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ABSTRACT

Transition metal complexes have become an integral part of nonlinear optics. The
design of technologically useful metal complexes poses a continuous challenge for
inorganic chemists. Keeping this in view, the present thesis addresses three major areas.
First, to design and develop transition metal complexes using ligands with extensive m-
conjugation. Second, to synthesize and characterize all the complexes by established
techniques like Elemental analysis, FT-IR spectroscopy, UV-Vis spectroscopy, Single
crystal XRD and NMR spectroscopy. Lastly, to evaluate the nonlinear optical activity of
the complexes using techniques like Z-scan technique and Optical Kerr Gate method and
thereby establishing a relationship between the complex structure and optical
nonlinearity. All the complexes exhibited third-order optical nonlinearity. The Fe(II),
Ni(I) and Zn(II) complexes of 1,2-diaminobenzene and 2-hydroxynaphthaldehyde and
Co(Il), NidI) and Zn(I) complexes of 3,4-diaminobenzophenone and 2-
hydroxynaphthaldehyde displayed a two-photon absorption. On the other hand, Ni(Il),
Cu(Il) and Zn(II) complexes of Schiff base ligands of dimethylamino benzaldehyde and
thiosemicarbazide and Cu(I) complex with 1,10-phenanthroline and triphenylphosphine
exhibited three-photon absorption mechanism. The ionic liquid tagged Schiff base metal
complex also revealed effective two photon absorption with good third-order optical
response. The nonlinear optical study on the complexes revealed encouraging results

which can act as a base for any further improvement and their usage as optical limiters.

Keywords: Coordination complexes, Schiff base complexes, nonlinear optics, third-order

nonlinearity, Z-scan technique.
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CHAPTER 1

INTRODUCTION

Abstract

This chapter speaks about the origin and introduction to co-ordination
compounds. It also introduces the basics of nonlinear optics highlighting the nonlinear

optical processes and the common experimental techniques employed.

1.1 INTRODUCTION TO COORDINATION COMPOUNDS

Alfred Werner’s coordination theory in 1893 was the first attempt to explain the
bonding in coordination complexes. This theory was put forward before the electron had
been discovered by J.J. Thompson in 1896. This theory and his painstaking work over
the next twenty years won Sir Alfred Werner the Nobel Prize for Chemistry in 1913.
With the proposal of various theories like Valence Bond Theory, Crystal Field Theory
and Molecular Orbital Theory, the elucidation of geometry and nature of bonding in the
complexes received a theoretical foundation. Since then, the field of coordination
chemistry has been widely explored. The number and complexity of the coordination
compounds still continue to grow. In fact, a survey on the literature in inorganic
chemistry reveals that more than 70% of the published articles deal with coordination
compounds. With the variety of the coordination compounds being discovered and their
stereochemistry being solved, the applications of these compounds have also widened.
Moreover, the importance of coordination complexes in our day to day life is increasing

due to its interesting electrical, optical and magnetic properties.

For better functioning of the complexes, the choice of the ligand is very

significant. Ligands generally bond to the central metal ion through sulfur, nitrogen
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and/or oxygen atom present in its structure. The denticity and structure of the ligand
plays a crucial role in determining the stereochemistry of the complex. Depending upon
the usage of the complexes in medicines, sensors, optics, etc., the structure of the
coordination compound is designed by carefully choosing the central metal ion and

ligand.

1.2 NONLINEAR OPTICS

Nonlinear optics (NLO) is the study of interaction of light with matter. It is the
branch of optics that describes the behavior of light in nonlinear media, that is, media in
which the dielectric polarization P responds nonlinearly to the electric field E of the light.

This nonlinearity is typically only observed at very high light intensities such as lasers.

The nonlinear interaction of light with matter is the basis of photonics. In linear
interactions of light with matter the relative change of intensity is not a function of
intensity, i.e., interactions like dispersion, refraction, reflection, absorption and
diffraction are observable in the linear range. But all these linear interactions may
become nonlinear if the intensity is high enough and behave as a nonlinear function of

the applied light. Hence, in nonlinear optics the intensity of light is of significance.

Photons are the quantum units of light similar to electrons and carry a certain
amount of energy which can be used for a wide variety of applications The
electromagnetic field of photons oscillates much faster than is possible for electrons.
Also unlike in electronics, in photonic circuits, there is no magnetic and electrical

interference making it more compatible.

Potentially many kinds of gases, liquids and solids are useful for nonlinear optical
applications based on nonlinear absorption and emission. Organic and inorganic systems
are used as nonlinear absorbers for optical switching and mode locking in laser
oscillators. Basically, in a photonic circuit, a photon is used to acquire, store, process and

transmit information. Light can be switched from one channel to another at certain
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junction points. The materials which manipulate the light at these junction points are
known as nonlinear optical materials and these materials are gaining importance in
optical switching, storage and new display technologies. These applications demand

better knowledge about the nonlinear optical process.

1.2.1 Theory of Nonlinear Optics

According to the classical theory of Raman Effect, when a molecule in an electric
field (E) interacts with a material, there is an instantaneous displacement of the electron
density away from the nucleus. This displacement of the electron density results in an
induced electric dipole moment (P) and the molecule is said to be polarized. The size of
the induced dipole moment depends both on the magnitude of the applied electric field
and on the ease with which the molecule can be polarized. At molecular level, this can

be expressed as follows.

P=ec . (1.1)
where a is linear polarizability.
At molecular level,

p=,"6 . (1.2)
where ){m is polarizability of the material.

For such a relation, the plot of polarization as a function of applied electric field is
a straight line whose slope is linear polarizability of the medium. Before the advent of
lasers, it was assumed that the optical parameters are independent of the intensity of the
incident light. However, the discovery of lasers (Maiman 1960) brought a new
dimension in the field of optics. The word LASER is an abbreviation for Light
Amplification by Stimulated Emission of Radiation. Lasers are high intensity light
sources which are characteristically different from ordinary light sources. Laser light

possesses unique features like coherence, collimation and a narrow spectral width and
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can focus at a possible minimum space. A laser can generate a high electric field which
can affect the atomic electric fields of the medium and thereby affect the optical
properties of the medium. This interaction leads to a generation of new electromagnetic
fields altered in phase, frequency and amplitude, giving rise to nonlinear optical (NLO)

phenomena. Actually the polarization of a medium is given by
P=yYE+ P+ +..... . (1.3)

where x? and ¥ represent second and third order susceptibilities of the medium

respectively.
At molecular level, eq. (1.3) is expressed as
P = S0 E +2BpE +ZyE+ ... (1.4)

where S and y; are first and second hyperpolarizabilities and i, j, k, [ correspond to

molecular coordinates.

For small fields ¥ and » can be neglected, so that the induced polarization is
proportional to the strength of the applied field. However, for an intense electric field

such as laser pulse, y'* and y'¥ become significant.

1.2.2 Nonlinear optical materials

The foremost criteria for a material to exhibit second order nonlinearity is a
requirement of noncentrosymmetry in the material structure. This can be illustrated by
considering an electric field incident on a centrosymmetric medium. The resultant
second order polarization for this medium will be SE°. However, since the medium is
centrosymmetric, it must possess an inversion symmetry, i.e., -BE*. This holds good only
when the polarization field is zero, indicating f = 0 for centrosymmetric media.
Generally inorganic crystals like potassium dihydrogen phosphate (KDP), B-barium
borate (BBO) and lithium niobate (LOB) are examples for noncentrosymmetric materials

frequently used for their second order nonlinearity. These crystals exhibit £ value in the
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order of 1-100 x 107 esu, arising from the electron polarizablitiy due to the crystal band

structure and asymmetry associated with the crystal structure.

Contrary to the situation found for second order optical nonlinearities, there is no
such requirement that the material must be noncentrosymmetric to exhibit third order
optical nonlinearity. Here, the polarization field produced by the molecule will be yE*
and —yE”, thus giving rise to second order hyperpolarizability term (y) as the first non-
zero nonlinear term in centrosymmetric media. Compared to second order nonlinear
materials, less no of materials have been studied for their third order nonlinear properties.
This is mainly due to the lack of a detailed understanding of the effect of molecular
structure on the third order NLO response. Generally conjugated organic polymers
exhibit large third order nonlinear coefficients due to highly polarizable electronic

networks in their delocalized m-systems.

1.2.3 Requirements for materials to exhibit NLO response

Most molecules that possess large £ values contain an electron donor group (D)
connected to an electron acceptor group (A) by a m-conjugated polarizable bridge as
shown in Fig. 1.1. The linear optical properties of such dipolar, polarizable (D- & -A)
molecules are characterized by low-energy, D — A intramolecular charge-transfer (ICT)
excitations. It has been discovered that octupolar molecules which possess zero ground
state dipole moments can also show large S values (Zyss and Ledoux 1994). For a
centrosymmetric molecule, f is necessarily equal to 0, but no symmetry restrictions exist
for y. Although the primary requirement for large y values is simply an extensive m-
conjugated system, factors such as molecular asymmetry and 2-D conjugation are also

important for enhancing cubic NLO responses (Tykwinski et al. 1998).
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Electron
Acceptor Group (A)

Fig. 1.1 Schematic representation of “push-pull” chromophores

For a bulk material, the extent of potentially useful NLO activity depends not only
on molecular structure, but also on the macroscopic ordering of the component
molecules, i.e., the crystal-packing arrangement or the ordering within a thin-film or
other material. At the microscopic level, a nonzero y'? value can only be exhibited by a
noncentrosymmetric material, but no special symmetry requirements apply to y. The
creation of materials for quadratic NLO effects is hence especially challenging because it
necessitates both the molecular engineering of suitable structures and their incorporation
into appropriate bulk arrangements. While modern synthetic chemistry allows a high
degree of control over molecular structures, current ability to predetermine macroscopic
structures (e.g. by crystal engineering) is rather limited. By contrast, although the design
criteria for )((3) materials are not well defined, all substances exhibit some degree of cubic
NLO activity. The challenge in this area is hence primarily to prepare molecules with

NLO responses sufficiently large for practical applications (Tykwinski et al. 1998).

1.3 NONLINEAR OPTICAL PROCESSES

Nonlinear absorption is the change in transmittance of a material as a function of
intensity or fluence. With an increase in the input intensity, the probability of absorbing
more than one photon enhances. Few of the main phenomena responsible for nonlinear

absorption are described below.
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1.3.1 Second Harmonic Generation (SHG)

In second harmonic generation, two photons of frequency @ are destroyed and a
photon of frequency of 2w is simultaneously created in a single quantum-mechanical
process (Fig. 1.2). Under proper experimental conditions, the process of second
harmonic generation can be so efficient that nearly all the power in the incident beam at
frequency @ is converted to radiation at the second harmonic frequency 2w. One
common use of SHG is to convert the output of a fixed frequency laser to a different
spectral region. For example, the Nd:YAG laser operates in the near infrared at a
wavelength of 1.06 um. SHG is routinely used to convert the wavelength of the radiation

to 0.53 pm, in the middle of the visible spectrum.

w o) =
> X( ) 2w
—_—

Fig. 1.2 Geometry of second harmonic generation

1.3.2 Sum and Difference Frequency Generation

The process of sum frequency generation is analogous to second harmonic
generation, except that in sum frequency generation the two input waves are at different
frequencies (Fig. 1.3). One application of sum frequency generation is to produce

tunable radiation in the ultraviolet spectral region by choosing one of the input waves to

Dept. of Chemistry, NITK 7



the output of the fixed-frequency visible laser and the other to be the output of a

frequency-tunable visible laser.

0]
1 3 0. =0 +o
(2) 3. 1 2
W, £ >
—_—

Fig. 1.3 Geometry of sum frequency generation

In case of difference frequency generation, the frequency of the generated wave is
the difference of those of the applied fields (Fig. 1.4). It can be used to produce tunable
infrared radiation by mixing the output of a frequency-tunable visible laser with that of a
fixed-frequency visible laser. Here, the lower frequency input field is amplified. Hence

this process 1s also known as optical parametric amplification.

CO]
— _
_— e ) COB C()l 602
@, X >
H

Fig. 1.4 Geometry of difference frequency generation

1.3.3 Two photon Absorption (2PA) process
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Two photon absorption is the process by which the energy gap between two real
states is bridged by the simultaneous absorption of two photons, not necessarily at the
same frequency (Fig. 1.5a). The energy difference between the two states is equal to the
sum of energies of the two photons. Initially, a photon oscillating at frequency hv is
absorbed to make the transition to reach a virtual state. In the next step, another photon
of same energy is absorbed from the virtual state to jump in to the real excited state. In
both cases, the virtual state is not real, i.e., the system must absorb the two photons

simultaneously.

. Exited state
Exited state

Th(n
h(l)p Virtual state
Virtual state Th(n
y Virtual state
ha
ho
Ground state Ground state

(a) ®

Fig. 1.5 (a) Two photon Absorption (2PA) and (b) Three photon Absorption (3PA)

processes

1.3.4 Three photon Absorption (3PA) process

Three photon absorption (3PA) is the process which involves the simultaneous
absorption of three photons from the ground state of a system to a higher energy state
(Fig. 1.5b). With an increase in the input energy, the number of photon absorbed

increases resulting in multi-photon absorption.

1.3.5 Excited State Absorption (ESA)
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When the incident intensity is well above the saturation intensity, then the excited
state becomes significantly populated. The excited electrons can rapidly make a
transition to one of the higher states before it eventually transits back to the ground state.
In such kind of process, there are a large number of higher energy states whose energy

difference is in near resonance with the incident photon energy.

Singlet state Triplet state

Ac ll\ T,
Y a: 2PA
S |, \T& | o b: 3PA
\ ¢: ESA
Ta fo ~ 1 T, d:ISC
A
s, || 1 [

Fig. 1.6 Energy level diagram showing 2PA, 3PA, ESA and ISC

The mechanism of various types of absorption processes is represented in Fig.
1.6. The diagram shows different energy levels of a molecule, the singlet ground state Sy,
the excited singlet states S; and S as well as triplet excited states T; and T, It also
displays the different transitions between the energy levels. The transition from the
ground Sy to a higher singlet state by the absorption of a single photon gives rise to linear
absorption. When the photons of same or different energy are simultaneously absorbed
from the ground to higher excited state (Sp to S;), it is denoted as two photon absorption

(2PA), which occurs at high light intensities. When the excited state absorption (ESA)
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occurs, molecules are excited from an already excited state to a higher excited state (S; to
S, and/or T to T,). For this to happen the population of the excited states (S| and/or T})
needs to be high so that the probability of photon absorption from that state is high.
Therefore high intensity light is needed to pump up the molecules to the excited states
before a substantial amount of ESA starts to take place. Also, it is important that life
times of excited states are long enough so that a population of excited states can be
obtained. The life times of the triplet states are longer than the singlet states and
therefore ESA could be enhanced if the molecules could undergo intersystem crossing
(ISC) to the triplet states. More ISC could be achieved by including heavy atoms which
introduces a strong spin orbit coupling between the states. If more absorption occurs
from the excited state than from the ground state, it is usually referred to as reverse

saturable absorption (RSA).

1.3.6 Saturable Absorption

Many materials have the property that their absorption coefficient decreases when
measured using high laser intensity. When the absorption cross section of the excited
state is smaller than that of ground state, the transmission of the system will be increased
once the system is highly excited. This process is called as saturable absorption. Certain
nonlinear optical systems can possess more than one output state for a given input state.
The measured absorption coefficient () depends on the intensity (/) of the incident laser

light by the following expression

ao
& =——
1+1/1,

where oy is low-intensity absorption co-efficient and /; is saturation intensity. One
consequence of saturable absorption is optical bistability. Optical bistability refers to the

situation in which two different output intensities are possible for a given input intensity.
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The principle of optical bistability is generally used in optical switches for optical

communications or optical data processing.

1.4 THIRD ORDER OPTICAL NONLINEARITY

Optical nonlinearity of the third order is a universal property, found in any
material regardless of its spatial symmetry. This nonlinearity is the lowest order
nonlinearity for a broad class of centrosymmetric materials, where all the even-order
nonlinear susceptibilities are identically equal to zero for symmetry reasons. Third-order
nonlinear processes include a vast variety of four-wave mixing processes, which are
extensively used for frequency conversion of laser radiation and as powerful methods of
nonlinear spectroscopy. Frequency degenerate and Kerr-effect phenomena constitute
another important class of third order nonlinear processes. These effects are used for
optical compressors, mode-locked femtosecond lasers and numerous photonic devices,

where one laser pulse is used to switch, modulate or gate another laser pulse.

1.5 COORDINATION COMPLEXES AS NLO MATERIALS

Nonlinear optical responses of coordination complexes have attracted much
attention because of their advantages such as coordination geometry, low-lying intense
metal to ligand charge transitions (MLCT) or ligand to metal charge transitions (LMCT),
variable oxidation states and thermal stability which tune the NLO performance. The
metal center may act as donor or acceptor, giving rise to electron asymmetry and hence
possess optical nonlinearity. Coordination complexes also have high environmental
stability as well as considerable NLO response and thus become an important choice for
NLO materials. Thus compared to organic molecules, metal complexes can offer greater

scope for the creation of multifunctional materials.
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While designing coordination complex for NLO applicability, the choice of ligand
is crucial as the ligands environment plays an essential role in determining the type of
nonlinear behavior in the complex. An overview of the literature shows that metal
complexes having Schiff base ligands have the potential to exhibit large NLO activity.
Basically, compounds containing an azomethine group (-CH=N-), are known as Schiff
bases (Etthing 1840, Schiff 1869). Schiff base is named after its discoverer, German
chemist Hugo Schiff (1834-1915) and is also known as imine, anils, enamines, etc.
Schiff bases are versatile ligands which are synthesized from the condensation of primary
amines and aldehydes or ketones (RCH=NR’, where R and R’ represents alkyl and/or
aryl substituents) (Scheme 1.1).

R-CHO +R' -NH———> RHC=NR' + H,0

R, R' = Alkyl, aryl, cyclohexyl or hetrocyclic group

Scheme 1.1. General procedure for the synthesis of Schiff base

Schiff bases have an excellent chelating ability towards a large number of metal
ions. This is mainly due to the lone pair of electrons on the sp’ hybridized orbital of
nitrogen atom of azomethine group. The chelation can be further improved by
substituting with groups containing one or more donor atoms like oxygen and sulfur in
the vicinity of azomethine group. Thus, depending on the substituent groups, Schiff base
can behave as a monodentate, bidentate or even tridentate ligand. This flexibility in the
denticity of the ligand combined with the ease of its preparation makes this ligand

capable of forming stable complexes with many transition metal ions.

The interest in Schiff bases was initially due to its excellent catalytic activity.

Several review works can be found on the contribution of Schiff base metal complexes as
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catalyst in the field of coordination chemistry (Nishinaga et al. 1989, Chakraborty et al.
1994). With the advent of science, they also found applications in biological field as they
displayed good antimicrobial (Saxena and Shrivastava 1987, Bhardwaj and Singh 1994,
Dholakiya and Patel 2002, Sari et al. 2003, Singh et al. 2006), antifungal (Singh et al.
1999, Ramesh and Sivagamsundari 2003) and antiviral activities and they are even found
to be good anticarcinogens and antitumour compounds (Singh et al. 1996, Chohan and
Sherazi 1999, Jayabalakrishanan and Natarajan 1999, Jeewoth et al. 2000). Emphasis is
now placed not only on the catalytic and biological activities of these Schiff base

complexes, but even on their optical applications.

Along with the chelating ability of the ligands, an extensive n-electron
conjugation also aids the optical nonlinearity. Such kind of conjugation system is
generally provided by organic moieties like alkynyl group (Powell et al. 2004, Dalton et
al. 2007), bipyridine derivatives (Sakaguchi et al. 1991), arenes (Ray et al. 2010),
triphenylphosphine (Thangadurai et al. 2010) and so on. This kind of conjugation acts as
a bridge between the donor and acceptor groups for an easy electrical communication.
Also, the extension or reduction of the electron system brings about a change in the
electron density which may subsequently lead to an efficient optical switching (Sun et al.

2011).

In order to extend the conjugation, charged molecules like ionic liquids can be
tagged to the ligand group. Ionic liquids are generally organic in nature and exist in
liquid state even at room temperature. These ionic liquids can also be added as solvent
during the synthesis of the ligands or complexes. By varying the anionic and cationic
components of ionic liquid, it is possible to tailor the desired properties. Hence in recent
times, ionic liquids have gained importance to enhance optical properties of the
coordination complex. Also in the past couple of years, optical potential of room
temperature ionic liquids based in imidazolium cations has been recognized. However,
very few reports on its physicochemical and optical applications have been reported

(Souza et al. 2008, Calixto et al. 2009)
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1.6 EXPERIMENTAL TECHNIQUES

The initial stages in the development of novel molecular NLO materials are the
synthesis of molecules with large f and/or y values and their incorporation into materials
with substantial ® and/or ¥ coefficients. Although many additional factors must be
considered for practical device applications (e.g. thermal and photochemical stability,
processability, etc.) the NLO properties of molecules and molecular materials can be
adequately described here by reference to values of B, 7, ¥® and . Several methods
have been developed to measure these parameters. Few of the important experimental

techniques have been described below.

1.6.1 Kurtz powder test

For studies of quadratic NLO properties, y'? values are obtained from solid-state
SHG measurements, and Kurtz powder test is often used to screen materials for activity
(Kurtz and Perry 1968). This technique most often involves collection of 532 nm second
harmonic (SH) light produced following irradiation with a near-infrared 1064 nm Nd**:
YAG laser. The SHG efficiencies may be quoted with respect to quartz, ADP, KDP, urea
or other reference samples. Urea is the most commonly used standard for organic
compounds, the relative 1064 nm SHG activities are: quartz (0.0025); ADP=KDP (ca.
0.04); LiNbOs3 (1.5). Different laser fundamentals (e.g. 1907 nm) may be used with
materials which absorb strongly around 532 nm. However, Kurtz powder test is only
semi quantitative, the results being affected by various factors including particle sizes.
Furthermore, a lack of SHG often merely indicates the adoption of a centrosymmetric
crystal structure by a molecule which may nevertheless on its own possess a significant S
value. Powder SHG testing is hence not useful for establishing structure-activity

correlations (SACs).
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The schematic diagram of Kurtz powder technique is shown in Fig. 1.7. In this
technique the sample is prepared by sandwiching the graded crystalline powder with
average particle size of about 90 um between two quartz slides using copper spacers of
0.4 mm thickness. The powdered sample (S) is illuminated using a Q-switched Nd:YAG
laser emitting 1.06 pm 40 ns laser pulses with spot radius of 1 mm. The energy meter D1
serves as a reference to monitor the fluctuation in the input pulse. Filter F1 that transmits
the fundamental laser emission is used to cut off the fundamental laser radiation and to
pass the generated second harmonic. The second harmonic signal generated in the
sample is collected by the lens and detected by the cathode ray oscilloscope (CRO)
coupled with the photo multiplier tube D2.

L

BS Fl § F2
— ™y
\ ( | |cro
\ O\ \ | fD2
2 —
e

laser oscillator S —

B —

Ii

Fig. 1.7 Experimental arrangement of Kurtz powder technique

1.6.2 Z-Scan method

The Z-scan technique provides a highly sensitive and straightforward method for
determining the nonlinear refractive index (7,) and nonlinear absorption coefficient () of
nonlinear materials. Both the sign and the magnitude of the real and the imaginary part
of the third order susceptibility can be deduced by this method. The typical Z-scan

experimental setup is shown in Fig. 1.8. In this technique, a polarized Gaussian laser
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beam, propagating in the Z-direction, is focused to a narrow waist. In a typical
configuration, the sample is moved along the propagation axis of the laser beam (Z-axis)
near the focal position. Gaussian laser beam is used for molecular excitation and its
propagation direction is taken as the Z-axis. The beam is focused using a convex lens,
the focal point is taken as Z = (0. The experiment is done by moving the sample in the
beam path and measuring the corresponding transmission at different positions with
respect to the focus (different values of Z). When the sample is far from the focus and
closer to the lens, the energy density is low and the transmittance characteristics are
linear. As the sample is moved closer to the focus, the energy density increases inducing
optical nonlinearity which decreases the transmittance. The laser beam will have
maximum energy density at the focus, and the transmittance is observed to be minima at
the focus. As the sample is moved further towards the detector end, the energy density
decreases which leads to increased transmittance. When the sample is far from the focus
and near to the detector end, the energy density is low and the transmittance again
becomes independent of light intensity. Energy density will symmetrically reduce on
either side of Z=0, i.e. for the positive and negative values of Z. Thus the sample sees
different laser intensity at each Z position. The typical open aperture Z-scan curve is
shown in Fig. 1.9. In the open aperture configuration the detected transmittance will only
be sensitive to nonlinear absorption since the entire beam enters the detector at all times.
On the other hand, in a closed aperture configuration an aperture is introduced in front of
the detector and the detected transmittance will be sensitive to nonlinear refraction. From
the corresponding transmission values, the nonlinear absorption f and nonlinear
refraction coefficient (772) of the sample can be calculated following the Sheik-Bahae

formalism (Bahae et al. 1990).
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Fig. 1.8 Schematic representation of Z-scan

For instance, when a thin sample of a material with a negative nonlinear refraction
being translated along the Z-axis, the situation can be regarded as treating the sample as a
thin lens of variable focal length due to the change in the refractive index at each
position. When the sample is far from the focus and closer to the lens, the irradiance is
low and the transmittance characteristics are linear. Hence the transmittance through the
aperture is fairly constant in this region. As the sample is moved closer to the focus, the
irradiance increases which induces a negative lensing effect. A negative lens before the
focus tends to collimate the beam. This causes beam narrowing leading to an increase in
the measured transmittance at the aperture. A negative lens after the focus tends to
diverge the beam resulting in the decrease of transmittance. As the sample is moved far
away from the focus, the transmittance again becomes linear in Z direction as the
irradiance becomes low. Thus the curve for transmittance versus Z has a peak followed
by a valley for a material with negative refractive nonlinearity. The curve for a positive
refractive nonlinearity will give rise to the opposite effect, i.e. a valley followed by a
peak shown in Fig. 1.10. Z-scan technique has the advantage of being a simple

technique; it is fairly sensitive and provides quick results.
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Fig. 1.9 Typical open aperture Z-scan transmittance curves for a cubic nonlinearity
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Fig. 1.10 Typical closed aperture Z-scan transmittance curves for a cubic nonlinearity

1.6.3 Degenerate Four-Wave Mixing (DFWM)

The interaction of four electromagnetic waves in a nonlinear optical medium via
third-order nonlinearity is termed as four wave mixing. When all the waves have the
same frequency, it is called degenerate four-wave mixing (DFWM). This is a popular
method for characterizing third-order nonlinear materials and has been used extensively.
There are different geometries like phase conjugate geometry, BOXCARS geometry etc.,
in which a four-wave mixing experiment can be set up. A typical BOXCARS geometry

(Sutherland 2003 and Santhosh et al. 2009), where a laser beam is split into three beams
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and the beams are aligned such that they form spots on the three corners of a square in the
input plane, is shown in Fig. 1.11. The diametrically opposite beams are the pump
beams, and have the same intensity. The third beam is the probe, which is adjusted to
have an intensity of about 20% of the pump beam. These three beams will interact
nonlinearly when focused on to a sample. The resultant DFWM signal can be detected at
the fourth corner of a square in the output plane which is generated due to the phase-
matched interaction k4 = k3 - k2 + kl. The signal is measured using a high sensitive
silicon detector. The strength of this signal beam is proportional to the effective »/.
This technique has several advantages. The signal beam is readily distinguishable from
the other interacting beams. Under proper experimental conditions, the detected signal
has a characteristic dependence on the laser intensity (I° a P). Typical variation of the

DFWM signal as function of the pump intensity is shown in Fig. 1.12.
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Fig. 1.11 DFWM set-up in BOXCAR configuration, 4(k4) is the signal
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Fig. 1.12 DFWM signal versus Probe

1.6.4 Hyper-Rayleigh scattering (HRS)

Since the early 1990s the versatile hyper-Rayleigh scattering (HRS) technique has
also become widely available (Terhune et al.1965). This approach depends on the fact
that microscopic anisotropy within a solution of molecules with quadratic NLO activity
can produce incoherent SH scattering which can be analyzed to afford different
directional components of f. The HRS technique has certain advantages over Electric
field induced second harmonic generation (EFISHG); e.g., it does not require knowledge
of molecular dipole moments () and is applicable to charged and octupolar compounds
which are not amenable to EFISHG study. Although a lack of discrimination between
HRS and multi-photon fluorescence can complicate the derivation of reliable f values for

certain compounds, this potential problem can be circumvented (Olbrechts et al. 1998).

The results from EFISHG or HRS experiments can be corrected for resonance
enhancement by using a simple theoretical two-state model (TSM) given by equation
(1.6) and equation (1.7) (Oudar and Chemla 1977, Oudar 1977), which is reasonably

valid for dipolar molecules in which /£ is primarily associated with a single ICT

excitation.
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where Efis the fundamental laser energy, E,. 1s the energy of maximal absorption, Au;>
is the dipole moment change for ICT excitation, and y; is the transition dipole moment.
The application of equation 1.6 to B values measured with a 1064 nm laser (Bjoe4), Or at
any other chosen wavelength, affords [, the static or zero-frequency first
hyperpolarizability, which provides an estimate of the ‘intrinsic’ molecular
hyperpolarizability, in the absence of any resonance -effects. For octupolar
chromophores, a related three-state model can be used (Joffre et al. 1992). The
complications of resonance enhancement are often minimized in EFISHG studies by
using a 1907 nm laser, but HRS is not well suited to working at such low wavelengths
because the SH scattering effect becomes very weak. However, a 1907 nm HRS
technique was developed in the late 1990s. Sy values are particularly useful when
considering potential practical applications of molecular quadratic NLO materials which
necessitate operation at ‘off-resonance’ wavelengths, generally in the NIR region ca.
1000-1500 nm. Schematic experimental set up for SHG efficiency measurements is

shown in Fig. 1.13.
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Fig. 1.13 Schematic experimental set up for SHG efficiency measurements

1.6.5 Optical Kerr Gate

A variety of two-beam experiments have been devised to measure NLO
properties, the principle being that a high-intensity beam (the pump) causes a change in
the optical properties of a material and the change is then (usually after a variable delay)
detected by the second beam (the probe). The pump and probe beams can be at different
frequencies (for nondegenerate nonlinear effect studies) or at the same frequency similar
to the DFWM experiment. The simplest modification of a pump-probe experiment can
be used to determine nonlinear absorption which can be related to the imaginary part.
Another modification is called the Optical Kerr Gate (OKG). In the OKG experiment
(Fig. 1.14) the pump is linearly polarized and its action on the material induces optical
birefringence that is a change in the refractive index for directions parallel to the

polarization and perpendicular to it.
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Fig. 1.14 Schematic diagram of optical Kerr gate experiment

Thus several methods have been developed to characterize the newly synthesized
nonlinear optical materials, each method having its own advantages and disadvantages.
Depending upon the material and the property desired, a particular measurement
technique is chosen. As an example, if a material should be usable for second-harmonic
generation, it should belong to a non-centrosymmetric group. Thus a test for this should

be possible at a very early stage; the powder technique may be used for this purpose.
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CHAPTER 2

LITERATURE SURVEY AND OBJECTIVES OF THE WORK

Abstract

In the last three decades, several reports on the preparation of coordination
compounds suitable for NLO applications have been published. This chapter presents a
brief survey on the literature regarding design and synthesis of coordination complexes
and their significance in nonlinear optics. The chapter concludes with the outline of the

present work highlighting the main objectives.

2.1 A BRIEF REVIEW ON THE LITERATURE

Since the invention of laser in 1960, there has been enormous increase in the
applications of this newly available light source and its amazing properties and there is no
end to this development in the near future. Generally, the basic necessity for a material to
show NLO behavior is the existence of strong intramolecular charge transfer excitations
in a non-centrosymmetric molecular environment. This can be achieved by considering a
polarizable molecular system (eg. m-conjugation) having an asymmetric charge
distribution due to the presence of donor and/or acceptor substituent groups. Besides the
traditional donor-acceptor (“push-pull”’) organic chromophores, coordination complexes
with their unique characteristics such as various redox properties and diverse geometries,

have given a new dimension to this field.

The study of NLO properties of coordination compounds was first reported in the
mid-1980s. Report in 1987 that cis-1-ferrocenyl-2-(4-nitrophenyl)ethylene exhibited an
SHG efficiency 62 times that of urea (Green et al. 1987) has motivated many

organometallic chemists to enter this field. Until early 1990s the main strategy was to
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design metal-organic NLO chromophores by simply substituting organic donors with
metal centers. But later, inorganic complexes, where the d-electrons are more strongly
held by the metal ion, have shown enhanced optical nonlinearities. Since then, many
reports on the nonlinear properties and applications of these complexes have been
published (Di Bellat et al. 1994, Dhenaut et al. 1995, Coe et al. 1999, Chao et al. 1999, Di
Bella and Fragala 2000, Di Bella et al. 2004).

The first report of NLO metal complex of the tetradentate salen ligand was that of
Chiang and co-workers (1991) where the metal-salen core was used to enhance the NLO
response of the substituted pyridine ligand. The report by Di Bella et al. (1994) on
various Ni(salen) derivatives with different NLO responses opened interesting
perspectives for metal complexes. The second-order NLO properties of iron (III)
complexes [Fe(salen)(pyridyl)X], where X = F, Cl, Br, I, N3, NCS (Fig. 2.1) was studied
by Chiang and his group (1996). While halide and thiocyante complexes exhibited weak
SHG intensities, azide complexes exhibited high SHG efficiency twice that of urea. The
nonlinearity in this complex was attributed to be originating from charge-transfer

transitions in both salen ligand and pyridyl-Fe m system.

X

|
N/’\N_

— \Fe/

O/[\ll \O

AN

@
Y

X=NCS, F, Cl and Y=H

Fig. 2.1 Chemical structure of [Fe(salen)(pyridyl)X]
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Di Bella in collaboration with Lacroix (Di Bella et al. 1995, Lacroix et al. 1996,
Di Bella et al. 1997, Lenoble et al. 1998, Di Bella and Fragala 2000) have carried out a
number of second-order NLO studies on bis(salicylaldehydiminato)metal Schiff base
complexes. Bis(salicylaldehydiminato) Ni(II) Schiff base complexes have proved to be a
new class of efficient NLO materials by showing low-energy charge transfer (CT)

transitions.

Later Averseng et al. (1999) reported the electronic and second-order NLO
properties of a new bis(salicylaldiminato) Ni(Il) Schiff base complexes. These
complexes showed modest NLO response compared to organic chromophores. The role
of different metal ions in the enhancement of NLO response has also been well studied.
NLO properties of a series of coordination compounds, [M(PM-L),(NCS),], with large
aromatic ligands PM-L and divalent metal ion (M = Mn, Fe, Co, Ni and Zn) (Fig. 2.2)
have been measured by HRS technique (Gaudry et al. 2000). The molecular
hyperpolarizability value increased from Ni(I) complex (two unpaired electrons) to

Mn(II) complex (five unpaired electrons).

Fig. 2.2 Chemical structure of [Fe(PM-L),(NCS),]

Zinc halide complexes like Znl,X, (X = Cl, Br, I) with 4-methoxybenzaldehyde

thiosemicarbazone exhibited SHG efficiency 10 times higher than that of urea (Tian et al.
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2002). The relationship between the molecular structures and nonlinear optical properties

were studied based on theoretical calculations and experimental methods.

The nonlinearity of substituted complexes is dominated by the nature and position
of substituent on the aromatic ring. Also a review on the principle classes of NLO
materials illustrates the implication of metal complexes in terms of their oxidation state,
configuration and spin state, in the enhancement of nonlinear behavior (Di Bella 2001).
The hyperpolarizability of Co(II), Cu(Il) and Ni(Il) complexes with 4-(diethylamino)
salicylaldehyde and 4-nitroaniline studied by using second harmonic technique showed
good NLO response (Lacroix et al. 2004, Costes et al. 2005). The crystal structure
established a centrosymmetric molecular structure for Cu(Il) and Ni(II) complexes
whereas a pseudo-tetrahedral molecular structure was established for the Co(Il) complex.
The quadratic hyperpolarizabilities of the ligand and Co(Il) complex were measured by
EFISH technique and was found to be 66 and 110 x 107" esu’! respectively, thereby
displaying a large NLO response. The second-order nonlinear optical properties of a
novel class of materials based on planar Ni(II) complexes of pyrrole 2-aldehyde and
substituted diamine (Di Bella et al. 2004) have been reported (Fig. 2.3). Here, the tetra
coordinated Ni(II) showed second-order optical nonlinearity 1.2 times greater than that of

urea involving a significant octupolar contribution to the optical nonlinearity.

Fig. 2.3 Chemical structure of Ni(II) complexes of pyrrole 2-aldehyde and substituted

diamine
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During the same time, Sheikhshoaie and co-workers (2004) investigated two new
monoazo Schiff base ligands 5-[(4-methylphenyl)azo]-N-(2-hydroxyphenyl) and 5-[(4-
methylphenyl)azo]-N-(2-hydroxyphenyl)salicylaldimine for their nonlinear optical
properties. They attributed the presence of NO; group for the enhancement in NLO

response.

Other than transition metals, complexes of other metals like tin and boron have
also been reported to exhibit good NLO response. Diorganotin compounds obtained by
the reaction of methoxysalicylaldehyde or 4-diethylaminosalicylaldehyde, 2-amino-5-
nitrophenol and dibutyltin or diphenyltin oxide revealed 1.5 times enhancement in
hyperpolarizabilities with a change from boron to tin (Reyes et al. 2004). The boronates
(Fig. 2.4) synthesized by the condensation of salicyladehydes and 2-amino-5-nitrophenol
and 1-naphthyl boronic acid or 2-naphthyl boronic acid or o-tolylboronic acid were
characterized for their second-order (by EFISH technique) and third-order (by THG
Maker Fringe technique) nonlinear behavior (Munoz et al. 2008). The nonlinearity was
attributed to the different conformations of the aryl moieties around the boron-nitrogen

bond which could potentially modulate the electronic properties on the boron compounds.

X,

R

Fig. 2.4 Chemical structure of boronates (R = p-tolylsulfonyl, SCgH;7, SO,CsH,7)
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Recently boron complexes obtained by the reaction of bidentate ligands and
diphenylboronic acid (Fig. 2.5) showed a cubic nonlinear optical susceptibility using
THG Makers and Fringe technique (Rodriguez et al. 2012). The decrease in NLO
response from ligands to boron complexes was attributed to structural conformation or
deformation of electronic m-system. The electronic and structural features of the
synthesized borinates may prove useful for new strategies in the design of novel NLO

dyes.

NO,

I Y E
‘ |
HO/CEO\’B@ N O/B@

Fig. 2.5 Chemical structure of boron complexes

The role of metal in NLO response has been well illustrated by Ray and co-
workers (2010). They found that on probing the coumarin derived dyes by femtosecond
laser, none of the compounds showed any two-photon activity in the wavelength range
760-860 nm. However, in presence of Zn(Il) (Fig. 2.6) and Mg(Il) metal ions, the
compounds exhibited large two-photon absorption as well as emission in the same

wavelength region.
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Fig. 2.6 Chemical structure of coumarin derived Zn(II) complexes

To improve the nonlinearity, ionic liquids are being tagged to the inorganic
complexes. This is mainly due to the liquid crystalline property of ionic liquids (Bowlas
et al. 1996, Gordon et al. 1998). Organic materials with nonlinear optical responses have
been used for the fabrication of opto-electronic devices such as optical limiters, optical
modulators and optofluidic lens (Yin et al. 2007, Xu et al. 2005). Calixto and co-workers
(2009) have carried out NLO studies for two different ionic liquid compounds, 1-n-butyl-
3-methylimidazolium tetrafluoroborate ([BMI]BFs) and 1-n-butyl-3-methylimidazolium
hexafluorophosphate ([BMI]PFs) using Z-scan technique at 514 and 810 nm (Fig. 2.7).
They observed large nonlinear refractive indices of thermal origin at both the
wavelengths. The results revealed that depending on the anion, different ionic liquid
structures are a suitable media for the investigation of nonlocal nonlinear optical

phenomena.

S\ v
'.‘__-l_—; —
—~N=N -
-

Fig. 2.7. Schematic illustration of [BMI|BF, and [BMI]PF; ionic liquid structrues
(X = BF4, PF)
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In the past two years, there has been a remarkable thrust to understand the
conjugated structure and nonlinear optical property of the inorganic complexes.
Concerning this, there are evidences for the enhancement of nonlinear optical properties
due to the presence of donor-acceptor groups in the metal Schiff base complex, resulting
in delocalization of electrons. The Schiff base complexes of Co(Il), Ni(Il), Cu(Il) and
Zn(Il) were prepared by the condensation of 2-aminothiazole and 3-formylchromone
(Kalanithia et al. 2011) (Fig. 2.8). The Cu(Il) complex exhibited a distorted square
planar geometry whereas the other metal complexes exhibited distorted tetrahedral

geometry. The SHG efficiency of Cu(ll) complex was found to be one fourth that of

@%v
CI/ \ \)

M=Co(II),Ni(Il),Cu(ll) and Zn(ll)

urea.

Fig. 2.8 Chemical structure of 2-aminothiazole and 3-formylchromone metal complexes

The present research is focused on understanding the structure-property
relationship for the observed nonlinearity in metal complexes. For this, the optical
properties and geometrical arrangement of the complexes are being systematically
investigated. Tang and co-workers (2011) studied series of asymmetric donor-acceptor
substituted salen-type Schiff bases and their structures and electronic properties. The
complex with NO, substituent showed a large second-order hyperpolarizability. The
enhancement in hyperpolarizability was investigated by studying the HOMO and LUMO
energy gaps. Tang found that the smaller the HOMO-LUMO energy gap, the larger the
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hyperpolarizability. Ying (2012) synthesized a tetra co-ordinated non-centrosymmetric
[Zn(HL),(H,0),] complexes showing SHG response that is ~1.5 times higher than that of
KDP making them potential candidates for photoactive materials. Anitha and co-workers
(2012) have found that the SHG efficiency of azo Schiff base ligand 4-((E)-(4-
chlorophenyl)diazenyl)-2-hydroxybenzylideneamino)-1,5-dimethyl-2-phenyl-1H-

pyrazol-3(2H)-one (Fig. 2.9) is 2.1 times more active than KDP due to their relative

delocalization of mt-electronic clouds.

N——

M
I
cl N~ OH,

Fig. 2.9 Chemical structure of 4-((E)-(4-chlorophenyl)diazenyl)-2-
hydroxybenzylideneamino)-1,5-dimethyl-2-phenyl-1H-pyrazol-3(2H)-one

The inorganic complexes showing third-order nonlinear behavior by 3PA have
also been discovered. Cai et al. (2011) synthesized three mixed ligand Ni(Il) complexes
(Fig. 2.10) and studied their third-order nonlinear optical properties using femtosecond
laser and degenerate four-wave mixing technique. The third-order nonlinear optical
susceptibilities were 3.20 — 3.51 x 10" esu and nonlinear refractive indexes were 5.89 —

6.45 x 102 esu with a response time of 55-81 fs.
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Fig. 2.10 Chemical structure of mixed ligand Ni(II) complexes

Few more reports on Schiff base derivatives exhibiting third-order nonlinear
optical properties have come into picture. Sudeesh and Chandrashekaran (2012) have
studied the third-order nonlinear optical properties of Schiff’s derivatives and the effect
of Ag and Au nanoparticles on their nonlinear properties. The third-order optical
nonlinearity of [PdLPPhs] (L=N-(2-pyridyl)-N-(salicylidene) hydrazine) (Fig. 2.11) was
investigated by our group (Rudresha et al. 2012) using Differential Optical Kerr Gate and
Z-scan techniques. The nonlinear response time and third-order optical susceptibility

were found to be ~90 fs and 3.9 x 107% esu™ respectively.

Fig. 2.11 Chemical structure of [PALPPh;] (L=N-(2-pyridyl)-N-(salicylidene) hydrazine)
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Recently Di Bella (2012) has further reported an unprecedented mode of NLO
switching in bis(salicylaldiminato) Zn(II) Schiff base complex. Here, addition of a Lewis
base such as pyridine led to a switch-on of the quadratic hyperpolarizability. With an
increasing demand to design novel metal complexes with useful NLO response,
theoretical approach is being adopted by a large group of chemists to study the nonlinear
optical properties of coordination complexes by using various theories like density
functional theory (DFT) (Sun et al. 2011, Liu et al. 2012). Thus, in a span of just two
decades, the progress of metal complexes in nonlinear optics has been incredible and still

there is much scope of improvement in this field.

2.2 SCOPE AND OBJECTIVES OF THE WORK

It is well known that nonlinear optical materials have promising applications in
the field of information storage, transmission and display. However, to design materials
with the required NLO response is challenging. In the optics world, which was initially
dominated by organic chromophores as being the best NLO materials, reports on the
wonder a metal can do to the NLO property, is a noteworthy breakthrough. Coordinated
complexes can be easily tunable to achieve the desired target. The ease of preparation of
metal complexes is attributed to the flexibility it offers in terms of metal variation, ligand
variation, coordination geometry, oxidation state, stabilization of organic fragments and
electron donating/withdrawing capabilities of the metal or ligand. The ligands attached
to the metal atom influence the donor-acceptor nature of the metal atom. Electron-
withdrawing ligands coordinated to the metal increase the electronegativity of the metal;
whereas electron-donating ligands decrease the electronegativity of the metal. A large
difference in the electronegativity between metal and ligand introduces large polarities in
the complex molecular system. Further, even greater intramolecular interactions are
expected in metal complexes that possess conjugated ligands because of the effective

overlapping of the m-electron orbitals of the ligand with the metal ion m-orbitals. By
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coordinating a central metal atom with different ligands, it is possible to introduce a
chiral centre making the complex noncentrosymmetric. Keeping in mind these
architectural flexibility provided by the ligands, one can design a metal complex to tailor

the NLO properties to a maximum level.

Among the coordinated complexes, metal complexes of Schiff base ligands are
being extensively explored mainly because of their excellent chelating ability towards a
large number of metal ions. This is mainly due to the lone pair of electrons on the sp’
hybridized orbital of nitrogen atom of azomethine group. Depending on the substituent
groups, Schiff base can behave as a monodentate, bidentate or even tridentate ligand.
Further, substitution of the R and R* group of Schiff base (RCH=NR') with extended

conjugation of m-electrons, like aryl groups, leads to an enhancement of NLO activity.

The N,O, Schiff base ligands can be used for the preparation of NLO compounds,
owing to their synthetic versatility relative to the introduction of electron donor/acceptor
moieties and creation of extensive m-delocalization to introduce large electron asymmetry
(Freire and de Castro 1998). Since they can coordinate with several transition metal ions,
further fine-tuning of the NLO responses is possible as the metal centers can impart
important structural and electronic properties to the organic ligands (Coe 2004). Also,
thiosemicarbazones {R'RZC=N3-N2H-C(=S)-NR3R} possess several donor atoms and
generally bind to metals via N2, N3, S donor atoms forming four membered or five
membered rings. Because of the strong chelating ability of these ligands towards metal
ions like Fe, Cu and Ni, they are of great biological importance. The presence of
extensive m-conjugation in the aromatic ring can also lead to strong hyperpolarizability.
Ligands like 1,10-phenanthroline and triphenylphosphine display strong m-acceptor
character. When they are coordinated to any metal ion which acts as electron donor, it
will lead to acceptor-donor-acceptor type of electronic transitions between ligands and
metals. Further, if these ligands are tagged to an ionic liquid, then due to the charge
separation in the ionic liquid, an enhancement in the optical property of the metal

complex is expected.
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The main purpose of the present research work is to design new molecular
systems with transition metal ions as the central metal ion and Schiff base derivatives as
ligands to yield an affordable and useful NLO material. Consequently, the present work

has been focused on the following objectives:

» To design and synthesize organic chromophores with extensive n-conjugation and/or

donor-acceptor groups.

» To synthesize metal [Fe(Il), Co(Il), Ni(Il), Cu(I), Cu(Il), Zn(Il)] complexes with

ligand/its derivatives.

» To characterize the synthesized ligands and complexes by analytical and spectral

methods.

» To study the nonlinear optical response of the newly synthesized complexes by using

open aperture Z-scan and Optical Kerr gate (for selected complex) techniques.
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CHAPTER 3

SYNTHESIS, CHARACTERIZATION AND NONLINEAR OPTICAL
STUDIES OF Fe(II), Ni(II) AND Zn(II) SCHIFF-BASE COMPLEXES

Abstract

Schiff base complexes of N,N'-bis(2-hydroxynaphthalidene)phenylene-1,2-
diamine) ligand with metal M (M= Ni(ll), Zn(ll) and Fe(ll)) have been synthesized and
characterized by their UV-Vis, FTIR, NMR, elemental analysis and magnetic
susceptibility measurements. Nonlinear optical measurements of the complexes carried
out at 532 nm using nanosecond laser pulses show appreciable third-order optical
nonlinearity. Among the samples, nickel complex displayed maximum optical limiting
capability. Being optical limiters, these complexes have potential applications in

optoelectronics and photonics.

3.1 INTRODUCTION

Of late, much interest has been aroused in the exploration of new materials with
large third-order optical nonlinearities, not only from the perspective of understanding
nonlinear optical (NLO) phenomena (Marder et al. 1991, Bredas 1994) but also from their
potential technological applications related to telecommunications, optical computing,
optical storage and optical information processing (Zyss 1994, Dalton 1995, Marks and
Ratner 1995). New nonlinear optical (NLO) materials are essential for the advancement
of various optoelectronic and nano technologies, e.g. optical communications, high speed
electro-optical information processing, light modulation, light switching and high density
data storage. In the past nonlinear optical research primarily focused on purely inorganic

semiconductors, organic molecules and conjugated polymers (Huang 1998, Burland et al.
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1994). However, after the report by Green et al. (1987), in which good second-harmonic
generation (SHG) efficiency was revealed for a ferrocenyl derivative, attention has been
paid to metal complexes also as potential NLO materials (Long 1995, Whittall et al.
1998). Thus various classes of metal complexes and organometallic compounds (Renx
2008) have systematically been explored for new and optimized NLO materials. Early
and more recent review articles on NLO of metal complexes indicate the breadth of
active research in this field. Despite these efforts, the vast potential of organometallic
and coordination complexes as NLO materials still remain largely untapped. Moreover,
the design and preparation of new NLO active materials required for practical devices is
still a challenging task (Miguel et al. 1999, Sagayaraj and Selvakumar 2009, Yu et al.
20006).

In organic compounds the increase of the optical response is not only due to the
high level of m-conjugated charge transfer but also due to the increase of conjugation
length which plays a determining role in the delocalisation of m-electrons under light

excitation. As a result, the values of )((3)

and S increase with the number of branches of
the molecule (Fuks-Janczarek et al. 2002). Proceeding to organometallics, one hopes to
combine the advantages of organic molecules which possess design flexibility and fast
response with those of inorganic salts which possess properties of mechanical strength
and thermal stability. The flexibility available for organometallics like metal variation,
ligand variation, coordination geometry, oxidation state, electron donating/withdrawing
capabilities of the metal or ligand and stabilization of unstable organic fragments can all,
in principle, be modified to optimize targeted responses (Pignatello et al. 1994, Whittall
1998). In particular, transition metal Schiff base complexes have attracted considerable
attention recently since metal ions can play a central role in many fields such as materials
research, photonics and biology (Powell and Humphrey 2004). Schiff bases are widely
used as analytical reagents because they allow simple and inexpensive determination of
several organic and inorganic substances (Cimernman 1997). They also form stable

complexes with metals that perform an important role in biological systems (Raptopoulou
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et al. 1998). Schiff bases derived from salicylaldehyde are well known as polydentate
ligands (Holm et al. 1966) coordinating as deprotonated or neutral forms. There are

many reports available for metal complexes with bidentate or tridentate ligands.

In this chapter, the synthesis, characterization and NLO measurements of metal M
(M = Fe(I), Ni(Il) and Zn(Il)) complexes of Schiff base derived from 1,2-
diaminobenzene and 2-hydroxynaphthaldehyde have been reported. Their nonlinear
optical property has also been studied using Z-scan technique with a discussion on the

nonlinear mechanism adapted by the complexes.

3.2 EXPERIMENTAL
3.2.1 Materials

All the chemicals used were of analytical grade. Solvents were purified and dried
according to standard procedure (Vogel 1989). NiCl,-6H,0 was purchased from Merck,
ZnCl, and FeCl,.4H,0 were procured from Nice chemicals and were used without further

purification.

3.2.2 Physical measurements

Electronic spectra of the complexes in 200-800 nm range were measured on a
GBC UV-Vis double beam spectrophotometer in N,N-dimethylformamide solution. FT-
IR spectra were recorded on a Thermo Nicolet Avatar FT-IR spectrometer as KBr
powder in the frequency range 400-4000 cm’. The C, H, N and S contents were
determined by Thermoflash EA1112 series elemental analyzer. 'H NMR spectra were
recorded in Bruker AV-400 instrument using TMS as internal standard. Thermal

analysis, differential thermal analysis (DTA) and thermogravimetric analysis (TGA)

measurements were recorded on SII-EXSTAR6000-TG/DTA6300 thermal analyzer with
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heating rate of 10°Cmin™'. Magneto-chemical measurement was recorded on a Sherwood

Scientific instrument.
3.2.3 Z-scan Measurement

Open-aperture Z-scan measurements were performed to determine the nonlinear
transmission of laser light through the samples. The Z-scan is a widely used technique
developed by Sheik Bahae et al. (1990) to measure optical nonlinearity of materials, and
the open aperture Z-scan gives information about the nonlinear absorption coefficient.
Here a laser beam which is spatially Gaussian is focused using a lens and passed through
the sample. The beam’s propagation direction is taken as the Z-axis, and the focal point
is taken as Z = 0. The beam will have maximum energy density at the focus, which will
symmetrically reduce towards either side for the positive and negative values of Z. The
experiment was done by placing the sample in the beam at different positions with
respect to the focus (different values of Z), and measuring the corresponding light
transmission. The graph plotted between the sample position Z and the normalized
transmittance of the sample T (norm.) (transmission normalized to the linear transmission

of the sample) is known as the Z-scan curve. For a Gaussian beam, each Z position
corresponds to an input laser energy density of F(z) = 4\/1n2El.n/ 7*w(z)?, and

intensity of I(z) = F (z)/t, where E;, is the input laser pulse energy, @(z) is the beam
radius, and 7 is the laser pulse width. The curve drawn between F(z) (or I(z)) and T
(norm.) is known as the nonlinear transmission curve. The nonlinear absorption
coefficient of the sample can be numerically calculated either from the Z-scan curve or

the nonlinear transmission curve.

The third-order optical nonlinearity of complexes in DMSO, at the concentration
of 2.5mmol/L, was measured by Z-scan technique. At this concentration the solutions
show a linear transmission of 75%, 60% and 70% respectively for Fe(Il), Ni(Il) and

Zn(II) complexes at the excitation wavelength of 532 nm.
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3.3 SYNTHESIS OF METAL COMPLEXES
3.3.1 Synthesis of ligand (LL1)

Methanolic solution of 1, 2-diaminobenzene (0.138g, 1.2mmol) was added to a
methonolic solution of 2-hydroxynaphthaldehyde (0.108g, 0.63 mmol). The mixture was
stirred for 3 hours in room temperature to give orange yellow precipitate. The precipitate
was washed thoroughly with ethanol and recrystallized using chloroform. The synthetic

route for the ligand is given in Scheme 3.1.

Yield: (86%). M.P: 231°C Anal. Calc. for CysH0N,O, (416.47): C, 80.75; H, 4.84; N,
6.73. Found: C, 80.51; H, 4.77; N, 6.65%. IR (KBr, cm™): 3658 (m), 1617(m), 1323(m),
1083(m), 750(m), 826(m). 'H NMR (400 MHz, DMSO): 9.68 (d, 2H)(OH), 8.51 (d,
2H)(-C-N-), 7.96-7.04 (m, 16H)(aromatic), UV-Vis: Anax (nm) intraligand interactions:
320, 400.

o)
NH, |
Methanol —N N=—
+
eI et Sy
L1

Scheme 3.1 Synthetic scheme for L1

3.3.2 Synthesis of iron complex (C1)

FeCl, 4H,0 (0.237¢g, 1.2mmol) in methanol was added to the ligand (L1) (0.497g,

1.2mmol) in minimum quantity of (4:1) acetone-methanol solvent mixture. The reaction
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mixture was refluxed at 80°C for 2 hours. The resulting dark blackish precipitate was
filtered and washed with methanol followed by hexane and dried in vacuo. The synthetic

method for metal complex C1 is given in Scheme 3.2.

Yield: (70%). M.P: > 330 °C. Anal. Calc. for C,sH2,FeN,O4 (488.31): C, 68.87; H, 4.13;
N, 5.74. Found: C, 68.62; H, 4.05; N, 5.65%. IR (KBr, cm™): 3450(m), 1595(s), 750(m),
830(w), 554(m), 421(m). UV-Vis: Amax(nm) intraligand interactions: 332, 415, d—d
forbidden transition: 466.

OH,

@ + FeCl,4H,0 Acetone Methanol (4:l) § '/}N_
OHHO Reflux AN

L1 c

Scheme 3.2 Synthetic scheme for C1

3.3.3 Synthesis of nickel complex (C2)

NiCl,-6H,0 (0.288g, 1.2mmol) in methanol was added to the ligand (1) (0.497g,
1.2mmol) in minimum quantity of (4:1) acetone-methanol solvent mixture. The reaction
mixture was refluxed at 80°C for 2 hours. The resulting bright red coloured precipitate
was filtered, washed with methnol followed by hexane and dried in vacuo. The synthetic

method for metal complex C2 is given in Scheme 3.3.

Yield: (76%). M.P: > 330 °C. Anal. Calc. for CogHyoN>NiO, (473.14): C, 71.08; H, 3.83;
N, 5.92. Found: C, 70.97; H, 3.80; N, 5.86%. IR (KBr,cm-1): 1607(s), 1317(m), 750(m),
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830(w), 565(m), 423(m). '"HNMR (400MHz, DMSO): 8.55(d, 2H)(-C-N-) , 7.97-7.04
(m,16H)(aromatic), UV-Vis: Amax(nm) intraligand interactions: 330, 387, d—d
forbidden transition: 484.

Acetone’Methanol (4:1)

L1 c2

Scheme 3.3 Synthetic scheme for C2

3.3.4 Synthesis of zinc complex (C3)

ZnCl; (0.194g, 1.2mmol) taken in methanol was added to the ligand (L.1) (0.497g,
1.2mmol) taken in minimum quantity of (4:1) acetone-methanol solvent mixture. The
reaction mixture was refluxed at 80°C for 2 hours. The resulting orange coloured
precipitate was filtered, washed with methanol followed by hexane and dried in vacuo.

The synthetic method for metal complex C3 is given in Scheme 3.4.

Yield: (80%). M.P: > 330°C. Anal. Calc. for CosHaoN>0,Zn(479.86): C, 70.08; H, 3.78:
N, 5.84. Found: C, 69.92; H, 3.71; N, 5.80%. IR (KBr,cm™): 1591(s), 1353(s) 755(m),
832(m), 551(m), 463(m). "HNMR (400 MHz,DMSO): 8.54 (d,2H)(-C-N-), 7.97-6.97

(m,16H)(aromatic). UV-Vis: Amax(nm) intraligand interactions: 343.
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3.4 RESULTS AND DISCUSSION

Scheme 3.4 Synthetic scheme for C3

The analytical data showed that the observed values were in good agreement with

the theoretical values (Table 3.1).

Table 3.1 Analytical data of Schiff base complexes

Complex | Decomp % Found (Theoretical) UV-Vis Data, Apax (nm)
/Ligand temp
Intra ligand d-d
“C) C H N
Transition | Transition
80.51
L1 231 4.77 (4.84) | 6.65(6.73) 320,400 -
(80.75)
68.62
C1 >330 4.054.13) | 5.65(5.74) 332,415 466
(68.87)
70.97
C2 >330 3.80 (3.83) | 5.86(5.92) 330,387 484
(71.08)
69.92
C3 >330 3.71 (3.78) | 5.80 (5.84) 343 -
(70.08)
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3.4.1 FT-IR Spectra

The FT-IR spectra of complexes C1-C3 show that the coordination geometry
around Fe(Il), Ni(IT) and Zn(II) ions are same for all the complexes. The characteristic
stretching frequencies of ligand and complexes are shown in Table 3.2. FT-IR absorption
band due to V(C=N) of the free ligand appears in the region 1610-1620 cm™. For all
complexes, v(C=N) undergoes a negative shift by 5-20 cm™" indicating the coordination
of azomethine nitrogen to the metal (Prabhakaran et al. 2005, Kovacic 1967). The band
in the region 1315-1330 cm™ which is assigned to phenolic v(C—O) in the free ligand, is
shifted to higher wave number in the complexes suggesting the coordination of phenolic
oxygen to metal ion (Prabhakaran et al. 2005, Philip 2004, Soliman and Mohamed 2004).
The bands around 550 cm™ and 470 cm™ in the complexes are assigned to v(M—0) and
V(M-N) respectively (Karvembu et al. 2008). In Fe(II) complex, the observed band in
the region 3450 cm™ is assigned to V(O-H) of coordinated water. FT-IR spectra of

ligand, iron, nickel and zinc complexes are shown in Fig. 3.1 to Fig. 3.4 respectively.

Table 3.2 Infrared spectral data (cm™") for ligands and its Schiff base complexes

Ligand/Complex v (C=N) v (C-O) V(M-0) V(M-N)
L1 1612 1367 - -
C1 1595 1338 554 421
C2 1607 1317 565 423
C3 1591 1322 551 463
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3.4.2 "TH-NMR spectra

The "H NMR spectra of ligand, Ni(II) and Zn(II) complexes exhibit a multiplet
around 6.9-7.9 ppm which has been assigned to the protons of phenyl groups present in
Schiff base ligand. A peak observed at 10.31 ppm in the complex has been assigned to
azomethine proton (—C=N-) (Angela Sorkau et al. 2005, Vettaikaranpudur et al. 2005,
Balasubramanian et al. 2007). In ligand, resonance due to phenolic hydrogen observed at
13.61 ppm is absent in complexes indicating the deprotonation of Schiff base (Table 3.3).
'H-NMR shifts of ligand and Ni(Il) complex are shown in Fig 3.5 and Fig 3.6

respectively.
Table 3.3 '"H-NMR spectral details of ligands and complexes
Complex/Ligand Position (J)
13.61 (d, 2H)(OH), 10.11 (d, 2H)(-C-N-) ,

L 7.96-7.04 (m, 16H)(aromatic),

C1 Paramagnetic.

C2 10.32 (d, 2H)(-C-N-) , 7.94-7.04 (m, 16H)(aromatic)

C3 10.31 (d, 2H)(-C-N-), 7.97-6.97 (m, 16H) (aromatic)
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3.4.3 Thermogravimetric analysis

The TGA and DTA curve for Fe(Il) complex shows a peak around 200°C which
is due to coordinated water molecule. An endothermal peak in DTG further supports this.
Thermo gravimetric analysis (Fig. 3.7) results show that Fe(Il) complex contains one
coordinated water molecule. The TG curves clearly indicate that the complex loses no
weight at all below 180 °C and then loses 3.2% weight (calculated from % TG curve) in
the temperature range of about 180 °C - 230 °C. This matches well with the theoretical
weight loss (~3.68%) of one water molecule. Moreover, according to Nikolaev et al.
(1969) water eliminated above 150 °C can be considered as coordinated water. This
confirms the presence of one coordinated water molecule in the Fe(Il) complex. The
complex is thermally stable up to 300 °C and undergoes complete decomposition by

about 550 °C.
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Fig. 3.7 Thermal analysis of C1

Dept. of Chemistry, NITK 51



3.4.4 UV-Visible spectra

The UV-Visible spectral data of the ligand and complexes recorded in dry DMSO
are depicted in Fig. 3.8. The values of the electronic spectra of ligand and complexes
(C1-C3) are given in Table 3.1. Bands in the region 250-350 nm correspond to intra

ligand transition whereas the region 420-490 nm corresponds to forbidden d-d transitions.

The electronic spectra of Ni(I) complex with an electronic configuration of d°
shows new absorption bands in the visible region at 484 nm which is attributed to the
electronic transition 'A;g — 'A,g. This assignment infers that Ni(I) complexes are
square planar (Lever 1968). The electronic configuration of Zn(Il) complex is d'’ in
which the metal ions are diamagnetic thereby confirming the absence of any d-d

electronic transitions.

0.35
—Ligand (L1)
0.30 Fe Complex(C1)
Ni Complex(C2)
0.25 Zn Complex(C3)
8 0.20
c
]
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S 0.15
o
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Fig 3.8 Linear absorption spectra of Ligand L1 and complexes C1-C3
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3.5 NONLINEAR OPTICAL MEASUREMENTS

In our experiment, samples taken in 1 mm cuvettes were irradiated by laser pulses
of 7 nanoseconds width at the wavelength of 532 nm, available from an Nd:YAG laser
(Quanta Ray, Spectra Physics) provided with the second harmonic option. The laser
beam is spatially Gaussian, as found from a knife-edge measurement (Fig. 3.9). The
beam diameter (FWHM) is found to be 7.84 mm. The Rayleigh range in our experiment
was 1.9 mm. The Z-scan and nonlinear transmission curves are shown in Fig. 3.10 to
Fig. 3.12. As seen, the transmission is reduced at higher intensities, showing that the
samples behave as optical limiters. Maximum nonlinearity was found in nickel complex
(C2) and minimum in iron complex (C1). It is well known that optical limiters have
potential applications in protecting human eyes and other light sensitive devices like

cameras from accidental exposure to intense light.

1.2 4 Beam diameter (FWHM) = 7.84 mm

1.0 OQQ
%f %
] © R\
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Fig. 3.9 Spatial profile of the Nd:YAG laser beam used for the Z-scan experiment,
measured using the knife-edge technique. The solid line is a Gaussian fit to the measured

data.
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Fig. 3.11 Nonlinear transmission curve of C2. Inset shows the open aperture Z-scan
curve. Linear transmission of the sample (corresponding to T (norm.) =1) is 60%. Circles

are data points while solid curves are numerical fits using equation 3.1.

1.02 oo R
| S a
1.00 fgﬁc@og@jbh B 53?;&530830(39 5
i e > o o
0.98 - % © R
: | ° TH%g o
0.96
T 1.02
0.94 100] g o
g 0.92 b 0.981°° 7
- T 0.96-
l_ 1 E 0.94-|
0.90 4 " o092}
- 0.90
0.88 0.884
4 0.864
o 86 . -8000 -4000 o 4000 8000 12000
) z (microns)
1.5E12 1E13 1E14

Input intensity (W/m?)

Fig. 3.12 Nonlinear transmission curve of C3. Inset shows the open aperture Z-scan
curve. Linear transmission of the sample (corresponding to T (norm.) = 1) is 70%.

Circles are data points while solid curves are numerical fits using equation 3.1.

The nonlinear absorption of nanosecond pulses is generally explained by a five-
level model (Yim et al. 1998, Giuliano 1967). It consists of Sy as the ground state, S; and
S, as the first and second excited singlet states and T; and T, as the first and second
excited triplet states, respectively. Each electronic state has many vibrational levels.
Exposure of the molecule to 532nm, 7ns laser pulses may lead to excitation from ground
state Sp to one of the vibrational levels of the first excited singlet state Sy [S;«—So(v=0)]
by absorbing two photons simultaneously. This process is known as two-photon
absorption (2PA) and is characterized by an absorption cross section gyp. From state Sy,

the molecule may further get excited to the higher excited state S, [S,«<—S;]. The singlet
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transition [S,«—S;] does not deplete the population in S; appreciably as atoms excited to
S, decay to S; (v=0) within picoseconds. However, they can be transferred from S; (v=0)
to a lower triplet state T; (v=0) through intersystem crossing from where transitions to a
higher triplet state T, can occur (Poornesh et al. 2010, Yim et al. 1998). The molecules
in the excited state S; can be further excited to the higher energy state S, and similarly
from state T; to T, with absorption cross section of g5 and or, respectively. Such a
process is called excited state absorption (ESA). In particular, if singlet excited state S,
or triplet state T or both have larger absorption cross section than the ground state Sy,
then the absorption mechanism is termed reverse saturable absorption (RSA). Since we
have used nanosecond laser pulses in all our experiments, the triplet—triplet transitions are
expected to make significant contribution to the observed nonlinear absorption.
Moreover, a positive nonlinear absorption coefficient implies that RSA is the dominant

mechanism for absorption (Zhang et al. 2007).

It was found that numerically, a two-photon absorption (2PA) type process gives
the best fit to the obtained open aperture Z-scan data. In the present context, strong two-
step excited state absorption also will happen concurrently with genuine 2PA and hence
the effect is an effective 2PA process. The data obtained are fitted to the nonlinear
transmission equation 3.1 for a two-photon absorption process, given by (Sutherland

1996).

T = ((1 —R)* exp(-al)/ \/;qo )Tln[\/l +q, exp(—t>) }dt .......... (3.1)

where T is the sample transmission given by T(norm.) x linear transmission of the
sample and L and R are the length and surface reflectivity of the sample respectively. o
is the linear absorption coefficient. gy is given by B(1-R)I)L.; where [ is the effective
2PA coefficient, and Iy is the on-axis peak intensity. L. is given by 1-exp(-
al/a). The calculated values of the effective 2PA coefficient for synthesized complexes

are given in Table 3.4. For comparison, under similar excitation conditions, NLO
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materials like Cu nanocomposite glasses had given effective 2PA coefficient values of
10" to 10" m/W (Karthikeyan et al. 2008), bismuth nanorods gave 5.3 x 10" m/W
(Sivaramakrishnan 2007) and CdS quantum dots gave 1.9 x 10° m/W (Kurian 2007)
respectively. This shows that the present samples have a comparable optical nonlinearity,
so that they can find potential applications in optical limiting devices.It may be
worthwhile here to consider whether over and above the effective 2PA mechanism, any
thermal effect is contributing to the observed optical limiting behavior. In general, when
excited with laser pulses of nanoseconds duration, the possibility of sample heating
cannot be excluded. However, this will contribute to the optical limiting action only if
substantial nonlinear scattering takes place in the system. We measured nonlinear
scattering using a photodiode attached at an angle to the beam path in front of the sample,
but it did not give any appreciable signal. Another aspect of the experiment is that since
we used detectors having large apertures, even if the sample shows any nonlinear
refraction it will not contribute to the observed optical limiting behavior. Therefore it is
clear that the nonlinearity arises mostly from two-step excited state absorption in the

system, which is the cause behind the effective 2PA mechanism.

Table 3.4 2PA coefficient f of Schiff base complexes

Complex 2PA coefficient # (mW)
Iron Complex (C1) 7% 1012
Nickel Complex (C2) 5x 101
Zinc Complex (C3) 8x 1012
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CHAPTER 4

SYNTHESIS, CHARACTERIZATION AND THIRD-ORDER
NONLINEAR OPTICAL STUDIES OF Co(II), Ni(II) AND Zn(II) - 3,4-
DIAMINOBENZOPHENONE SCHIFF BASE COMPLEXES

Abstract

The synthesis, structural characterization and nonlinear optical properties of
metal M [M = Co(Il), Ni(Il) and Zn(Il)] complexes with 3,4-diaminobenzophenone and
2-hydroxynaphthaldehyde ligands are reported in this chapter. Nonlinear optical (NLO)
measurements were achieved by Z-scan method using nanosecond laser pulses at 532 nm
to probe the role of M[ONNO] chromophores and the rw-conjugation of the aromatic ring
in the nonlinearity. All the complexes exhibit optical limiting behavior due to effective
two-photon absorption (2PA). The 2PA coefficient was found to be highest for nickel
complex. A rationalization of the structure and the nonlinear behavior of the title
compounds have been provided. Based on their nonlinear properties, the complexes have

a fair chance to be employed as optical limiting materials.

4.1 INTRODUCTON

Schiff base complexes have remained an important and popular area of research
due to their simple synthesis and versatility. Among the Schiff base ligands, the
tetradentate Schiff base ligands are known to form stable complexes with different metal
cations (Akine and Nabeshima 2009). Several metal chelates of the ONNO donor class
of Schiff bases have received considerable attention due to their potential use as catalysts

(Gupta et al. 2009, Zhang et al. 2010), inhibitors (Soltani et al. 2010) and antifungal
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(Negm et al. 2010), antibacterial (Liu et al. 2009), antitumour (Jin et al. 2005) and
herbicidal (Samadhiya and Halve 2001) activities.

Further, interest in the synthesis, design and characterization of the transition
metal complexes of unsymmetrical Schiff base ligands has increased pace in the recent
years. Unsymmetrical Schiff base ligands have clearly offered many advantages over
their symmetrical counterparts in the elucidation of the composition and geometry of the
metal ion binding sites in the metallo-proteins and the enzymes and the selectivity of the
natural systems with synthetic materials (Asadi and Khaha 2010, Daneshvar et al. 2003).
Recently, this class of compound has also attracted much attention in the field of

optoelectronic technologies for their large non linear responses (Gradinaru et al. 2007).

In this chapter, the synthesis, characterization and NLO measurements of metal M
M = Codl), Ni(Il) and Zn(Il)) complexes of Schiff base derived from 3,4-

diaminobenzophenone and 2-hydroxynaphthaldehyde have been reported.

4.2 EXPERIMENTAL
4.2.1 Materials

All the chemicals used were of analytical grade. Solvents were purified and dried
according to standard procedure (Vogel 1989). Ni(OCOCHj;),-4H,0,
Co(OCOCH3),-4H,0, Zn(OCOCH3),-4H,0, 3,4-diaminobenzophenone and 2-
hydroxynaphthaldehyde were purchased from Sigma Aldrich and were used without

further purification.

4.2.2. Physical measurements

The C, H, N and S contents were determined by Thermoflash EA1112 series
elemental analyzer. FT-IR spectra were recorded on a Thermo Nicolet Avatar FT-IR

spectrometer as KBr powder in the frequency range 400-4000 cm”. 'H-NMR spectra
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were recorded in Bruker AV—400 instrument using TMS as internal standard. Electronic
spectra of the complexes in the 200-800 nm range were measured on a GBC UV-Vis

double beam spectrophotometer in N,N-dimethylformamide solution.

The third-order optical nonlinearity of complexes in DMF solution, at the
concentration of 2.5mmol/L, was measured by Z-scan technique. At this concentration
the solutions show a linear transmission of 60%, 64% and 68% respectively for Co(Il),

Ni(IT) and Zn(II) complexes at the excitation wavelength of 532 nm.

4.3 SYNTHESIS OF METAL COMPLEXES
4.3.1 Synthesis of ligand (L.2)

Methanolic solution of 3,4-diaminobenzophenone (0.233g, 1.1mmol) was added
to methonolic solution of 2-hydroxynaphthaldehyde (0.396g, 2.3mmol). The mixture
was refluxed for 3 hours to give yellow precipitate. The precipitate was washed
thoroughly with ethanol and recrystallized using chloroform. The synthetic route for

ligand L2 is given in Scheme 4.1.

Yield: (75%). M.P: 267°C Anal. Calc. for C3;sHx4N>O3 (520.57), C: 80.75; H: 4.65; N:
5.38 Found: C: 80.91; H: 4.69; N: 5.65%. IR (KBr, cm™): 3343(0-H), 1721(C=0),
1598(C=N), 1265(C-0). 'H NMR (400 MHz, DMSO): 15.07 (s, 1H), 14.80(s, 1H) (O-H),
9.76 (d, 2H)(-C-N-), 8.57-7.04 (m, 24H)(aromatic), UV-Vis: Apn.x (nm) intraligand
interactions: 286, 356.
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Scheme 4.1 Synthetic scheme for L2

4.3.2 Synthesis of cobalt complex (C4)

Co(CH3C0O0),-4H,0 (0.273g, 1.Ilmmol) in methanol was added to the ligand
(L2) (0.624g, 1.2mmol) in minimum quantity of chloroform (20ml)-methanol (15ml)
solvent mixture. The reaction mixture was refluxed at 80°C for 3 hours. The resulting
blackish precipitate was filtered, washed with methanol followed by ethanol and dried in

vacuo. The synthetic method for metal complex C4 is given in Scheme 4.2.

Yield: (71%). M.P: > 330 °C. Anal. Calc. for C3sH20CoN,05 (577.49): C, 72.79; H, 3.84;
N, 4.85. Found: C, 72.62; H, 3.95; N, 4.89%. IR (KBr, cm™): 1650(C=0), 1604(C=N),
1268(C-0), 570(N-M), 426(0-M). '"H NMR (400 MHz, DMSO): 9.14 (d, 2H)(-C-N-) ,
8.52-7.11 (m, 24H)(aromatic), UV-Vis: Amax (nm) intraligand interactions: 254,391,
d—d forbidden transition: 495
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Scheme 4.2 Synthetic scheme for C4

4.3.3 Synthesis of nickel complex (C5)

Ni(OCOCH3),-4H,0 (0.273g, 1.lmmol) in methanol was added to the ligand
(L2) (0.624g, 1.2mmol) taken in minimum quantity of chloroform (20ml)-methanol
(15ml) solvent mixture. The reaction mixture was refluxed at 80°C for 3 hours. The
resulting blackish precipitate was filtered, washed with methanol followed by ethanol and

dried in vacuo. The synthetic method for metal complex CS is given in Scheme 4.3.

Yield: (80%).M.P: > 330 °C. Anal. Calc. for C3sH2N,NiO3 (577.25): C, 72.82; H, 3.84;
N, 4.85. Found: C, 72.89; H, 3.80; N, 4.92%. %. IR (KBr, cm-1): 1651(C=0),
1607(C=N), 1260(C-0), 569 (N-M), 425(0-M). '"H NMR (400 MHz, DMSO): 9.50 (d,
2H)(-C-N-) , 8.78-7.16 (m, 24H)(aromatic), UV-Vis: Amax (nm) intraligand interactions:
295,376, d—d forbidden transition: 487.
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4.3.4 Synthesis of zinc complex (C6)

Zn(OCOCH3),-4H,0 (0.241g, 1.1mmol) taken in methanol was added to the
ligand (L2) (0.624g, 1.2mmol) taken in minimum quantity of chloroform (20ml)-
methanol (15ml) solvent mixture. The reaction mixture was refluxed at 80°C for 3 hours.
The resulting blackish precipitate was filtered, washed with methanol followed by

ethanol and dried in vacuo. The synthetic method for metal complex C6 is given in

Scheme 4.4.

Yield: (72%). M.P: > 330 °C. Anal. Calc. for C;35H»N>037Zn (583.96): C, 71.99; H, 3.80;
N, 4.80. Found: C, 71.92; H, 3.91; N, 4.88%. %. IR (KBr, cm™): 1647(C=0),
1605(C=N), 1256(C-0), 545 (N-M), 446(0-M). 'H NMR (400 MHz, DMSO): 9.88 (d,
2H)(-C-N-) , 8.48-7.00 (m, 24H)(aromatic), UV-Vis: Amax (nm) intraligand interactions:
258, 385
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4.4 RESULTS AND DISCUSSION

The analytical data showed that the observed values were in good agreement with

the theoretical values (Table 4.1).

Table 4.1 Analytical data of Schiff base complexes

Complex | Decomp. % Found (Theoretical) UV-vis Data, Ay (nm)
/Ligand Temp.
°O) C H N Intra ligand d-d
Transition | Transition
L2 267 80.91 (80.75) | 4.69 (4.65) | 5.65(5.38) | 286,336 -
C4 >330 72.62 (72.79) | 3.95(3.84) | 4.89 (4.85) 254,391 495
C5 >330 72.89 (72.82) | 3.80(3.84) | 4.92 (4.85) | 295,376 487
Cé6 >330 71.92 (71.99) | 3.91(3.80) | 4.88 (4.80) | 258, 385 -
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4.4.1 FT-IR Spectra

The IR spectra of ligand, cobalt, nickel and zinc complexes are shown in Fig. 4.1
to Fig. 4.4 respectively. As seen from Fig. 4.2 to Fig. 4.4, the IR spectra of complexes
have similar stretching bands suggesting a similar kind of ligand geometry around the
central metal ion. The band in the region 12501270 cm™ is assigned to phenolic
v(C—0). The absorption band the region 1590-1610 cm™ is due to the stretching of -C=N
group of the free ligand. This band of v(C=N) undergoes a negative shift by 5-25 cm™
in the IR spectra of complexes. This is because of the coordination of azomethine
nitrogen to the metal (Prabhakaran et al. 2005, Kovacic 1967). The strong broad band in
the IR spectra of the ligands in the range 3340-3463 cm™ is assigned to O—H stretching
vibrations, which is affected by the intramolecular hydrogen bond to the azomethine
group (O-H---N=C). These bands disappeared on complexation with the metal ions. The
bands in the region 540-570 cm™ and 425-460 cm™ in the complexes are assigned to
V(M-0) and V(M-N) respectively (Asadi et al. 2011). Thus the primary IR spectral analysis
confirms the complexation of the ligands to the metal ions via O and N atoms. The

characteristic stretching frequencies of ligand and complexes are shown in Table 4.2.

Table 4.2 Infrared spectral data (cm™) for ligands and its Schiff base complexes

Ligand/Complex | v(O-H) | v(C=0) | v(C=N) | v(C-O) | v(M-O) | v(M-N)
L2 3343 1721 1598 1265 - -
C4 - 1650 1604 1268 570 426
Cs - 1651 1607 1260 569 425
Ceé - 1647 1605 1256 545 446
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4.4.2 "TH-NMR spectra

'H-NMR shifts of the ligand and the three complexes are given in Fig. 4.5 to Fig.
4.8. The spectral data of the complexes exhibit a multiplet around 7.0 — 8.6 ppm which
corresponds to the aromatic protons of the Schiff base ligand. A peak observed at 9.7
ppm in the complex has been assigned to azomethine proton (—C=N-) (Sorkau et al.
2005, Gnanasoundari and Natarajan 2005, Balasubramanian et al. 2007). Further, two
peaks resonating at 14.8 and 15.0 ppm in ligand were absent in the metal complex
spectra. These two peaks are assigned to the hydroxyl group in the ligand, and the
absence of a resonance due to these phenolic hydrogens in the metal complexes indicates
the deprotonation of the Schiff base, to form the metal complex. It is worth mentioning

here, that the presence of two hydroxyl peaks confers an unsymmetrical environment to

the ligand.
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4.4.3 UV-Visible spectra

The linear absorption spectral data of the ligand and complexes were recorded in
dry DMSO and are given in Fig. 4.9. The values of the electronic spectra of ligand and
complexes (C4-C6) are given in Table 4.1. Linear absorption in a transition metal
complex is generally due to metal-to-ligand charge transfer (MLCT), ligand-to-metal
charge transfer (LMCT) and intra-ligand charge transitions (ILCT). The presence of one
broad band between 450 nm to 600 nm in the spectral data of the complexes, corresponds
to the non resolved d-d transitions from the four low-lying d-orbitals (d.., d,., d? and d.
,’) to the empty (in case of Ni(Il)) or half-filled (in case of Co(Il)) d,, orbital. This broad
band is not observed for Zn(II) complex due to the absence of d-d electronic transitions in

the diamagnetic Zn** ion (d"’ configuration). This eliminates the possibility of octahedral
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geometry. On the basis of this, for all the three complexes square planar structure has

been proposed (Lever 1984).
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300 A0 500 800 700 800
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Fig. 4.9 Linear absorption spectra of ligand L2 and complexes C4-C6

The electronic spectra of Co(II) and Ni(Il) complexes with an electronic
configuration of d” and d® respectively, show new absorption bands in the visible region
at 487 nm and 497 nm respectively, which are attributed to the electronic transition
'A1g>'Asg. This further confirms that the Ni(Il) and Co(Il) complexes are square planar
(Lever 1968).

4.5 NONLINEAR OPTICAL MEASUREMENTS

The nonlinear absorption of the complexes was determined by open-aperture Z-

scan technique using high intensity laser light. The Z-scan is a widely used technique
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developed by Sheik Bahae et al. (1990) to evaluate the NLO properties of a material. It is
based on the transformation of phase distortion during beam propagation. The advantage
of this technique is that it requires simple experimental set-up and provides direct
measurement of both nonlinear refractive index and absorption coefficient, along with
their sign (Gomez et.al 2003). This helps in the estimation of third order susceptibility
coefficient. Here a Gaussian beam is focused on the sample which is moved along the Z-
axis. The nonlinear absorption coefficient is calculated from the Z-scan curve or the

nonlinear transmission curve.

In the present experiment, a Nd:YAG Laser (Quanta Ray, Spectra Physics),
which produces 7 ns laser pulse at 532 nm was used as the light source. The laser beam
is spatially Gaussian, as found from a knife-edge measurement. Liquid samples in DMF
were taken in a cuvette of thickness 1 mm cuvettes and mounted on a motorized linear
translation stage. The beam diameter (FWHM) was found to be 7.84 mm and the

corresponding Rayleigh range was 1.9 mm.

The Z-scan and nonlinear transmission curves are shown in Fig. 4.10 to 4.12. As
seen, the transmission is reduced at higher intensities, showing that the samples behave as
optical limiters. Maximum nonlinearity was found in nickel complex (CS) and minimum

in cobalt complex (C4).
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Large optical nonlinearity in materials is commonly associated with resonant
transitions, which may be single or multi-photon in nature. Generally, nonlinear optical
materials have different nonlinear absorption mechanisms viz., two photon absorption
(2PA), three photon absorption (3PA), excited state absorption (ESA) or reverse saturable
absorption (RSA). These phenomena can be explained based on a five level energy
diagram (Yim.S.H et.al 1998, Giuliano.C 1967) as shown in Fig. 4.13. As per this model,
a material has three singlet states (one ground state and two excited states) as well as two
triplet states (excited states). Each of these electronic states is further divided into several
vibrational levels. When a molecule is subjected to 532 nm laser pulse of 7 ns duration,
simultaneous two photon absorption occurs from singlet ground state (So) to one of the
vibrational levels of first singlet excited state (S;). This corresponds to two photon
absorption (2PA). From state S;, the molecule may further get excited to higher excited
singlet state (S;) or they may even transfer from S; state to a lower level triplet state (T)
through intersystem crossing (ICS). However, the molecules from S; state can get

excited to higher energy states S, (or similarly from T, to T, state). Such a process is
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called excited state absorption (ESA) phenomena. Reverse saturable absorption (RSA)
occurs if S| and/or T; states have larger absorption cross-section than the ground state So.
In the present experiment carried at 532 nm, it was found that numerically, a two-photon
absorption (2PA) type process gives the best fit to the obtained open aperture Z-scan
data. The data obtained are fitted to the nonlinear transmission equation 4.1 for a two-

photon absorption process, given by Sutherland (1996).

T =(1-R)? exp(—aL) Iz, )fln[\/ 14, exp(—?) }dt .......... @.1)

where T is the sample transmission given by T (norm.) x linear transmission of the
sample, and L and R are the length and surface reflectivity of the sample respectively. «
is the linear absorption coefficient, g, is given by fB(1-R)IoL.; where [ is the effective
2PA coefficient, and Iy is the on-axis peak intensity. L.y is given by /-exp(-od/c). It must
be mentioned here that since the molecule is subjected to nanosecond laser pulses,
thermal effects in the system may also contribute to the optical limiting behavior.
However, this becomes substantial only if non-linear scattering is observed in the system.
But since in the present experiment, detectors with large apertures were used, any non-
linear refraction becomes insignificant. For further confirmation, we measured non-
linear scattering using a photodiode attached at an angle to the beam path in front of the
sample but did not receive any appreciable signal thereby clarifying that 2PA is the

dominant mechanism prevailing in the system.
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The nonlinearity in inorganic metal complexes is due to the presence of metal
ions which can assemble simple organic ligands in a variety of multipolar arrangements
which can induce charge transfer transitions between metal and ligands. Hence the
molecules were designed to have a donor—r bridge-acceptor (D-n-A) system. As seen in
Chapter 3, nonlinear optical properties of metal Schiff base complexes of 1,2-
diaminobenzene and 2-hydroxynaphthaldehyde have been studied by us. The f value for
Ni(Il) complex have improved by an order (refer Table 3.4 of Chapter 3) by just
replacing 1,2-diaminobenzene with 3,4-diaminobenzophenone. This is mainly because
the introduction of the latter not only extends the m-conjugation but also increases the
electron asymmetry around the metal center, thereby enhancing the NLO response. Thus,
a comparative study shows that extensive conjugation helps in attaining a better optical

nonlinearity, thereby extending their optical limiting applications.

The calculated values of the effective 2PA coefficient for the metal complexes are

given in Table 4.3. As seen from Table 4.3, among the three metal complexes, Ni(II)
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complexes show higher £ value, thereby indicating that NLO responses not only depend
on the electron distribution in the ligand, but also on the metal center. Better insights on
the metal center influence can be obtained by the survey of the linear optical properties of
the metal complexes. A study of the UV-Vis spectra of the metal complexes in the range
of 250-400 nm (Fig. 4.5) shows that bands of the Ni(II) complexes are more intense than
that of Co(Il) and Zn(II) complexes. NLO responses also follow the same trend. Ni(II)
complexes exhibit the highest non-linear absorption coefficient whereas the lowest value
is observed for Zn(Il) complexes. This suggests that the metal center plays an important

role in fine tuning the nonlinear responses of a complex (Tedim et al. 2006).

Table 4.3 2PA coefficient f of Schiff base complexes

Complex 2PA coefficient p (mW™)
Cobalt Complex (C4) 23x 10712
Nickel Complex (CS5) 1.1x 1070
Zinc Complex  (C6) 14x 102
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CHAPTER 5

SYNTHESIS, CHARACTERIZATION AND NONLINEAR OPTICAL
STUDIES OF THIOSEMICARBAZIDE COMPLEXES OF Ni(II),
Cu(II) AND Zn(II)

Abstract

In this chapter, thiosemicarbazide complexes of Ni(Ill), Cu(ll) and Zn(Il) metal
ions were synthesized and well characterized by several analytical techniques. The
stereochemistry of the ligand around the metal ion has been discussed. The linear and
nonlinear optical behavior of the complexes were studied by UV-Vis spectroscopy and Z-
scan measurement respectively. The complexes exhibited good three photon absorption

behaviour.

5.1 INTRODUCTION

In recent years there has been growing interest in organic materials for nonlinear
optical applications because of their high potential in optical behavior (Prasad and
Williams 1991, Chemla and Zyss 1987). The organic molecular materials have emerged
as a new class of promising nonlinear optical materials because of their superior qualities
over inorganic systems. These materials exhibit strong nonlinear polarization in the
presence of high-intensity electromagnetic fields. The properties and performance of
nonlinear optical and photonic materials depend critically upon their composition, purity

and microstructure.
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Among the various organic materials, the chemistry of thiosemicarbazone
complexes of transition metal ions has been receiving significant current attention,
mainly because of the variable binding modes displayed by these ligands in their
complexes. Thiosemicarbazones {RIR2C=N3-N2H-C(=S)-NR3R } and
thiosemicarbazides {R!R?C=N3-N?H-C(=0)-NR3R} possess several donor atoms and
generally bind to metals via N2, O (or S) or N3, S donor atoms forming four or five

membered rings, respectively.

Thiosemicarbazones (TSC), as well as their metal complexes, have been the
subject of great interest for many researchers since a number of years. Apart from their
diverse chemical and structural characteristics, the interest in these compounds also stems
from their wide spectrum biological activity, which is already well established. Their
biological importance is evident by a wide range of antibacterial, antimalarial, antiviral,
antineoplastic and antileprotic activities (Bauer 1972, Williams 1972).  Such
pharmacological activities are due to the strong chelating ability of these ligands with
biologically important metal ions such as Fe, Cu, Ni and their reductive capacities
(Padhye and Kaufman 1985, Cymerman et al 1955, Cambell 1975, Chattopadhyay et al
1990). Other than bioinorganic applications, thiosemicarbazone, which has a n-electron
delocalized system containing mixed sulphur and nitrogen donors, is expected to display

two-photon exciting dual fluorescence (Xue et al 2003).
5.2 EXPERIMENTAL
5.2.1 Materials

All the chemicals used were of analytical grade. Solvents were purified and dried
according to standard procedure (Vogel 1989). NiCl,-6H,0, ZnCl,-6H,O and CuCl,
were purchased from Merck. Thiosemicarbazide was procured from Nice chemicals and

was used without any further purification.
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5.2.2 Physical measurements

The C, H, N and S contents were determined by Thermoflash EA1112 series
elemental analyzer. FT-IR spectra were recorded on a Thermo Nicolet Avatar FT-IR
spectrometer as KBr powder in the frequency range 400-4000 cm™. 'H-NMR spectra
were recorded in Bruker AV—400 instrument using TMS as internal standard. Electronic
spectra of the complexes in the 200-800 nm range were measured on a GBC UV-Vis

double beam spectrophotometer in N, N-dimethylformamide solution.

The third-order optical nonlinearity of complexes in DMF solution, at the
concentration of 2.5mmol/L, was measured by Z-scan technique. At this concentration,
the solutions show a linear transmission of 65%, 62% and 65% respectively, for Ni(Il),

Cu(Il) and Zn(II) complexes at the excitation wavelength of 532 nm.

5.3 SYNTHESIS OF METAL COMPLEXES
5.3.1 Synthesis of ligand (LL.3)

The synthetic procedure for the synthesis of the ligand 4-
[(dimethylamino)benzylidene]hydrazinecarbothioamide (L.3) followed in the present
work is similar to that carried out by Chattopadhyay et al. (1988). 4-
dimethylaminobenzaldehyde (0.164g, 1.lmmol) was taken in minimum amount of
ethanol solution and dissolved by stirring in room temperature. Later to this a solution of
thiosemicarbazide (0.0914g, 1.0mmol) and sodium acetate (0.127g, 1.5mmol) in water
and ethanol mixture was added. The above mixture was stirred for 2 hours at room
temperature to yield yellow precipitate. The obtained precipitate was washed thoroughly
with ethanol and recrystallized using dichloromethane. The synthetic route for the ligand

L3 is given in Scheme 5.1.
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Yield: (72%). M.P: 210°C Anal. Calc. for C;oH14N4S (222.3): C, 54.03; H, 6.35; N,
25.20. S, 14.42. Found: C, 54.21; H, 6.17; N, 25.45, S: 14.14%. IR (KBr, cm™): 3122(N-
H), 1589(C=N), 941(C=S). 'H NMR (400 MHz, DMSO): 11.19(s, 1H) (N-H-), 8.01-
7.93 (d,2Ar-H), 7.59-7.57 (d,2Ar-H), 7.77(s,1H) (N=CH-) 6.69 (d,2H) (-NH») , 2.96
(m,6H) (CH3). MS:m/z = 223(M"). UV-Vis: Apx(nm) intraligand interactions: 281, 339.

o)
’
|
HoN S _N
+ \NH< Ethanol N i
NH, RT Z SNH “NH,
/N\

Scheme 5.1 Synthetic scheme for L3

5.3.2 Synthesis of nickel complex (C7)

NiCl,-6H,0 (0.261g, 1.1mmol) in methanol was added to the synthesized ligand
(L3) (0.486g, 2.2mmol) taken in dichloromethane solvent. The reaction mixture was
then refluxed for 2 hours. The resulting greenish yellow coloured precipitate was
thoroughly washed with ethanol and dried in vacuum. The synthetic method for metal

complex C7 is given in Scheme 5.2.

Yield: (76%). M.P: 294 °C. Anal. Calc. for C,0H23CloNgNiS,(574.21): C, 41.83; H, 4.91;
N, 19.51; S, 11.71. Found: C, 41.97; H, 4.80; N, 19.86; S, 11.56%. IR (KBr, Cm'l):
3374(N-H), 3252(NH,), 1606(C=N), 955(C=S). 'H NMR (400 MHz, DMSO): 11.13(s,
1H) (N-H-), 8.11-7.94 (d,2Ar-H), 7.78-7.53 (d,2Ar-H), 7.88(s,1H) (N=CH-) 6.64
(d,2H) (-NH) , 2.91 (m,6H) (CH3).UV-Vis: Amax(nm) intraligand interactions: 309, 339.

d—d Transitions : 413
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Scheme 5.2 Synthetic scheme for C7

5.3.3 Synthesis of copper complex (C8)

CuCl;, (0.187g, 1.1mmol) taken in methanol was added to the synthesized ligand
(L3) (0.486g, 2.2mmol) taken in dichloromethane solvent. The reaction mixture was
then refluxed for 2 hours. The resulting yellow coloured precipitate was thoroughly
washed with ethanol and dried in vacuum. The synthetic method for metal complex C8

is given in Scheme 5.3.

Yield: (68%). M.P: 282 °C. Anal. Calc. for CyoH,3Cl,CuN3gS»(579.07): C, 41.48; H, 4.87,;
N, 19.35; S, 11.07. Found: C, 41.42; H, 4.95; N, 19.65; S, 11.01%. IR (KBr, cm™): 3420
(N-H), 1595(C=N), 951(C=S). 'H NMR (400 MHz, DMSO): 11.52(s, 1H) (N-H-), 8.37-
8.17 (d,2Ar-H), 7.84-7.65 (d,2Ar-H), 7.96(s,1H) (N=CH-) 6.77 (d,2H) (-NH») , 2.99
(m,6H) (CH3). UV-Vis: Amax(nm) intraligand interactions: 306, 335. d—d Transitions :
403
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Scheme 5.3 Synthetic scheme for C8

5.3.4 Synthesis of zinc complex (C9)

ZnCl; (0.149¢g, 1.1mmol) taken in methanol was added to the synthesized ligand
(L3) (0.486 g, 2.2mmol) taken in minimum quantity of (4:1) acetone-methanol solvent
mixture. The reaction mixture was then refluxed for 2 hours. The resulting orange
coloured precipitate was filtered, washed with methanol followed by hexane and dried in

vacuum. The synthetic method for metal complex C9 is given in Scheme 5.4.

Yield: (68%). M.P: > 290 °C. Anal. Calc. for Cy0H»3C1,NsS,Zn(580.93): C, 41.35; H,
4.86; N, 19.29. S, 11.04. Found: C, 41.92; H, 4.71; N, 19.40; S, 11.32 %. IR (KBr, cm™):
3320(N-H), 1581(C=N), 941(C=S). '"H-NMR (400 MHz, DMSO): 11.19(s, 1H) (N-H-),
8.01-7.93 (d,2Ar-H), 7.74-7.58 (d,2Ar-H), 7.78(s,1H) (N=CH-) 6.70 (d,2H) (-NH>) , 2.95
(m,6H) (CH3) .UV-Vis: Amax(nm) intraligand interactions: 303, 337.
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Scheme 5.4 Synthetic scheme for C9
5.4 RESULTS AND DISCUSSION

The analytical data showed that the observed values are in good agreement with

the theoretical values (Table 5.1).

Table 5.1 Analytical data of Schiff base complexes

Complex | Decomp. % Found (Theoretical) UV-vis Data, Ayax (nm)
/Ligand | Temp.
Intra d-d
°O) C H N ligand Transition
Transition
54.21 6.17 25.45
L3 210 281, 339 -
(54.03) (6.35) (25.20)
41.97 4.80 19.86
Cc7 294 309, 339 413
(41.83) “4.91) (19.51)
41.42 4.95 19.65
C8 282 306, 335 403
(41.48) (4.87) (19.35)
41.92 4.71 19.40
9 290 303, 337 -
(41.35) (4.86) (19.29)
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5.4.1 FT-IR Spectra

The IR spectra of the complexes exhibit a weak band around 3450cm™, which is
assigned to secondary v(N-H) stretching vibration in all the three complexes and ligands
and also a sharp band around 3160-3130cm™ which is assigned to N-H of amide group.
Band around 1610cm™ is assigned to -C=N group. The band due to C=S is observed in
the range of 950 cm™ (Tian et al 2002). The characteristic peaks are given in Table 5.2.
The typical IR spectra of ligand and complexes are given in Fig. 5.1 — Fig. 5.4.
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Fig. 5.1 IR spectrum of L3
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Table 5.2 Infrared spectral data (cm_l) for ligands and its complexes (C7-C9)

Ligand/Complex v (N-H) v (NH,) v (C=N) v (C=S)
L3 3422 3123 1589 941
C7 3374 3130 1606 955
C8 3420 3137 1595 951
Cc9 3360 3168 1581 941

5.4.2 "TH-NMR Spectra

'H-NMR spectra of ligand L3 and metal complexes (C7 to C9) are shown in Fig.
5.5 to Fig. 5.8. The spectra showed prominent peaks around 11.13 -11.52 ppm which has
been assigned for N-H proton. In ligand L3 a peak around 7.77 ppm which is assigned to
azomethine proton (HC=N-) is slightly shifted in the complexes. In ligand L3 a peak
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around 6.69 ppm is assigned to two protons of NH, which also shifted in the all the
complexes. A Peak around 2.96 ppm is assigned to two methyl groups. As the
complexation takes place through the sulphur moiety there are no much variations in the

NMR spectra of ligand and metal complexes.
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5.4.3 UV-Visible spectra

The electronic absorption spectra (Fig. 5.9) of the complexes were recorded in
dimethylformamide (DMF). The spectra of the complexes are dominated by one main
absorption band in the region 281 nm in ligand and whereas in ligand the A,y is shifted
by 5 to 20 nm, i.e. the Apax varies from 300 to 310 nm (Table 5.1). It is observed that the
Amax Of the metal complexes is shifted to the visible region indicating the complex
formation and this transition may be attributed to 1 — w* electronic transition (Sutton
1968). Also a peak around 335 nm is observer which can be attributed to n— 7*

transitions of nonbonding electron pairs of N and S atoms (Tian et al 2002).
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Fig. 5.9 Linear absorption spectra of ligand L.3 and complexes C7-C9

5.5 NONLINEAR OPTICAL MEASUREMENTS

The open aperture Z-scan curves of complexes (C7 to C9) are given in Fig. 5.10
to Fig. 5.12 respectively. To determine the nature of the nonlinearity, we tried fitting the
data numerically to two-photon and three-photon absorption equations, given by equation
(5.1) and (5.2) respectively. The best fit was obtained for the transmission equation
corresponding to a three-photon nonlinear absorption (3PA), given by equation (5.2)

(Sutherland 2003).

T =((1- R)* exp(—al) I\, )Tln[\/l +4q, exp(—tz)}dt .......... (5.1)

T =[(1-R)*exp(-a,1)/ p,\7] XTInL/H plexp(—2t*) + p, exp(—tz)] dt eeee.. 5.2)
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where T is the light transmission through the sample, and R is the surface reflectivity. p,
is given by 2%1-R)’I,°L, where ¥is the three photon absorption co-efficient and I, is the

on-axis peak intensity. ¢, is the linear absorption coefficient.
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Fig. 5.10 (a) Open aperture Z-scan curve.. Circles are data points while solid curve is a

numerical fit for three-photon absorption. (b) Nonlinear transmission in C7.
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Fig. 5.11 (a) Open aperture Z-scan curve. Circles are data points while solid curve is a

numerical fit for three-photon absorption. (b) Nonlinear transmission in C8
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Fig. 5.12 (a) Open aperture Z-scan curve. Circles are data points while solid curve is a

numerical fit for three-photon absorption. (b) Nonlinear transmission curve of C9

3PA is a process in which an electron transits to the conduction band from the
valence band by simultaneously absorbing three photons. This involves two virtual (Fig.
5.13) transitions in which photon energies of at least one-third the band-gap are absorbed.
In other words, the 3PA resonance peak occurs at wavelengths three times longer than the
single photon absorption peak. During the 3PA process, excitation is proportional to the
cube of the incident intensity. This feature may help to obtain higher contrast and
resolution in imaging, since 3PA provides a stronger spatial confinement. With the usage
of ultrafast pulsed lasers, it is possible to extend the applications of 3PA materials like
three-photon pumped lasing and 3PA based optical limiting and stabilization (Zheng et
al. 2005). On incorporation of transition metals to organic chromophores, the rate of
intersystem crossing (ISC) can be enhanced. This generates long-lived triplet excited
states. Such materials have the potential to display nonlinear absorption enhanced from

an excited state absorption (ESA). As seen from Fig. 5.10 to Fig. 5.12, a decrease in
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transmittance is observed as photon intensity increases. This characteristic presents this
class of metal complexes as potential optical limiting materials (Reinhardt et al. 1998,

McKay et al. 2001).

Triplet state

ESA
k\ !

Singlet state

3PA

Fig. 5.13 Energy level diagram showing three photon absorption

Considerable interest in the development of three photon absorbing (3PA)
materials has grown in the past decade and significant advances in the design of these
materials have been recently made, but still there is scope for improvement. In the design
of nonlinear optical materials, the metal plays a very important role contributing to
increased NLO activity. The metal behaves as a template to configure ligands in a
predictable octupolar arrangement. The metal can also induce metal to ligand charge
transfer (MLCT) and a strong intraligand charge transfer (ILCT) due to its Lewis acid
character. While building the architecture of multiphoton absorbing materials, the

essential elements are the presence of electron accepting and electron releasing moieties
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in the ligand environment. Keeping this in view, the configuration of the organic
chromophore used in this project is an electron donating species with polarizable -

conjugation linked through the metal ion to the electron accepting halogen ligands.

In the present work, the calculated 3PA coefficients are 2.0 x 102 m*/W? for C9,
5.9 x 10" m*/W? for C7 and 8.49 x10**m*/W? for C8. It may be noted that what we
observe is not a genuine 3PA as seen in transparent media where the intermediate levels
are virtual; rather we are dealing with a resonant nonlinearity which is enhanced due to
linear absorption at the excitation wavelength. Such kind of nonlinearities has been
earlier reported in fullerenes, semiconductors, metal nanoclusters, phthalocyanines and
some fluorine derivatives (Cassano et al. 2001, Harilal et al. 1999, Tutt and Boggess
1933, Philip et al. 2000, Santosh kumar et al. 2007, Cohanoschi et al. 2006, Nair et al.
2008). As a comparison, the hyperpolarizability value for
[Ag(L)2](NO3)-(MeOH)- (EtOH) and [Hgl(L)] {L = 1,2-bis[(ferrocen-1-
ylmethylene)amino]ethane} complexes was found to be 2.68 x 107 esu and 1.44 x 107
esu respectively (Hou et al. 2003). A novel zinc (II) 1,3,5 -triazine-based complex
[Zn(TIPT)Cl;]-2CH;0H (TIPT = 2,4,6-tri(2-ispropylidene-1-ly)hydrazono-1,3,5-triazine)
was prepared and structurally characterized and the hyperpolarizability y value was found
to be 8.26 x 107 esu (Yaoting et al. 2004). From Table 5.3 it can be observed that the
synthesized complexes exhibited a very good 3PA coefficients vy, thereby making them

potential alternatives for applications in optoelectronics.

Table 5.3 Three photon coefficient y of thiosemicarbazide complexes

Complex 3PA coefficient y (m”/W~)
Nickel complex (C7) 50x 1027
Copper complex (C8) 84 x10%

Zinc complex (C9) 2x 102
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CHAPTER 6

THIRD-ORDER NONLINEAR OPTICAL STUDY OF COPPER
COMPLEXES USING Z-SCAN TECHNIQUE

Abstract

Three Cu(l) halide complexes [Cu(L)(PPh3)X] (L=1,10-phenanthroline, X= Cl
(C10), Br (C11) and I (C12), PPh; = triphenylphosphine) have been synthesised and
characterised by spectroscopic techniques. Further, structure of the complex C10 was
confirmed by single crystal X-ray diffraction analysis. The nonlinear optical properties
of the complexes were investigated at 532 nm using single beam Z-scan technique with
nanosecond laser pulses. The complexes showed optical limiting behavior due to
effective three-photon absorption (3PA). These studies demonstrate that the
ligand—copper coordinative bonds facilitate the polarization of the electronic w-system
which optimizes the third-order NLO response in the reported complexes. The
contribution of the excited states to the total nonlinear absorption process has also been
discussed. The results reveal the potential of this newly designed compound for multi-

photon absorption-based photonic applications.

6.1 INTRODUCTION

The development of new materials that exhibit nonlinear optical response and
have the potential for commercial device applications continues to be of primary interest
in industrial and university laboratories (Marder 1995).  Transition-metal and
organometallic complexes are interesting subclass of molecular NLO compounds which
offer extensive scope for the creation of multifunctional optical materials (Nalwa 1991),

such as redox switchable NLO responses (Coe et al. 1999). The incorporation of
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transition metal ions introduces more sublevels into the energy hierarchy, thus permitting
more allowed electronic transitions and giving larger NLO effects (Chao et al. 1999).
Organometallic and coordination compounds have highly polarisable d-orbitals, which
can overlap effectively with ligand orbitals, either in the ground or excited states, leading
to highly polarizable compounds with good third order NLO properties. The metal-
ligand interaction can be tuned by varying the metal atom, the oxidation state of the metal
or the surrounding ligands. It should thus be possible to exploit the good electronic
flexibility of organometallic and coordination compounds to develop new third-order

NLO materials (Lori et al. 1995).

Among the transition metal complexes, copper (I) complexes containing diimine
and/or phosphine ligands have been extensively studied for their photophysical
properties, photoinduced electron-transfer reactions, excited-state substrate-binding
reactions (McMillin and McNett 1998, Yam and Lo 1999, Mao et al. 2003, Hu et al.
2005, Liu et al. 2006). Few Cu(I) compounds have also been reported for their nonlinear

optical activities (Renouard et al. 1999, Kang et al. 2004, Kiran et al. 2005).

Despite a number of previous reports on the NLO properties of various metal
complexes in solutions, the interest in ultrafast NLO properties of high-quality thin film
and crystalline forms of novel metal complexes has sustained over past years since they
are crucial for any photonic devices. Recent reports have indicated the importance of
studies on the mechanisms of third-order nonlinear response and nonlinear absorption
of metal complexes by using laser pulses with different pulse widths (Guo et al. 2007, He
et al. 2008). Since both two-photon absorption (2PA) and three-photon absorption (3PA)
are of interest and they are now easily achievable with the ultrafast lasers, there is a
growing demand for such novel materials for multi-photon microscopy, data storage and

optical power limiting (Bhawalkar et al. 1996, Zheng et al. 2005).

Based upon the consideration of the above requirements, in the present chapter we

have synthesized three co-ordinated copper halogen complexes using 1,10-
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phenonthroline and triphenylphosphine as ligands.  Both these ligands (1,10-
phenonthroline and triphenylphosphine) have strong m-accepting character. Cu(l) is a
soft electron donor which can easily give out its electron density towards ligands through
its switchable oxidation states. This will lead to acceptor-donor-acceptor type electron
transitions between ligands and metal. Considering the above situation Cu(I) complexes

were synthesized and tested for NLO applications.

6.2 EXPERIMENTAL
6.2.1 Materials

Reagent grade 1,10-phenanthroline, CuBr, Cul and CuCl were received from
Merck, and triphenyl phosphine was purchased from Spectrochem Pvt. Ltd. Remaining
chemicals and reagents were obtained from commercial sources and were used as

supplied.

6.2.2 Physical measurements

Electronic spectra of the complexes in 200-800 nm range were measured on a
GBC UV-Vis double beam spectrophotometer in N,N-dimethylformamide solution. FT-
IR spectra were recorded on a Thermo Nicolet Avatar FT-IR spectrometer as KBr
powder in the frequency range 400-4000 cm™. The C, H, N and S contents were
determined by Thermoflash EA1112 series elemental analyzer. 'H and *'P NMR spectra
were recorded on a Bruker AV-400 (at 400.08 MHz and 100.60 MHz). Individual
spectra were referenced relative to residual solvent. Melting points were determined in

open glass capillaries using a Stuart Scientific SMP1 apparatus and are uncorrected.

The single crystal X-ray diffraction experiment was carried out with a Oxford
Diffraction X’calibur Mova diffractometer (graphite monochromated Mo Ka radiation,

A =0.71073 A, w-scan technique, T =295 K). CrysAlisPro CCD software was used for
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collecting frames of data. The indexing of reflections, determination of lattice constants,
integration of intensities of reflections, scaling and absorption correction and space group
were carried out by CrysAlisPro RED of Oxford diffraction. The structure determination,
refinements, graphics, and structure reporting are done by WinGX (Version 1.63.04a)
(Farrugia 1999). The structures were solved by direct methods and refined by the full-
matrix least-squares technique against F2 using SHELXL97 (Sheldrick 2008) with the
anisotropic thermal parameters for all non-hydrogen atoms. Hydrogen atoms were fixed

to their position geometrically and refined using riding model.

A time-resolved DOKG (Sutherland 2003) experiment with a Ti:Sapphire laser
delivering 90 fs pulses at a repetition rate of 92 MHz at 800 nm was used to investigate
the third-order optical nonlinearity of the composite. The laser beam was divided into
pump and probe beams with 20:1 intensity ratio by a beam splitter. The polarization of
the probe beam was set to 45° with respect to that of the pump beam by a half-waveplate.
Two beams were focused on the sample by a convex lens of focal length 7 cm. The time
delay of the probe with respect to the pump was controlled by a PC-driven linear
translator (PI, M-014.D01). At the zero time delay, the two beams overlap spatially and
temporally, and the probe beam polarization rotates due to the birefringence induced in
the sample by the pump beam. The pump beam, after passing through the sample, was
blocked and the probe beam was passed through a quarter-waveplate. The circularly
polarized probe beam was then split into two beams by a polarizing cube beam splitter
and the two beams were detected by a photodetector pair connected to a lock-in
amplifier. CS, was used to check the reliability of the set-up as well as to estimate the
%" of the sample. Additionally, a single-beam Z-scan technique (Sheik-Bahae 1990) was
used to investigate the nonlinear absorption property of the composite over a wide
wavelength range. An optical parametric oscillator synchronously pumped with a
Ti:Sapphire laser operating at 80 MHz, tunable in the wavelength range from 1000 to
1600 nm (150-320 fs, 80 MHz), was employed in the study. The laser beam was focused

by a convex lens on the sample. Using the knife edge method, the beam waist at 800 and
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1250 nm was estimated as 16 and 18 um, respectively.
6.3 SYNTHESIS OF METAL COMPLEXES
6.3.1 Synthesis of CuCl(Phen)PPh; (C10)

1,10-phenanthroline monohydrate (0.24g, 1.24 mmol), triphenylphosphine (0.32g,
1.24 mmol) and cuprous chloride (0.12g, 1.24 mmol) were taken in dichloromethane
solution (20 ml). This mixture was refluxed for 3 hours in nitrogen atmosphere and
evaporated to 1/3" of its content and precipitate was obtained by adding petroleum ether.
After slow evaporation at room temperature, yellow crystals had formed in
dichloromethane, which were suitable for X-ray diffraction. The synthetic scheme for

metal complex C10 is given in Scheme 6.1.

Yield: 86%. M.P: 250 °C Anal Calc. for crystal C3;H,sCl3CuN,P(626.08): C, 59.42; H,
4.02; N, 4.47. Found: C, 59.16; H, 3.89; N, 4.35 %. Anal Calc. for powder sample
C30H23CICuN,P(541.49): C, 66.54; H, 4.28; N, 5.17. Found: C, 66.05; H, 4.14; N, 5.05
%. "HNMR, &: 7.84 (m,2H), 8.08 (s,2H), 8.61 (d,2H), 8.99 (bs,2H), 7.38-7.15 (m,15H)
S'PNMR, 8: 26.48. IR (KBr, cm™): 1434(m), 1094(s), 697(m), 740(s), 430(m). UV-Vis:
Amax, nm (DCM): 268, 386.

©\P /© Refluxed for 3 Hrs
R ———
+ o+ i DCM

Powder form

-
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PPh 4

o
[}

12
o
\CI

In crystal

Scheme 6.1 Synthetic scheme for C10
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6.3.2 Synthesis of CuBr(Phen)PPh; (C11)

1,10-phenanthroline monohydrate (0.24g, 1.24 mmol), triphenylphosphine (0.32g,
1.24 mmol) and cuprous bromide (0.17g, 1.24 mmol) were taken in dichloromethane
solution (20 ml). This mixture was refluxed for 3 hours in nitrogen atmosphere and
evaporated to 1/3" of its content and precipitate was obtained by adding petroleum ether,
filtered and washed repeatedly with petroleum ether and dried in vacco. The synthetic

scheme for metal complex C11 is given in Scheme 6.2.

Yield: 85% M.P: 253 C. Anal Calc. for C30Ho3BrCuN,P(585.94): C, 61.49; H, 3.96; N,
4.78. Found: C, 61.17; H, 3.60; N, 4.52%. '"HNMR, &: 7.94 (m,2H), 8.18 (s,2H), 8.74
(d,2H), 8.96 (bs,2H), 7.42-7.33 (m,15H). *'"PNMR, &: 26.47. IR (KBr, cm™): 1428(m),
1095(s), 696 (m), 738(s), 433(m). UV-Vis: Amax, nm (DCM): 268, 367.

fluxe
_—
+ CuBr 4 DC
N
|

Scheme 6.2 Synthetic scheme for C11

|N ©\P @ Re d for 3 Hrs
M

6.3.3 Synthesis of Cul(Phen)PPh; (C12)

1,10-phenanthroline monohydrate (0.24g, 1.24 mmol), triphenylphosphine (0.32g,
1.24 mmol) and cuprous iodide (0.24g, 1.24 mmol) were taken in dichloromethane
solution (20 ml). This mixture was refluxed for 3 hours in nitrogen atmosphere and

evaporated to 1/3" of its content and precipitate was obtained by adding petroleum ether,
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filtered and washed repeatedly with petroleum ether and dried in vacco. The synthetic

scheme for metal complex C12 is given in Scheme 6.3.

Yield: 82 %. M.P: 244°C Anal. Calc. for C30H23ICuN,P(632.94): C, 56.93; H, 3.66; N,
4.43. Found: C, 56.38; H, 3.35; N, 4.20%. '"HNMR, &: 7.98 (m,2H), 8.19 (s,2H), 8.74
(d,2H), 9.01 (d,2H), 7.63-7.38 (m,15H). *'"PNMR, &: 26.47. IR (KBr, cm™): 1432(m),
1097(s), 696(m), 748(s), 431(m). UV-Vis: Amax, nm (DCM): 268, 367.

a
=
N PPh 4
|N ©\ /© Refluxed for 3 Hrs \ /
Cul P — > /Cu

ZZN |

| AN
AN

Scheme 6.3 Synthetic scheme for C12

6.4 RESULTS AND DISCUSSION

The analytical data showed that the observed values are in good agreement with

the theoretical values (Table 6.1).
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Table 6.1 Analytical and electronic spectral data of complexes C10-C12

Decom UV-vis Data,
Complex % Found (Theoretical)
Intraligand
°O) C H N -
transitions
C10 crystal 59.16(59.42) | 3.89(4.02) | 4.35(4.47)
250 268 386
powder 66.05(66.54) | 4.14(4.28) | 5.05(5.17)
C11 253 61.17(61.49) | 3.60(3.96) | 4.52(4.78) 268 367
C12 244 56.38(56.93) | 3.35(3.66) | 4.20(4.43) 268 367

6.4.1 FT-IR Spectra

The FT-IR spectra of the complexes exhibit a band around 430 cm™, which is

assigned to v(Cu-N) stretching vibration in all the three complexes. Three bands due to

triphenylphosphine were observed around 1438, 1095 and 695 cm™ (Ramakrishna et al.

2010). The characteristic peaks are given in Table 6.2. The typical IR spectra of the

complexes are given in Fig 6.1 to Fig. 6.3.

Table 6.2 Infrared spectral data (cm™) for complexes C10-C12

Compound Bands due to PPh; V(Cu-N)
C10 1434, 1094, 697 430
C11 1428, 1095, 696 433
C12 1432, 1097, 696 431
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6.4.2 NMR Spectra

To evaluate the incorporation of the ligand in the complex, both 'H and *'P-NMR
of the complexes were recorded. The NMR spectra of all the complexes show presence
of coordinated 1,10-phenanthroline and triphenylphosphine ligands in the region 7.1 to
9.2 § value. The characteristic 'H-NMR and *'P-NMR shifts are shown in Table 6.3.
The 'H-NMR spectra of the complexes C10-C12 are given in Fig 6.4 to Fig. 6.6.
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Table 6.3 '"H-NMR and *'P-NMR spectral details of complexes
Complex "H NMR Position (5) SIPNMR
(3)
C10 d: 7.84 (m, 2H), 8.08 (s, 2H), 8.61 (d, 2H,), 8.99 (bs, 2H,) 6: 26.48
7.38-7.15(m, 15H)
C11 d: 7.94 (m, 2H), 8.18 (s, 2H), 8.74 (d, 2H,), 8.96 (bs, 2H,) 6: 26.47
7.42-7.33(m,15H)
C12 d: 7.98 (m, 2H), 8.19 (s, 2H), 8.74 (d, 2H,), 9.01 (d, 2H,) &: 7.63- 26.47
7.38(m,15H)
6.4.3 Single Crystal XRD

X-ray quality prismatic-shaped single crystal of complex C10 was obtained by

slow evaporation of the dichloromethane solution at room temperature.

X-ray
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crystallography data reveals that the main structure of these three complexes described as
[Cu(X)(phen)(PPh3)] (X= Cl, Br, I) are similar to each other (Jin et al. 1999, Hua et al.
1998). In complex C10, 1,10-phenanthroline acts as a bidentate ligand coordinating via
two N atoms to copper (Fig. 6.7). The coordination around the Cu atom is a distorted
tetrahedron, with a Cu-P distance of 2.183 A, Cu-N distance of 2.078 and 2.123 A and
Cu-Cl distance of 2.300 A; with triclinic crystal system, space group P-1, cell lengths
a=9.350(5) b=12.179(5) c¢=13.721(5) and cell angles «a=88.599(5) P=73.405(5)
Y=77.593(5).

The molecular structure of the complex C10 is shown Fig. 6.7a and Fig. 6.7b.

Their selected geometric parameters and crystallographic data are provided in Table 6.4

and Table 6.5 respectively.

Fig. 6.7(a) Single crystal XRD structure of C10 with solvent (CH,Cl,) of crystallization
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Fig. 6.7(b) View of complex C10. Displacement ellipsoids are shown at the 50%

probability level. Hydrogen atoms are of arbitrary size.

Table 6.4 Selected geometric parameters (A, )

Cu-X 2.2999(11) N1-Cu-X | 103.18(8)
Cu-N1 2.0780(30) N2-Cu-X | 106.70(8)
Cu-N2 2.1228(28) N1-Cu-P | 124.90(8)
Cu-P 2.1829(11) N2-Cu-P | 117.72(7)
N2-Cu-N1 | 79.78(10) P-Cu-X |117.75(3)
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Table 6.5 Crystallographic data and structure refinement summary for C10

Crystal data I
Crystal Size (mm) 0.30 x 0.28x 0.25
Solvent CH,Cl,
Formula C31H5Cl13Cu; N, Py
Formula weight (g mol™") 626.39
Temperature (K) 295(2)
Wavelength (A) 0.71073
Crystal system Triclinic
Space group P-1

a(A) 9.350(5)

b (A) 12.179(5)
¢ (A) 13.721(5)
a(®) 88.599(5)
B®) 73.405(5)
7(°) 77.593(5)
Volume (A% 1461.3(11)
y4 2

Density (g/cm”) 1.424

4 (mm™) 1.100

F (000) 640
Brmin.max 3.10, 26.0

hmin,max,kmin,max, 1min,max

Treatment of Hydrogens

No of refln measured

No of unique refln reflections
No of parameters

R_all, R_obs

wR,_all, wR,_obs

Apmin,max (el&_3)
G.o.F

(-11,11), (-15,15), (-16,16)

Isotropic
29469
5735

343

0.0710, 0.0468
0.1371, 0.1308
-0.736, 0.642
1.075
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Powder XRD Analysis

In order to confirm the difference of the original powder and the single crystal of
sample C10, the powder XRD patterns were taken for the original powder (Fig. 6.8(a)).
It was compared with the powder XRD pattern from the single crystal analysis (Fig
6.8(b)). It is observed that both the patterns show the difference in the diffraction pattern
(in the range 10 to 20). This is possibly due to the presence of CH,Cl, in the crystal
structure. This is further supported by CHNS values of the powdered sample and crystal

structure of the complex.
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Fig. 6.8(a) Powder XRD of C10 in powder form
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Fig. 6.8(b) Powder XRD of single crystal of C10
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6.4.4 UV-Visible spectra

The electronic spectra (Fig. 6.9) of the complexes were recorded in
dichloromethane. Spectrum of complexes are dominated by one main absorption band in
the region 268 nm and a shoulder near 360-390 nm (Table 6.1) which are ascribed to the
intra-ligand (m to m*) transitions of triphenylphosphine. Also absence of bands (d-d)
above 400 nm shows d'’ electronic configuration of copper in the complexes. Since
Cu(I) is reducing as well as oxidizing, MLCT and LMCT transitions will occur at

relatively low energies (Horst et al. 2002).

0.30
—(C10)
—(C11)
0.25 (C12)
0204 |
@ \
o
=
_‘EU 0.15
(o3
1723
o]
< 9104
0.05
0.00 —_—
300 400 500 800

Wavelength (nm)

Fig. 6.9 Linear absorption spectra of complexes C10-C12

6.5 NONLINEAR OPTICAL MEASUREMENT

6.5.1 NLO measurement in solution state

6.5.1.1 Sample preparation
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The third-order optical nonlinearity of complexes C10, C11 and C12 in DMF
solution, at the concentration of 2.5mmol/L, was measured by Z-scan technique. At this
concentration the solutions show a linear transmission of 65%, 62% and 65%

respectively for complexes C10, C11 and C12, at the excitation wavelength of 532 nm.

6.5.1.2 Z-scan measurement

The open aperture Z-scan curves of complexes (C10 to C12) are given in Fig.
6.10 to Fig. 6.12 respectively. To determine the nature of the nonlinearity, we tried
fitting the data numerically to two-photon and three-photon absorption equations. The
best fit was obtained for the transmission equation corresponding to a three-photon

nonlinear absorption (3PA), given by equation (Sutherland 2003)

T =[(1-R)*exp(-a,1)/ p,\7] XTlnL/H plexp(=2t°) + p, exp(—t>)|dt  .......... (6.1)

where T is the light transmission through the sample and R is the surface reflectivity. p,
is given by 2%1-R)’I,°L, where ¥is the three-photon absorption co-efficient and I, is the
on-axis peak intensity. ¢, is the linear absorption coefficient. The calculated 3PA
coefficients are 1.2 x 107 m’/W” for (C12), 3.2 x 10”* m’/W? for (C10), and 6.0 x 10>
m’/W? for (C11). It may be noted that what we observe is not genuine 3PA as seen in
transparent media where the intermediate levels are virtual, rather we are dealing with a
resonant nonlinearity which is enhanced due to linear absorption at the excitation

wavelength. The calculated 3PA coefficients y are given in Table 6.6.
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Table 6.6 Three photon coefficient y of copper complexes

Complex 3PA coefficient y (m’/W?
C10 32x 107
Cl11 6.0x 107
C12 12x 107

0.9 1

Normalized Transmittance

0.8 +

4x10° 3x10°

Input Fluence (J/m?)

Fig. 6.10 Nonlinear transmission curve of C10. Inset shows the open aperture Z-scan
curve. Linear transmission of the sample (corresponding to T (norm.) = 1) is 65%.

Circles are data points while solid curves are numerical fits using equation 6.1.
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norm

0.94F

Normalized Transmittance

3x10° 10* 10° 3x10°
Input Fluence (J/m?)

Fig. 6.11 Nonlinear transmission curve of C11. Inset shows the open aperture Z-scan
curve. Linear transmission of the sample (corresponding to T (norm.) = 1) is 62%.

Circles are data points while solid curves are numerical fits using equation 6.1.

Normalized Transmittance

0.5 : :
4x10° 10* 10° 2.4x10°

Input Fluence (J/m?)

Dept. of Chemistry, NITK 115



Fig. 6.12 Nonlinear transmission curve of C12. Inset shows the open aperture Z-scan
curve. Linear transmission of the sample (corresponding to T (norm.) = 1) is 65%.

Circles are data points while solid curves are numerical fits using equation 6.1.

6.5.2 NLO measurement using composite film
6.5.2.1 Composite film preparation

In order to prepare its composite with PMMA, 250 mg of PMMA (MW 140 000)
and 2mg of compound were dissolved in 2.5 ml of dichlorobenzene (DCB). The
concentration of the C10 in the solution was 0.001 mol™. The solution was mixed
thoroughly by stirring and via ultrasonication to ensure homogeneous mixing. The
solution was subsequently spin coated at 1200 rpm on a glass substrate and the coated
film was dried in a vacuum oven at 100°C for about 20 h. The film thickness (L) was
measured to be 1.28 um, using an Alpha-step surface profiler (Tencor P-10). The films
that were fabricated using DCB were clear, while those fabricated using
dimethylformamide (DMF) as the solvent were hazy, whitish films due to the slow

evaporation of DMF, despite the high solubility of the compound in the solvent.

6.5.2.2 NLO Measurement

It is already recognized that two major nonlinear absorption processes can be
employed for optical limiting: one is the reverse saturable absorption (RSA) and the
other is multi photon absorption (MPA) or MPA-initiated excited-state absorption
(ESA). Investigation of nonlinear absorption at different wavelengths is required to
examine such nonlinear absorption effects. The results of the nonlinear absorption
measurements on the composite film at 800 nm are shown in Fig. 6.13. The nonlinear
transmittance equation for an open aperture Z-scan, considering multiphoton absorption,

is given by (Sutherland 2003).
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1
[L+(n— Daplesp(la/(1+Z/Z,)H))m

TOA(nPA) =

where n = 2 and 3 represent 2P and 3PA, respectively, L. is the effective sample length
define by L’_:f-’ria* = (1 - "V ) n = 1)ag (for n = 2, 3, etc), I, is the on-axis intensity and
Zy 1s the Rayleigh range. The data corresponding to the input intensity of 8.7 GWem™ at
800 nm fit reasonably well if we assume 3PA. However, it should be noted that various
organic materials exhibit 2P-assisted excited-state absorption when the intensity is
sufficiently high; in the present case, considering the linear absorption near 400 nm. The
2P-assisted ESA process is considered as an intrinsically three-photon process, which is
different from the coherent 3PA one (Das et al. 2001), i.e., 2P-assisted ESA is a three-
photon process, although three photons are not absorbed simultaneously because of the
finite lifetimes of the excited states. A qualitative formulation of 2P-assisted ESA is
given by Das et al. (2001) and such a problem on a nanosecond (ns) timescale is treated
as an effective 3PA case. The ESA varies linearly with both the width of the pulse and
its strength, and for sufficiently large intensities the ESA can dominate MPA. Therefore,
although the data seem to fit with equation (6.2) assuming a 3PA process, it is actually a
two step process, where a large fraction of atoms are first generated in excited states by
way of 2PA at low intensity which then, due to high intensity, linearly absorb the photons
of the same wavelength. Additionally, there is an intraligand transition (z—z*) at 268 nm
(Fig. 6.9) in the C10 compound, which sets the possibility of coherent 3PA at high
intensity levels near 800 nm. This implies that the excited-state absorption process
competes with the coherent 3PA process in this compound and, therefore, the
measurement at 800 nm at higher intensity indicates a combined effect of the two

processes.
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Fig. 6.13 Open aperture Z-scan results for C10 at 800 nm. The data corresponding to the
input intensity 8.7 GWem™ are fitted with equation (6.2), assuming 3PA.

Further, the effective absorption cross section of the two photon-induced excited
state is a combination of both singlet—singlet and triplet—triplet ESA cross sections, which
is laser pulse width dependent. Generally, in organic polyatomic molecules the transition
of electrons from singlet (S) to triplet (T) states can take place and this singlet to triplet
state intersystem crossing occurs on a nanosecond timescale (Couris et al. 1995). While
Sutherland et al. (2005) proposed a one-step 3PA model to explain the 2PA-induced ESA
observed on nanosecond timescale, Gu et al. (2008) have used a three-level two-step 3PA
model to explain such a process observed in organic molecules in the fs regime, in which
they combined singlet and triplet excited states to yield ST, states. In the latter model,
the system simultaneously absorbs two photons, promoting an electron from Sy to ST},
whereby the electron can get excited to ST, by absorbing another single photon. In the
present case, there can be contributions from both the singlet and the triplet excited states
as the high repetition rate of laser pulses (80 MHz) can easily transfer the electron

population from the first singlet to the low lying triplet state during the nonlinear
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absorption process. The open aperture traces could be reproduced in the input intensity
range involved in the experiments. The experiments were performed in non-resonant
spectral regions; however, the cumulative thermal effects due to the high repetition rate

of the laser pulses might also be playing their part in the nonlinear absorption process.

The investigation of nonlinear absorption was extended to a longer wavelength
region. The nonlinear absorption trend of the sample at 1250 nm is shown in Fig. 6.14.
A fit of data to equation (6.2) with 3PA yields the effective 3PA coefficient of 28 cm’
GW™. A direct comparison of this study with those of other organometallic or
coordination compounds is rather hard because of different experimental conditions and
reports on solutions. The )((3) value of the composite film is one order of magnitude
larger than that of an organometallic polymer film measured near 1054 nm using
picosecond pulses (Afanas’ev et al. 2002). An observation of 2PA and 3PA processes in
the IR spectral region has been reported for solutions of fluorine-containing ferrocene
derivatives in chloroform (Zheng et al. 2005). In another recent work, optical limiting of
ns pulses based on RSA in Cu complexes, such as copper phthalocyanine/PMMA

composite film coated on quartz substrates (Kurum et al. 2009) has been reported.
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Fig. 6.14 3PA result for the compound in C10 PMMA film at 1250 nm. The solid line is

a theoretical data fit of the experimental.

6.5.2.3 Optical Kerr Gate measurement

The result of the DOKG experiment performed at 800 nm is depicted in Fig. 6.15.
The solid line shows a fit to the experimental data. The optical Kerr effect (OKE) signal
is symmetric about the zero time delay, indicating the nonlinear response time of the
complex to be comparable to or faster than the laser pulse width (90 fs) used. Such an
ultrafast response originates in this compound due to the conjugated n-electron system of
ligands and is also influenced by metal-ligand interactions. CS, was used as the
reference and its optical Kerr signal was recorded. CS, exhibited a biexponential
nonlinear response curve (inset of Fig. 6.15) with response times of 0.2 and 1.8 ps,
respectively. These values agree well with the previously reported values. The
magnitude of 57 for the sample can be estimated by comparing its OKE signal amplitude

with that of CS; using the following equation 6.3 (Sutherland 2003).

Xs Xr I Ne L

al,

exp(—%) - [l —exp(—aLs)] 6.3)

X

where the subscripts s and r represent the sample and the reference, / the absolute
magnitude of the OKE signal, n the refractive index, L the thickness and o the linear
absorption coefficient, respectively. The y* of CS, was taken as 1 x 107" esu (Sheik-
Bahae 1990 and Minoshima 1991) and that of the composite film was derived to be 1.8 x

107" esu.
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Fig. 6.15 Optical Kerr effect (OKE) signal from the C10 PMMA film at 800 nm. The

nonlinear response is faster than or comparable to the laser pulse width (90 fs). The

reference OKE signal of CS, is shown as an inset.

An ideal passive optical limiter based on a solid state NLO material should
exhibit a low optical limiting threshold and a high speed response of the order of sub-ps
and even shorter to efficiently limit potentially threatening ultrashort pulses (Tutt and
Boggess 1993). The new metal complex that we developed seems to be very promising
due to its remarkable nonlinear near-IR absorption and high transparency. The
compound is thermally stable up to 250°C and exhibits no remarkable laser damage in the
intensity range (~9 GW cm™) involved in the experiment. The design of this new metal
complex demonstrates its significance in developing materials with large MPA
coefficients. The NLO studies on a series of metal complexes derived from this
compound will help us to understand metal-ligand charge transfer and identify ways to

enhance the nonlinear absorption cross sections in these compounds. Present results
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indicate the potential of this compound for applications demanding large MPA, such as
optical power limiting, multi-photon microscopy and photodynamic therapy (Marder

2006).
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CHAPTER 7

NONLINEAR OPTICAL STUDIES OF IONIC LIQUID TAGGED
Ni(II) SCHIFF BASE COMPLEXES

Abstract

In the recent times, ionic liquids are beginning to be explored for their nonlinear
optical responses. In this chapter, nonlinear optical behaviour of Schiff base Ni(Il)
complexes was studied by tagging with 1-methylimidazole ionic liquid. The ionic liquid
tagged Schiff base ligand showed linear absorption in the UV region. The nonlinear
optical studies were carried out at 532 nm using Z-scan technique. The complexes

exhibited third order nonlinearity due to two photon absorption.

7.1 INTRODUCTION

Ionic liquids are organic salts that are in liquid state at room temperature. The
important characteristics of ionic liquids are its low vapour pressure, thermal stability,
high ionic conductivity, miscibility with other solvents and recyclable nature. Ionic
liquids have a high utility in various applications like synthesis, catalysis, electrochemical
and photo physical studies (Karmakar and Samanta 2002, Ingram et al. 2003,
Chakrabarty et al. 2003, Paul et al. 2005). Ionic liquids are often described as “designer
solvents”, as it is possible to design an ionic liquid with the desired properties using
appropriate combinations of anionic and cationic constituents. Recently, ionic liquids are
being explored for their optical properties. Some of these materials possess liquid crystal
properties (Bowlas et al. 1996, Gordon et al. 1998), which indicate that these compounds
may present large nonlinear optical responses. Organic materials with nonlinear optical

responses have been used for the fabrication of opto-electronic devices such as optical
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limiters, optical modulators and optofluidic lens (Calixto et al. 2009, Yin et al. 2007, Xu
et al. 2005).

Among the coordinated complexes, metal complexes of Schiff base ligands have
been extensively studied for their optical nonlinearity. Presence of extensive -
conjugation in the ligand environment adds on to the optical nonlinearity by increasing
the hyperpolarizability. Also in the recent years, optical potential of room temperature
ionic liquids based in imidazolium cations has been recognized. However, very few
reports on its physicochemical and optical applications have been reported (Souza et al.
2008, Calixto et al. 2009). Hence in the present work, we aim to complement the
nonlinear optical response of Schiff base metal complexes by tagging the ligands with
imidazolium based ionic liquid. The nonlinear behaviour of the metal complexes thus

synthesized has been elaborately discussed.

In this chapter, the synthesis, characterization and NLO measurements of ionic
liquid tagged Ni(II) Schiff base complexes have been reported. To the best of our
knowledge, we are reporting the NLO property of ionic liquid tagged Ni(Il) Schiff base

complexes for the first time.

7.2 EXPERIMENTAL
7.2.1 Materials

All the chemicals used were of analytical grade. Solvents were purified and dried
according to standard procedure (Vogel 1989). Ni(OCOCHs3),-4H,0, 2.,4-
dihydroxybenzaldehyde, 1,3-dibromopropane and 1-methylimidazole were purchased

from Sigma Aldrich.
7.2.2 Physical measurements

The C, H, N and S contents were determined by Thermoflash EA1112 series

elemental analyzer. FT-IR spectra were recorded on a Thermo Nicolet Avatar FT-IR
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spectrometer as KBr powder in the frequency range 4004000 cm’. 'H-NMR spectra
were recorded in Bruker AV—400 instrument using TMS as internal standard. Electronic
spectra of the complexes in the 200800 nm range were measured on a GBC UV-Vis

double beam spectrophotometer in N, N-dimethylformamide solution.

Open-aperture Z-scan measurements were performed to determine the nonlinear
transmission of laser light through the samples. The Z-scan is a widely used technique
developed by Sheik Bahae et al. (1990) to evaluate the NLO properties of a material. It is

based on the transformation of phase distortion during beam propagation.

7.3 SYNTHESIS OF METAL COMPLEXES

The synthetic procedure followed for the preparation of ligand in the present work

is similar to that carried out by Khungar and co-workers (2012).

7.3.1 Synthesis of ligand (L.4)

The mixture of 2,4-dihydroxybenzaldehyde (0.29g, 2.1 mmol), 1,3-
dibromopropane (1.21g, 6.0 mmol) and sodium bicarbonate (0.41g, 3.0 mmol) were
taken in 40 mL of acetone. The reaction mixture was heated at 60°C for 48 hours. After
completion of reaction, the mixture was concentrated under vacuum and product was
extracted with ethyl acetate. The crude product 2 (Scheme 7.1) was further purified by

column.

The compound 3 was synthesized by reacting equimolar mixture of intermediate 2
(0.64g, 2.5 mmol) and 1-methylimidazole (0.20g, 2.5mmol) in acetone (40 mL) at 70°C
for 24 hours. The viscous crude product was purified by washing with ethyl acetate to

obtain ionic liquid tagged aldehyde.

The mixture of ionic liquid tagged aldehyde 3 (0.51g, 1.5 mmol) and 4-

chloroaniline (0.19 g, 2.0mmol) in methanol was refluxed for 2 hours, and the solid
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product L4 formed was filtered and washed with ethanol. The synthetic procedure for

the synthesis of ligand L4 is given in Scheme 7.1.

Yield: 0.24g (52%). M.P: 155°C Anal. Calc. for C,0H;»;BrCIN;0O, (450.75), C: 53.28; H:
4.78; N: 9.35% Found: C: 53.29; H: 4.70; N: 9.32%. IR (KBr, cm'l): 3394(0-H),
1611(C=N). '"H NMR (400 MHz, DMSO): 13.43 (s,IH)(OH), 9.16 (s,1H)(-C-N-), 8.89-
6.48(m,11H)(Aromatic), 4.35(d,1H), 4.10(d,2H)(-CH»), 3.85(s,3H)(-CH3), 2.30(m,2H)
)(-CHy). UV-Vis: Apax (nm) intraligand interactions: 292,343

H O
H o Z
OH  BiCH,CH,CH,Br OH NN N
—
Acetone, NaHCO 5, 60 °C Acetone, , 55 °C

OH O _~_Pr SN NN /N\
Br

HZNQCI
=

OH
Br
I\
O\/\/NVN\

L4

Scheme 7.1 Synthetic scheme for L4
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7.3.2 Synthesis of ligand (LS)

The mixture of ionic liquid tagged aldehyde 3 (0.51g, 1.5mmol) and 4-
methoxyaniline (0.19g, 1.5mmol) in methanol was refluxed for 2 hours, and the solid
product LS formed was filtered and washed with ethanol. The synthetic procedure for

the synthesis of ligand L5 is given in Scheme 7.2.

Yield: 0.26g (56%). M.P: 145°C. Anal. Calc. for C,;H24BrN3;O3 (446.33): C: 56.58; H:
5.41; N: 9.51% Found: C: 56.51; H: 542; N: 941%. IR (KBr, cm'l): 3353(0-H),
1617(C=N). 'H NMR (400 MHz, DMSO): 13.84(s, 1H)(OH), 9.38(s,1H)(-C-N-), 6.43-
8.69(m,8H)(aromatic), 4.11(d,2H)(-CH,), 2.37(d,2H)(-CH>), 3.82(s,3H)(-CH3). UV-Vis:

Amax (nm) intraligand interactions: 285, 350

H. O H-°
OH  BrCH,CH,CH,Br OH NVN\
—_—
Acetone, NaHCO 5, 60 °C Acetone, , 55 °C
OH

NN e AN~ /N
Br

HZNQOCH3

4-methoxyaniline

Scheme 7.2 Synthetic scheme for LS
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7.3.3 Synthesis of complex (C13)

Ni(OCOCH3),-4H,0 (0.273g, 1.1mmol) was added to the ligand (L4) (0.52g,

1.2mmol) taken in minimum quantity of methanol (15ml) solvent. The reaction mixture

was refluxed at 80°C for 3 hours. The resulting precipitate was filtered, washed with

methanol followed by ethanol and dried in vacuo.

complex C13 is given in Scheme 7.3.

The synthetic method for metal

Yield: 0.31g (63%). M.P: > 330 °C. Anal. Calc. for C4oH4Br,ClLNgNiO4 (958.18) : C,

50.18; H, 4.18; N, 8.75% Found: C, 50.14; H, 4.21; N, 8.77%.

IR (KBr, cm™):

1580(C=N), 570(N-M), 476(0-M). 'H NMR (400 MHz, DMSO): 9.27(s, H)(-C-N-),
6.56-7.91(m,16H)(aromatic), 4.49, 4.10, 1.20(d,2H)(-CHa), 3.90(s,3H)(-CHz). UV-Vis:

Amax (nm) intraligand interactions: 258, 293, d—d forbidden transition: 378.

OH >

O\/\/N\&N_\

Br

. Br

H N cl
= Ni(OAc,).,H,0 H

Cl
Cl

N
NN

H
-/ ™S
MeOH, 60°C 0
=\ I )

Y

Br h

Scheme 7.3 Synthetic scheme for C13
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7.3.4 Synthesis of complex (C14)

Ni(OCOCH3),-4H,0 (0.273g, 1.1mmol) was added to the ligand (LS) (0.51g,
1.2mmol) taken in minimum quantity of methanol solvent. The reaction mixture was
refluxed at 80°C for 2 hours. The resulting precipitate was filtered, washed with ethanol

and dried in vacuo. The synthetic method for metal complex C14 is given in Scheme 7.4.

Yield: 0.33g (65%). M.P: > 330 °C. Anal. Calc. for C4sH46BroNegNiOg (949.35) : C,
53.14; H, 4.88; N, 8.85% Found: C, 52.89; H, 4.36; N, 8.97%. IR (KBr, cm"):
1569(C=N), 565(N-M), 448(0-M). 'H NMR (400 MHz, DMSO): 9.27(s, H)(-C-N-),
6.56-7.91(m,16H)(aromatic), 4.49, 4.10, 1.20(d,2H)(-CH2), 3.90(s,3H)(-CH3). UV-Vis:

Amax (nm) intraligand interactions: 259, 295, d—d forbidden transition: 381.

OCH,
OCH,
H /N—©—OCH3 i
Ni(OAc,). H,0 N Ni/N\
OH —_— - S0
MeOH, 60 °C o
[\ +
O NN o} ©
Br H/
N
N
’ !
9 <
! Br
7 Br

Scheme 7.4 Synthetic scheme for C14
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7.4 RESULTS AND DISCUSSION

The analytical data showed that the observed values are in good agreement with

the theoretical values (Table 7.1).

Table 7.1 Analytical data of Schiff base complexes

Complex | Decomp % Found (Theoretical) UV-vis Data, Ayax (nm)
/Ligand temp
°O) C H N Intra d-d
ligand Transition
Transition
L4 155 53.29 (53.28) | 4.70 (4.78) | 9.32(9.35) | 292,343 -
L5 145 56.51 (56.58) | 5.42(5.41) |9.41 (9.51) | 285,350
C13 >300 | 50.14 (50.18) | 4.21 (4.18) | 8.77 (8.75) | 258,293 378
Cl14 >300 |52.89(53.14) | 4.36 (4.88) | 8.97 (8.85) | 259,295 381

7.4.1 FT-IR Spectra

The characteristic stretching frequencies of ligand and complexes are shown in
Table 7.2. The broad band in the IR spectra of the ligands in the range 3350-3495 cm™
is assigned to O-H stretching vibrations. These bonds participate in intramolecular
hydrogen bonding with azomethine group (O-H--N=C) during complex formation.
Therefore, these bands disappeared through complexation with the metal ions. IR
absorption band due to V(C=N) of the free ligand appearing in the region 1620-1610
cm™', undergoes a negative shift by 5-25 cm™ for complexes which indicates the

coordination of azomethine nitrogen to the metal (Prabhakaran et al. 2005, Kovacic

1967). The band in the region 1250-1270 cm™ is assigned to phenolic v(C—0). The
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bands in the region 560-570 cm™ and 450-480 cm™ in the complexes are assigned to

vV(M—-0) and v(M—-N) respectively (Asadi et al. 2011).

IR spectra of the synthesized

ligands and complexes are shown in Fig. 7.1 to Fig. 7.4 respectively.

Table 7.2 Infrared spectral data (cm™) for ligands and complexes (C13-C14)

Ligand/Complex | v(O-H) | v(C=N) | vOM-0O) | v(M-N)
L4 3394 1611 - -
LS 3353 1617
C13 - 1701 570 476
C14 - 1709 565 448
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Fig. 7.1 IR spectrum of L4
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7.4.2 "TH-NMR Spectra

'H-NMR spectral data of the nickel (II) complexes exhibit a multiplet around
6.48-8.89 ppm which has been assigned to the protons of phenyl groups present in Schiff
base ligand. A peak observed around 9.3-9.1 ppm in the complex has been assigned to
azomethine proton (—C=N-) (Sorkau et al. 2005, Gnanasoundari and Natarajan 2005 and
Balasubramanian et al. 2007). Further, a peak at 13.43 ppm (L4) and 13.84 ppm (LS5)
observed in the ligands were absent in the metal complex spectra. These two peaks are
assigned to the hydroxyl group in the ligand, and the absence of a resonance due to these
phenolic hydrogens in the metal complexes indicates the deprotonation of the Schiff base,
to form the metal complex. The NMR spectra of ligands and complexes are given in Fig.

7.5 to Fig. 7.8.
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7.4.3 UV-Visible spectra

The UV-Vis spectral data of the ligand and complexes recorded in dry DMSO are
depicted in Fig. 7.9. The values of the electronic spectra of ligands (L4 - LS5) and
complexes (C13-C14) are given in Table 7.1. Bands between 250 nm to 350 nm are
mainly due to metal-to-ligand (MLCT) and ligand-to-metal charge transfer (LMCT) and
intra-ligand transitions (ILCT). The spectra also show negligible single photon
absorption at 532 nm wavelength. Therefore, the nonlinear optical measurements carried
out in our experiments are under nonresonant excitation. Also, it can be seen that the

complexes are transparent in the UV-vis region.

Absorbance

. , : , .
300 400 500 600
Wavelength(nm)

Fig. 7.9 Linear absorption spectra of ligands (L.4- LS) and complexes (C13-C14)

7.5 NONLINEAR OPTICAL MEASUREMENT

Among the range of organic materials used in optical applications, a class of
molten salts called ionic liquids has recently gained attention due to their interesting

physicochemical properties (Dupont et al. 2002, Antonietti et al. 2004, Cassol et al.
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2006). These liquids have an ionic-covalent structure and present different molecular
architechtures (Dupont et al. 2002). The fact that some of these ionic liquids possess
liquid crystal properties (Bowlas et al. 1996, Gordon et al. 1998), has encouraged the
scientific community to explore their nonlinear optical responses. In the present work,
ionic liquids were tagged to metal Schiff base complexes and their optical nonlinearity
was studied using Z-scan technique. For this, the solutions required for the analysis were
prepared by dissolving complexes in DMSO with concentration 1 x 10® mol/L and

filtered off, prepared solutions to remove the any residue.

The open aperture Z-scan curves of the complexes are given in Fig 7.10 and Fig.
7.11. Curves shows an increase in absorption when the sample is nearing the beam focus,
indicating reverse saturable absorption behaviour. Numerically, a 2PA type process
described by the nonlinear transmission equation (7.1) (Sutherland et al. 1996) is given as

follows.

T:£(1—R) exp(_a%ﬁ_qo] [ ln[ 1+¢, exp(—tz)j|dt .......... (7.1)

—oo

The above equation was found to give the best fit to the data. Here T is the actual
Z-dependent sample transmission (product of linear transmission and normalized
transmittance) and L and R are the length and surface reflectivity of the sample

respectively. @ is the linear absorption coefficient. gqg is given by F(1 — R}MyL -

where f is the 2PA coefficient, and I; is the on-axis peak intensity. L. is given by

1—exp _‘xifa. The values of the two-photon absorption (2PA) coefficients f of the

complexes are presented in the Table 7.3.
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Fig. 7.11 (a) Open aperture z-scan curve for complex. Linear transmission of the sample

(corresponding to T (norm.) = 1) is 67%. Circles are data points while solid curves are

numerical fits using equation 7.1. (b) Nonlinear transmission curve of C14

Nonlinear absorption is a phenomenon defined as a nonlinear change, either an

increase or decrease, in absorption with increasing intensity. This can be of two types:
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saturable absorption (SA) and reverse saturable absorption (RSA). With increasing
intensity, if the excited states show saturation owing to their long life time, it is called as
SA. However, if the excited state has strong absorption compared to that of the ground
state, the transmission will show RSA characteristics. RSA is strongly dependent on the
wavelength, intensity and excited state lifetime (Naga Srinivas et al. 2003). The most
important application of RSA is in optical limiting devices, that protect sensitive optical
components, including the human eye, from laser-induced damage (Tutt and Boggess

1993). RSA is observed as a result of ESA, 2PA or a combination of both.

Table 7.3 2PA coefficient S of Schiff base complexes

Complex 2PA coefficient # (mW™)
Y
C13 1.0 x 10
T
C14 2.6x 10

The origin of this large nonlinearity can be discussed as follows. As known, ionic
liquids are molecular structures with positive and negative charges. It is expected that
molecules with positive and negative charges possess large electronic nonlinear optical
responses (Sheikh-Bahae et al. 1990). This is because upon laser excitation, a large
variation in the molecular dipole occurs, resulting in an optically induced transition of the
molecule which leads to refractive and absorptive nonlinear optical response in the
molecule. In the present case, we assume that synergic effect of the dipolar interaction in
the ionic liquid along with the delocalization of m-electrons in the Schiff base is

responsible for the observed optical nonlinearity.
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CHAPTER 8

SUMMARY AND CONCLUSIONS
Abstract

In this chapter we summarize the work presented in the thesis along with the
conclusions drawn in a chapter wise manner. Scope for further work has also been

included.

8.1 SUMMARY AND CONCLUSIONS

In summary, the present research work mainly concentrates on the design and
synthesis of ligands and transition metal complexes and consequently study on their
nonlinear optical behavior. The selection of diaminobenzene, diaminobenzophenone and
thiosemicarbazide as the amine component and 2-hydroxynaphthaldehyde and
dimethylamino benzaldehyde as carbonyl component was based on the idea of
developing ligands having D-n-A structure so that they can produce complexes with
better NLO activity. The selection of 1,10-phenanthroline and triphyenylphosphine was
to introduce a m-conjugated environment. Due to their versatility, transition metal ions
like Fe, Co, Ni, Cu and Zn were selected as the metal centers. The formation of the
ligands and complexes was ascertained by elemental analysis, FT-IR spectroscopy, NMR
spectroscopy and Single Crystal XRD. The linear absorption, measured by UV-Visible
Spectrophotometer, provided light on the kind of charge transfer (metal-to-ligand, ligand-
to-metal, d-d transition) prevailing in the system. Since the basic requirement for a
complex to behave as an efficient NLO material is the presence of acceptor and donor
groups with bridging m-conjugated system, the ligands and complexes were thus chosen
and/or designed. For this, either Schiff base ligands were synthesized or ligands with
large aromatic system were chosen. Transition metal ions like Fe(II), Co(II), Ni(Il),

Cu(I), Cu(Il) and Zn(II) with d° to d"° configuration were utilized. Further, a novel
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approach of tagging the complex system with ionic liquid has also been employed. The
nonlinear optical studies (by Z-scan technique) of the synthesized complexes revealed

encouraging results.

In the present context, it becomes significant to co-relate and summarize the
results obtained. In brief, the thesis can be summarized as follows. The present research
work was carried out to synthesize new metal complexes with large nonlinear response to
be used as useful and processable materials for nonlinear applications. The thesis
includes synthesis and characterization of five different series of transition metal
complexes exhibiting good third-order nonlinearity with two and three photon
absorption. The nonlinear optical studies were carried out using open aperture Z-scan
technique. Three series of synthesized complexes viz., (1,2-diaminobenzene and 2-
hydroxynaphthaldehyde) based Fe(II), Ni(Il) and Zn(Il) complexes; (3,4-diaminobenzene
and 2-hydroxynaphthaldehyde) based Co(Il), Ni(Il) and Zn(II) complexes and ionic
liquid tagged Schiff base Ni(Il) complexes displayed two photon absorption.
Furthermore, the other two series comprising of (dimethylamino benzaldehyde and
thiosemicarbazide) based Ni(II), Cu(Il) and Zn(II) complexes and (1,10-phenanthroline
and triphenylphosphine) based Cu(I) complexes exhibited three photon absorption. The
observed enhancement in the nonlinearity and absorption co-efficient values of the
complexes can be assigned to the strong hyperpolarizablility produced due to the electron
asymmetry and extensive conjugation around the central metal ion. This draws attention

to the important role played by polarizable molecular systems on nonlinear response.

The overall work in the thesis has been broadly divided into eight chapters. For
an easy understanding, each working chapter has been divided into three major sections:
the first and second section explaining the synthetic route and characterization
respectively, whereas the final section dealing with nonlinear optical studies. Each

chapter is briefly summarized and the conclusions drawn are provided below.
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Chapter 1 speaks about the introduction on role of metal ions and various ligands
in nonlinear optical behavior of metal complexes. The chapter also introduces the basics
of nonlinear optics highlighting the theory of nonlinear optics, two photon and three
photon absorption processes and the various methodologies prevalent in determining the

nonlinear response.

Chapter 2 presents the survey of literature on the origin and contribution of metal
complexes in nonlinear optics. The chapter concludes with an outline of the scope and

objectives of the present work.

Chapter 3 gives a detailed study on the synthesis and characterization of ligand
(1,2-diaminobenzene and 2-hydroxynaphthaldehyde) and its metal (Fe(II), Ni(I[) and
Zn(I)) complexes. The complexes displayed a two photon absorption with the Ni(II)
complex showing the best NLO response (5 x 10" mW™).

In Chapter 4, 3,4-diaminobenzophenone was chosen as the amino substituent
group for the synthesis of Schiff base ligand. This was mainly done to understand the
impact of extended m-conjugation on the nonlinear response of its metal complexes with
Co(II), Ni(Il) and Zn(II) ions. These complexes too showed third-order nonlinearity
with the P value going as high as 1.1 x 10" mW™" (for Ni(Il) complex). The

enhancement of nonlinear response has been discussed.

Chapter 5 deals with the synthesis of Schiff base ligands of dimethylamino
benzaldehyde and thiosemicarbazide. The ligand was complexed with Ni(Il), Cu(II) and
Zn(II) metal ions and well characterized. Here, thiosemicarbazide behaves as a
monodentate ligand and forms a square planar complex with the metal ions. These
complexes exhibited third-order nonlinearity with the highest three photon coefficient

value of 8.5 x 10?* m*W2 which is observed for Ni(Il) complex.

Chapter 6 provides the synthesis of Cu(I) complex with large aromatic ligands
like 1,10-phenanthroline and triphenylphosphine. A distorted square planar Cu(l)

complex was formed. The structure was confirmed by single crystal XRD. Also, the
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nonlinear optical studies were carried out in solution as well as thin film state. These
complexes also exhibited three photon absorption. The observed third-order nonlinearity
based on the structural feature and solid state packing of the complexes has been

discussed.

In Chapter 7, an attempt has been made to study the effect of ionic liquid on
optical nonlinearity of the Schiff base ligand and its nickel complex. The ionic liquid
tagged Schiff base complexes displayed effective two photon absorption with good third-

order nonlinear response.

The synthesized complexes proved to be a good third-order nonlinear optical
materials exhibiting two photon or three photon absorption, thereby emphasizing the
significant role these complexes can play in the field of nonlinear optics. The absorption
coefficient values of the complexes suggest that these complexes can be used as optical

limiters.

8.2 SCOPE FOR FUTURE WORK

The potential applications of transition metal complexes in information
transmission, storage, extraction processing and display have led to a tremendous growth
of these complexes as NLO materials. Transition metal complexes, such as those studied
in the present thesis, are opening pathways for efficient functional materials. As per the
requirement, the ligands and the metal ions can be chosen and tailored into NLO
materials with exciting novel properties and functionalities. Keeping in view these
factors, the scope of the present work can be extended but not limited to the following

experiments.

» Design and synthesis of different ligands with good m-conjugated system to enhance

the nonlinear optical response of the complex.
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» Studies on the effect of employing metals like boron, tin, ruthenium, etc. on the

optical nonlinearity.

» Extending the donor-acceptor system by employing two different metals (bimetallic

complexes) and understanding their nature of nonlinear behavior.
» Studying the NLO response of complexes by tagging with different ionic liquids.

The field of nonlinear optics is incredibly large and since the quest for new novel

materials is never ending, scope for the present work is bright
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