the father of fluorescence who is Professor Alexander Jablonski. The diagram illustrates
various energy levels in a phosphorescent molecule [98-101]. Fluorescence is a radiative
process which occurs from the singlet (S1) excited state to the ground (So) state (see
Figure 1.14) at ~10-%s. Fluorescence typically occurs from aromatic molecules and its
spectral data are generally presented as emission spectra [98]. The emission spectra is
dependent upon the chemical structure of the fluorophore and the nature of the media it
has been dissolved in. Individual vibrational energy also contributes to the emission

spectra [98].

Figure 1.14: Jablonski Diagram [101].

The emission spectrum is generally observed at a lower energy or longer wavelength,

when compared to the absorption and excitation spectra, this is due to kasha’s rule which
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indicates that the same emission spectrum is independent of the excitation wavelength
[98,99]. This is caused when a molecule is excited to the highest possible energy level in
the excited state (S1 or S2) and relaxes back down to the lowest possible energy level in
the excited state before fluorescing back to the ground state, this process is known as
internal conversion [98,99]. Hence, emission occurs strictly from the singlet (S1) state,
and emission from the second (S2) is not observed instead radiationless internal
conversion takes place as seen in Figure 1.14. The phenomenon fluorescence can be
observed with the stokes shift (Figure 1.15). This is the difference between the maxima
of the absorption and emission spectra which is approximately 10 nm. Stokes shift is
generally observed when there is lack of change in the environment surrounding the
molecule. In this thesis time-correlated single photon count (TCSPC) technique is used
to measure the emission and excitation spectra. Figure 1.15 shows a typical excitation

and fluorescence spectra of metal free Pc.

Figure 1.15: Excitation (solid red lines), absorption spectra (solid black line) and

emission spectra (dash black line) [102].

35



TCSPC can also be used to measure the fluorescence lifetime (1) and fluorescence
anisotropy (r) of a fluorophore, among various other energy processes. Fluorescence
lifetime is defined as the average time it takes for a fluorophore in the excited state to
return to the ground state [98,99]. There are two types of fluorescence measurements
which are known as steady-state and time-solved. The commonly used measurement is
steady-state, whereby the sample is illuminated with a continuous beam of light followed
by subsequent recording of intensity and emission spectra [99,100]. The later time-
resolved measurements have been commonly used to measure only the lifetime decays

in Phthalocyanine research.

This thesis makes use of TCSPC technique to measure the rotational correlation times
(®P). Rotational correlation time (®) of the molecule can be used to determine the size and
shape of the molecule [98]. The rotational correlation measurements depend on the
viscosity of the solvent. Hence, if the molecule is small, the faster it will rotate in solution.
TCSPC technique is becoming a popular tool in Phthalocyanine research because it has

high sensitivity, dynamic range, data accuracy and precision [98].
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1.6. Summary of thesis aims

This thesis presents the following aims:

1. To synthesis metal-free, cobalt and zinc symmetric and AsB type asymmetric

phthalocyanines, Figure 1.16. Theses Pc complexes will be characterised using

Mass spectroscopy (MS), Uv-vis spectroscopy, Infrared (IR) spectroscopy and

Magnetic circular dichroism (MCD) spectroscopy. The AsB type asymmetric Pc

could be conjugated with nanomaterials consisting of carboxylic groups and

formed into BiPcs through the amino group in future work.

R, = O—O—NHZ R,= SC,H;

3a (M=H,, R,=SC,H;)
3b (M=Co, R,=SC,Hj)
3¢(M=2Zn, R,=SC,H;)

4a (M=H,, R,=OCH,N, R,=SC,H;)
4b (M=Co, R,=0CH;N, R,=SC,H;)
4c (M=Zn, R,=OC4H,N, R,=SC,H;)

Figure 1.16: Synthesized Pc complexes studied in this thesis.

To investigate the fluorescence lifetime and rotational correlation time of these Pc

complexes using time correlated single photon counting (TCSPC).

complexes using Z-scan technique.

To study the nonlinear optical and Optical limiting properties of these Pc

Octupolar/ dipolar contributions to the first order hyperpolarizability of all the Pc

complexes synthesised using density functional theory will be investigated.
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CHAPTER 2:

Experimental
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2. Experimental

2.1 Materials

Ethane thiol, thionyl chloride, 4- aminophenol, 1,3-Diazabicyolo {5,4,0} undec-7-ene
(DBU), Potassium carbonate, Magnesium sulphate, 4,5-dichlorophthalamine, 4-
nitrophthalimide, Cobalt (II) acetate, Zinc (Il) acetate, Sodium Chloride and column
chromatography silica gel 60 (0.04-0.063 mm) were purchased from Sigma Aldrich.
Chloroform, Tetrahydrofuran and Hexane were supplied by Saarchem-Merck. 25%
hydrochloric acid, 25% ammonia solution, acetone, Methanol and N,N-
dimethylformamide (DMF) which was kept dry over molecular sieves before use were

purchased at Beckman/B & M scientific. 98% sulphuric acid was purchased from BDH.

2.2 Equipment/ Instrumentation

Electronic absorption Spectra were recorded on a Multiskan Sky w Cuvette & touch
screen. Magnetic circular dichroism (MCD) spectra were measured on a Chirascan Plus
spectropolarimeter equipped with a permanent magnet, which produces a magnetic field
of 1T (1 Tesla). A solid state large avalanche photodiode (LAADP) was used as a
detector. Emission spectra, excitation spectra, fluorescence lifetimes and rotational
lifetimes were measured using a Fluo Time 300 EasyTau spectrometer (PicoQuant
GmbH) using a time correlated single photon counting (TCSPC) technique. The samples
were excited at 670 nm with a diode laser (LDH-P-670, 20 MHz repetition rate, 44 ps
pulse width, PicoQuant GmnH). Mass spectral data was collected on a Bruker AutoFlex
[Il smart-beam MALDI-TOF mass spectrometer using 95% 2,3- Naphthalenedicarboxylic

acid as the matrix in positive ion mode.

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 pulse duration) as the excitation source.
The laser was operated in a near Gaussian transverse mode at 532 nm (second
harmornic), with a pulse repetition rate of 10 Hz and an energy range of 0.1uJ - 0.1mJ,
which was monitored with an energy detector (Coherent J5- 09). The low repetition rate
prevents cumulative thermal non-linearities. The beam was spatially filtered to remove
the higher modes and tightly focused with a 15cm focal length lens. There was no damage

detected between runs when the sample was replaced or moved.
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2.3. Synthesis of phthalonitriles

2.3.1. Synthesis of 4-nitrophthalimide

(10g, 67.91mmol) of phthalimide was added to a 110mL mixture of 98% H2SO4 and 60%
HNOs (6:1 v/v) at 0-10°C. Thereafter the mixture was allowed to slowly warm to room
temperature and left to react for 4 hours at that temperature. The product was poured into
ice water, then vacuum filtered and a yellowish white precipitate was formed. The product
was dried overnight. Yield:8.850g (88.5%), IR (cm™):3314.22 (N-H), 1539.24 (NO3),
3051.67 (C-H),1694.26 (C=0).

2.3.2. Synthesis of 4-nitrophthalamide

(8.850g, 46.06 mmol) of 4-nitrophthalimide was added to 150mL of 25% ammonia
solution while stirring, to form a yellow suspension. The suspensions was allowed to react
for 24 hours at room temperature. A yellow precipitate was collected using vacuum
filtration and washed with ice water then left to air dry overnight. Yield: 6.470g (73%), IR
(cm™):1506.15 (NO2), 1655.92 (N-H amine)

2.3.3. Synthesis of 4-nitrophthalonitrile

13mL of SOCI2 was added dropwise under nitrogen purge to 25mL dry DMF which had
been cooled to 0-5°C and left to stir for 15 minutes at that temperature. Thereafter (6.479,
35.14mmol) of 4-nitrophthalamide was added to the solution and allowed to slowly warm
to room temperature and left to react for 18 hours under nitrogen purge. The solution was
then slowly added to ice water to crystallize and precipitate the product. The product was
collected using vacuum filtration, washed with ice water and allowed to air dry.
Yield:4.072g (62.94%); IR (cm™'): 2237.36(CN),1528.90 and 1351.75 (NO2); elemental
(%): expected (found). C, 58.03(57.68); H, 4.87(4.41); N, 11.28(11.08); S, 25.82(26.25).

2.3.4. Synthesis of 4-aminophenoxy phthalonitrile (1)

(1,5389g,14.09 mmol) of 4-aminophenol and (2.049g,11.83 mmol) of 4-nitrophthalonitrile
was added to 25mL of nitrogen purged dry DMF while stirring. Thereafter (5.00g, 36.18
mmol) of finely grounded dry anhydrous K2CO3 was added after every 10 minutes for 5
times until a brown solution is seen. The mixture was left for 48 hours to react. The brown
mixture was then added to ice water, thereafter the product was dissolved in using DCM
and was separated from the aqueous solution using a separation funnel. The orange
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product was then washed with brine 3 times and dried using MgSOs. The DCM was
evaporated using a rotatory evaporator and recrystallized in methanol. Yield:0.9932g
(64.58%); IR (cm™):2226.03 (CN); 3451.51 and 3364.71 (NH2); 1272.87 and 1242.98 (CO
alkyl aryl ether); elemental (%): expected (found). C, 71.48(70.92); H, 3.86(3.518); N,
17.86(16.62).

2.3.5. Synthesis of 4,5-dichlorophthalamide

(2.308g, 10.68 mmol) of 4,5-dichloropthalimide was added to 15mL of 25% ammonia
solution while stirring. The suspension was allowed to react for 24 hours at room
temperature. The precipitate was filtered and washed with ice water and dried overnight.
Yield: 2.037g (89.77%); IR (cm"):3419.19 and 3288.37 (NH>).

2.3.6. Synthesis of 4,5-dichlorophthalonitrile

At 0-5°C 7mL of SOCI2 was added dropwise to 10mL of nitrogen purged Dry DMF while
stirring. After 15 minutes (2.072g, 10.62 mmol) of 4,5-dichloropthalamide was added and
allowed to slowly warm to room temperature, then left to react for 24hrs. The mixture was
then added to ice water, vacuum filtered and washed with ice water. Then the product
was left to dry overnight. Yield: 1.511g (72.92%); IR (cm™): 2234.15 (CN); elemental (%):
expected (found). C, 48.77(48.53); H, 1.02(0.57); N, 14.22(14.20).

2.3.7. Synthesis of 4,5-diethylthiophthalonitrile (2)

4,5-dichlorophthalonitrile (2.476 g, 12.57 mmol) was added to a mixture of dry DMF (15.0
mL) and ethanethiol (2.52 mL). The reaction was stirred under nitrogen gas for 12 hours,
while adding finely grounded K2COs (5.00g , 36.18 mmol) was added to the reaction
mixture every 10 minutes. Thereafter the product was then poured in to ice water. DCM
was added to dissolve the product, which was then separated from the aqueous solution
and dried using NaSOs. The product was then recrystallized 3 times and left to dry at
room temperature. Yield:1.561g (63.04%) ; IR (cm™"): 2228.10 (CN), 2935.98 and 2977.23
(aliphatic CH), 1225.34 (Ph-S), elemental (%): expected(found). C, 58.03(57.68); H,
4.87(4.413); N, 11.28(11.08); S, 25.82(26.25).
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2.4. Preparation of symmetrical and asymmetrical A3B type
phthalocyanines

2.4.1. Preparation of 4,5 - 8 - di(ethylthio) phthalocyanine (3a) and 4,5 - -
di(ethylthio)- 4 — B — amino-phenoxy phthalocyanine (4a)

A mixture of 0.04538 g (0.159 mmol) of 4-aminophenoxy phthalonitrile and 0.2725g (1.09
mmol) of 4,5-diethylthio phthalonitrile were added to nitrogen purged pentanol (7 mL, 64.6
mmol) at a temperature of 120 °C while stirring. The mixture was left to stir for 30 minutes,
then 2 drops of DBU were added to the mixture. Thereafter the reaction was left for 7-8
hours. The dark green mixture was left to cool at room temperature, then methanol was
added to precipitate the product. The product was vacuum filtered and washed with hot
methanol and the green precipitate was collected. Column chromatography using silica
gel was then used to separate and purify the target compound. Compound 3a was eluted
with chloroform and compound 4a was eluted with a 90:10 ratio of chloroform and

methanol.

Compound (3a): IR (cm™): 2844, 2912 and 2948 (aliphatic CH stretch), 1234 (Ph-S),
MALDI-TOF MS(m/s): calculated (found). 994.19 (994.32); elemental (%):
expected(found). C, 57.91(56.78); H, 5.06(4.89); N, 11.26(10.65); S, 25.77(27.11). Log «:
4.03(B Band); 3.54,3.77 (v-bands); 4.12 (Q band).

Compound (4a): IR (cm™): 2844, 2912 and 2948 (aliphatic CH stretch), 1225 (Ph-S),
3200 (broad NH2 peak) and 1655 (NH2), 1016 (C-O-C stretch) MALDI-TOF MS(m/s):
calculated (found). 981.22 (981.30); elemental (%): expected (found). C, 61.07(61.84); H,
4.92(5.11); N, 12.92(12.45); S, 16.56(17.61). Log €: 4.13 (B Band); 3.78, 3.87(v-bands);
4.17 (Q band).

2.4.2. Preparation of Cobalt - 4,5 - B - di(ethylthio) phthalocyanine (3b)

Compound 3a (0.0263 g, 0.0267 mmol) was dissolved in a mixture 4mL (51.6 mmol) of
dry DMF and Co(OAc)2 (0.0459 g, 0.258 mmol). The mixture was stirred and refluxed
under nitrogen gas at 120-130°C for 3 hours. Methanol was then added to precipitate the
product out of the solution. The mixture was centrifuged by using a mixture of 1:1 of

methanol and water and the solid product was dried. Column chromatography in silica
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gel was used to purify the product. The product was eluted using a 90:20 mixture of

chloroform and Methanol.

Compound (3b): IR (cm™): 2844, 2912 and 2948 (aliphatic CH stretch), 1234 (Ph-S),
MALDI-TOF MS(m/s): calculated (found). 1054.42 (1052.61 [M-2H]*); Log &: 4.33(B
Band); 3.47(v-bands); 3.93 (Q band).

2.4.3. Preparation of Cobalt -4,5 — 8 - di(ethylthio)- 4 — B — amino-phenoxy
phthalocyanine (4b)

Compound 4a (0.0157g, 0.016 mmol) was dissolved in a mixture 4 mL (51.6 mmol) of
dry DMF and Co(OAc)2 (0.0434 g, 0.245 mmol ). The mixture was stirred and refluxed
under nitrogen gas at 120-130°C for 3 hours. Methanol was then added to precipitate the
product out of the solution. The mixture was centrifuged by using a mixture of 1:1 of
methanol and water and the solid product was dried. Column chromatography in silica
gel was used to purify the product. The product was eluted using a 90:20 mixture of

chloroform and Methanol.

Compound (4b) : IR (cm™): 2844, 2912 and 2948 (aliphatic CH stretch), 1225 (Ph-S),
3200 (broad NH2 peak) and 1655 (NH2), 1016 (C-O-C stretch) MALDI-TOF MS(m/s):
calculated (found).1041.28 (1039.46 [M-2H]*); Log ¢: 4.54 (B Band); 3.84 (v-bands); 4.24
(Q band).

2.4.4. Preparation of Zinc - 4,5 - 8 - di(ethylthio) phthalocyanine (3c)

Compound 3a (0.0163 g, 0.0154 mmol) was dissolved in a mixture 4mL (51.6 mmol) of
dry DMF and Zn(OAc)2 (0.0309 g, 0.168 mmol). The mixture was stirred and refluxed
under nitrogen gas at 120-130 °C for 3 hours. Methanol was then added to precipitate the
product out of the solution. The mixture was centrifuged by using a mixture of 1:1 of
methanol and water and the solid product was dried. Column chromatography in silica
gel was used to purify the product. The product was eluted using a 90:20 mixture of

chloroform and Methanol.

Compound (3c): IR (cm™): 2844, 2912 and 2948 (aliphatic CH stretch), 1234 (Ph-S),
MALDI-TOF MS(m/s): calculated (found). 1060.89 (1058.92 [M-2H]); Log ¢: 4.44 (B
Band); 3.81 (v-bands); 4.45 (Q band).
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2.4.5. Preparation of Zinc -4,5 — B - di(ethylthio)- 4 — B — amino-phenoxy
phthalocyanine (4c)

Compound 4a (0.0146 g, 0.0139 mmol) was dissolved in a mixture 4 mL (51.6 mmol) of
dry DMF and Zn(OAc)2 (0.0272 g, 0.148 mmol ). The mixture was stirred and refluxed
under nitrogen gas at 120-130 °C for 3 hours. Methanol was then added to precipitate the
product out of the solution. The mixture was centrifuged by using a mixture of 1:1 of
methanol and water and the solid product was dried. Column chromatography in silica
gel was used to purify the product. The product was eluted using a 90:20 mixture of

chloroform and Methanol.

Compound (4c): IR (cm™): 2844, 2912 and 2948 (aliphatic CH stretch), 1225 (Ph-S),
3200 (broad NH2 peak) and 1655 (NH2), 1016 (C-O-C stretch) MALDI-TOF MS(m/s):
calculated (found). 1047.77 (1046.14 [M-H]*); Log €: 3.93 (B Band); 4.07 (v-bands); 4.51
(Q band).

2.5. Theoretical /Computer Modelling

Density functional theory (DFT) has proven to be an extremely reliable and useful
computational technique for the study of aromatic compounds such as porphyrins,
phthalocyanines and their derivatives [103]. In the case of the 6 Pc Complexes DFT
calculations where used to optimize the structures. The Gaussian 09 software package
[67] running on CPHPC cluster was used to perform a series of B3LYP geometry
optimization. The non-metal phthalocyanines (3a, 4a) were optimized using a 6-311G (d,
p) basis set whereas the cobalt and zinc phthalocyanines (3b, 4b,3c and 4c) optimized
by a cc-pVDZ basis set, as the 6-311G (d, p) basis set was too small. The TD-DFT
calculations of all the Pc complexes were carried out using the CAM-B3LYP functional of
the Gaussian 09 software package with a 6-311G (d, p) basis set [104]. Coupled-
perturbed Hartree—Fock (CPHF) was applied for obtaining dynamic and static first
hyperpolarizabilities, respectively while using a 6-311G (d, p) basis set for all the Pc

Complexes on the Gaussian 09 software package [73].
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Figure 2.1: Optimized Structures of metal free, cobalt and zinc symmetric and

asymmetric phthalocyanine (3a, 4a, 3b, 4b, 3c and 4c).
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Synthesis, spectroscopic and nonlinear
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3. Synthesis and characterization and nonlinear optical
characterization
3.1 Phthalonitriles

The preparation of the phthalonitriles in Scheme 3.1 to 3.4 below are not new because
these compounds have been synthesised before [105-107]. However, their synthesis is

shown to highlight the exact synthesis method followed in the thesis.

3.1.1 Synthesis and characterization of 4-aminophenoxyphthalonitriles

NO NO
H_98% H2504/ 60% HNOs H__25%NH,OH H; SOCI,/ DMF 0°C
0-10°C, 4 hours oom temp., rs H,
then room temp., 18hrs|

(i) (ii) (iii)

Scheme 3.1: Preparation of 4-nitrophthalonitrile (iv) [105].

The substituted phthalonitrile needed for this work was derived from 4-nitrophthalonitrile,
following this method [105]. The 4-nitrophthalonitrile was prepared through a series of
steps listed above in Scheme 3.1. Each intermediate and final steps of the synthesis were
monitored using Infrared Spectroscopy (IR) in order to ensure that each product was
successfully formed. The procedure was started by using phthalimide (i) as a precursor
to make 4-nitrophthalimide (ii). The reaction proved to be successful as the nitro group (-
NO2) was observed at 1539.24 cm" using IR [105]. The next step involved using (ii) as a
precursor to make 4-nitrophthalamide (iii), which also provide successful as the NO:2
group was retained at the same wavenumber mentioned previously and a new peak was
observed at 1655.92 cm! belonging to the amine group (NH2) [105]. The final step involve
synthesising the 4-nitrophthalonitrile (iv) using (iii) as a precursor which also proved
successful as the (-NO2) peak preserved while the (NH2) peak disappears, also a new
peak belonging to the nitrile group (CN) is observed at 2237.36 cm-! using IR(see Figure

3.1) [93]. Compound (iv) was then recrystallized and element analysis was run in order
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to check the purity of the product and the results observed show that the product was

successfully purified.

H
NOUCN ) Anhy?:i?(l)l?sl.wllzzco‘g I:t\@CN
CN at room temp. CN
(iv) ok 1
(V)
R,= o—@—NH2

Scheme 3.2: Preparation of 4-aminophenoxyphthalonitrile (1) [106].

The preparation of the 4-aminophenoxyphthalonitrile (1) involves a nucleophilic
substitution reaction. In this work the synthesis involves the use of iv and the aminophenol
(v) as precursors to synthesis 1 [106] and dry DMF was used as the solvent and
potassium carbonate anhydrous was used as the catalyst. After 2 days the reaction
change from a transparent yellow colour to a dark brown colour and the product was
collected. The reaction proved successful as seen in Figure 3.1 the aliphatic amino group
(NH2) and the CN group are present at 3364.71, 3451.51 and 2226.03 cm-! respectively
[94]. A peak at 1272.87 and 1242.98 cm-! was also observed belonging to the ether group
(COC) further proving the successful synthesis of compound 1 [106]. The product was
then recrystalized in methanol and elemental analysis proved the successful purification

of the product.
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4-aminophenoxy phthalonitrile

——4-aminophenol

4-nitrophthalonitrile

3650 2650 1650 650
Wavenumber(cm-)

Figure 3.1: Infrared (IR) spectroscopy of 4-aminophthalonitrile, 4-aminophenol and

4-nitrophthalonitrile.

3.1.2 Synthesis and characterization of 4,5-diethylthiophthalonitrile

H__ 25%NH,OH H,  SOCI,/ DMF 0-5°C
C Room temp.,24hrg Hz “then room temp., 24hrs ¢ N
(vi)

(vii) (viii)

Scheme 3.3: Preparation of 4,5-dichlorophthalonitrile (viii) [107].

Similar to the preparation of 4-aminophenoxyphthalonitrile, the 4,5-dichlorophthalonitrile
(viii) was prepared through a series of steps that were monitored the use of IR [95]. The
precursor 4,5-dichloropthalimide (vi) was used to synthesis 4,5- dichlorophthalamine
(vii), and the reaction proved successful due to the observed peaks at 3419.19 and
3288.37 cm™! belonging to the amine group (NH2) [107]. Thereafter compound vii was

used to synthesis the 4,5-dichlorophthalonitrlie as seen by the appearance of the CN
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group at 2234.15 cm' as seen in Figure 3.2 [107]. Compound vii was then recrystallized
in methanol and elemental analysis was done to observe the purity of the compound

which proved the product was successfully purified.

c CN Dry DMF o CN
N Anhydrous K,CO,
c CN at room temp.,12hrs
(viii) (ix) 2

Scheme 3.4: Preparation of 4,5-diethylthiophthalonitrile (2) [107].

The preparation 4,5-diethylthiophthalonitrile (2) involved a nucleophilic substitution
reaction. Compound viii was reacted with ethanethiol in dry DMF while using anhydrous
potassium carbonate as a catalyst. After 12 hrs the product was collected and IR was
used to analysis the product, were a peak at 2234.15 cm™' belonging to the CN group
[107]. In addition, Aliphatic C-H peaks are observed as seen in the Figure 3.2, which
belong to the C-H groups attached to the thiol group. A Ph-S stretch was also observed
at 1234 cm" which belongs to the benzene and thiol bond vibrations [102]. Compound 2
was then purified through recrystallization and the elemental analysis was used to check

the purity of the compound which was observed to be successful.
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Figure 3.2: IR spectroscopy of 4.,5-dichlorophthalamine, 4,5-dichlorophthalonitrile
and 4,5-diehtylthiophthalonitrile.

3.2 Synthesis and characterisation of symmetric and asymmetric
phthalocyanines:

The synthesis of the AsB type asymmetric and symmetric phthalocyanines in this work
was achieved by using the statistical mixed condensation method [106]. A 1:6 ratio of the
compound 1 and 2 were added in the presence of DBU as a catalysing agent. Compound
2 was added in large excess to favour the formation the AsB type asymmetric Pc complex.
The reaction was reaction was left to cyclize for 7-8 hrs and a dark green product was
collected. Because the method used was the statistical mixed condensation method, both
the AsB type asymmetric and symmetric Pc complex were separated from each other by
column chromatography. Although the separation process proved tedious, the two Pc
complexes were separated from each other. The AsB type asymmetric Pc complex (4a)

52



was eluted with a mixture of chloroform and methanol (90:10v/v) while the symmetric Pc
complex (3a) was eluted with just chloroform. Both Pc complexes were purified using their
respective solvents. Cobalt and zinc were then templated into the central cavity of the

AsB type asymmetric and symmetric Pc forming the Pc complexes 3b, 4b, 3c and 4c.

NC:O/ + NC R2

1 2

1-Pentanol/Dry DMF,
DBU/ Co(OAc),/Zn(OAc),,

7-8 hrs, N, atm

R R
R2 R2 ] 2 2
N
R ? R - —&— _ R,
_|Y|_ P R }
R 2
R R
R2 3 R2 2 4 2

R,=OC,H;N, R,=SC,H;

3a (M=H,, R,=SC,H;) 4a (M=H,, R,=OC¢H,N, R,=SC,H;)
3b (M=Co, R,=SC,H;)  4b (M=Co, R,=OC¢H,N, R,=SC,H;)
3¢c(M=Zn, R,=SC,H;)  4c (M=Zn, R,=OC¢H,N, R,=SC,H;)

Scheme 3.5: Synthesis of metal free, cobalt and zinc symmetric and Asymmetric
Phthalocyanines.
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The IR spectroscopic analysis of 4a, 4b and 4c showed a broad peak around 3200 cm-’
which is characteristic of the N-H stretch of a primary amine [106]. This was supported by
a corresponding N-H bending mode at 1655 cm~'[106]. The peak at 1075 and 1078 cm™
is attributed to C-O-C bond [106]. Both the symmetric and asymmetric metal free and
metal phthalocyanines showed a peak at 2950 to 2850 cm-' are attributed to the aliphatic
CH stretch on the thiol ether and a peak at 1234 cm-! which is attributed to the Ph-S
stretch. There is also a disappearance of the CN peak at 2225 cm™' which shows that the
cyclization of the six Pc complexes, was successful. There is also a disappearance of the
NH peak at 3284 cm' for 3b, 4b, 3¢ and 4c, showing that the metal Pcs have undergone

a successful metalation.
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Figure 3.3: Showing FT-IR spectra of compounds 3a, 3b,3c, 4a, 4b and 4c.

Mass spectroscopy (MS) MALDI-TOF was used to analyse the Pc complexes because it
is very fast, easy to use and very sensitive, tolerance to buffer and does not fragment

large molecules into smaller charge particles, rather it turns the large molecules being
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ionised into small droplets. These droplets can then be further desolvated into even

smaller droplets, which molecules with attached [108, 109].

Complex 3a and 4a showed a base peak corresponding to that of the calculated value of
994.32 and 981.30 respectively. Complexes 3b and 4b consist of molecular ion peaks at
1052.61 [M-2H]* and 1039.46 [M-2H]* respectively. Complexes 3¢ and 4c consists of
molecular ion peaks 1058.92 [M-2H]* and 1046.14 [M-H]" respectively. Metal Pc
complexes have been known to degrade with molecular ion peaks [M]*, [M+nH]*, [M-nH]*

(n=1-3) [110].
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Figure 3.4: Showing the MALDI-TOF Mass Spectroscopy of 3a, 4a, 3b, 4b, 3c and
4c.

3.3. Electron absorption and MCD spectroscopy

Figure 3.5: below shows the UV-visible absorption and the MCD spectra of the Metal
free, Cobalt and Zinc Pcs (3a, 4a, 3b, 4b, 3c and 4c) in chloroform. MCD spectroscopy
can be used to identify the main electronic Q(0,0) and B(0,0) bands, due to the presence
of intense Faraday A1 terms and or coupled pairs of oppositely-signed Faraday Bo
terms[84]. Figure 3.5 A and B shows a typical UV-visible absorption and MCD spectra
of 3a and 4a, the split Q band at 732 and 705 nm respectively and with corresponding
Faraday Bo term. The split Q band and the presence of Faraday Boterm suggests that
the compounds excited (HOMO) or ground (LUMO) state molecular orbitals are non-
degenerate [92, 111]. The above observation is typical of Pcs possessing a D2n symmetry
[112]. However, the UV/vis spectra of 4a shows the Qx and Qy transitions to be closer
together and blue shifted (Qy = 705 nm) compared to 3a (Qy = 732 nm). The above
suggests that the differences in Qy wavelength is due to the electron donating nature of

the 4-aminophenoxy substituent [113].

Figure 3.5 C and D shows the UV/vis and MCD spectra of 3b and 4b respectively. The
UV/vis shows a single Q band (typical of metallated Pcs) for both complexes to be at 700
nm (which is a different characteristic compared to 3a and 4a). However, zinc complexes
3c and 4¢ Q band where found to be at 710 nm and 704 nm respectively, (see Figure
3.5 E and F). The MCD spectra of all metallated complexes showed a Faraday A1 term,
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which arises from the Zeeman splitting of an orbitally degenerate excited state [84, 99].
The above suggests that the eg* energy levels are doubly degenerate. Complexes 4b
UV/vis spectra has a single peaked Q band with corresponding Faraday A1term at the
700 nm region, despite its lower molecular symmetry. This in turn suggests that the
peripheral 4-aminophenoxy substituent has minimal effect on the electronic structure of
the Pc [114]. UV/vis and MCD spectra of 3c (in Figure 3.5 E) suggests that the complex
is not prone to aggregation in chloroform compared to all other compounds [111].
Complex 3b and 4b are found to be more aggregated in chloroform compared to all other
compounds. Complexes 3b and 4b Q band appear to be more blue shifted compared to
3c and 4c complexes. The intensity of the aggregation peak (MCD spectra) and the
wavelength is known indicates a strong intermolecular coupling and reflects a co-facial
arrangement (H-aggregation) of Pc complexes [37]. Hence, 3b and 4b intense

aggregation suggests strong intermolecular coupling compared to 3¢ and 4c complexes.
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Figure 3.5: UV-VIS (bottom) and MCD (top) spectra for: (A) 3a, (B) 4a, (C) 3b, (D) 4b,
(E) 3c and (F) 4c in Chl. The calculated bands for the complexes are plotted against

a secondary axis.
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The D1sh symmetry C1eH1s 2- cyclic polyene corresponding to the inner ligand perimeter
with MOs arranged inan M. =0, 1, 2, £3, +4, +5, £6, +7 and 8 nodal property sequence
can be referred to as the parent hydrocarbon perimeter based on the magnetic quantum
number for the cyclic perimeter, M. The allowed four spin M. = +4 — £5 excitations gives
rise to two orbitally degenerate 'Ey excited states on the basis of AM. = +9 and AM, = +1
transitions. These transitions therefore results in the forbidden and allowed Q and B
bands of Gouterman’s 4- orbital model for porphyrins [12, 24, 115]. Michl [116-120]
however introduced an a, s,-a and —s terminology for the four MOs derived from the
HOMO and LUMO of the parent perimeter for the easy comparison of the relative
orderings of the four frontier T-MOs in energy terms as well as the porphyrinoids -
systems with different molecular symmetry. Two of the MOs derived from the HOMO and
LUMO of the C1sH16*> parent hydrocarbon perimeter have nodal planes that coincides
with the yz plane and are referred to as a and — a MOs respectively, while their
corresponding antinodes are referred to as the s and — s MOs. However, since a and s
MOs have angular nodal planes on alternating set of atoms, the incorporation of the aza-
nitrogen atoms will have a larger stabilizing effect on the energy of the s MO leading to a
large separation of the a and s MOs and Q (0, 0) which is dominated by the a— -a and
a— -s one electron transitions [117], Figure 3.6 Thus, leading to a mixing of allowed and
forbidden properties of the Q and B bands, so that the Q band becomes the dominant

spectral feature in the context of Pcs.

The HOMO-LUMO gap of all the Pc complexes relatively similar as seen in Figure 3.6
below indicated by the red diamonds. The HOMO and LUMO of 3b, 4b, 3c and 4c are
relatively destabilized in comparison to 3a and 4a. This is due to cobalt and zinc
introduced in the central cavity of 3b and 4b. In addition, the HOMO- LUMO gap of the
metal Pc complexes relatively larger than that of the metal free Pc complexes. DFT
calculations, see Figure 3.6, show that eg- orbitals of compound 3a and 4a are non-
degenerate LUMO’s (eg*), which is confirmed by MCD and UV/vis results. The splitting in
energy between the eg- orbitals of 4a is observed to be greater than that of 3a. The
increase in the eg- energy gap for 4a is attributed to the compound having a lower
symmetry compared to 3a. The above suggest that the Q band for 4a band should show

greater splitting than 3a. However, the UV/vis spectra of 4a shows extensive aggregation,
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hence the extent of the splitting is not easily observed. DFT calculations also show
differences in splitting of the eg- energy level for cobalt (3b and 4b) and zinc complexes
(3c and 4c). The above suggests that for 4b and 4c¢ insertion of the metal does not cause
the eg* energy levels to be degenerate, the splitting of eg- energy level is only reduced.
The observed theoretical energy gap between the eg energy levels of 4b and 4c is not
easily observed in the UV/Vis and MCD spectra possibly due to aggregation and
interaction of the solvent with the Pc. The DFT calculated differences in the HOMO-
LUMO energy gap for symmetric (3a, 3b and 3c) and asymmetric (4a, 4b and 4c)
compounds did not correlate to the differences in the wavelengths observed in the UV/vis

spectra.
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Figure 3.6: Nodal patterns of the six m-MOs belonging to Pc complexes 3a and 4a
(for the rest of the nodal patterns see appendix Figure 6.1). The MO energies of
3a,4a,3b, 4b, 3c and 4c. The HOMO-LUMO gap values are (Red diamonds) plotted
against the secondary axis.
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3.4. Absorption, fluorescence and excitation

Figure 3.7 A-D shows the normalized absorption, excitation and fluorescence spectra of
the Pc complexes 3a, 4a ,3c and 4c¢ respectively. The excitation and fluorescence spectra
for cobalt Pc complexes (3b and 4b) was unobtainable. This is because cobalt is known
to quench the excited state, due to the unpaired electrons in the d orbital. The excitation
spectra of 3a, 4a and 4c are not identical to the ground state absorption spectra. This is
due to the presence of non-fluorescent aggregates, observed in the ground state UV/vis
spectra of 3a, 4a and 4c [111]. The similarity of complex 3¢ excitation and ground state
absorption spectra suggests the presence of fewer aggregated species compared to 3a,
4a and 4c. The extent of the splitting between the Qx and Qy bands (from the excitation
spectra) is observed to be greater for compound 4a compared to 3a, which corresponds
to the DFT calculated difference in the splitting of the eg* orbitals. The magnitude of the
difference between the Qy and Qx could not be determined using UV/vis spectra due to
aggregation for compound 4a. The Stoke shift of compound 3a and 4a were found to be
12 and 15 nm respectively, thus further confirming the structural differences between the

two compounds [121].
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Figure 3.7: Ground-state absorption (black), fluorescence emission (blue), and
excitation (red) of compounds (A) 3a, (B) 4a, (C)3c and (D) 4c in chloroform,

excitation wavelength of 645 nm.
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TCSPC was used to obtain a typical time resolved mono-exponential fluorescence decay
curve for the metal free complex 4a in chloroform is shown in Figure 4, see
supplementary information for all other compounds. The fluorescence lifetime (see Table
3.1) of the complexes 3a ,3c, 4a and 4c, were found to be 5.7 (4.7), 2.9 (2.5) ,6.1 (4.9)
and 2.9 (2.5) ns respectively in chloroform and THF (shown in parenthesis). The observed
lifetimes lie within the range of metal free and zinc Pc complexes [121,106]. The
introduction of the zinc metal to the central cavity of the Pc complexes, results in the
quenching of the fluorescence lifetime [121,106]. The fluorescence lifetimes in chloroform
were found to be larger in comparison to the fluorescence lifetimes for Pc complexes in
THF.

4a

Figure 3.8: A time resolved mono-exponential fluorescence decay curve (obtained

from TCSPC) for the metal free complexes (4a) in Chloroform (CHL).
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The rotational correlation times for the complexes 3a,3c, 4a and 4c were found to be 0.46
(1.7), 0.24(0.06), 0.13 (0.92) and 0.6 (0.7) ns respectively in chloroform and THF (shown
in parenthesis). The rotational correlation time for the Pc complexes in CHL and THF
were found to be supported by literature [121]. Complex 4c was found to have a largest
rotational correlation time as compared to that of 3a, 4a and 3c in CHL, whereas complex
3a was found to have the largest rotational correlation time in THF, respectively. Complex
4a showed the lowest rotation correctional time when compared to Pc complexes 3a, 3¢
and 4c in CHL and THF. The rotational correlation lifetimes are dependent on the size,
shape and viscosity of the solvent [122]. Hence, the difference in solvent viscosity is the

reason attributed to the varying rotational correlation lifetimes in CHL and THF.

Table 3.1: Q band maxima in the absorption (Abs), fluorescence excitation (Exc)
and emission (Em) spectra, Fluorescence lifetime (t in ns) anisotropy rotational
correlation time (® in ns) values and molecular volumes (Vm) in Chloroform and
THF.

Amax (nm) T (ns) D(ns) Vm (107 m3) Solvent
Compounds Abs Exc Em

3a 698:730 730 742 5.7%0.0259 0.46£1.29 3.34 CHL
698:730 730 742 4.7+0.0158  1.70+0.0418 14.20 THF

4a 685:710 713 722 6.1+£0.0221  0.13£0.0180 0.95 CHL
685:710 713 722 49+0.0202  0.92+0.317 7.87 THF

3c 707 707 719 2.940.00695 0.24+0.0262 1.76 CHL

707 707 719  2.940.0150 0.064+0.00677 0.46 THF

4c 701 701 710 2.5+0.0125  0.60+0.223 4.41 CHL

701 701 710 2.5+0.0142  0.70+0.427 511 THF
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The rotational correlation times (®) were further used to calculate the molecular volume

occupied by the compounds using Equation 3.1 [122]:

»=2 (3.1)

T KT

Where k is the Boltzman constant, n the viscosity, V the molecular volume and T the
absolute temperature. The results of molecular volume using the above equation are
summarised in Table 3.1. The molecular volume from Equation 3.1 are within the range
of the theoretically calculated molecular volume of 1.29x1027 m? for an unsubstituted Pc
compound [123]. The unsubstituted Pc diameter was estimated to be 13.5A [124]. The
theoretical value was calculated using DFT optimised structures at the B3LYP/ 631G(d)
level of theory. The molecular volumes for Pc complexes (3a, 4a, 3c and 4c) were
obtained experimentally using CHL and THF as a solvent. The molecular volume for 3a
is larger than that of 4a in CHL and THF, whereas the molecular volume of 4c is large
than that of 3c in CHL and THF. The above suggests that complexes 3a and 4c interact
with a greater number of solvent molecules and hence does not move at freely in CHL
and THF as compared to 4a and 3c. The molecular volume in THF appear to be large of
complexes 3a, 4a and 4c¢ with the exception of complex 3¢ which seems to have a large
molecular volume in CHL. This suggests that complexes 3a, 4a and 4c have stronger

interaction with THF as compared complexes 3c in THF.
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3.5. Experiment and computational Nonlinear properties of
Phthalocyanines

3.5.1. Open Aperture Z-Scan Analysis

Figure 3.9 shows the open aperture Z-scan transmittance curve and nonlinear fit curves
for qo(zs) for compounds 3a, 4a, 3b, 3c, 4b and 4c in chloroform. The Z-scan data was
obtained with laser power of 35 uJ. All compounds showed strong nonlinear absorption
behavior with a reverse saturable absorption (RSA) profile as shown in Figure 3.9. The
RSA response observed (on the nanosecond timescale) suggests that the cross-sections
of the singlet excited state (S1) and/or triplet excited state (T+1) is greater than that of the
ground state (So). The Tsigarida's method [67] (see, Equation 1.4-1.15) was used to
determine the nonlinear absorption coefficient (8) values by a nonlinear fit of qo(zs), which
is parameter that characterizes the strength of the nonlinearity, in the curve depicted in

Figure 3.9 using Equations 1.10 and 1.11.
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Figure 3.9: Open aperture Z-scan and nonlinear fit curves of 3(a,a’) , 4(a, a’) , 3(b,
b’) ,4(b, b’), 3(c, ¢’) and 4(c, c¢’) in chloroform.

The experimental nonlinear absorption coefficient () values for all the six complexes
were obtained and are tabulated in Table 3.2 respectively. The following B values trend
were obtained for the studied compound; 7.25x 1071° (4b) > 3.76x 1071 (4a) >
3.52x 1071% (4¢) > 2.29x 10710 (3¢c) > 1.68x 1071° (3a) > 1.65x 1071° (3b) mW-'. All
asymmetric complexes showed higher [ values compared to their symmetric
counterparts, suggesting that asymmetric Pcs (studied in this work) have better nonlinear
optical properties then their symmetric counterparts. Insertion of the metal into the center
of the Pc complexs did not show a clear trend with regards to the magnitude of the
values. Amongst asymmetric complexes 4b showed the highest 3 value compared to 4a,
suggesting that insertion of cobalt metal for an asymmetric compound leads to
improvement of NLO properties of the compound. However, insertion of zinc metal
(complex 4c) leads to reduction of the 3 value compared to the metal free (4a) asymmetric
compound. The above suggests that cobalt and zinc have a different and opposite effect
on the polarizability of the asymmetric compounds. However, in symmetric compounds
insertion of the zinc metal (complex 3¢) improves the B value compared to metal free
compound 3a, whilst the cobalt complex 3b leads to reduction of the 8 value. The above
suggest that the role of the central metal, with regards to NLO properties of the studied

compounds, is complicated and depends on the symmetry of the ligand.
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Table 3.2: Nonlinear absorption coefficient (f) of 3a,4a, 3b and 4b in CHL.

Pc Complexes Qo Zr(mm) B(%) % 10-10
3a 3.24 1.87 1.68
4a 9.06 1.69 3.76
3b 2.98 1.85 1.65
4b 6.98 2.89 7.25
3c 3.86 2.68 2.29
4c 7.16 1.87 3.52

The B values for all the six complexes were subsequently used to calculate the imaginary
third order susceptibility (Im[x®)]) using Equation 1.14 [67]. The Im[x®)] values (in Table
3.3) were used to calculate second order hyperpolarizability (Im[y]), which is
concentration independent and is related to the molecule directly, using Equation 1.15
[68]. The Im[y] values followed the same trend as B values; 17.9 x 1073* (4b) > 17.0
X 10734 (4a) > 8.7x 1073* (4¢c) > 4.5 x 1073* (3¢c) > 2.4 x 1073* (3a) > 1.1 x 1073* (3b)
esu. Once again, even at a molecular level the results further supports the above bulk
analysis, with regards to NLO properties of the studied compounds. The above result
suggest that the low symmetry of the ligand contributes the large observed 3 values, due

to the 4-aminophenol substituent.
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Table 3.3: The Imaginary Third order nonlinear susceptibility (Im[x®] ) and Second
order nonlinear hyperpolarizability (Im[y] ) of complexes 3a, 4a, 3, 4b, 3c and 4c in
CHL.

Pc Im[)®](esu) Im[y](esu)
Complexes x 10715 x 10734

3a 5.6 2.4

4a 12.5 17.0

3b 5.5 1.1

4b 24.2 17.9

3c 7.7 4.5

4c 11.8 8.7

3.5.2 Closed Aperture Z-Scan analysis

Figure 3.10 Shows the closed aperture z-scan curves and the nonlinear fitted curves for
compounds 3a, 3b, 3c, 4a, 4b and 4c in chloroform. A nonlinear fit of the closed aperture
z-scan curve allows for the determination of the nonlinear refractive index (n;), the real
part of the third order susceptibly (Re[x?®]) and second order hyperpolarizability (Re[y] ).
The nonlinear refractive index (n2) values were calculated from a variation on the peak to
peak fitting of the closed aperture data using Equation 1.16-1.19 [71]. However, the fitting
for all the complexes, do not resemble the closed aperture data from the z-scan. This was
caused by the transmittance through the aperture (S) values being 0.01 which is less than
S = 0.4 ,which allows more background noise to interfere with the closed aperture data
from z-scan [71]. However, the nz and Re[x®] values were collected using the peak to
peak fitting to give a theoretical plot of the closed aperture Z-scan data (shown in Figure
3.10). Compound 3b, 3c and 4b show better fitting of the data compared to other

compounds, hence only these three compounds are discussed.
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3b
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3¢ 4c

Figure 3.10: The nonlinear curve fit (light blue) and the nonlinear peak fit (orange)
of 3a ,4a, 3b, 4b, 3c and 4c in CHL.

Table 3.4 shows the nonlinear refraction index of all the Pc complexes. Complexes 3b,
3c and 4b studied in this work showed a negative nonlinear refractive index suggesting
that the molecules have a defocusing nonlinearity. The value of the nonlinear refractive

index of the three complexes is in range of reported values for phthalocyanines [41, 42].
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The following nonlinear refraction index (n2) trend was observed for the above complexes
-12.2x 10718 (3¢) > -10.3% 10718 (4b) > -7.58x 10 18(3b) m.W-'. The above trend does
not follow the trend observed for the B values in Table 3.2. The above trend suggests
that having zinc as the central metal improves nonlinear refraction index more than cobalt
as the central metal. The above further suggests that the central metal contributes more

to the nonlinear refraction index compared to the low symmetry of the compounds.

Table 3.4 below show the real parts of the third order susceptibly (Re[x®]) and second
order hyperpolarizability (Re[y]) respectively. The imaginary part of the Pc complexes
appears to be the biggest contributor to the nonlinear response, because the Im[x®]

and Im[y] values (Table 3.5) are large than those of Re[x®] and Re[y].

Complex 4b shows the largest Im[¥®®] and Im[y] at 24.2x 10 'esu and
17.9% 107 3*esu as compared to 3b and 3c. This shows that low symmetry and the
introduction of cobalt as the central metal synergistically improves the nonlinear
absorption response of the Pc complex, with the low symmetry of the molecule being the

greatest contributor.

Table 3.4: The optical intensity at focus (I,), the real third order nonlinear
susceptibility (Re[x®]) and second order nonlinear hyperpolarizability (Re[y]). The

nonlinear refraction index ( n,) of complexes 3a, 4a, 3, 4b, 3c and 4c in CHL.

Pc Io(>5)x Re[xP](esu) Rel[yl(esu) n,() x
Complexes | 12 x 10716 x1073%  4o-18
3a 8.69 -4.17 -0.0174  -7.95
4a 9.27 -3.04 -0.0411  -5.78
3b 8.32 -3.98 -0.791 -7.58
4b 5.31 -5.39 -3.99 -10.3
3¢ 6.03 -6.40 -3.77 -12.2
4c 8.47 -3.56 -2.64 -6.79
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In this work the Gaussian beam profile of the laser intensity from the Z-scan was used,
hence Equation 3.2, which works better for Gaussian beams, was used to determine the
optical intensity (1, ) [124,125], see Table 3.4, in which P;, is the laser power and the w,
is the beam radius at the focal point.

Pin
nwo2/2

The I, value was then used to determine the refractive index change (An) of the Pc

complexes, which was obtained by using Equation 3.3 [126].

An = n, IO (33)

The An value is used to determine one-photon figure of merit (W), which is given by the
equation W = An/aA, where « is the absorption coefficient and 4 is the wavelength at
532 nm. The value of W is promising but marginal. The absorption measured includes all
sources of loss, both intrinsic and extrinsic, and that it may be possible to reduce extrinsic
loss (e.g., scattering due to sample inhomogeneities) [126]. Ideally W must be > 1 for
practical device application. The calculated W values for the complexes studied in this
work are shown in Table 3.5, The figure of merit values of all the compounds where found
to be above 1. Thus, showing that all the compounds are promising candidates for
practical device applications. The obtained figure of merit values are comparable to other

phthalocyanine systems [127, 128].

The two-photon figure of merit, T, was determined by Equation 3.4 below [71]:

_ _Rely] _ B2
T= 4mim[y] - ny (34)

Where 4 is the wavelength at 532 nm. Table 3.5 lists the two (T) photon figure of merit
determined for all Pc compounds. For a third-order nonlinear material to provide a useful
phase change before it is substantially absorbed, it is essential that the two-photon figure

of merit (T) be less than 1 [126]. The T values of all the compounds are found to have
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values less then 1, suggesting that Complexes 3b, 3c and 4b are suitable for use as

nonlinear optical material in devices [126].

Table 3.5: The one (W) and two (T) photon figure of merit for 3a, 4a, 3b and 4b in

chloroform.

Pc w T
Complexes

3a 2520  0.591
4a 11.60  0.038
3b 4.79 0.749
4b 243 0.018
3c 0.13 0.656
4c 2.54 0.002

3.5.3 Total calculated Third order nonlinear susceptibility (x®)and Second order
hyperpolarizability (y)
The total third order susceptibility and second order hyperpolarizability of the complexes

are determined by adding the real and imaginary parts, using Equation 3.5- 3.6 [44, 71]:
x® = Re[x®] + Im[x®] (3.5)

With
Y = Re[y]+ Im[y] (3.6)

Table 3.6 below summarises the overall third order susceptibility (x®®)) and the second
order hyperpolarizability (y ) for all the Pc complexes, respectively. The following x®
values trends were obtained for complexes 3b, 3c and 4b: 4b (23.8 x 1071°) > 3¢
(7.01 x 1071°) >3b ( 5.12 x 107> ) in esu. The asymmetric Pc complexes (4b) is found
to have large x® values compared to symmetric complexes 3b and 3c (see Table 3.6),
suggesting that low symmetry improves the NLO properties of the Pc complexes. The

observed large x® value is due to the 4-aminophenol substituent for asymmetric Pc

76



complex. At a single molecule level, the y value where found to follow the same trend as
x® above, 4b (17.5 x 1073%) > 3¢ (4.13 x 10734) > 3b ( 1.02 x 1073% ) in esu.

Table 3.6: The total Third order nonlinear susceptibility (y®®) and Second order
hyperpolarizability (y) of complexes 3a, 4a, 3, 4b, 3c and 4c in CHL.

Pc x® x 107 5esu Yy X 1073* esu
Complexes
3a 5.20 2.35
4a 11.5 16.6
3b 5.12 1.02
4b 23.8 17.5
3c 7.01 413
4c 11.4 8.44

3.5.4. Analysis of the ground state and excited state cross-sections.

The five-level model rate equations, in the Equation 1.27-1.31, were used to determine
the ground state and excited state cross sections of all the compounds. RSA responses
are usually consistent with two photon absorption (2PA) assisted excited state absorption
(ESA). The rate equations were numerically solved following the methods of Zhang et al
[77].

Figure 3.11 shows experimental data plotted as scattered points and the theoretical
nonlinear fits (based on five-level model) as solid lines for all the Pc compounds. The
cross sections were determined by fitting experimental data with the five-level model
using Equations 1.27-1.31. The nonlinear fits of the data in Figure 3.11 suggests that
the compounds are excited to the singlet excited state (Sn) by a very weak 2PA, as the
only means of excitation at 532 nm (indicated by the UV/vis spectra of these compounds).
Figure 3.11 shows that the greatest contribution to the best-fit line comes from the singlet
ESA.
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3a 4a
3b 4b
3¢ 4c

Figure 3.11: The full fit (blue line), two photon absorption (orange line), singlet
excited state absorption (light blue line) and triplet excited state absorption (purple

line) of the Pc complexes.

Table 3.7 shows the ground state cross section (g,), excited state absorption cross
section (o.) as well as their ratios (g./g,) and difference (o.—a,) for all complexes

studied in this work. The excited state cross sections were found to be greater than the

ground state cross sections (o, > 0,) suggesting that these compounds can act as
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optical limiters. The above results corroborate with the observed RSA in the transmittance
Z-scan data. The ratio of the excited and ground state cross section were found to follow
the following trend 8.8(4c) > 6.8 (4a) > 3.4 (4b) > 3.2 (3c) > 2.4 (3a) > 1.8(3b). The
observed trend shows that all asymmetric complexes have higher ratio values as
compared to the symmetric complexes, suggesting asymmetric compounds to be better
NLO limiters. However, the asymmetric complexes show a different trend compared to
the Im[y] values, while the symmetric complexes show the same trend as the Im[y] values.
Asymmetric zinc complex 4c showed the largest excited and ground state ratio value,

suggesting that 4c is a better NLO limiter compared to all the Pc compounds.

Table 3.7: Ground state cross section, excited state absorption cross section as

well as their ratio and difference at 532 nm, in chloroform.

Pc o4[cm?] x 10717 o.[cm?] x 10717 0./0g 0.—04[cm?]
Complexes % 10-17

3a 2.2 5.27 24 3.1

4a 12.0 81.3 6.8 69.3

3b 50.3 88.2 1.8 379

4b 79.7 268.6 3.4 188.9

3c 64.6 210.0 3.3 145.4

4c 32.0 280.4 8.8 248.4

Table 3.8 shows the 2PA cross section (o2ra [GM]), singlet state absorption cross section
(os [m?]), and triplet-state absorption cross section (at [m?]) for all complexes studied in
this work. The singlet state absorption cross section for the complexes observed in Table
3.8 appears to have the largest contribution to the RSA, with complexes 4b, 4c and 3c

having similar singlet state absorption cross sections.
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Table 3.8: The TPA, Singlet, and Triplet Excited-State Cross Sections (opy4, 05, and

a;, respectively) at 532 nm in Chloroform.

Pc Complexes Orpa o,[m?] o, [m?]
[GM] x 10720 x 10720

3a 225 0.5 0.0
4a 177.8 0.8 0.0
3b 100.8 8.7 0.1
4b 456.6 15.0 11.9
3¢ 1153.6 15.0 6.0
4c 1999.8 14.1 13.9

The TPA cross sections of all the Pcs is summarised in Table 3.8. The following trend
was observed for the TPA cross sections values 1999.8 (4¢c) > 1153.6 (3c) > 456.6 (4b)
> 177.8 (4a) > 100.8 (3b) > 22.5 (3a) in GM. The above ordering does not give a clear
trend on the effect of the central metal on the TPA cross section. However, complex 4c
shows the highest TPA cross section value, which is consistent with ground state and
excited state cross section ratio above. The asymmetric Pc complexes 4b and 4c have
larger TPA cross section compared to 4a. Similarly, symmetric Pc complexes 3¢ and 3b
also show a large TPA cross section compared to 3a. The above suggests that insertion
of the metal enhances that TPA cross section of the Pc complexes values in general. The
above results suggest that TPA cross section is more enhanced for a closed shell

complexes such as 3¢ and 4c compared to pen-shell complexes such as 4b and 3d.

The TPA cross section trends for asymmetric Pcs (4b, 4c and 4a) and symmetric Pcs
(3b, 3c and 3a) coincide with the y values above, which suggests that insertion of the
central metal improves the NLO properties. However, y values suggests that 4b has
better NLO properties compared to 4c¢, which is opposite to what the TPA cross section
suggests. The above could be interpreted to suggest that TPA cross section is not the
predominant factor in explaining the overall observed NLO behaviour of Pcs. Hence, the
use of TPA cross section in the analysis of NLO properties of Pcs, must involve the
analysis of the y values. The excited state population dynamics can contribute more to
the NLO properties of Pc than TPA, even though it is a necessary means of populating

the excited states.
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3.6. Density functional theory of the Pc Complexes

In order to rationalize the Bygrs Observed below in Table 3.6, the Byrs values for the high
and low symmetry Pc compounds were theoretically calculated (see Table 3.6). The
coupled pertudation Hartee-Fock calculated. First order hyperpolarizability in organic
compounds derives from a highly polarizable charge asymmetry of a Ttr-conjugated
system capped with groups of different electron affinities [44]. Therefore, they have been
mostly studied for their third-order optical properties [44]. However, at the end of the
1980s, Marks and co-workers suggested that unsymmetrically substituted
phthalocyanines with suitable donor and acceptor groups capable of displaying efficient

intramolecular charge transfer should exhibit second order NLO responses [129].

Figure 3.11 shows the harmonic light intensities as a function of the polarization and ¥
by polar representation for the all the six Pc compounds with decreasing dipolar
contribution and their corresponding DR values and nonlinear anisotropy parameters,
which were derived from Equation 1.20 — 1.24. As in seen below in Figure 3.11 from the
polar plots, the polarization of the Pc compounds occurs parallel to propagating light

beam.
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Figure 3.12: The harmonic light intensity as a function of the polarization and ¥ by

polar representation of 3a, 4a, 3b ,4b, 3c and 4c.
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Table 3.9: Theoretical first order hyperpolarizability (8;rs)- Dipolar and Octupolar
components. Nonlinear anisotropy parameter and the depolarization ratio of 3a, 4a,

3b and 4b. The dynamic is presented in the bracket parenthesis.

Pc Burs X D u=1) D =3 p DR
Complexes 10~28(esu)
3a 0.019 0.117 0.883 7.57 2.34
4a 0.850 0.696 0.304 0.44 5.79
3b 0.014 0.144 0.856 5.97 217
4b 0.257 0.645 0.355 0.55 5.36
3c 0.014 0.148 0.851 5.73 2.19
4c 0.192 0.549 0.451 0.82 4.61

Table 3.9 above shows the calculated theoretical first order hyperpolarizability (Byrs).
dipolar and octupolar components. Nonlinear anisotropy parameter and the
depolarization ratio (DR) of the six Pc complexes, respectively. The Byrs values were
observed to follow the following trend 0.850x 10728 (4a)> 0.257x 10728 (4b)
>0.192% 10728 (4¢)> 0.019% 10728 (3a)> 0.014x 10728 (3¢) > 0.014%x 10728 (3b) in esu.
The asymmetric Pc complexes (4a, 4b and 4c) appear to have larger Bygrs values in
comparisons to the symmetric Pc complexes (3a, 3b and 3c¢). The nonlinear anisotropy
parameter (p), in Table 3.6 was used to calculate the ratio of dipolar/ octupolar
contribution. An anisotropy parameter value less than 1 suggests a more pronounce
dipolar character and greater than one a more pronounced octupolar character [130]. The
Burs Values suggests that the asymmetric Pc complexes (4a, 4b and 4c) have a greater
dipolar contribution character while the symmetric Pc complexes (3a, 3b and 3c) have a
greater octupolar contribution. Octupolar contribution presents an isotropic B tensor
(hence free of symmetry restrictions) and a complex charge distribution within the
molecule compound while the dipolar contribution is dependent on symmetry. The large
dipolar contribution and the two-dimensional nature of the asymmetric Pc suggests that
the large Byrs values are to the push-pull symmetry for the Pc complexes [131]. The

introduction of a central metal cobalt and zinc appears to affect the Bygrs values of the
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asymmetric Pc complexes by decreasing the pByrs values. Which suggests that the
introduction of zinc and cobalt to the central cavity of the Pc increases the symmetry of
the Pc complexes and thus decreasing the Bygrs values. The molecular geometric
information is given by the given by the depolarization ratio (DR) [130]. An increase in the
DR value suggests lowering of symmetry. As seen in Table 3.6, The DR values of the Pc
complexes trend coincides with that of the Byrs values. The asymmetric Pc appear to
have greater DR values as compared to the symmetric Pc complexes. However, the metal
Pc complexes appear to show a decrease in DR value which supports the previous
statement that the metalation of a Pc slightly increases the symmetry which in turn

decreases the Bygrs Values.
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CHAPTER 4:

Conclusions
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4.Conclusion

4.1. General Conclusion

The symmetrical and asymmetrical AsB type metal free, cobalt and zinc Pc complexes
(3a, 3b, 3c, 4a, 4b and 4c) have been successfully synthesized and characterized using
various spectroscopic techniques which include the Uv-visible absorption and MCD
spectroscopy and fluorescence and rotational lifetime using the TCSPC experiment. The
asymmetrical AsB type metal free, cobalt and zinc Pc complexes (4a, 4b and 4c) have
shown to exhibit a shift to lower wavelength and this has been attributed to the
aminophenol substituents and the octa-substituted symmetrical metal free, cobalt and
zinc Pc complexes (3a, 3b and 3c) shift to higher wavelength and this is attributed to the
sulfur substituents. The Pc complexes (3b and 4b) have shown to exhibit aggregation
which is attributed to the introduction of the cobalt metal to the central cavity of the Pc
complexes. The fluorescence lifetimes of all the synthesized Pc complexes were

determined to be in range of literature values for Pcs at ~2-6 ns.

Z-scan measurements were used to the nonlinear absorption coefficient (8) and the
nonlinear refraction index (n,) values. The following trend was obtained for the
synthesized Pc complexes in terms of the B values 7.25x 1071 (4b) > 3.76x 1071° (4a)
> 3.52x 1071% (4¢) > 2.29% 10710 (3¢c) > 1.68x 1071° (3a) > 1.65% 10710 (3b) mW-'. The
B values trend of synthesized Pc complexes show that the asymmetrical AsB type metal
free, cobalt and zinc Pc complexes (4a, 4b and 4c) have larger B values as compared to
the octa-substituted symmetrical metal free, cobalt and zinc Pc complexes (3a, 3b and
3c¢) which is attributed to the low symmetry of the Pc complexes. The following trend was
obtained for the synthesized Pc complexes (3¢, 3b, and 4b) in terms of the n, values -
12.2x 10718 (3¢c) > -10.3x 1078 (4b) > -7.58x 1078(3b) m.W-'. The n, values of
synthesized Pc complexes (3¢, 3b, and 4b) show a negative value which is attributed
defocusing nonlinearity of the Pc complexes. Also, the p values of the synthesized Pc
complexes appear larger than the n, values, meaning that nonlinear absorption
coefficient (B) is the largest contributor to the overall nonlinear activity of the synthesized

Pc complexes.
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The five- level model rate equation was employed, using the measurements obtained
from Z-scan to determine the two photon absorption, excited state absorption and ground
state absorption cross sections of the synthesized Pc complexes. The following trend was
obtained for the TPA values of the synthesized Pc complexes 1999.8 [GM] (4c) >1153.6
[GM] (3¢c)> 456.61 [GM] (4b)> 177.8 [GM] (4a)> 100.8 [GM] (3b)> 22.5 [GM] (3a). The zinc AsB
type asymmetrical Pc complexes show the largest two photon absorption (3¢ and 4c)
which are attributed to the introduction of the zinc metal to the central cavity of the Pc

complexes and the low symmetry of Pc complex 4c.

Density functional theory (DFT) calculations of dipolar/octupolar contributions were
performed to explain the theoretical second order hyperpolarizability (Bygrs) of the
synthesized Pc complexes. The following trend was obtained for the Byrs values of the
synthesized Pc complexes 0.85x 10728 (4a)> 0.257x 10728 (4b) >0.192x 10728 (4c)>
0.019x 10728 (3a)> 0.014x 10728 (3c) > 0.014x 10728 (3b). The Bygs Values trend of
synthesized Pc complexes show that the asymmetrical AsB type metal free, cobalt and
zinc Pc complexes (4a, 4b and 4c) have larger Byrs Values as compared to the octa-
substituted symmetrical metal free, cobalt and zinc Pc complexes (3a, 3b and 3c¢) which

is attributed to the low centrosymmetric systems of the Pc complexes.
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6. Appendix
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Figure 6.1: Nodal patterns of the four w-MOs of the modeled zinc and cobalt

asymetric and symmtric Pc complexes (3a, 4a, 3c and 4c).
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4c

Figure 6.2: A time resolved mono-exponential fluorescence decay curve (obtained
from TCSPC) of the 3a, 3c and 4c in Chloroform (CHL).
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Figure 6.3: A time resolved mono-exponential fluorescence decay curve (obtained
from TCSPC) of the 3a, 4a, 3c and 4c in Tetrahydrofuran (THF).
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