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SYNOPSIS

Currently there is tremendous interest in developing new materials

for a wide variety of nonlinear optical (NLO) applications in the areas of

optoelectronics and photonics. Most of the materials commercially used

today are based on inorganic compounds. Compared to these inorganic

materials, many organic and organometallic molecular materials have much

higher NLO efficiencies and faster response times and are amenable to a

wider range of synthetic protocols. However, the organic materials are

often handicapped by problems such as poor crystal growth characteristics,

low thermal stability and damage threshold, inadequate transparency

windows etc.. Therefore there is a great need to investigate and develop

novel molecular materials that circumvent these difficulties.

This thesis presents the systematic investigation of a class of push-

pull diamino substituted dicyanoquinodimethane systems as novel

molecular materials for quadratic NLO applications. The results of these

studies are presented in seven chapters. We describe below the salient

features of the contents of each chapter. In Chapters 2 - 6, the first Section

provides some background information about the contents of the Chapter.
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CHAPTER 1: INTRODUCTION

Section 1 presents the historical background of the field of nonlinear

optics and the development of organic materials for quadratic NLO

applications. Basic concepts of nonlinear optics including second harmonic

generation (SHG) and linear electro-optic effects are discussed in Section 2.

The materials for second harmonic generation including organic, inorganic

and organometallic compounds reported by various groups are reviewed in

Section 3. Various approaches to obtain noncentric structures for designing

materials for quadratic NLO applications like SHG are summarised in

Section 4. The computaional methods to calculate molecular

hyperpolarisabilities are discussed in Section 5. In Section 6, the

experimental techniques to measure SHG in solution and powders are

outlined. The final section of this chapter presents the layout of this thesis.

CHAPTER 2: COMPUTATION OF MOLECULAR HYPER-

POLARISABILITY AND THE STUDY OF STRUCTURE-

PROPERTY RELATIONSHIPS

The molecular hyperpolarisabilties, p are commonly computed using

semiempirical or ab initio procedures employing the sum-over-states (SOS)

and coupled Hartree-Fock (CPHF) methods. The methodologies which we

have adopted for the computation of p are presented in Section 2. The (3

values computed for several derivatives of push-pull quinodimethanes
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which we have synthesised, are presented and the results discussed in this

Section. We have investigated the effect of push-pull groups and

electrostatic environment on p using model calculations on a prototypical

system, namely, 7,7-diamino-8,8-dicyanoquinodimethane. This effect is

quantified by the definition of a quinonoid-benzenoid character and the

results are presented in Section 3. We have also carried out some analysis

of the dependence of P on the molecular structure of these push-pull

quinonoid compounds. Crystal structure studies on several compounds

have shown that these molecules possess a strong twist between the plane

containing the donor group N atoms and the plane containing the

conjugating unit and dicyanomethylene group. Calculations have been

carried out on a model system, DPDQ to study the dependence of P on the

molecular twist. Section 4 presents the results of these studies and the

analysis of the unusual variation of P observed, using the two-level model.

CHAPTER 3: SYNTHESIS AND CHARACTERISATION

In this chapter, we present the synthesis and characterisation of

achiral and chiral derivatives of push-pull diamino substituted

dicyanoquinodimethane we have investigated in this study. These

compounds are very easily synthesised and offer tremendous flexibility in

derivatisation. These novel materials we have investigated have higher

thermal stability than many of the well-known organic NLO materials.
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They are also amenable to easy crystal growth. Their synthesis and

spectroscopic characterisation details are presented in this Chapter.

CHAPTER 4: EXPERIMENTAL DETERMINATION OF

MOLECULAR HYPERPOLARISABILITY

The two-level model for p shows that change in dipole moment on

excitation of a molecule strongly influences and often determines the

hyperpolarisability. We have proposed a simple procedure for the

solvatochromic determination of the change in dipole moments of organic

molecules on excitation and this practically convenient procedure is

described in Section 2. We utilised this procedure together with simple

electronic absorption studies, to determine experimentally, the two-level

approximation to the p of some of our quinonoid systems. This simple

solvatochromic method is discussed in Section 3 along with an analysis of

the results in view of the earlier computed p. We have also assembled the

set up to carry out Electric Field Induced Second Harmonic Generation

(EFISHG) study of molecular p in solution. Details are presented in Section

4 along with studies carried out on a representative quinonoid molecule.
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CHAPTER 5: MATERIALS FROM ACHIRAL MOLECULES:

CRYSTAL STRUCTURES AND POWDER SHG STUDIES

In Section 2, we present the study of powder SHG and crystal

structures of the various materials we have studied based on achiral

quinonoid compounds. Several of these compounds had centrosymmetric

lattices and showed no SHG. However, DPDQ in one of its polymorphic

forms showed an unusual and novel phenomenon of solvate switchable

SHG and this is discussed in Section 3.

CHAPTER 6: MATERIALS FROM CHIRAL MOLECULES:

CRYSTAL STRUCTURES AND POWDER SHG STUDIES

Section 2 presents the crystal structures and the results of the powder

SHG studies on the materials we have developed from chiral quinonoid

systems. SHG dependence on particle sizes showed that these materials are

capable of phase-matchable SHG. In Section 3 we discuss the dual

influence of intermolecular H-bonding on the SHG capability in DHPDQ.

Molecular engineering was successfully employed to improve the SHG

capability in this class of compounds (see table below). Interesting and

useful correlation of the crystal structures and the SHG, extracted from

these studies are discussed in Section 4. (See Chapter 6 for the molecular

structure of these compounds.)

X
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CHAPTER 7: OVERVIEW OF THE PRESENT WORK AND
FUTURE PROSPECTS

This chapter presents an overview of the present investigation on a

new class of molecular materials for SHG. These materials have several

positive features like easy synthesis, high thermal stability, optical

transparency and moderate to strong phase-matchable SHG. Investigation

of these materials have also revealed some important practical guidelines for

the fabrication of molecular materials for SHG. Future direction for

research in this area are also outlined in this Chapter.



CHAPTER 1

INTRODUCTION



1.1 HISTORICAL BACKGROUND

Reflection, refraction and diffraction are the commonly observed

interactions of light with matter. These are said to occur in the domain of

linear optics, since the magnitude of the observed effects change linearly

with the light intensity. Light absorption and photochemical events such as

photosynthesis can also be described as one-photon linear optical processes.

Nonlinear optics (NLO) is the study of the interaction of intense

electromagnetic fields with matter which causes the modification of the

optical properties such as refractive index, and leads to output fields that are

different from the input field in phase, frequency, amplitude or polarisation.

When the field is applied externally, it is called an electro-optic effect2, and

the earliest observations of such effects were the variation of refractive

index as a linear (Pockels effect) and a quadratic (Kerr effect) function of

the applied electric field.' When the electric field associated with an

incident electromagnetic radiation gives rise to an NLO response, the

observed effect is an all-optical one, and such phenomena could be observed

only with the advent of lasers in the 1960's. Availability of high power

lasers stimulated extensive research on the nonlinear optical properties of

materials. Nonlinear susceptibilities y} and y} ) describe terms in the

polarisation, proportional to the square and the cube of the electromagnetic

field respectively. The susceptibility %(2) is responsible for second harmonic

generation (SHG), a typical nonlinear optical process; it involves the

conversion of an input optical wave into an output wave of double the input

frequency. For example, such a process could produce green light (532 nm)
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from a Nd:YAG laser operating at 1064 nm. The %(2) vanishes in materials

with inversion symmetry whereas all materials have a nonvanishing value of

X(3). The cubic nonlinearity leads to a large variety of nonlinear effects,

including third harmonic generation, four wave mixing, phase conjugation

etc..3'5

SHG was first observed in single crystal quartz by Franken and
A 7 R

coworkers in 1961. Giordmaine and Maker et al demonstrated SHG in

KDP crystals which were commercially grown for Pockels-type electro-

optic shutters. Subsequently other NLO effects like parametric oscillation

were discovered which provide tunable beams in the infra red by parametric

down conversion from 1.06 urn wavelength. Parametric amplification was

observed in lithium niobate (LiNbO3) single crystals in 1965.10 Materials

with large x,( , which can be used farther into the infra red, include proustite

(Ag3AsS3), tellurium, indium antimonide etc.5

The first observation of SHG in an organic material (benzopyrene)

was made in 1964 by Rentzepis and Pao.11 The potential of organics was

revealed by further studies on hexamethylenetetramine,12 hippuric acid13

and benzil. In 1968 a systematic approach was developed to quantify and

classify the SHG in powders of organic and inorganic compounds by Kurtz

and Perry. The analysis of nonlinear interference processes in crystals

known as the Maker fringe method8 was developed by Jerphagnon and

Kurtz in 1970.16 Demonstration of electric field induced second harmonic

generation (EFISHG) in centrosymmetric media such as fluids by

2
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Hauchecorne et aim 1971l7 showed that it is possible to measure individual

molecular nonlinearities in solution by breaking the centre of symmetry

upon application of high electric field pulses. Exploration of nonlinear

optical organic materials changed from a random scanning process into a

systematic search with the work of Davydov et al19 which established the

connection between enhanced nonlinearities and charge transfer in

conjugated molecules.

Extensive early work on organic NLO materials was carried out by

the research groups at CNET, France and Bell Laboratories, USA. The

organic molecules with their inherent flexibility and synthesis potential are

ideal candidates for 'crystal engineering'.20 Theoretical methods were

developed to analyse the correlation between molecular structure and

nonlinearity and to relate the molecular hyperpolarisabilities to bulk

susceptibilities. Simple ideas such as the two-level model22 for molecules

with intramolecular charge transfer were put forward which turned out to be

extremely useful in the synthetic design of new NLO systems. From the late

1970's upto now, fundamental work on solutions has continued ' ;

however the focus has shifted from purely molecular studies to the problem

of designing molecular materials. Several organic molecules have been

found to have appreciable NLO capabilities (see Sec. 1.3). One of the early

successes in this direction was the fabrication of two crystalline materials

with NLO efficiency higher than that of LiNbO3 by one order of magnitude;

MAP (methyl-(2,4-dinitrophenyl)-aminopropanoate)24 and MNA (2-methyl-

4-nitroaniline). * Strong SHG and tunable parametric amplification was

3



Chapter I

observed in POM (3-methyl-4-nitropyridine-l -oxide)26 and NPP (N-(4-

nitrophenyl)-(L)-prolinol) crystals.27 NPP and the parent structure PNP

(nitro-4-pyridino-2-(L)-prolinol) are examples of optimal structures for

phase-matched nonlinear interactions28 where the molecules are ideally

oriented with respect to the crystalline symmetry axis so as to maximise the

effective nonlinear coefficients. NPP has a nonlinear coefficient (d) of 200

x 10*9 esu which leads to two orders of magnitude higher efficiency (d n" ; n

= refractive index) than lithium niobate. Recent research has focused on

developing new materials with good practical attributes such as thermal and

chemical stability and crystal growth characteristics. This has led to the

growth of single crystals 9 of NPP, MAP and POM and detailed

characterisation of their nonlinear susceptibility tensor. However,

investigations of the powder NLO characteristics by the Kurtz and Perry

method have been widely used for screening the large number of available

and new materials. ' " ' Recently nondipolar noncentrosymmetric

molecules with octupolar moments have emerged as interesting new

candidates ; the system with the highest static hyperpolarisability reported

so far is a ruthenium complex with chiral ligands.37 The NLO properties of

poled polymers, polymers incorporated in sol-gel matrices,41"42 liquid

crystalline polymers38 and Langmuir-Blodgett films43, polymeric

photorefractive materials44 have also been under extensive investigation.

Polymers with extended conjugation such as polyacetylene,

polyphenylenevinylene, polythiophene, polydiacetylene and macrocyclic

systems like Phthalocyanines and porphyrines have emerged as some of the

best materials for third order NLO applications.45

4
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Nonlinear optical effects are widely used in optoelectronic devices

which have innumerable applications in telecommunications, fast switches,

optical computing, optical data storage, optical information processing etc..

The emerging area of photonics is expected to fully exploit a variety of

nonlinear optical phenomena and materials. The basic capability of NLO

materials to effect the modulation and amplification of optical signals

should lead to a dominant role for them in future information technology.

1.2 THE CONCEPT OF OPTICAL NONLINEARITY

When the electric field of an electromagnetic radiation typically in

the optical range of frequencies, interacts with a material, it induces a dipole

moment in the material. The dipole moment induced per unit volume is

called 'polarisation'. At low electric fields, the macroscopic polarisation ie.

polarisation of the bulk medium, P is linearly related to the field by the

proportionality constant, x(1), known as the linear electric susceptibility. At

high fields typically those associated with lasers, contribution of the

nonlinear (second and higher order) terms become significant.46 Higher

order susceptibilities x(n) (n > 1) are inherently much smaller than x(1); they

become much smaller as n increases. The polarisation along the 1th axis can

therefore be generally represented as:

5

(1.1)
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Since the electric field and the polarisation are vectors, the n order

macroscopic electric susceptibility (x(n)) that relates the components of the

polarisation to the applied field is an (n+1) order tensor. In Eqn.1.1, the

indices i, j, k, and 1 refer to the coordinate framework of the bulk material.

Fig. 1.1 (a) illustrates the linear and nonlinear polarisation with

respect to electric field. The asymmetric polarisation response to a

symmetric electric field in a nonlinear medium is shown in Fig.l.l(b). The

Fourier decomposition of this nonlinear polarisation comprising of

Figure l.l(a): linear and nonlinear polarisation vs electric field

6
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Figure 1.1 (b): Asymmetric polarisation response to a symmetric electric

field

components of zero frequency, the fundamental frequency, the second

harmonic frequency, the third harmonic frequency etc. is shown in

Fig.l.l(c). The effects upto the second order which are easily observed

experimentally are called the optical rectification (x(2) (0; co,co)), linear

electro-optic effect (x(2) (-co; co,0)), second harmonic generation (x(2) ( -2co;

co,co)) and third harmonic generation (x(3) (-3co; co,co,co)).

7
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Figure l.l(c): The Fourier decomposition of nonlinear polarisation and the

components ofP(x) at frequencies 0, co, 2co and 3d)

In this thesis we deal exclusively with second order nonlinear optical

properties of organic materials. We provide below brief descriptions of the

second order effects such as linear electro-optic effect and second harmonic

generation. The work presented in the thesis focuses mainly on second

harmonic generation studies.

8
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Linear electro-optic effect

The linear electro-optic effect or Pockels effect is usually described

in terms of the tensor rijk which is related to the susceptibility, x( } (-©;©, 0),

through the dielectic constant tensor (E) components as:

Here, ey(O) is the ij01 component of the dielectric constant in the absence of

the external de field and the approximation is valid in the limit where field

induced changes in the dielectric constant are small. The experimental

determination of the linear electro-optic coefficient is based on the

simplification, An == n3.r.E/2. Tensor subscripts have been omitted for

simplicity. An is the induced change in the refractive index, n is the

refractive index in zero field, r the electro-optic coefficient, and E the

applied modulating field. The small changes in the refractive index are

9

The Pockels effect is the linear change in the index of refraction of a system

in the presence of an external electric field. The ijl component of the

change in the dielectric constant is related to the electric field component Ek

by the coefficient, ryk as follows:

(1.3)

(1.2)
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measured by detecting phase shift of the light traversing the material, which

is defined by:

(1-4)

where 1 is the optical path length. Various groups have studied the electro-

optic effects in organic molecular crystals and polymers. Devices based

on these effects found early technological application as modulators, for

example in Q-switches of pulsed lasers. Due to their large optical

nonlinearities, organic materials in appropriately designed wave guide

structures can be used for electro-optic modulation and switching functions.

Second harmonic generation (SHG)

The phenomenon of frequency doubling or second harmonic

generation can be visualised as follows. If the applied electric field is of

frequency co, it can be represented as sincot and the quadratic terms are seen

to have a 2co dependence.
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There is an important symmetry constraint for observing second

harmonic generation or other quadratic (in general any even order) NLO

effects. In systems having a centre of symmetry, reversal of the electric

field should exactly reverse the polarisation ie. P(-E) = -P(E). From Eqn.l.1

it can be seen that this is possible if and only if all terms with even powers

of E becomes zero. In a noncentric system, no such equality exists. This

implies that quadratic and other even order effects are possible only in

noncentrosymmetric systems. In a gaseous or liquid state where random

fluctuations create a centre of symmetry one needs an alignment of

molecules using an external field to break the centre of inversion and

observe second order effects. For second harmonic generation, a coefficient

dyk is often defined as follows:

11

Relation between macroscopic and microscopic nonlinearities

In organic molecules, the microscopic polarisation is defined by the

induced molecular dipole moment p; which depends on the molecular

polarisability, a and hyperpolarisabilities, (3, y etc. as follows:

(1.5)

(1.6)
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The molecular property of significance for the second harmonic generation

is the first hyperpolarisability tensor, pijk. Using the oriented gas model a

connection between the molecular hyperpolarisability tensor pijk and the

bulk nonlinear coefficient XIJK<2) n a s been worked out. The unit cell

nonlinearity per molecule, bUK, introduced by Zyss and Oudar is related to

the bulk nonlinear coefficient, dUK (ie. X\m * / 2) as follows:

where Ng is the number of equivalent position in the unit cell and N is the

number of molecules in the crystal unit volume. The angle between the

crystallographic axis, I and the microscopic axis, i is denoted by QVv The

local field factors (f) essentially correct for the difference between an

applied field that would be felt by the molecule in free space and the local

field existing in the bulk material. These factors usually take the form of the

well known Onsager48 or Lorentz49 correction fields.

1.3 SECOND ORDER NONLINEAR OPTICAL MATERIALS

Most of the materials developed initially for nonlinear optical

applications were based on inorganic systems. Ferroelectric materials

lacking a centre of symmetry were prime candidates. In inorganic materials,

(1.7)

(1-8)
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the optical and acoustic phonons as well as the electronic polarisation

contribute to the NLO effects. The NLO effects in inorganics can be

interpreted only at a bulk level; extension of the atomic or ionic

polarisabilities to the bulk NLO properties is complicated. There has been a

growing interest in developing 7i-conjugated organic molecules for

nonlinear optical applications as discussed in Seel .1 above. Fig.l .2

Figure 1.2: Well known organic NLO molecules
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provides the molecular structures of some well known systems. It has been

established that push-pull organic molecules have very high values of pijk

and when they crystallise in noncentrosymmetric space group, they possess

large nonlinear susceptibility. The nonlinearity in these systems is

dominated by electronic polarisation effects alone". In the solid state, these

organic compounds form molecular crystals in which the molecules interact

through weak intermolecular forces and retain their individual identity to a

high degree.

In organic NLO active molecules with their strongly delocalised n-

electron system and the 'donor - conjugating unit - acceptor' framework, the

physical mechanism of charge transfer that leads to the nonlinear effects can

be easily understood in terms of the Mulliken resonance structures as

illustrated in Fig. 1.3. When the molecule is polarised by an applied field

parallel to the axis along which the substituents exist, the electronic

polarisation response will be asymmetrically distorted (solid line) under the

cooperative influence of the donor and acceptor groups, as compared to the

symmetric response of an unsubstituted benzene (broken line). This

asymmetry in the polarisation gives rise to the harmonic frequencies of the

field radiated by the molecular dipole oscillations. These simple

considerations have led to the development of a vast number of organic

molecular crystals and polymers as candidates for NLO applications.
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Figure 1.3: Origin of the nonlinear polarisation in donor-acceptor

substituted molecules. The broken line shows the linear response for

unsubstituted benzene

Table 1.1 provides data on the powder second harmonic.generation

capability of a number of inorganic and well known organic materials

(Fig. 1.2): The values for the inorganic systems are quoted with reference to

quartz and the values for the organic materials with reference to urea, as is

the common practice. The two series of data may be compared given the

fact that urea shows approximately 400 times stronger SHG than quartz.
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Table 1.1: Powder SHG values for some well known inorganic materials

(relative to quartz; urea included for comparison) and organic materials

(relative to urea)

The quadratic NLO active molecules are mostly based on donor-

acceptor substituted aromatics; benzene, stilbenes, diaryl acetylenes,

diacetylenes and biaryls are commonly used frameworks. In addition to the

above materials, many more organic and organometallic compounds have

been examined by the powder SHG method or their molecular

hyperpolarisabilities have been measured using EFISHG/HRS techniques,

or both. A variety of salts especially with pyridinium and stilbazolium

cations have been studied for their second order nonlinear optical properties.

A growing number of organometallic compounds have been found to have

good powder SHG intensities; ferrocenes, metal carbonyl and metal

carbonyl pyridine complexes, octahedral and square-planar metal complexes
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are interesting examples.50 Octupolar molecules are emerging as a new

class of molecules with promising NLO properties. Though the

investigations for designing crystals for efficient NLO properties is still in

their early stages, the molecular hyperpolarisabilities, P, of this class of

molecules have been studied by various groups." Recently there has been a

report on novel NLO chromophores with through space (as opposed to n-

conjugative) interactions between the donor and acceptor groups which

showed promising NLO properties/

The second order nonlinear optical capability is often characterised

by the figure of merit defined as d In (d = second order coefficient and n =

refractive index of the material). Fig. 1.4 shows that the nonlinear organic

materials are superior in the visible and near infrared regions of the

electromagnetic spectrum. However it may be noted that organic materials

have posed some inherent problems such as poor crystal growth

characteristics and relatively low thermal stabilities. Also in many cases,

they absorb in the visible or near UV region of the electromagnetic

spectrum, making the SHG at these wavelengths inefficient. A lot of effort

is being put into overcoming these limitations of organic materials, so that

they can compete with inorganic materials which at present dominate the

area of technological applications.
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Figurel.4: Figure of merit and transparency range of some second order

NLO materials (the Y-axis scale below 10 has been expanded for clarity)

1.4 STRATEGIES TO OBTAIN NONCENTROSYMMETRIC

STRUCTURES FOR QUADRATIC NLO APPLICATIONS

In Sec. 1.2, we have already noted that a noncentrosymmetric

structure is essential for a material to show second order nonlinear optical

properties. Amorphous and glassy solids are, in general, centrosymmetric.



Introduction 19

Majority of crystalline organic materials are also centrosymmetric. A

variety of techniques have been attempted to induce a noncentric lattice

formation. Thin films can be prepared as noncentrosymmetric structures,

using special techniques. Some of the popular strategies that have been

developed to induce noncentrosymmetry in bulk structures are: (i) inclusion

of chirality in the molecule, (ii) utilisation of crystal engineering techniques

that exploit weak intermolecular forces, (iii) electric field poling of thin

films or polymer films in which the molecules of interest are bound

physically or chemically and (iv) preparing X, Z or alternate type Langmuir-

Blodgett (LB) films. These methods are discussed in some detail below.

Inclusion of Chirality

The utility of chirality for the fabrication of NLO organic materials

was recognised very early in the case of amino acids and sugars.3a

Molecular chirality guarantees the crystallisation of a pure enantiomer in

one of the 21 noncentrosymmetric space groups. Achiral molecules

generally crystallise in a centric lattice, though some important exceptions

are known, eg. urea (P4 2,m), benzil (P32), m-nitroaniline, mNA (Pbc2,),

MNA (Cc), POM (P2]2,2,) and 3-acetamido-4-dimethylaminonitrobenzene,

DAN (P2j). On the other hand, a pure enantiomer must crystallise in an

enantiomorphous space group, and there are plenty of examples of such

systems. Some well known cases are (2,4-dinitrophenyl-(L)-

alaninemethylester, MAP (P2,), NPP (P2,) and PNP (P2,).3b Though a

mixture of equal quantities of a pair of enantiomers ie. a racemate, usually
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crystallises in centrosymmetric space groups some cases of crystallisation in

enantiomorphous space groups are also known. We note that the optical

activity of a molecule only guarantees a noncentric lattice structure, but does

not guarantee usefulness as a material for SHG. This is because, the

polarisable part of the molecules may still be aligned almost antiparallel

resulting in near cancellation of the NLO response of the molecules that are

so aligned. It is important to have the NLO chromophores turned away

from an antiparallel alignment to generate good SHG capability. In spite of

this, the utilisation of optical activity appears to be one of the most

successful techniques for the generation of noncentric crystal structures,

especially when used in conjunction with one of the following techniques.

Intermolecular H-bonding and van der Waal interactions

Hydrogen bonding is a well known crystal engineering tool to obtain

desired crystal packing. In the field of NLO too it has been used often to

get optimised noncentric structures in the organic crystals. The hydrogen

bond bridges two atoms that have high electronegativities (such as O, N)

and this can strongly influence the crystal structure and the spectroscopic

properties of the molecules. Some examples of NLO systems where H-

bonding has been crucial are, 2-(a-methylbenzylamino)-3,5-dinitropyridine

(MBADNP),53 o-nitroaniline and its derivative, MAP and urea. Urea is an

extreme case of a hydrogen bonded network.3a The urea molecule which

has eight atoms, is involved in eight hydrogen bonds (four to each carbonyl

and one each from each of the hydrogens). In urea the hydrogen bonding
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has played a crucial role in evolving a noncentric crystal structure." Even

though H-bonding affects the crystal structure in many significant ways, it is

known to have negligible effect on the molecular hyperpolarisabilities.

Some theoretical investigations" do however indicate that in special cases

molecular P's are influenced mildly by H-bonding. The weak interactions

between iodo and nitro groups which form supramolecular synthons were

also exploited for designing materials for SHG. 6

Poling of doped polymer films

Polymer films with exceptionally large second order nonlinearities

can be produced by the poling process." An efficient NLO chromophore

molecule is either doped in a host polymer matrix or covalently linked as

pendant groups on a polymer backbone. The polymer is then cast as a film

usually by spin coating techniques. Subsequently the film is subjected to a

strong external de electric field and heated to the glass transition

temperatures of the polymer. At this point, the chromophores are aligned

parallel by the field and locked into position when the film is cooled to

room temperature with the external field on. The poling thus leads to the

alignment of doped molecules in the polymers film according to the

Boltzmann distribution law. The oriented molecular dipoles produce a

polarisation, P = Nu<cos9>, where N is the number density of the

molecules, ji, the ground state dipole moment, and 0, the angle between the

dipole and the direction of the poling field. This method can also be used

for functionalised and cross-linkable polymer matrices. The resulting
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polymeric material is of high optical quality and suitable for wave guided

electro-optic devices. The main problem associated with the poled

polymer is the metastability of the system. After the external field is

removed, the poled orientation of the chromophores slowly gets randomized

over a period of time, and hence the noncentrosymmetry generated is lost.

This destroys the quadratic NLO capability. Post-poling treatments such as

cross-linking have to be undertaken to arrest the depoling process.

Langmuir-Blodgettfilms

Another approach to the construction of efficient thin film-based

SHG materials has been to incorporate NLO chromophores into acentric X

or Z type Langmuir-Blodgett (LB) films.3 This approach offers far greater

net chromophore alignment than is possible in a poling field (where the net

alignment is statistical). LB films are built up from amphiphilic molecules,

ie., molecules having both a hydrophilic and a hydrophobic part. The

preparation of the LB film consists of the following steps. The amphiphilic

molecule is first dissolved in a solvent immiscible with water and the

solution spread onto the clean water surface in a Langmuir trough. The

solvent is left to evaporate leaving the molecules spread on the water

surface. The Langmuir trough is equipped with a mobile barrier to

compress the film laterally. The film is gradually compressed to a surface

pressure just below its collapse pressure. Because of their long aliphatic

chains the molecules cannot dissolve in water and due to their hydrophilic

group, they cannot leave the water surface. Hence they form a compact,
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monomolecular and in many instances stable film at the water-air interface.

When a hydrophilic substrate previously immersed is slowly raised through

the monolayer, deposition takes place with the hydrophilic group attached to

the substrate and the hydrophobic part sticking out. Subsequent dipping

create a head-to-head or tail-to-tail arrangement of the amphiphiles

deposited as multilayers on the substrate. By the above method one

prepares an LB film which is basically a centrosymmetric one (called Y-

type). Such films are not suitable for optical second harmonic generation.

X and Z type films with a head-to-tail arrangement and hence a noncentric

bulk arrangement can be prepared with relatively low polarity hydrophilic

groups or with special functionalisation of the hydrophobic chain ends.

Another approach is to prepare alternate layered film of the type A-B-A-B-

A-B, wherein one of the molecules A or B is the active NLO chromophore

and the other is just a binding spacer unit.

Several specific methods other than the ones described above for the

preparation of noncentric materials have been reported in the literature. Salt

formation of NLO chromophores with strongly dipolar counterions has been

found useful to create net alignment of the active molecule.60 Inclusion of

the NLO chromophores in noncentric or chiral host lattices such as urea,

thiourea, tri-o-thymotide, cyclophosphazene, deoxycholic acid and

perhydrotriphenylene (PHTP) has given rise to SHG active materials.61

Recently, inclusion of polar organic molecules in molecular sieve hosts has

been investigated as a means of creating self-assembled aggregates of

molecules that possess the noncentrosymmetry required for materials to
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exhibit second harmonic generation. There have been reports of

polymorphic materials where strongly polar solvents have produced crystal

structures which were noncentric whereas less polar solvents gave centric

arrangements. Recently self assembly techniques involving covalent

linkages and layer-by-layer fabrication has been reported to yield robust

noncentric systems highly suited for application like SHG and electro-optic

effects.64

1.5 METHODS FOR THE COMPUTATION OF MOLECULAR
HYPERPOLARISABILITIES

As discussed in the previous Section, the growing thrust on the

development of organic materials for NLO applications such as SHG has

brought to focus the necessity of understanding molecular nonlinearities

better. This should enable designing molecules which will be better

candidates for fabricating the NLO materials. Molecular

hyperpolarisabilities are amenable to computational studies and a variety of

approaches have been developed for this purpose. We discuss below some

salient features of these methods and outline some simple guidelines for

molecular design that have emerged from such investigations.

Reliable theoretical predictions of the magnitude of molecular

hyperpolarisabilities may provide useful guidelines for the synthetic chemist

and may orient the search towards previously unexplored species of

24
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potential interest. There are two basic methodologies that can be used to

compute p. These techniques are based on (i) generalized finite field

elaborations of coupled Hartree-Fock schemes in which the perturbation is

included in the Hamiltonian (the finite field (FF) " or coupled perturbed

Hartree-Fock (CPHF)46 method) and (ii) perturbative schemes in which the

calculations are carried out on the free (independent of field) molecules and

the response involves the coupling of excited states (the sum-over-states

(SOS) method). Both the methods have been used extensively for the

calculation of P in conjunction with semiemipirical as well as ab initio

molecular orbital methods. The semiempirical methods which we have

adopted in this thesis, to calculate molecular hyperpolarisabilities are

described below.

Coupled Hartree-Fock methods

These methods are derivative methods which rely on the fact that the

static first, second and third order polarisability tensor components can be

obtained as the first, second and third order derivatives of a given dipole

moment component Uj with respect to the field, F.

(1.9)
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These derivatives can be computed either numerically or analytically. The

method to calculate the derivatives numerically is usually called the finite

field method. CPHF methods generally refer to the use of analytical

gradients to compute a, p and y. The CPHF method is equivalent to the

time-dependent Hartree-Fock (TDHF) procedure for static calculations4 ;

this method is implemented in recent versions of the MOPAC program such

as MOPAC93.66

An analogous formulation for the a, P and y coefficients can be

obtained by examining the molecular energy expansion, rather than dipole

expansion with respect to the field. The molecular dipole moment is the

negative field derivative of the energy. Hence, p, for example can be

written as :

(1.10)

(1.11)
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0.12)

Both the methods (dipole expansion and energy expansion) are implemented

in earlier versions of the MOPAC program (MOPAC 6.0, Ref. 67). The FF

computations are usually carried out at zero excitation frequency ie. they

provide the static hyperpolarisabilities.

Sum-over-states method

As an alternative to directly coupling the applied field to the

molecular Hamiltonian, NLO responses can also be computed using

standard perturbation theory. In the uncoupled formulation, electronic

excited states created by the perturbing laser field are treated as an infinite

sum over unperturbed particle-hole states. The SOS perturbation theory

expression for the hyperpolarisability calculation is given by Eqn. 1.13.

where the subscripts i, j, k are the Cartesian components, rab corresponds to

the dipole integral involving the states a and b, and the E values represent

the electronic energies and hay, the energy of the exciting radiation. The

summation over p generates six terms obtained by permutation of the pairs

(1.13)
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(i, -2co), Q,(o) and (k,o)). The diagonal terms are so chosen that they

correspond to the difference between the excited (n) and ground state (g)

dipole moments (Au), hence the indices n and n' may be restricted to run

over the excited states only. Thus rnn are given by

(1-15)

where p ^ is the additive portion accounting for the interaction between the

individual substituents and the ^-conjugation network and pct is the

contribution arising from the interaction of donor and acceptor moieties.

The charge transfer term along the molecular dipole axis was described in

Consideration of only a single excited state within the SOS method leads to

a particularly simple theoretical model as discussed below.

Oudar and Chemla22 showed that, in the push-pull 7i-organic

chromophores with large (3, the excited states strongly influence the NLO

response. They assumed that the anomalously large response observed in

these donor/acceptor substituted chromophores was dominated by the

intramolecular charge transfer interaction between the donor and the

acceptor groups. The second order response was assumed to arise as a sum

of two contributions.

(1.14)
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terms of a two level interaction between the ground state (g) and the first

excited state (e) and can be represented by a simplification of Eqn.1.13 as

shown below.

where ftco is the energy of the laser radiation, AEge is the energy difference

between the ground state and the first excited state, fge is the oscillator

strength of this transition and Afige the difference in dipole moments

between the ground and the first excited state.

The 2-level model is a particularly simple model for a complex

property such as the hyperpolarisability. It provides remarkable chemical

insight into the nonlinear response of a push-pull molecule. Theoretical

studies on various systems indicate that the two-level charge transfer model

is very useful in predicting semi-quantitatively the molecular P values.

However, several cases are also known where the 2-level model does not

provide any meaningful predictions. Since quantities such as AEge, fge and

A^ge are easily accessible by computations or simple spectroscopic

techniques, evaluation of p2icvei is v e r v convenient. This provides an insight

into the nonlinear response of the molecule and is of great utility in the

screening of candidates to develop novel NLO materials.

(1.16)
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1.6 EXPERIMENTAL TECHNIQUES TO MEASURE SHG

For complete determination of the nonlinear susceptibility tensor

components, second harmonic generation studies have to be carried out on a

single crystal. Rotation of a crystal with respect to the incident laser beam
o

gives rise to the second harmonic beam following a Maker fringe pattern.

Phase matching angles and x tensor components can be extracted by

measuring the SHG from different faces of a polished single crystal.

Kleinman symmetry conditions69 can be utilised to determine the number of

independent tensor components to be evaluated. Such detailed studies are

limited by the fact that good optical quality large crystals have to be

available and accurate polishing of the crystal faces must be achieved. The

Kurtz and Perry powder technique is a convenient method for screening

large number of powdered materials for second order nonlinear optical

activity without having to grow large single crystals. This powder technique

and the popular techniques for the measurement of hyperpolarisability in

solution, namely, electric field induced second harmonic generation

(EFISHG) and hyper-Rayleigh scattering (HRS) are described below.

Kurtz-Perry powder technique

In this technique, an appropriate laser beam (typically a Nd:YAG

beam at 1064 nm) is directed onto a powdered sample, and the emitted light

is collected using a parabolic mirror, filtered and measured with a suitable
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detection system (usually consisting of a photomultiplier tube, lockin

amplifier and personal computer) (Fig.l .5). Urea or quartz is usually used

Figure 1.5: Schematic diagram of the setup for Kurtz-Perry powder SHG

measurement

for calibrating the SHG intensity. Using this technique, general trends can

be observed and candidates for detailed studies indentified. This powder

SHG technique requires the following condition to be met: r « L « D,

where, r is the average powder particle size, L is the powder sample

thickness and D is the laser beam diameter. This condition ensures that the

fundamental beam strikes a large number of particles of random orientation,

thus effecting a significant statistical average. The Kurtz-Perry method
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allows identification of the phase-matchability of a material. Phase-

matchability refers to the fact that n2o) - n^ -» 0 for certain directions of

propagation (n2£0 and n^ are the refractive indices at 2co and co). For powder

samples with large average particle sizes, Kurtz and Perry showed that, in

the case non phase-matchable materials, the intensity of the generated

second harmonic light, I2(a follows :

(1.18)

where co is the angular frequency of the fundamental wave, c is the speed of

light and p is the angle between the sphere and ellipse index surfaces (p is

commonly referred to as the walk-off angle). Eqns. 1.17 and 1.18 are valid

only when the average powder grain size is much greater than the

characteristic interaction length for SHG. For an average powder grain size

where (d^) is the angular average of the second order polarisability tensor

and lc is the average coherence length defined as A./[4(n2w-n(l))]. For phase-

matchable materials it was shown that,

(1.17)

(1.19)

where (deff) is the effective nonlinear coefficient for phase-matched SHG, 0m

is the phase-matching angle, and K is given by
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much less than the characteristic SHG interaction length, the SHG intensity

for both phase-matchable and non phase-matchable materials is directly

proportional to the average grain size, ie. I2co oc (d2) r, where d2 is diJk
2 for

non phase-matchable or deff
2 for phase-matchable materials.

The dependence of SHG intensity on the average particle size of the

powder is illustrated in Fig. 1.6 for phase-matchable and non phase-

matchable materials. The salient feature to be noted here is that for particle

sizes much greater than the average SHG interaction length (ie. to the right

of r = lc), I2(0 for phase-matchable materials is independent of the particle

Figure 1.6: The dependence of SHG intensity on the average particle size,

<r> for phase-matchable and non phase-matchable materials; <lc> is the

average coherence length (Ref. 15)
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size (Eqn.1.18) whereas I2co for non phase-matchable materials varies

inversely with the particle size (Eqn. 1.17).

Several materials have been found to be phase-matchable. For

example LiNbO3, KIO3, Ag2HgI4, (NH4)H2PO4, urea, NPP and MNA.15

Furthermore, a detailed analysis of powder SHG of saccharide materials and

their phase-matching capabilities was carried out by Bourhill et al34 This

powder SHG technique has found an interesting use in terms of a reverse

role of identifying crystal lattice symmetry. Since the powder technique is

capable of detecting SHG and thus identifying acentric structures, it can be

used as a sensitive and reliable tool for establishing the presence or absence

of centre of symmetry in the crystal lattice. However one should exercise

caution in using such results, since changes of chemical composition on

powdering the crystals, for example by loss of solvate molecules,

modification of surface features etc. should be taken into account.

EFISHG

Second harmonic generation, the most widely used technique to

measure the molecular hyperpolarizabilities, is forbidden in isotropic liquids

due to the presence of a centre of inversion. Electric field induced second

harmonic generation in solution is used to evaluate the molecular second

order nonlinearities when the molecules have a permanent dipole moment

and thus are amenable to alignment in a strong electric field. A fundamental

laser beam is directed on the solution with a synchronous pulsed de electric
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field applied across the sample and the intensity of second harmonic light

produced is measured. The de field orients the molecular dipoles and thus

breaks the centrosymmetric nature of the bulk solution thus allowing

quadratic NLO effects to be observed. In the presence of two optical fields

and a static electric field, the second harmonic intensity from the solution is

related to the molecular polarization at 2co produced by the electric fields.

This molecular polarization is given by

where s refers to the molecular species in solution, f s are the appropriate

local field factors, Ns is the number density, kT the Boltzman factor and }i

the ground state dipole moment, y is the scalar part of the second

(1.20)

(1.21)

(1.22)

where (3yk and yyk, are the molecular first and second order

hyperpolarisabilities respectively (see Eqn.1.1). The relationship between

the molecular polarisation and the measured macroscopic polarisation of the

solution is obtained by statistically averaging the contribution of the

individual molecules and is given by
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hyperpolarisability tensor and is often neglected in the case of donor-

acceptor substituted molecules with large p's, since y /( p|j./5kT) « 0.1.

In order to determine P accurately, one must also determine the

ground state dipole moment, u either experimentally or by quantum

chemical computations. The experimental details and EFISHG setup which

we have fabricated and the analysis of the results to determine the P are

presented in Sec.4.4.

HRS

Another technique that has become popular of late, is hyper-

Rayleigh scattering. Second order light scattering in isotropic samples and

centrosymmetric molecules in liquid phase have been known for some

time. Persoon's group has developed the application of hyper-Rayleigh

scattering, ie. incoherently scattered second harmonic generation for the

determination of P of NLO chromophores. In this technique, a

fundamental laser beam is focused onto a solution sample taken in a

thermostatted cylindrical cell. The second harmonic scattered light that is

generated is collected by an efficient system of optics and measured using

appropriate detection system and analysed to finally determine the p.73

Since the technique relies on incoherent scattered light, caution has to be

exercised in eliminating influences of other Photophysical two-photon

processes such as fluorescence and stimulated Raman emission. HRS

technique normally provides an averaged P value and tensorial components
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can be extracted by utilising appropriately polarised light sources and

detection systems. This method is particularly useful over the traditional

EFISHG technique, when measurements are to be carried out on octupolar

molecules, ionic systems etc..14

1.7 LAYOUT OF THE THESIS

This thesis presents the systematic investigation of a class of push-

pull diamino substituted dicyanoquinodimethane systems as novel

molecular materials for quadratic NLO applications. The results of these

studies are presented in the next six chapters. We describe below the salient

features of the contents of each chapter.

Chapter 2

The methodologies which we have adopted for the computational

studies of p are presented in Sec.2.2. The (3 values computed for several

derivatives of push-pull quinodimethanes which we have synthesised, are

presented and the results discussed in this Section. We have investigated

the effect of the push-pull groups and the electrostatic environment on p

using model calculations presented in Sec.2.3. We have also carried out

some analysis of the dependence of p on the molecular structure of these

push-pull quinonoid compounds. Calculations have been carried out on a

model system, to study the dependence of p on the molecular twist. Sec.2.4
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presents the results of these studies and the analysis of the unusual variation

of P observed.

Chapter 3

In this chapter, we present the synthesis and characterisation of

achiral and chiral derivatives of push-pull diamino substituted

dicyanoquinodimethane we have investigated in this study. Their linear

optical properties are also presented in this Chapter.

Chapter 4

We have proposed a simple procedure for the solvatochromic

determination of the change in dipole moments of organic molecules on

excitation and this practically convenient procedure is described in Sec.4.2.

We utilised this procedure, together with simple electronic absorption

studies, to determine experimentally, the two-level approximation to the p

of some of our quinonoid systems. This simple solvatochromic method is

discussed in Sec.4.3 along with an analysis of the results in view of the

computed p. We have also assembled the set up to carry out Electric Field

Induced Second Harmonic Generation (EFISHG) study of molecular p in

solution. Details are presented in Sec.4.4 along with preliminary studies

carried out on a representative quinonoid molecule.
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Chapter 5

In Sec.5.2, we present the crystal structures of the various materials

we have studied based on achiral quinonoid compounds. The unusual and

novel phenomenon of solvate switchable SHG observed in one of the

systems is discussed in Sec.5.3.

Chapter 6

Sec.6.2 presents the crystal structures and the results of the powder

SHG studies on the materials we have developed from two chiral quinonoid

systems. In Sec.6.3 we discuss the dual influence of intermolecular H-

bonding on the SHG of another chiral quinonoid system. Molecular

engineering leading to enhanced solid state SHG in yet another chiral

compound is described in Sec.6.4.

Chapter 7

This chapter presents an overview of the present investigation on a

new class of molecular materials for SHG. The positive features like easy

synthesis, high thermal stability, optical transparency and moderate to

strong phase-matchable SHG observed in these materials are highlighted.

Future direction for research in this area are also outlined in this Chapter.
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CHAPTER 2

COMPUTATION OF MOLECULAR
HYPERPOLARISABILITY AND THE

STUDY OF STRUCTURE-PROPERTY
RELATIONSHIPS



2.1 BACKGROUND

Evaluation of molecular hyperpolarisabilities is the starting point

for a systematic analysis of the bulk second order NLO properties of

molecular materials. The relation between the bulk nonlinear

susceptibilities and the molecular hyperpolarisabilities provide insight

into the intermolecular interactions which affect the local electric fields

experienced by the molecular building blocks. These studies are of great

value in the design of new structures with enhanced nonlinear responses.

In this thesis, we have focused attention on some push-pull diamino

substituted dicyanoquinodimethane molecules (Fig. 2.1) based on the

prototypical system 1, reported in 1962 by a du Pont group.1 We have

Figure 2.1: (continued on next page)
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Figure 2.1: Molecules considered in this study (the new derivatives we

have developed are underlined)

initially carried out systematic computational studies to unravel the

hyperpolarisabilities of these molecules. We have also studied in detail

the structure-property relationships that affect the hyperpolarisabilities

of this class of molecules by carrying out computations on some model

systems. This Chapter is devoted to these computational studies and is

divided into three Sections: (i) the computation of molecular p of
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various molecules considered in this study, (ii) a theoretical analysis of

the p's as a function of the quinonoid-benzenoid character which reflects

the push-pull nature of the substituents or the electrostatic environment

of the molecule; calculations focused on the model system, 7,7-diamino-

8,8-dicyanoquinodimethane (DADQ, 7), and (iii) the study of the

dependence of (3 on the molecular twist commonly observed in this class

of compounds; calculations focused on the model system, 7,7-

dipyrrolidino-8,8-dicyanoquinodimethane (DPDQ, 8).

There are several quantum chemical procedures in use today, for

the calculation of molecular hyperpolarisabilities, " both at the

semiempirical and at the ab initio levels; for example, the sum-over-

states (SOS), finite field (FF), correction vector (CV) and time -

dependent Hartree-Fock (TDHF) methods have been applied along with

semiempirical computational schemes, and the latter coupled HF

method has been included in ab initio programmes as well. In this

work we have used mainly the SOS and TDHF methods in conjunction

with the semiempirical AMI procedure for geometry optimisation.

These methods have already been described in detail in Sec. 1.5. The

computations presented in Sec. 2.2 and 2.4 were carried out using the

MOPAC93 program.4 Molecular structure optimisations were carried

out using the AMI method5 with the PRECISE keyword which

enhances the stringency of the criteria for self consistency and

geometry optimisation. Full geometry relaxation was usually allowed

and constraints imposed, if any, are discussed at the appropriate places.

For calculations involving the excited state (for excitation energy,

transition dipole, dipole moment changes etc.) the corresponding
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ground state optimised geometry was used and a configuration

interaction (Cl) scheme involving all single and pair excitations within

a manifold often molecular orbitals (five HOMO's and five LUMO's)

was employed, invoking the keyword MICROS and reading in the 76

microstates generated. Molecular hyperpolarisabilities, p were

calculated using the TDHF method6 implemented in MOPAC93. We

have found that these computed values are in very good agreement with

the values obtained from MOPAC 6.0, which employs the finite field

(FF) method.7'8 The value of the static hyperpolarisabilities, P(0) we

report in this work are the magnitude of the average P vector, scaled by

a factor of 0.5 to make it comparable to experimental data (this is an

aspect clarified in the MOPAC 6.0 programme but not explicitly stated

in MOPAC93).

In Sec.2.3 we were interested in analysing the contribution of

various excited states to the large p of the push-pull quinonoid

molecules. Therefore we have used an SOS algorithm implemented in

the SCAMP programme a (which is a modified version of the VAMP

programme96) for the p calculations. Geometry optimisations were

again carried out using the AM 1 method and the p were computed using

the SOS involving all single and pair excitations typically within a

manifold of 12 molecular orbitals (6 HOMO's and 6 LUMO's).

We note that the hyperpolarisabilities of the molecules we study

are all negative. This arises from the decrease in dipole moment on

excitation of these zwitterionic molecules, which we have verified

experimentally by the observation of negative solvatochromism
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(discussed in Sec.4.3). To estimate the inherent (nonresonant)

hyperpolarisability we have computed, the static p (also denoted as

(3(0)) throughout this study.

The computations reported here were carried out either on a

MicroVax 3300 Computer or on a Sun Sparc 10 Work Station.

2.2 COMPUTATION OF MOLECULAR HYPERPOLARI-

SABILITIES

The hyperpolarisabilities we present here, based on the

calculations carried out using the MOPAC93 program, are the average

P (sometimes referred as pvec in literature) defined as follows :

where

and Pjjj etc. are the components of the hyperpolarisability tensor. As in

other donor-acceptor substituted systems, pxxx (by convention, x is

chosen as the direction of the dipole axis) is the dominant component in

these push-pull quinonoid compounds, since the maximum polarisation

occurs along the dipole direction as a result of the charge transfer

interaction between the dicyanomethylene and diaminomethylene unit.

(2.1)

(2.2)
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The computational results for all the quinonoid molecules we

have studied are provided in Table 2.1. The calculated ground state

dipole moments are also presented. These push-pull quinonoid

molecules have a characteristic twist between the diaminomethylene

plane and the quinonoid ring; we denote this twist angle as 9. This

twist has been observed in all the crystallographically determined

molecular structures (described in Chapters 5 and 6) as well as in the

computed geometries. The 9 values obtained from AMI optimised

geometries are provided in Table 2.1.

The hyperpolarisabilities have been calculated at the AMI

optimised geometries for all molecules. The value of p(0) calculated

for most of the compounds are fairly large considering the relatively

short conjugation lengths they have (we consider the exceptional cases

below). Usually the nonlinear coefficients of conjugated molecules are

found to increase with increasing length of the 7i-electron conjugation

pathways since the excited states come closer to the ground state. For

molecules with shorter conjugation lengths the P values are small, for

example, p-nitroaniline has a P(0) of-9.1 x 10" esu. The push-pull

quinonoid compounds we have investigated here also have short

conjugation paths and consequently relatively large energies of

excitation. Therefore, the large values of P in these compounds appears

to arise from the large Aw associated with the excited states, several of

which have large transition dipoles with the ground state.1' This aspect

is analysed in greater detail in the next Section where we look at an

SOS picture of p and the contribution from various excited states.
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Table 2.1: The computed ground state dipole moments, jug, tM'ist angle

(dihedral angle shown in Fig. 2.5), 0, and hyperpolahsability calculated

at excitation energy ofOeV, /3(0)

The ground state dipole moments of these compounds are found

to be quite large. These arise from the zwitterionic nature due to the

intramolecular charge transfer from the diaminomethylene end to the

dicyanomethylene end. The large dipole moments are responsible for
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strong intermolecular electrostatic forces in the crystal lattice which

appears to be the reason for the relatively large melting and

decomposition temperatures observed in these materials (discussed in

later chapters).

The calculated twist angle, 0 is quite small or zero in several

cases such as 1, 4, 5, 7 etc.. This is because of the fact that both amino

substituents in these cases are derived from primary amines and in these

compounds, both the amino N atoms have secondary amine character.

Consequently the steric repulsion which occurs between the H atoms on

these N atoms and the ortho-H atoms on the benzene ring are weak. In

the other compounds, one or both the amino N atoms have tertiary

amine character and the steric repulsion between the CHn group

attached to the amino N and the benzene ring ortho-H atoms are

stronger. Hence large twist angles ranging from about 25° to 50° are

calculated. The reasons for the exceptional nature of 15 are not known.

It is interesting to note that the (3(0) values have some correlation with

the twist angles. In general we find that when the 9 values are small,

the hyperpolarisabilities are also relatively small though some

exceptions do exist. The calculated dihedral angle 8 are generally in

fair agreement with those observed in crystals. The agreement between

computed and experimental values of 0 are discussed further in

Secs.2.4, 5.2 and 6.4.

The twist angle, 0, the electron donor-acceptor groups, as well as

the polar environment in the crystal lattice are expected to influence the
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molecular hyperpolarisabilities. The latter two effects will be reflected

in the quinonoid-benzenoid nature of the conjugation unit in the

diaminodicyanoquinodimethane molecules. Dependence of J3 on the

quinonoid-benzenoid character and molecular twist are investigated in

detail, in the forthcoming Sections.

2.3 DEPENDENCE OF HYPERPOLARISABILITY ON THE

QUINONOID-BENZENOID CHARACTER

In the previous Section we have observed that the substituted

diaminodicyanoquinodimethane molecules have unexpectedly large P

values. Since we were interested in synthesising and investigating the

NLO properties of this class of molecules, we carried out a detailed

analysis of the large hyperpolarisabilities of these systems. We have

chosen the simplest molecule, 7,7-diamino-8,8-dicyanoquinodimethane

(DADQ, 7) as a model system to carry out this theoretical

investigation.11 Similar to the study of (3 variation in polyenes as a

function of bond length alternation12, we present a theoretical analysis

of the P's as a function of the quinonoid-benzenoid character of this

push-pull quinone. We present below, a definition of the quinonoid-

benzenoid character, which we call QBC, based on the bond lengths in

the six-member ring conjugation unit. As per this definition, the most

quinonoid form of DADQ has a QBC of 0.088 and the most benzenoid

form has the value of 0.790. This study provides insight into the effect

of substitutions at the donor and acceptor end (or alternately, the effect

of electrostatic environment), on the excitation energy,
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hyperpolarisability etc.. We find that the (5 values are particularly large

for the more benzenoid structures; and is found to peak at a QBC of

about 0.592. Since two low-lying excited states with notable oscillator

strength (« 0.6 - 1.0) are observed in these systems we decided to have a

closer look at their contributions. Our analysis based on the SOS

method, indicates that unlike in many known systems, two-level or

three-level approximations are inadequate to explain quantitatively the

large P in these quinonoid systems, although qualitative trends can be

understood. We indicate briefly, where some of the systems we have

experimentally investigated, fit into the theoretical picture.

We have employed the AMI semiempirical procedure for all

geometry optimisations. The structure of DADQ was optimised under a

C2v symmetry constraint with different static external fields applied

along the long axis of the molecule. The latter was done by placing

point positive and negative charges along the long axis at equal

distances from the centre of the ring. We calculate the field produced at

the centre and assign the sign as positive or negative depending on

whether the positive charge is kept at the diamino end or the dicyano

end. As the field decreases from the highest positive value (6 x 107

V/cm) to the lowest negative one (-8 x 10 V/cm) we have employed, the

structure smoothly varies from the quinonoid extreme to the benzenoid

one. Higher applied fields of either sign were seen to affect only

negligible further changes and sometimes led to unphysical distortions

of the molecule.
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We define the quinonoid-benzenoid character (QBC) based on

the magnitude of the deviations of the ring bonds (Fig.2.2) from a

standard value of 1.400 A assumed for benzene. This definition was

Figure 2.2: Molecular skeleton ofDADQ showing the atom labelling

for defining QBC; the double bonds are not shown

(2.3)

chosen so that the value of QBC approaches 0 at the quinonoid limit and

1 at the benzenoid limit. Table 2.2 presents the various applied external

fields and the corresponding optimised bond lengths, r; as well as the

calculated QBC. It also provides the net charges on the amine end, q+,

and the cyano end, q\ calculated by adding all the atomic charges on the

relevant CX2 (X = NH2 or CN) group.

Transition dipoles, dipole moment changes on excitation,

energies of excitation and associated oscillator strengths and p were
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Table 2.2: Optimised bond lengths rj, r2 and r? of DADQ subjected to

different applied fields and the computed quinonoid - benzenoid

character (QBC) and charges on the donor (q+) and acceptor (q-)

moiety for each of the structures (^In units of 107 V/cm; see text for the

sign convention)

calculated using the SCAMP routine. This program reproduces

accurately the experimental P values in a number of test cases10'1

including the prototypical system, 2-(4-tetrahydro-lH-2-

imidazolyliden-2,5-cyclohexadienyliden)malononitrile (1) experimen-

tally investigated by Lalama et al.14 The hyperpolarisabilites are

reported as the average (3 defined in the previous Section. We note once

again, that the hyperpolarisabilities that we present are the static values.
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p2leve, is obtained using the expression2 (which is a simplification of

Eqn.1.16 for the case of zero excitation energy).

(2.4)

where i is either of the two low-lying excited states, 1 or 2, which have

appreciable oscillator strengths. \xOi is the transition dipole between the

ground and the ith state, Auoi the change in dipole moment on excitation

from the ground to the excited state, i and AEoi the energy of this

excitation. The p3ievei involving the two states 1 and 2 is easily derived

in a similar way, from the usual SOS expression for (3yk as follows.

(2.5)

The hyperpolarisability calculations were carried out under three

different conditions. In Method A, the geometries optimised in presence

of the different external fields were used, and the external point charges

removed during the p calculation. In Method B, the gas phase structure

(optimised under zero external field) was used with different external

fields described above being imposed using the point charges during the

P calculation. In Method C, the structures optimised under different

external fields were used along with the external point charges being

present during the p calculation. In the terminology of Gorman and

Marder15, the three methods correspond respectively to nonequilibrium

electronic-equilibrium nuclear configurations, nonequilibrium nuclear-
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equilibrium electronic configurations, and equilibrium electronic-

equilibrium nuclear configurations.

Inspection of Table 2.2 indicates that the variation of r,, r2 and r3

are as expected. The r, and r3 values change from approximately 1.45 to

1.41 A on going from the quinonoid limit to the benzenoid limit. r2 in

the quinonoid limit is close to a normal double bond value of 1.35 A and

approaches 1.38 A as the benzenoid extreme is reached. The symmetry

is close to D2h at the two extremes. Verification of these structural

features at the benzenoid limit comes from our experimental systems

(with r| * r3 * 1.40 and r2 « 1.38 A) as noted below. The quinonoid

limit could be related to the case of 7,7,8,8-tetracyanoquinodimethane

(with r{ « r3 » 1.45 and r2 « 1.35 A). The group charges, q+ and q"

values, increase as expected with the quinonoid to benzenoid

transformation, q" values, in particular, parallel the QBC's. It is

noteworthy that the charges do not approach too closely 0 and 1 in the

quinonoid and benzenoid forms respectively. This is likely due to the

charge transfer from the donor group to the acceptor group in the former

case and from the ionized acceptor to the ionized donor in the latter, in

spite of the the static external field. The zero applied field structure

corresponds to the optimised structure of DADQ. The QBC assigned to

the structure is 0.286, and the extent of charge transfer corresponds to

approximately 40 - 50%.

Methods A and B involve situations with nonequilibrium

electronic and nuclear configurations, respectively, and hence the results

are of interest only as control cases. The variations of p with QBC in
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method A and with the applied field, F, in method B are plotted in

Fig.2.3. It is seen that when the electronic configuration is in a

nonequilibrium state, the p continuously increases with QBC indicating

the largest values at the benzenoid limit. On the other hand, if the

equilibrium nuclear configuration is ignored, the p is found to peak at an

external field of about - 2 x 1 0 V/cm corresponding to an electronic

configuration intermediate between the quinonoid and benzenoid limits.

The overall observation is that, there is a trend towards larger (3 values

as one goes from the quinonoid end to the benzenoid end whether one

considers the related nuclear or electronic configuration changes;

however, the imposition of the strong field at either end (in method B)

tends to reduce the p values. The detailed results of the calculations

using the most appropriate1 procedure (method C) which considers

equilibrium electronic and nuclear configuration are as follows.

Table 2.3 presents the dipole moment, excitation energy and

hyperpolarisability for structures with different quinonoid-benzenoid

character, calculated in method C. The ground state dipole moments are

very large throughout due to the presence of the external charges; the

only relevant quantity is that for the case of zero applied field when

QBC = 0.286. The dipole moment changes associated with the

excitation as well as the excitation energies and oscillator strengths

(proportional to ji0,2) are provided for the two excited states, 1 and 2.
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Figure 2.3: Variation of the static p with QBC and applied field, F

(QBC is defined in Eqn.2.3); the line is only a guide to the eye

The A|i are always negative and large indicating reverse charge transfer

on excitation. We have examined the p2ievei (02(0)) using either of the

two states and the results are provided in Table 2.3. We have also listed

the p3ieve| (p3(0)) utilising both these excited states. Finally the table

also presents the P value calculated utilising all the excited states (p(0)).

The P2ievei values for excited states 1 and 2 are strongly influenced by the

trends of uoi (or f) and Au values. For the excited state 1, these values

go through a maximum near the QBC value of 0.600.
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Table 2.3: Calculated ground state dipole moment (n^, dipole moment

change on excitation (Ajuoi), excitation energy (AEQI) with oscillator

strength (f) and static folevel (02(0)) for excited states 1 and 2, psievel

(03(0)) and 0(0)for DADQ structures with different quinonoid -

benzenoid character (QBC) calculated using method C. (All ft's are in

JO-30 esu. ^The entries in the first and second row are for the excited

states 1 and 2, respectively)
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The contribution from the excited state 2 is negligible after the QBC

value of 0.400 because of the nearly vanishing oscillator strengths.

Fig. 2.4 depicts the variation of the full (3 with the QBC and the

contribution of P2ievei fr°m t n e first and the second excited state as well

as that of the P3ievei- The negative sign of the P values is a consequence

of the negative Â i as stated earlier. It is seen that the P increases

steadily from the quinonoid end and peaks at the QBC of 0.592, then is

suppressed to about half the peak value at the benzenoid end. The

values except at the quinonoid end are quite large. The (32]eVei using the

first excited state is negligible at very low QBC values, but reproduces

about 40 - 50% of full p later; the p2ieVei from the second excited state

contributes about 30% at low QBC and has nearly zero contribution at

higher ranges. The p3ievei is mostly seen to be an additive contribution of

the two p2ievei terms, with the cross term contributing very little. The

P3ievel is a fair approximation for p at QBC below 0.232, whereas it

reproduces only about 50% of p in the more benzenoid structures.

The calculations reveal that the traditional pictures based on a

single charge transfer excitation are grossly inadequate to describe the p,

except at low QBC values. At the higher QBC's at least 50% of the p is

made up of contributions from the higher excited states. Since

individual contributions from these states would be smaller than that

from states with lower AE's, it is inferred that several of them

contribute. The analysis also indicates that the increased polarisation of

charges on a quinonoid framework substituted with donor-acceptor

groups, leads to very large p values, though the extreme fields at the
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benzenoid zwitterionic limit tends to suppress it to some extent. The

high p values imply that the individual contributions from each of the

large number of excited states should be appreciable. The excited states

Figure 2.4: Variation of the static fclevel (excited state J), folevel

(excited state 2), foievel andfull ft'with the QBC in DADQ calculated

using Method C; the lines are only a guide to the eye. \ <->\ indicates the

range of QBC values of our experimental systems 8-11

in most cases are associated with decreased net charges at each end, and

consequently a lower dipole moment. The large and negative Au

associated with these states enhance their contributions to p. An
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associated practical problem is the large ground state dipole moment of

these molecules which could encourage centrosymmetric crystal lattice

formation.

Absorption in the UV region (corresponding to the excited state

2) is quite strong for QBC values upto 0.358. The absorption in the

visible range (excited state 1) picks up oscillator strength after a QBC of

0.190; however, at high QBC values (> 0.592), this absorption goes to

higher energies, ie. into the UV region. Thus the systems towards the

benzenoid extreme do not absorb in the visible range and are expected to

be useful for applications involving visible light even though they do not

have the maximum p values.

Strong donors and acceptors can be utilised to push the QBC to

values larger than that found in DADQ. Such substitutions effectively

replace the negative external field used in our model study, by

appropriate internal fields. In Fig. 2.4 we have indicated the range of

QBC values covered by four typical molecules we have synthesised.

The details of these systems will be presented in Chapter 5. Average

values of the bond lengths rb r2 and r3 from single crystal x-ray structure

analysis17 have been used to assign their QBC values which are found to

fall in the range 0.739 to 0.811. It is interesting to note that

experimentally easily accessible systems have approximately 50% of the

maximum (3 value attainable in the full QBC range. Reducing the

donor/acceptor strength may push QBC towards the values

corresponding to maximum P values. The experimental (acetonitrile

solution) absorption maxima of our molecules fall in the 350 - 420 nm
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range in good accord with the calculation above and the solids are

colourless to light yellow. The appreciable transparency of these

materials in most of the visible range makes them practically interesting.

2.4 DEPENDENCE OF HYPERPOLARISABILITY ON THE
MOLECULAR TWIST

In all the molecular structures we have investigated in the class

of diamino substituted dicyanoquinodimethanes, the diaminomethylene

group is twisted out of the plane containing the quinonoid ring and the

dicyanomethylene unit. This appears to arise from strong steric

interactions between groups attached to the amino N atoms and the

ortho H atoms on the benzenoid ring. To gain some insight into this

aspect, we have initially carried out some computations on the

prototypical molecule, 1 and its N-methylated derivatives 2 and 3

(Fig.2.1). As stated earlier, a careful observation of the molecular

structures obtained from crystal structure analysis and semiempirical

AMI geometry optimisation on several compounds and the computed

hyperpolarisabilities, reveals a strong correlation between p and this

molecular twist. This prompted us to probe this aspect more

systematically. We present in this Section, the results of theoretical

studies on the model system, 7,7-dipyrrolidino-8,8-

dicyanoquinodimethane, DPDQ (Fig.2.1, 8); DPDQ was chosen,

because the chiral compounds we have investigated (Chapter 6), which

showed appreciable solid state SHG capability were all based on this

basic framework. The surprising observation is that the P as a function
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of the twist angle reaches a maximum at the geometry obtained from

full AMI geometry optimisation, which in turn has a close

correspondence to the molecular structure obtained from the crystal
18

analysis. On the basis of the well known two state model , we discuss

the factors that lead to the maximisation of P at the optimal geometry.

To analyse the origin of the molecular twist, we have first

optimised (using the AMI method) the geometries of 1, 2 and 3

imposing a C2 symmetry constraint with the C2 axis along the 7, 8

carbons. Table 2.4 provides the AHf and p values calculated at various

twisting angles, 0 (dihedral angle shown in Fig.2.5). It is seen that the

Figure 2.5: Molecular structure of I, 2 and 3 showing the definition of

the twist angle, 6
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heat of formation goes through a minimum at twist angles of 0, 10 and

20° in 1, 2 and 3 respectively (see Table 2.1 for the twist angles in the

fully optimised geometries). This shift of the minimum arises due to the

introduction of the methyl groups on the N atoms, which gives rise to

increased steric hindrance with the ortho hydrogen atoms on the

benzenoid ring. It is interesting to note that in all the three molecules,

the trends of (3 are similar and a maximum is observed at 6 = 70°. As a

Table 2.4: The heat of format ion (AHf in kcal/mol) and static

hyperpolarisability (j3(0) in 10-3° esu) at various twist angles (6) for

molecules 1, 2 and 3
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result of these factors the magnitude of p at the optimal geometry of 1, 2

and 3 is found to increase from 1.6 to 2.2 to 7.0. We explore below, this

correlation between p and 0 by considering further observations from

experimental data and computational studies.

Table 2.5 presents the value of twist angle, 9 obtained from

crystal structure analysis as well as by full AMI optimisation of the

geometry on seven molecules (see Fig.2.1 for the molecular structures).

It is immediately obvious that the 0(CS) and 0(AM1) show poor

Table 2.5: The twisting angles, 6from crystal structure (CS) and

optimised AMI geometries, corresponding static fi values, the ratio of

twisting angles (9AMI/9CS) and the ratio of (3 values (pAMl^Pcs) for

the seven diamino-substituted dicyanoquinodimethanes whose crystal

structures have been investigated (see Chapters 5 and 6)



Computation...

agreement in the case of the three molecules involving saturated six-

membered ring heterocycles for the amino moiety. This may be

attributed to the fact that the bulkier and conformationally more flexible

six-member rings have quite different steric interactions in the gas

phase (simulated by the calculations) and the crystalline phase. In the

case of the other four molecules the agreement of the two 0 values is

much better. Table 2.5 also contains the p values calculated for the two

geometries of each of the molecules. The P(AM1) are found to be

smaller than the p(CS) in all cases. The smaller value of P(AM1)

relative to p(CS) throughout the series arises mainly due to the

difference in the bond lengths in the quinonoid framework in the CS

and AMI geometries. An insight into this may be gained by

quantifying the quinonoid-benzenoid character of these geometries,

using the parameter QBC defined by us in the previous Section. The

CS geometries are more benzenoid than the AMI geometries, since the

former are the optimal geometries of those molecules in a strongly

polar crystal environment; hence the CS geometries have larger QBC

values than the AMI geometries. We have shown above, using model

calculations on DADQ. that the p values decrease monotonically with

the QBC values, when the p calculations are carried out without the

presence of a simulated external field. The p values reported in Table

2.5 are calculated in the same fashion, hence the lower P for the AMI

structures having smaller QBC values.

The interesting aspect that emerges from a careful analysis of the

6 and p values discussed above is the correlation between

6(AMl)/e(CS) and P(AMl)/p(CS) also presented in Table 2.5. A minor

71
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variation of 0 from AMI to CS geometry is associated with a small

variation of p between these geometries and a larger variation of 9 is

associated with a relatively larger change in p. This trend is followed

through the series except for a minor discrepancy. This suggested to us

that within a molecule, the hyperpolarisability would have a strong

dependence on the molecular twist angle, 6. Our calculations of p on

molecules, 1, 2 and 3 presented above, as well as overall observations of

0 and p in these push-pull quinonoid molecules presented in Table 2.1

also suggested such a correlation. We have carried out the following

detailed computational study on the molecule, DPDQ to analyse this

correlation.

The molecular framework indicating the relevant atom labelling

is shown in Fig.2.6. The AMI optimised geometry of DPDQ is very

close to the one obtained from the crystal structure analysis, especially

Figure 2.6: Molecular structure of DPDQ showing the atom labelling

for defining relevant dihedral angles
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with regard to the twist angle (Table 2.5). Starting from the crystal

structure geometry having nearly C2 point group symmetry, the twist

angle. 6 (dihedral angle 8-7-1-2 or 9-7-1-6; see Fig.2.6) was varied in 3°

intervals to 0° on one side and 90° on the other and geometry

optimisation carried out at each point imposing a C2 symmetry

constraint. The point closest to the crystal structure geometry has G =

57°. We note that each 0 point optimisation was carried out using the

optimised geometry at the previous point as the starting structure to

ensure smooth geometry changes. The imposition of C2 symmetry does

not cause any marked changes in the heat of formation of the optimised

structures; it helps to make the geometry changes more controlled and

smooth and suppresses unrealistic spikes that otherwise arise in the

curve owing to the conformational flexibility associated with the

pyrrolidine ring. Table 2.6 presents the calculated heats of formation

and the p at 9° intervals, and the variation of AHf and p with the angle 6

is plotted in Fig. 2.7 using the full calculated data set. From 6 = 60°, a

value close to the one found in the crystal structure geometry (56.2°),

the heat of formation rises by about 1.3 kcal/mol at 90° twist and by

nearly 4.3 kcal/mol at the planar geometry. There is a small

discontinuity at about 27°. Inspection of the optimised geometries

reveals that when G = 0°, the dihedral angle, 10-8-7-1 (x) is ~ 80° ie., the

pyrrolidine rings are nearly perpendicular to the plane of the

diaminomethylene moiety whereas when 9 = 90°, x ~ 0° . The slow

rotation of the pyrrolidine ring with respect to the diaminomethylene

unit when 0 varies from 0° to 90°, takes a sudden jump at 0 = 27° and

this appears to be the cause of the discrepancy in the monotonous fall of

AHf noticed at this point. The value of p is also found to go through a

73
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small anomaly as a consequence of this; initially it decreases slightly

from the planar geometry and then rises smoothly till 0 = 57°, followed

by a decline to the perpendicular geometry. The most significant

observation here is that the P value goes through a maximum close to

the 0 corresponding to the optimised geometry of the molecule. This is

rather unusual and in contrast to the behaviour observed in other systems

investigated previously,19 where P was found to decrease monotonously

Table 2.6: The heat of formation (AHj) and static hyperpolarisability (J3

(0)) at various twist angles (6) for DPDQ along with the square of the

transition moment (/J2), dipole moment change (A/u) and energy

difference (AE) between the ground and first excited state
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with increasing molecular twist. We analyse below, the factors that

lead to this interesting effect.

The simple two state model of Oudar,18 is based on a description

of P in terms of the ground state and a single excited state of the

molecule and shows that the static hyperpolarisability, P2ieVei(0) depends

on the square of the transition dipole moment, (i (directly proportional
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to the oscillator strength) and energy of this excitation, AE, as well as

the change in dipole moment, Au between the ground and the excited

state (Eqn.2.4). In Sec.2.3 we have shown that the two-state picture fails

to predict quantitatively the hyperpolarisabilities of this class of

molecules, however, the qualitative trends are reproduced well.

Therefore we have estimated, using semiempirical AMI /Cl

computations, the values of u2, Au and AE in DPDQ at various twist
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angles using the geometries optimised above (Table 2.6). The variation

of -P(0), u2, -A|i and AE with 0 is depicted in Fig.2.8 (note that the

absolute values of the y-axis variables are not indicated in the figure to

make the comparison of trends easier, however the relative values are to

scale). It is seen that the u2 rises initially upto 9 ~ 40° and then

decreases continuously to 90°. The -Aji shows a small decline from 0°

to 15° followed by a gradual rise to 30° and a stronger and nearly linear

increase subsequently. This arises from the strong increase in the

ground state dipole moment and a small decrease of the excited state

dipole moment on going from the planar (Ug = 11.46 D, ue = 10.83 D)

to the orthogonal (fig = 21.58 D, ue = 6.13 D) geometry. It is

noteworthy that the change in dipole moment on excitation is very large

even at the optimised geometry and as stated earlier, this is probably one

of the important factors that contributes to the large (3 of this class of

molecules. The AE decreases continuously from 0° to about 50° and

then registers a gradual increase to 90°. Leaving aside the anomalous

behaviour of the various quantities in the range 15° to 30° which arises

from the rotation of the pyrrolidine ring as discussed earlier and is

irrelevant to the focus of our analysis here, the trends of the three

quantities noted above influence the p as follows. The maximum in u2

and the minimum in AE are expected to lead to a maximum in p at some

value of 9 between 40° and 50°. The strong rise of An, however, shifts

this maximum to an angle closer to 60°. Thus we find that the

hyperpolarisability goes through a maximum at a twist angle close to

that found in the optimal structure.

77
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2.5 CONCLUSION

In this Chapter, we have carried out computational studies of the

hyperpolarisabilities of the novel push-pull quinonoid molecules. It is

found that this class of molecules possess unexpectedly large p values.

The calculations also reveal that they are strongly zwitterionic systems;

the associated large ground state dipole moments could be detrimental

to the formation of noncentric crystal lattices of interest in quadratic

NLO applications.

We have carried out theoretical analysis of p as a function of the

quinonoid - benzenoid character. The calculations on DADQ reveal

that the traditional pictures based on a single charge transfer excitation

are grossly inadequate to describe the p, except at low QBC values. At

the higher QBC's at least 50% of the p is made up of contributions

from the higher excited states. The experimental systems possess large

QBC values at which the p has declined below its maximum possible

value. The current analysis indicates that slightly poorer donor or

acceptor groups can lead to enhanced P values. However, in terms of

the transparency window, the present experimental systems appear to

possess the appropriate range of QBC.

We have also analysed in detail the close correlation between

the strong molecular twist observed in the series of diamino-substituted

dicyanoquinodimethanes and their hyperpolarisabilities. The

significant result from the semiempirical computational study is that the

P as a function of the twist, 0, goes through a maximum at the angle
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corresponding to the optimal geometry. The factors that contribute to

this are analysed in terms of the two state model. The fact that these

molecules manifest their highest possible values of p at the 9 observed

in their crystals is very encouraging for the development of these

molecular materials.
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CHAPTER 3

SYNTHESIS
AND CHARACTERISATION



3.1 BACKGROUND

In the previous chapter we have shown that diamino substituted

dicyanoquinodimethane molecules (Fig.2.1) are interesting candidates for

the development of a new class of molecular second order nonlinear optical

materials, because of the appreciable hyperpolarisabilities and transparency

windows they possess. The computational studies we have carried out, also

indicated possible ways of fine tuning the p of these molecules through the

control of electronic and molecular structure. The prototypical molecules in

this class were synthesised by a du Pont group1 in 1962, by the direct

reaction between amines and 7.7,8,8-tetracyanoquinodimethane (TCNQ)«

Later Gomper et al have reported the synthesis of some more derivatives

and the kinetics of the reactions of long chain alkylamines with TCNQ was

studied in various organic solvents by Seoud et al3 One of the most

attractive features of these molecules is the extremely simple synthetic

protocol involved. The reactions for their synthesis are mostly single-step

and the conditions required are extremely mild. Atmospheric oxygen and

moisture do not hamper the reaction in most cases, so special care with

regard to these are obviated. The synthesis is very versatile and the

flexibility to introduce a wide variety of substituent groups exists. In many

cases, the products can be grown into reasonably large single crystals. All

these factors prompted us to take up the synthesis of several derivatives and

investigate their potential for optical second harmonic generation.
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We note that there are some brief reports of NLO studies on these

molecules. As mentioned earlier, Lalama et at have carried out EFISHG

studies on the prototypical system, 1 and reported extremely large

hyperpolarisability in this molecule. Nicoud and coworkers ' have prepared

some chiral derivatives and measured their powder SHG. However the

SHG obtained were all rather weak and no further systematic investigations

were carried out. Recently, Szablewski et al have prepared some closely

related zwitterionic systems; however no solid state NLO properties have

been investigated in these crystalline materials. We present in this Chapter,

the details of the preparation of the compounds indicated in Fig.2.1 and their

characterisation. Molecular and crystal structures of selected compounds

have been determined and their SHG capabilities investigated. These will

be presented in the following Chapters.

We have prepared compounds 1 - 1 6 following the procedure

reported by Heitler et al. In Sec.3.1 the preparation procedures are

described for 1 (representing 1 - 6), 11 (representing 7 - 13) and 16

(representing 14 - 16). The derivatives 1 - 3, 5, and 7 - 9 have been

synthesised and characterised by earlier workers ' as well. Therefore we

provide in Sec.3.2, the characterisation details (melting point, IR, UV-Vis

and mass spectral data, optical rotation for chiral compounds and elemental

analysis) for the compounds 4, 6 and 10-16 which are the novel systems

we have prepared during our investigations. Even though 8 has been

reported earlier, we have carried out extensive studies of some novel NLO
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features in this compound; hence we present the characterisation details of

this compound as well.

3.2 SYNTHESIS

The chemicals used in the following preparations are TCNQ and a

variety of amines. TCNQ and the chiral amines used were procured from

Aldrich Chemical Co. and the other amines were obtained from E-Merck

(India). TCNQ was recrystallised from acetonitrile and the amines were

usually purified by distillation.

The general course of reactions of amines with TCNQ can be

described as follows. Addition of an aliphatic amine to a TCNQ solution

results in the instantaneous production of an intense green colour, which

then changes to purple brown. In the presence of excess amine the solution

turns yellow. These changes can be represented as follows.
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The formation of a charge transfer complex between the amine and TCNQ

most certainly precedes the electron transfer step which leads to the

production of TCNQ" having the intense green colour. This is followed by

the internal proton transfer leading to the formation of the intermediate

(CN)2CHC6H4-p-C(CN)2NHR which then loses HCN rapidly to give the

Type 1 product. The formation of Type 2 product proceeds in an analogous

fashion.

Preparation of 1 - 6 exemplified by the procedure for J.



Synthesis and Characterisation 87

The procedure adopted for the preparation of 1 - 6 is shown in

Scheme 1. To a warm solution of 0.10 g (0.49 mmol) of 7,7,8,8-

tetracyanoquinodimethane (TCNQ) in 60 ml of acetonitrile (distilled and

dried over P2O5) 0.04 g (0.66 mmol) of ethylenediamine was added. A

green colour appeared immediately and a light-coloured precipitate began to

form. After 1.5 hours at room temperature, filtration gave 0.09 g (90%

yield) of a yellow-green solid. Recrystallisation from acetonitrile gave 0.04

g of 1 as a yellow powder. Attempts to grow crystals of 2-(4-tetrahydro-lH-

2-imidazolyliden-2,5-cyclohexadienyliden)malononitrile, 1 and the related

compounds 2 - 6 were unsuccessful though a variety of solvents were tried.

Preparation of 7 - 13 exemplified by the procedure for 11.
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Scheme 2 was used for these preparations. To a warm solution of

0.10 g (0.49 mmol) of TCNQ in 20 ml of tetrahydrofuran (freshly distilled

and dried over sodium), 0.17 g (2.07 mmol) of piperazine dissolved in 5 ml

of THF was added. A dark green colour developed immediately. The

solution was heated at 50°C and stirred for - 2 min when the colour faded

slowly and a yellow crystalline compound began to precipitate. After

standing for 5 hrs. at about 30°C, the solution was cooled to about 10°C and

the precipitate was filtered out. The filter cake was washed first with cold

tetrahydrofuran and then with ether to give 0.11 g (70% yield) of the

crystalline compound 11. Recrystallisation from acetonitrile gave

transparent needle-like crystals. Several other compounds in this class also

could be grown as single crystals.

Preparation of 14 - 16 exemplified by the procedure for 16.

88
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These compounds were prepared following Scheme 3, with RjNH

being pyrrolidine. 7-pyrrolidino-7,8,8-tricyanoquinodimethane (PTQ) was

prepared using the reported procedure1 as follows. To a warm solution of

0.20 g (0.98 mmol) of TCNQ in 20 ml. of tetrahydrofuran (freshly distilled

and dried over sodium) was added 0.042 g (0.6 mmol) of pyrrolidine. It is

important to add slightly less than one equivalent of pyrrolidine to avoid the

formation of the disubstituted product. The solution turned green

immediately, but subsequently it changed to a gray-purple colour. After

standing for 17 hours at about 30°C. the solution was cooled in an ice-bath

and filtered to give 0.205 g (84% yield) of a purple solid. Recrystallisation

from acetonitrile gave PTQ as fine purple needles. To a warm solution of

0.10 g (0.4 mmol) of PTQ in 20 ml of tetrahydrofuran, 0.037 g (0.32 mmol)

of S-(+)-2-methoxymethylpyrrolidine was added and the solution was

stirred at 50°C for 10 min. After standing for 5 hours at 30°C, the solution

was cooled to 10°C and filtered to obtain 0.167 g (90% yield) of the light

green compound 16, which was recrystallised from acetonitrile to give pale

yellow crystals.

3.3 CHARACTERISATION

The IR and UV-Vis Spectra were recorded on a Jasco-5300 FTIR

Spectrometer and Jasco-7800 Spectrophotometer respectively. Optical

rotations were measured on a Jasco Digital Polarimeter (Model DIP-370).

Elemental analysis was carried out on a Perkin Elmer CHN Analyser
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(Model 240C). We provide below, the characterisation details of the new

compounds we have synthesised in this series, several of which have been

investigated in detail as discussed in Chapters 5 and 6. We do not present

detailed characterisation of those derivatives which have been reported by

earlier workers. However, we present the details of characterisation of 8

(though it has been reported in the first paper from du Pont), since we have

investigated some novel NLO phenomenon in this material.

2-{4-[(3aR, 7aR)perhydrobenzo[l]imidazol-2- yliden]-2,5-

cyclohexadienyliden}malononitrile (4)

4 was recrystallised from acetonitrile. Melting point: >340°C.

FTIR (KBr wafer) P/cm'1: 3179 (N-H stretch); 2185 and 2141 (conjugated

nitrile stretch). UV-Vis (acetonitrile solution) X.max/nm : 407. Optical

rotation [af* (c = 0.02, MeOH)) : +80°. Elemental analysis : % found (%

calculated for C16Hi6N4) - C, 72.69 (72.73); H, 6.15 (6.06); N, 20.76

(21.21).

2-(4-hexahydropyrimidinyliden-2,5~cyclohexadienyliden)malononitrile (6)

6 was recrystallised from acetonitrile. Melting point: >340°C.

FTIR (KBr wafer) P/cm"1: 3250 (N-H stretch); 2190 and 2140 (conjugated

nitrile stretch). UV-Vis (acetonitrile solution) ^max/nm : 385. Elemental
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analysis : % found (% calculated for C13H12N4) - C, 68.27 (69.64); H, 5.41

(5.36); N, 24.75 (25.00).

7,7-dipyrrolidino-8,8-dicyanoquinodimethane (DPDQ, 8)

8 was recrystallised from acetonitrile. Melting point: 290°C (dec).

FTIR (KBr wafer) v /cm"1: 2168 and 2128 (conjugated nitrile stretch). UV-

Vis (acetonitrile solution) A^^/nm : 375. Elemental analysis : % found (%

calculated for C18H20N4. 0.4H2O) - C, 72.42 (72.19); H, 6.85 (6.95); N,

18.29 (18.72) for the acetonitrile recrystallised product and for the

chloroform recrystallised product it gave (% calculated for C18H2oN4) - C,

74.35 (73.97); H, 6.82 (6.85); N, 18.72 (19.19). MS(EI): m/z - 292 (100),

180 (22), 222 (27). 91 (34), 70 (12).

7,7-dimorpholino-8,8-dicyanoquinodimethane (DMDQ, 10)

10 was recrystallised from acetonitrile. Melting point: >340°C.

FTIR (KBr wafer) v /cm"1: 2170 and 2130 (conjugated nitrile stretch). UV-

Vis (acetonitrile solution) A^^/nm : 420. Elemental analysis : % found (%

calculated for C18H20N4O2) - C, 66.65 (66.66); H, 6.28 (6.17); N, 16.57

(17.28).
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7,7-dipiperazino-8,8-dicyanoquinodimethane (DPZDQ, 11)

11 was recrystallised from acetonitrile. Melting point: 300°C (dec).

FTIR (KBr wafer) v/cm"1 : 3150 (N-H stretch); 2180, 2140 (conjugated

nitrile stretch). UV-Vis (acetonitrile solution) A^^/nm : 415. Elemental

analysis : % found (% calculated for C18H22N6) - C, 66.31 (67.08), H, 6.82

(6.83); N, 25.39 (26.08).

7,7-difS(+)-2-methoxymethylpyrrolidinoJ-8,8-dicyanoquinodimethane

(DMPDQ, 12)

12 was recrystallised from acetonitrile. Melting point: 250°C (dec).

FTIR (KBr wafer) v/cm"1 : 2172, 2133 (conjugated nitrile stretch);1450

(CH2-O-CH3 stretch). UV-Vis (acetonitrile solution) XmJnm : 406. Optical

rotation, [af* (c = 0.04, MeOH) : +485°. Elemental analysis : % found (%

calculated for C22N4O2H28) - C, 70.06 (69.47); H, 7.83 (7.37), N, 14.43

(14.74). MS(EI): m/z - 380 (85), 83 (6), 70 (22), 69 (22), 45 (23), 40 (100).

7,7-di[R(-)-3-hydroxypyrrolidino]-8,8-dicyanoquinodimeth ane

(DHPDQ, 13)

13 was recrystallised from methanol. Melting point : 260°C (dec);

FTIR (KBr wafer) Wcnr1 : 3375 (O-H stretch); 2184, 2137 (conjugated

nitrile stretch). UV-Vis (acetonitrile solution) Xmax/nm : 388. Optical
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C, 73.13 (73.33); H, 6.22 (6.66); N, 15.26 (15.55). MS(EI): m/z - 342 (4),

327 (4), 105 (76), 91 (76), 77 (30), 70 (100).

7-[(R)-a-methylbenzylamino/-7-pyrrolidinO'8,8-dicyanoquinodimethane

(MBPDQ-R, 14-R)

14-R was recrystallised from acetonitrile. Melting point: 245°C

(dec). FTIR (KBr wafer) P/cm"1: 3390 (N-H stretch); 2173, 2128

(conjugated nitrile stretch). UV-Vis (acetonitrile solution) A.max/nm : 368.

Optical rotation, [cr]" (c = 0.05, MeOH) : +240°. Elemental analysis: %

found (% calculated for C22H22N4): C, 77.60 (77.19); H, 6.85 (6.43), N,

15.54 (16.37). MS(EI): m/z - 342 (14), 327 (17), 105 (52), 91 (61), 77 (23),

70(100).

7-[(S)-naphthylethylamino]-7-pyrrolidino-8,8-dicyanoquinodimethane

(NEPDQ, IS)

15 was recrystallised from acetonitrile. Melting point: 270°C (dec).

FTIR (KBr wafer) Wcnr1 : 3350 (N-H stretch); 2172, 2131 (conjugated

nitrile stretch). UV-Vis (acetonitrile solution) A.max/nm : 370. Optical

rotation, [af* (c = 0.05, MeOH) : +69°. Elemental analysis : % found (%

calculated for C26H24N4): C, 79.60 (79.59); H, 6.42 (6.12); N, 13.85 (14.29).

MS(EI): m/z - 392 (16), 377 (16), 222 (8), 155 (64), 141 (81), 97 (14), 70

(100).
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7-[(S)-methoxymethylpyrrolidino]-7-pyrrolidino-8,8-dicyanoquino-

dimethane (PMPDQ, 16)

16 was recrystallised from acetonitrile. Melting point: 290°C (dec).

FTIR (KBr wafer) P/cm"1: 2170, 2129 (conjugated nitrile stretch); 1448

(CH2-O-CH3 stretch). UV-Vis (acetonitrile solution) A^/nm : 398. Optical

rotation, [af* (c - 0.08, CHC13) : +1687°. Elemental analysis: % found (%

calculated for C20H24N4O) - C, 71.34 (71.43); H, 7.41 (7.14); N, 16.65

(16.67). MS(EI):m/z-336(100),222(8), 181 (8), 167 (13), 71 (24).

3.4 CONCLUSION

In addition to the systems described in this Chapter, we have

synthesised several more derivatives. Either they did not show any

appreciable solid state SHG or were not amenable to crystal structure

studies. Hence they were not of either direct or indirect interest in our

investigations of materials for SHG. Hence we have not pursued their

characterisations and structural studies. All the systems we have presented

here were obtained by variation of the donor group alone. Keeping the

simplicity of this synthetic approach the acceptor group cannot be varied,

hence we have not made any attempts in that direction. However, we have

considered the variation of the conjugation unit. For example, the

tetracyano derivative of anthraquinone (TCNQ analogue with anthracene
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instead of benzene framework) has been reported.8 We have attempted

similar reactions as above to replace two of the cyano groups by amino

groups. Though the reaction appears to work, the products were invariably

complex and clean samples of the push-pull anthraquinonoid system could

not be isolated. However, we believe that this approach has interesting

potential for future work.
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CHAPTER 4

EXPERIMENTAL
DETERMINATION OF MOLECULAR

HYPERPOLARISABILITY



4.1 BACKGROUND

The popular experimental techniques to measure molecular

hyperpolarisabilities are electric field induced second harmonic

generation (EFISHG) and hyper Rayleigh scattering (HRS). Both

techniques require coherent light sources and relatively expensive and

sophisticated equipment for data collection. A simpler method to

estimate the P values using the well known two-level approximation was

first reported by Oudar,1 this procedure requires only measurement of

absorption spectra and estimation of the dipole moment change between

the ground and the first excited state (Au = fie - jig). Studies of excited

state dipole moments which has been important in a variety of

photochemical and Photophysical problems, has thus become important

in the design of molecular NLO materials as well. In Sec.4.2, we

present a simple procedure that we have developed for the

solvatochromic determination of Au of donor-acceptor substituted

organic molecules. Utilising this method we have determined the 2-level

hyperpolarisabilities of several test systems based on coumarin dyes as

well as push-pull diaminodicyanoquinodimethanes that we have

developed. These results combined with the reported EFISHG P of the

coumarins, allow us to estimate the hyperpolarisabilities of the push-pull

quinonoid systems. These results are presented in Sec.4.3. We have

also fabricated the set up required to carry out EFISHG studies.

Measurement on a prototypical push-pull quinonoid system is presented

in Sec.4.4. This study provides a verification of the estimates of p of

this class of compounds that we have obtained through computations



100 Chapter 4

presented in Sec.2.2 as well as simple solvatochromic methods presented

in Sec.4.3.

The absorption and fluorescence studies reported here were

carried out on a Perkin Elmer spectrophotometer (Model Lambda 3B) or

Jasco Spectrophotometer (Model 7800) and a Hitachi spectroflourimeter

(Model 3010) or Jasco spectrofluorimeter (Model FP-777) respectively.

Chemicals of high purity were used directly (Kodak laser grade

coumarins studied in Sec.4.3) or purified by usual recrystallisation

procedures. The solvents were purified using standard protocols and the

purity checked using their ET values.

4.2 DETERMINATION OF EXCITED STATE DIPOLE
MOMENTS USING A SIMPLE SOLVATOCHROMIC
METHOD

Even though the more equipment-intensive methods like

fluorescence polarisation, electric dichroism, Stark splitting of

rotational levels and microwave conductivity are the more accurate

methods for the experimental determination of excited state dipole

moments, the most popular method is based on the analysis of the

solvatochromism of absorption and/or fluorescence maxima. In the later

procedure, based on the early experiments of Lippert and Mataga , one

normally follows the variations of absorption maxima, fluorescence

maxima or the Stokes shift with solvent polarity. Several formulations

of this linear relation are known; the review of Koutek9 has an
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exhaustive compilation of the various equations in use. Only some of

these formulations show good correlation between experimental and

theoretical solvatochromic data, and when they do, it is only under

optimal conditions in terms of the number and the choice of solvents.

We note that, all these models utilise bulk solvent properties like

dielectric constant and refractive index to represent the solvent polarity

functions. Though the choice of the correct Onsager cavity radius is

admittedly a serious problem, the former may further impair the efficacy

of the solvatochromism method for the evaluation of excited state dipole

moments.

During the course of our investigation of the molecules of

interest in the design of nonlinear optical materials, we have observed

that the Stokes shift data of several molecules showed excellent

correlation with the popular solvent polarity measure, ET (or

equivalently, ET(30)) proposed by Reichardt, and defined as :

where v is the wavenumber corresponding to the absorption peak of an

N-phenoxide betaine dye in the relevant solvent and TMS is

tetramethylsilane. Though such correlations have been noted

previously,11 no detailed analysis has been reported. In this Section we

first delineate the theoretical basis for the correlation of solvatochromic
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Stokes shift data with the ET
N parameter. The expressions derived,

facilitate the direct determination of the change in dipole moment on

excitation. Subsequently we present an appraisal of the quality of the

excited state dipole moments derived from these correlations and the

relevance of this approach from an experimental point of view in terms

of the use of mixed solvents. The efficacy of the whole procedure is

demonstrated by a detailed study of the Au of N,N-

dimethylaminobenzonitrile (DMABN) a system that has attracted a lot of

attention in connection with the interesting phenomenon of dual

fluorescence.

Following the formulation of Koutek,9 the linear relation between

the Stokes shift of a molecule (m) in solvent (s) represented by Y(m,s)

and the solvent polarity function, X(s) is given by,

where B(m) is the regression coefficient and is related to Au. We take

Y(m,s) a s ( v a - v / ) ( v a = wavenumber of absorption, v/ - wavenumber

of fluorescence; one of these may be solvent independent in some cases)

and Y (m,g) is a constant independent of the solvent, sometimes related

to the gas phase properties of the compound. B(m), the regression

coefficient and a commonly used X(s) are given by,

(4.2)

(4.1)
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(4-3)

where Ap. = ue - Ug, /* is the Planck's constant, c, the velocity of light, D

and n the dielectric constant and refractive index of the solvent

respectively and a, the Onsager radius of the solute molecule. If now we

consider, X(s) = ET , the B(m) can be obtained as described below.

Consider the application of Eqn.4.1 to the solvatochromic

absorption data of the pyridinium N-phenoxide betaine dye proposed

originally by Reichardt et al. as a measure of the solvent polarity and

which has now become the basis of the ET(30) scale. The dye is not at

all fluorescent, and hence one can only follow the shift of absorption

maximum with change in solvent polarity. Since the ue (= 6 D) of the

dye is considerably smaller than fig (=15 D), we can make the safe

assumption that, the solvatochromic shift of the fluorescence peak, if

any, will be negligible compared to the shift of the absorption peak.

Hence, Y(m,s) = va - constant. Therefore, we can rewrite Eqn.4.1 for

the Stokes shifts of the dye, using the common formulation of B(m)

(Eqn.4.2), but without specifying the nature of X(s) as,

(4.4)

where A î = 9 D, the change in dipole moment on excitation of the dye

and aD is its Onsager radius. Y(m,g) is a modified constant. Using the

definition of Ej(30) in terms of va, Eqn.4.4 can be transformed to,
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(4.5)

To avoid dimensionality problems, the normalised value of ET(30),

namely ET may be employed, so that,

(4.6)

This treatment of solvatochromism of the dye, has thus led to an

expression for X(s) which may be substituted back into Eqn.4.1, so that

we arrive at the following working expression,

Eqn.4.7 clearly illustrates that the Stokes shifts will have a linear

dependence on the ET
N values of the solvent. It also shows that, Au of

the molecules of interest can be extracted from the slopes if a standard

value for AuD and ao are available, and an estimate of a for the solute is

known. It is also significant to note that since a ratio of a/ao is involved,

errors involved in the estimation of Onsager radius may be obviated to

some extent.

We have analysed the solvatochromic changes of Stokes shifts of

several molecules from reported data and our own experiments in terms

of a variety of solvent polarity functions. Table 4.1 provides the

(4.7)
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correlation coefficients for several systems for the following solvent

functions, X(s): (i) the ET
N values, (ii) the function, F2(D,n)

recommended by Koutek9 on the basis of a detailed statistical analysis of

sixteen different model equations and (iii) the functions used in the

original papers dealing with the solvatochromic studies on these

molecules. In the statistical analysis, we have excluded those solvents

which may have specific local interactions with the probe molecules.

Table 4.1: Correlation coefficients for the fit of the Stokes shifts with the

solvent polarity functions Ej^, F2(D,n) and Fx(D,n) for different

compounds. N is the number of solvents used in each case
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It is seen that, the Stokes shift data correlates a lot better with the

Ex values of the solvent, rather than the other bulk solvent polarity

functions used by the original authors or the one recommended by

Koutek. An example is illustrated graphically in Fig.4.1 which

compares the plots of experimental Stokes shifts of 4-dimethylamino-4'-

nitrostilbene (DNS) versus those estimated using ET
N values as well as

the F2(D,n) function.

Figure 4.1: Plots of experimental Stokes shift data of DSS versus the

Stokes shifts estimated from the fit of the experimental values against the

solvent polarity measures: (a) £7^ and (b) F2(D,n)

Now we turn to the question of extracting the excited state dipole

moments from the slopes obtained in the Stokes shift versus ET
N plots.

These experiments yield directly, the AJI values. Hence, the JIC values

can be estimated provided the ground state dipole moments are already

known. We have used the ground state dipole moments obtained from

literature. From Eqn.4.7 it is clear that the quality of Au obtained will
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depend on the accuracy of the Onsager radius for the molecule and the

dye. As is well known, choice of the Onsager radius is a difficult

problem in any solvatochromic method and this remains so in our

procedure as well. However as noted earlier, partial amelioration of this

problem occurs in our procedure since ratios of two Onsager radii are

being used. We compare ue obtained from the present analysis with the

previous estimates for several molecules in Table 4.2. The Onsager

radius used for each molecule was taken from the original literature. The

value of ao was determined through a least square fit analysis of the

experimental values of Au of the molecules, presented in Table 4.2

(electrooptical measurements, where available, and previous

solvatochromic data) against that calculated using the slope from

Eqn.4.7. 4-(dimethylamino)benzonitrile (DMABN) was not included in

this statistical analysis, and its Afi given in Table 4.2 is the one predicted

by our procedure as discussed below. The value obtained for ao, 6.2k (r

= 0.977) is intuitively meaningful, since it agrees fairly well with the

separation of the centres of maximum charge, namely the N and O atoms

in the dye (5.8A from a molecular mechanics optimisation). We note

here, that even though the original betaine dye as well as its t-butyl

substituted derivative have been used to prepare the ET(30) scale, since

the strong dipole associated with the pyridinium N-phenoxide group is

unaffected by the substitution, we assume a single Onsager radius and

the excellence of the correlation bears out the validity of this assumption.

Table 4.2 shows that the comparison of the n e from previous literature

and from the present analysis, using Eqn.4.7 and ao = 6.2A is good.

Since the spread in uc from different experiments is very large,
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Table 4.2: Comparison of jue obtained from the present analysis with

previous reported values for the following compounds : 4-(dimethyl-

amino)-4 '-nitrostilbene (A), hexamethylbenzene-tetrachlorophthalic

anhydride (CT complex) (B), 4-amino-4 '-nitrostilbene (C), 4-amino-

phthalimide (D), 1-dicyanovinylnaphthalene (E), 9-dicyanovinyl-

phenanthrene (F), 9-dicyanovinylanthracene (G), 1-dicyanovinylpyrene

(H), 4-(dimethylamino)benzonitrile (I) (tbased on the present analysis

of the data in Ref 23 using the propionitrile-octane mixed solvent

system)
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we suggest that the value we obtain here from the analysis which shows

excellent correlation of experimental data should be treated as one of the

most reliable.

A further test of the above result is provided by an independent

study, we carried out on the molecule, DMABN. This experiment was

designed to test two aspects of the present analysis. First we wanted to

check the ability of this procedure to predict excited state dipole

moments, which in turn tests the meaningfulness of the slope of the

linear regression as well as the choice of the Onsager radius for the dye.

Secondly, we wanted to explore the practical utility of the method in

terms of using mixed solvents. From the experimental point of view,

solvatochromism studies often become difficult, if the molecule of

interest has acceptable solubility only in a very limited number of

solvents. The statistical analysis becomes less reliable when the number

of data points are few. When mixed solvents are used to overcome this

problem, traditional solvent polarity functions have to be obtained either

through detailed experiments on each mixture to determine its dielectric

constants, refractive index etc., or these values have to be approximated

from empirical rules. Further, for some pairs of solvents these functions

may not be very sensitive to small changes in composition. ET on the

other hand is very sensitive to composition changes and can be easily

measured experimentally using the absorption of the betaine dye. It may

also be noted that extra precautions to purify the solvents can be relaxed,

since the solvent polarity function is being experimentally determined

and used. Of course, impurities that may cause undesirable specific
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interactions with the probe molecule should be excluded; also high

percentages of solvents with specific interactions may be undesirable.

We have studied the Stokes shift data of DMABN in benzene -

acetonitrile mixtures of several compositions. Due to specific 71-

interactions, nonlinearities arise at high percentages of benzene. Hence

we have excluded compositions of < 10% acetonitrile. The ET values

of these compositions were determined separately and are presented in

Table 4.3. The solvatochromism of the twisted intramolecular charge

transfer (TICT)24 emission of DMABN was studied in these mixed

solvents and the results are plotted against the ET values in Fig.4.2.

The linearity of the plot is excellent (r = 0.995). The intramolecular

(ICT) and TICT emissions of DMABN do overlap slightly. However for

the solvent compositions we have used, standard deconvolution

procedures indicate that the A.max of the TICT emission is unaffected by

Table 4.3: Ej^ values measured for benzene-acetonitrile mixtures of

different compositions
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Figure 4.2: Plot of Stokes shifts of DMABN versus Ej^ value of the

solvent mixtures. The straight line represents the least-square fit

the ICT emission band. This confirms that we are following the

emission from the pure TICT state. The ue evaluated from the slope of

the plot is compared in the last row of Table 4.2, with the values from

other studies. The agreement is again quite good.

Thus we find that the solvatochromic procedure we have

developed for the estimation of dipole moment changes on excitation is a
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practically convenient method which also affords excellent correlation of

experimental data with theoretical formulations.

4.3 ESTIMATION OF HYPERPOLARISABILITIES USING
EXTRAPOLATION FROM THE TWO-LEVEL MODEL

We have discussed in the previous Section a simple

solvatochromic procedure for the determination of A\± of organic

molecules. The change in dipole moment on excitation together with

electronic absorption data, provides a ready access to the estimation of

the 2-level hyperpolarisability of molecules of interest in NLO studies.

Harris and coworkers25 and Qin et al26 have demonstrated that the P's of

various organic molecules determined using this simple technique

compared very well with the results from other methods. They have

made a case for the utilisation of this simple method in routine work on

NLO systems. In this Section, we present our experimental

determination of the two-level hyperpolarisabilities, P2ievci °f several

diamino substituted dicyanoquinodimethane molecules (Fig.2.1) using

the solvatochromic determination of Afj. developed in the previous

Section; as we noted earlier, p2ievei m a v a^ so be referred to as Pct, to

highlight the fact that the only excited state considered for the evaluation

of hyperpolarisability is the intramolecular charge transfer (CT) state.

We have next carried out the following novel exercise to estimate

the actual hyperpolarisability, p of these molecules by extrapolation of

their p2icvci values. A set of coumarin dye molecules (Cl02, Cl51,
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C152, and C153; see Fig. 4.3) widely used as laser dyes was chosen and

their P2ievei w a s determined as above. Their hyperpolarisabilites, p have
27been reported recently using EFISHG experiments. The theoretical

Figure 4.3: Molecular structures of the coumarins considered in this

study

hyperpolarisability, P and the 2-level approximation to it, p2ievei f° r t n e

quinonoid systems and the coumarins were estimated by computational

methods. This allowed us to obtain a scaling between the p2 and p in

these systems. With the additional information on the EFISHG

determined P values of the coumarins, we are able to make

semiquantitative predictions for the actual hyperpolarisabilities of the

push-pull quinonoid systems.
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From Eqn. 1.16 it is seen that we need to measure (i) the energy

gap AE, (ii) the oscillator strength, f and (iii) the dipole moment change,

Ap. for the lowest excitation (charge transfer excitation) to estimate

experimentally, the P2ievei- The AE and f were determined from the

electronic absorption spectra. The absorption band shape is very close to

Gaussian for all the molecules. The energy of the transition, AE was

taken as the maximum of the UV-Vis absorption band (A^^). The
oscillator strength, f of the transition was determined from the area

under the band by means of Eqn.4.8.

(4.8)

^ is the integral absorption coefficient, e(v) is the molar extinction

coefficient at frequency, v (v(Hz) = AE / he) and the integral is over the

entire absorption band. The extinction coefficient emax (at A.max) and the

integral absorption coefficient, ^ (from which the oscillator strength

was calculated) for the molecules 8, 9, 11, 12, 14 and 16 and the

coumarin dyes are presented in Table 4.4.

The Au were determined using the solvatochromic method

described in Sec.4.2 using benzene-acetonitrile mixtures of typically

about nine compositions. Fig. 4.4 shows the plot of the Stokes shifts vs
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Table 4.4: Extinction coefficient at maximum absorption (smax) and

integral absorption coefficient (^\) measured for molecules 8, 9, 11, 12,

14,16 (Fig. 2.1) and the coumarm dyes Cl02, Cl51, Cl52, Cl53

(Fig. 4.3)

the EjN polarity parameter at compositions ranging from 20% to 100%

of acetonitrile for the molecule 12; the correlation is found to be good (r

- 0.946). Similar correlations were obtained for the other molecules as

well. The Au's of the quinonoid molecules are large and negative and

indicates a benzenoid zwitterionic ground state going over to a

quinonoid excited state. The Au's of the coumarins are small and

positive and are associated with an intramolecular charge transfer. The

AE, f, Au determined as described above for the coumarin dyes and for

the molecules, 8, 9,11,12,14 and 16 are collected in Tables 4.5 and 4.6
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Figure 4.4: Plot of Stokes shift vs Ej^ in benzene-acetonitrile mixtures

of nine different compositions for molecule 12. The line is obtained from

least square fitting

respectively. These tables also provide the computed values of
hyperpolarisabilities. We have used the AMI optimised geometries for

the coumarin dyes and crystal structure geometries for the quinonoid

molecules in the computations. The AE, f and AJJ. for the lowest

excitation, required to estimate p2
 w e r e calculated using the AMI

method29 (MOPAC93)30 invoking a configuration interaction (Cl)

scheme involving all single and pair excitations within a manifold of 10

molecular orbitals (5 HOMO's and 5 LUMO's). Since the 2-level

approximation as well as EFISHG measurements relate to the strongest
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Table 4.5: The experimental energy (AE), the dipole moment change

(An) and the oscillator strength (f) for the lowest excitation, the

experimental and the theoretical two-level hyperpolarisability (@2level)

and ft from EFISHG (from Ref. 2 7) and from semiempirical

computation, for the coumarin dyes C102, Cl51, Cl 52 and Cl53

(Fig.4.3); all pare at hco = 0 eVand are in units oflO~30 esu.

component of the p along the dipole vector direction (by convention

chosen as x) we have computed the component, px (defined in Sec.2.2).

In Table 4.5 it is seen that the experimental p2ievei are

approximately 3 - 4 times that of the computed P2ievci values. In the case

of p, this ratio is roughly about 1.5 to 2. In Table 4.6, we find that the

experimental p2|Cvei is a S a m 1-5 to 2 times larger than the theoretical

p2icvci- This trend of higher values of experimental p with respect to

theoretical values is in accordance with the earlier reports.31 This

overestimation in the experimental values could be due to the effect of

solvent dielectric environment and local field factors on p. 3 2
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Table 4.6: The experimental energy (AE), the dipole moment change

(Afj) and the oscillator strength (f) for the lowest excitation, the

experimental and theoretical two-level hyperpolarisability, ft?level and

fifrom semiempirical computation, for the molecules 8, 9, 11, 12, 14

and 16 (Fig.2.1); all flare at hco = 0 eVand in units oflO-30 esu.

What is more pertinent here is the comparison of p2ievei values to

the p values, either from experiment or from theory. In Table 4.5, it seen

that the theoretical P to (32ievei r a t*° *s about 4, and the experimental p to

P2|eVei ratio is roughly 2 - 3 . For the quinonoid molecules the theoretical

P t 0 P2icvei r a t i ° is again about 4 (Table 4.6) consistent with the case of

coumarins. Significantly, these observations allow us to make an

estimate of the experimental (EFISHG) hyperpolarisabilities expected

for the quinonoid systems. Based on the transferability of the p2ievci / P

ratios between coumarins and the quinonoids, the EFISHG p values of

the quinonoids would be expected to be 2 - 3 times their experimental

P2|CVC| values ie. about -50 to -60 x 10"30 esu (at ha = 0 eV).
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The present analysis again shows that the push-pull quinonoid

systems have potentially large p values as seen from the 2-level

approximation, theoretical estimates or the projected EFISHG values.

They are inherently negative values, which is consistent with the

negative solvatochromism arising from the decrease in the dipole

moment on excitation. The static (3 (or p2ievei) values in these molecules

are very similar irrespective of the donor groups. From the computed

values of p (Sec.2.2) as well as the experimental 2-level estimates and

the projected values obtained above for the push-pull quinonoid systems,

it is clear that these molecules possess nearly similar

hyperpolarisabilities irrespective of the donor groups. This is

understandable in view of the similar NLO active chromophoric group

they possess. Thus we have carried out in the following Section, an

EFISHG study of a representative push-pull quinonoid molecule to

check the veracity of the results obtained in the present analysis.

The investigations presented in this Section show that the simple

solvatochromic method of estimating 2-level hyperpolarisabilities can be

a convenient procedure to screen molecules for NLO applications. The

experimental requirements are trivial compared to the EFISHG or even

HRS techniques. When combined with computational studies and data

on other systems for the purpose of calibration, this method can have

very useful predictive value.
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4.4 DETERMINATION OF HYPERPOLARISABILITY
USING EFISHG TECHNIQUE

The semiemipirical quantum chemical studies presented in

Chapter 2 and the experimental studies based on the solvatochromic

measurements presented in the previous Section show that the push-pull

quinonoid systems possess fairly large molecular hyperpolarizabilities

which makes them interesting candidates for the fabrication of NLO

materials. To confirm these results we have determined the |3's of a

representative system, 9 using the electric field induced second harmonic

generation (EFISHG) technique. In this Section we present the basic

concepts involved in the experiment and the details of the setup we have

fabricated. We describe the simple and convenient cell design we have

developed for the EFISHG experiment. Experimental details and

analysis of the data involved in the determination of P are also described.

The theoretical background of the EFISHG is already described in

Sec. 1.6.

The experimental setup is shown in Fig.4.5. The source of the

fundamental beam is a Q-switched Nd:YAG laser (Continuum, Model

660B-10) operating at 1.064 jim with pulse width of 6 ns and repetition

rate of 10 Hz. The beam is split and filtered (to remove green light at

532 nm). One portion is focused on to the sample cell and the other on

to a reference solid sample (usually urea or one of our compounds,

DMPDQ which shows strong solid state SHG) to monitor the pulse-to-

pulse fluctuations of Im. A high voltage pulse (100 \is wide) of upto 5

kV (from a Velonex Model 345 High Voltage Pulser), synchronised with
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Figure 4.5: Experimental setup for EFISHG measurements. (BS, beam

splitter; RAP, right angle prism; PB, Pellin-Broca prism; M mirror;

GF, interference filter for 532 nm; IRF, interference filter for J 064 nm;

A, aperture; L, lense; P, polariser; HVP, high voltage pulser; PMT,

photomultiplier tube)

the laser pulse using a delay circuit, is applied across the electrodes in

the sample cell. The second harmonic light generated is filtered (to

remove the ir), collected and analysed using appropriate optics (high

gain photomultiplier tube (Hamamatsu) and an oscilloscope (Tektronix,

2465B, 400 MHz) or lock-in amplifier (SRS, Model SR830) were used

together with a personal computer.
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The sample cell used for the experiment is shown in Fig.4.6(a).

The cross sectional view is shown in Fig.4.6(b). Two polished BK-7

glass plates, SG (one straight and one wedge-shaped) of thickness 2.5

mm are held tightly between optically polished stainless steel electrodes,

SS, so that the spacing between electrodes is maintained as 2.5 mm and

the empty space between the glass plates is 2 mm at the bottom and 1

mm at the top. The edges of the electrodes were given a gentle

smoothening to avoid charge accumulation. Further protection against

discharge was provided by thin glass plates, PG, placed on the sides of

(a) (b)

Figure 4.6: (a) Schematic diagram of the sample cell used in the

EFISHG experiment (SS: stainless steel electrode, SG : spacer glass

plate, PG : protector glass plate) (b) cross-sectional view of the cell

the electrodes. The whole assembly of glass plates and electrodes is

placed in a 1 x 1 x 4.5 cm glass cuvette.
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The cell assembly is mounted on a platform which could be

translated vertically using microprocessor controlled motors. The wedge

shaped glass spacers allow the path length of the beam in the solution to

be varied from 1 mm to 2 mm. The interface with the personal computer

allows easy recording of the I2o) data as a function of the cell translation

to produce the Maker fringe pattern.33

Dimethylsulphoxide (DMSO) was used as the solvent in the

experiments as well as the reference to normalise the SHG intensity from

the sample. The Maker fringe pattern of l̂ o/Io recorded for the

molecule, 9, is shown in Fig.4.7. The spacing between the two maxima

on the fringe pattern is the coherence length, lc (defined as /kw/4(n2fc)-n(0)

where n^ and n2w are the refractive indices at the fundamental and second

harmonic frequencies). This data was analysed using a least square fit to

the function

(4.9)

The fitting parameters A3 is related to lc, A4 is a phase correction factor

and Aj and A2 together define the amplitude of the second harmonic

generation as follows :

The amplitudes of the SHG obtained for the solution is denoted as A?*

and that for the pure solvent (DMSO) as A,2o\ Since the absorption of
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the compound at 2© is negligible (e = 1.0 M^cm"1) the ratio of these

amplitudes can be directly related to the macroscopic susceptibilities as

given below.

(4.10)

Figure 4.7: Maker fringe pattern recorded for 9 at a concentration of

2 x 10-3 Min DMSO (solid line shows the fitting to Eqn. 4.9)

From Eqn. 1.22, we can write,

(4.11)
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Combining 4.10 and 4.11, and assuming that the local field factors for

the solvent and solution are same, we obtain,

where NA is the Avogadro number, c is the concentration of the solute in

mols/litre, Nj is the number density (molecules per litre) of the solvent

and (5 and \i are the hyperpolarisability and ground state dipole moment.

We have measured the amplitudes As
 w at various concentrations in the

range 0.8 x 10"3 to 4 x 10"3 M of the sample and plotted the square root

of the ratio of the amplitudes in Eqn.4.12 vs c. From the slope of this

plot and using the reported experimental values of uDMS0 (4 D)35 and

PDMSO (-007 x 10"30 esu)35 and the calculated (AMI) value of nsolutc(15

D), the p of the solute was determined to be (-72 ± 15) x 10"30 esu. This

P is the hyperpolarisabiltiy at 1064 nm excitation. Using the simple two

state model1 one can estimate the static hyperpolarisability, (3(0) as

follows:

(4.13)

(4.12)
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where X and A^^ are the exciting wavelengths and the wavelength of

maximum absorption for the compound. Using the ^ ^ of 9 (415 nm),

the (5(0) is found to be -24 x 10" esu. From AMI computations we

have found that the p(0) is -19.8 x 10"30 esu for the AMI optimised

geometry (Table 2.1) and -54.9 x 10* esu for the molecular geometry

from crystal structure analysis (Table 2.6); as pointed out earlier, the

crystal structure molecular geometries are more benzenoid than the gas

phase optimised structures and have larger p values. Thus we find that

the experimentally determined static hyperpolarisability is in very good

agreement with the value calculated for the gas phase structure. This is

as expected since the solution structure would resemble more closely the

gas phase structure rather than the molecular structure in the crystal.

4.5 CONCLUSION

In this Chapter, we have shown that, the use of ET' as the solvent

polarity function for solvatochromism studies of Stokes shifts can be an

efficient procedure to determine excited state dipole moments of organic

molecules. The high degree of correlation obtained, points to the

efficacy of ET
N as a descriptor of the microscopic environment of the

molecular dipoles in solution. The reformulation of earlier equations

which relate absorption and/or fluorescence solvatochromism with

solvent polarity function, in terms of ET
N values reveals the basis for the

good correlation and provides a simple expression for the gradient of A v

versus ET
N plots, from which }ie can be determined. The ability of the

method to employ mixed solvents for solvatochromism studies and to
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ultimately determine two-level hyperpolarisabilities of organic

molecules is expected to be of considerable practical utility.

The comparison of f̂ ievei t 0 P from theory and experiment on a

set of coumarin dyes and similar comparisons in the quinonoid systems

has enabled us to estimate the experimental molecular p's of several

representative members of the new class of the push-pull quinonoid

systems. The EFISHG experiment on a typical member of this class is

consistent with the theoretical and experimental analysis we have carried

out on the hyperpolarisability of these novel NLO molecules. All the

results indicate that these molecules have potentially large P's. Since our

primary goal in this thesis work is to develop a new class of quadratic

NLO materials, we have not spent further effort on studies such as

EFISHG determination of molecular hyperpolarisabilities. We have

concentrated more on the solid state aspects, as discussed in the next two

Chapters.
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CHAPTER 5

MATERIALS FROM ACHIRAL
MOLECULES : CRYSTAL STRUCTURES

AND POWDER SHG STUDIES



5.1 BACKGROUND

In the previous Chapters, we have presented the computational

studies of several diamino substituted dicyanoquinodimethane systems

(Chapter 2), the synthesis and characterisation of these compounds

(Chapter 3) and experimental exploration of their molecular

hyperpolarisabilities (Chapter 4). The theoretical and experimental

studies on these systems have revealed that they possess large molecular

hyperpolarisabilities and hence are of potential interest in the

development of novel NLO materials. As can be seen from Fig.2.1 and

Chapter 3, we have synthesised both achiral and chiral molecule-based

materials. For the sake of convenience, we divide these materials into

two classes, one based on achiral molecules and the other based on chiral

molecules and present detailed structural and NLO studies on selected

candidates of each class in this Chapter and the next one.

In Sec.5.2, we present the crystal structure details of the

compounds 9, 10 and 11 in which the donor amino groups are derived

respectively from the six-member saturated ring systems, piperidine,

piperazine and morpholine. These molecules have large ground state

dipole moments and crystallise in centrosymmetric crystal lattices.

Nevertheless these systems warranted careful study as models based on

which modifications to obtain noncentrosymmetric materials could be

attempted. The details of the molecular and crystal structure analysis is

presented along with the discussion of relevant molecular structure

characteristics in this Section. In Sec.5.3, we present a novel

phenomenon of solvate switching of powder second harmonic generation
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in one of the polymorphic forms of 8 (DPDQ). DPDQ is an achiral

molecule and crystals grown from acetonitrile do not show any SHG.

However, the flaky powder of DPDQ obtained by recrystallisation from

chloroform shows strong SHG. Further, the SHG observed in the latter

polymorph could be switched on and off by exposure to chloroform

vapour and subsequent drying. The crystal structure details of both the

polymorphic forms are presented and an explanation is provided for the

novel phenomenon.

For all crystal structure determinations presented in this thesis,

the x-ray intensity data were collected on an ENRAF-NONIUS CAD4

computer-controlled diffractometer. CuKa (X = 1.54178 A) radiation

with a graphite crystal monochromator in the incident beam was used.

The standard CAD4 centering, indexing and data collection programs

were used. The unit cell dimensions were obtained by a least square fit

of 24 centered reflections in the range of 21< 6 <30°.

The powder SHG measurements were carried out using the

Kurtz-Perry method discussed in detail in Sec. 1.6. The fundamental

wavelength (1064 nm) of a Q-switched Nd:YAG laser (Continuum,

Model 660B-10) was used. The detection system consisted of the

photomultiplier tube (Hamamatsu) and oscilloscope (Tektronix, Model

2465B, 400MHz) or lock-in amplifier (SRS, Model SR830). Powder

samples were sandwiched between glass plates with the thickness of the

sample controlled by uniform teflon sheets. Powder sizes were graded

using standard sieves. Urea of particle size 100 - 150 u was used as the

standard since at these particle sizes, the powder SHG of urea saturates
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at its maximum value. As is often the practice, the powder SHG

capability of all the compounds are expressed in terms of the unit, U

(SHG of urea = 1 U). The quinonoid materials we have investigated

have all shown very good stability under laser irradiation and no sign of

decomposition even on continued irradiation with a laser power of 1

GW/cm2 (6 ns, 10 Hz) was detected.

5.2 CRYSTAL STRUCTURES OF DPIDQ (9), DPZDQ (10)
ANDDMDQ(ll)

Quantum chemical calculations presented in Chapter 2 had

revealed some important aspects of the molecular structure of the push-

pull quinonoid molecules. For example the optimised geometries of

several systems showed strong twist of the diaminomethylene unit with

respect to the benzenoid plane. We have discussed the influence of this

structural feature on the optical absorption energies and molecular

hyperpolarisabilities. The calculations also indicated that these

molecules are likely to be strongly zwitterionic. The experimentally

found melting points imply strong electrostatic binding forces in the

crystal.

In an effort to gain direct insight into the molecular and crystal

structure of the diamino substituted dicyanoquinodimethanes, we

initially attempted to grow crystals of several easily synthesised

derivatives. The molecules obtained from the reaction of primary

amines with TCNQ were in general not amenable to good crystal
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growth. In this initial exploratory study, the molecules which gave good

quality single crystals were those prepared using simple and easily

available achiral, secondary amines such as pyrrolidine, piperidine,

piperazine and morpholine; the resulting compounds are respectively 8,

9, 10 and 11. Since no deliberate design of noncentrosymmetric crystal

lattices was involved and these molecules have strong ground state

dipole moments, it would not be surprising if these achiral compounds

produced only centrosymmetric crystals. This was borne out in all the

cases. However, 8 recrystallised from chloroform manifested some

unexpected and interesting features; this is discussed in detail in the next

Section.

The space groups, unit cell details and features of the x-ray

analysis of 9, 10 and 11 are collected in Table 5.1 (fractional coordinates

for the asymmetric unit are provided in Tables A-1.1 to A-3.2). It is

seen that all the three compounds belong to centrosymmetric space

groups. Based on a statistical analysis, it has been argued1 that there is

no strong correlation between large ground state dipole moments of

molecules and the tendency to form centrosymmetric crystal structures.

However, strong ground state dipole moment does often encourage a

centrosymmetric arrangement of molecules in the crystal lattice; our

systems are typical examples of this.

The molecular structure and stereoviews of the unit cells of 9, 10

and 11 are presented in Figs. 5.1, 5.2 and 5.3 respectively. The

significant bond lengths in the three compounds are collected in Table
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5.2 (the atom labellings are as shown in Figs. 5.1 (a), 5.2(a) and 5.3(a)

respectively). In all the three molecules, the bonds in the unsaturated

Table 5.1: Crystallographic data for compounds 9, 10 and 11.
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(a)

Figure SAi.fa) The molecular structure and (b) stereoview of the unit

cell along the c axis of 9 (the H atoms are omitted for clarity)
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(a)

(b)

Figure 5.2: (a) The molecular structure and (b) stereoview of the unit

cell along the a axis of 10 (the H atoms are omitted for clarity)
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(a)

(b)

Figure 5.3: (a) The molecular structure and (b) stereoview of the unit

cell along the c axis of 11 (the Hatoms are omitted for clarity)
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six-membered ring that serves as the 'conjugation unit1 in the push-pull

system are found to be nearly benzenoid in character, not quinonoid.

The lengths of the exocyclic bonds as well as the N-C bonds at the

amino end and C-N bonds at the cyano end also reflect the dominance of

the zwitterionic resonance form with strong positive charge on the

diaminomethylene unit and negative charge on the dicyanomethylene

unit. Our theoretical analysis2 of the parent system 7J'-diamino-8,8'-

dicyanoquinodimethane (Sec.2.3) with structural changes induced by the

influence of varying external fields, indicated a peaking of the p at

structures intermediate between the benzenoid and quinonoid extremes

but closer to the benzenoid end. This implies that the large

hyperpolarisabilities of these strongly benzenoid zwitterionic molecules

we have synthesised could still be improved by slightly decreasing the

zwitterionic nature by appropriate chemical modifications.

The molecular structures of 9, 10 and 11 reveal normal bond

angles within the benzenoid ring, the exocyclic bonds and the

heterocyclic substituents. The unsaturated rings are quite planar in all

the structures. Table 5.2 also provides two important dihedral angles 6]

and 62 in these structures. 0] is the dihedral angle between the average

planes of the diaminomethylene unit and the benzenoid ring and 92 the

similar angle between the dicyanomethylene unit and the benzenoid ring.

The 82 values indicate that the dicyanoquinodimethane moiety is almost

coplanar with the benzenoid ring as it is in TCNQ.
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Table 5.2: Important bond lengths in A and dihedral angles (see text for

definition) in degrees in 9, 10 and 11 (see Figs. 5.1 (a), 5.2(a) and 5.3 (a)

for atom labelling)

The large values of Oj (43° - 49°) indicate that a strong out-of-

plane twisting of the diaminomethylene unit occurs in these molecules.

We note that the computed values of these twists presented in Table 2.1

are smaller. As discussed earlier (Sec.2.4), this may be arising from the

high conformational flexibility of the six-member heterocyclic rings

which takes up equilibrium geometries in the solid state which are quite

different from that optimised for the gas phase structure. The analogy of
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this twisted geometry to the well known' twisted intramolecular charge

transfer (TICT) systems is not out of place; the important contrast with

conventional TICT systems is that the twisting in our systems is a

ground state phenomenon. The twisting arises from the overcrowding

due to the steric repulsion between the ortho-H atoms on the benzenoid

ring and those on the neighbouring carbons of the nitrogens of the

heterocyclics as illustrated by our theoretical study in Sec. 2.4 The

twisting is further facilitated by the zwitterionic nature of the molecules

with the consequent weakening of the C1-C7 bond (Table 5.2). An

important consequence of this molecular twist is the chirality that it

induces in the molecule. If one ignores the detailed structure of the

amino moieties, the twisted molecule is nearly C2 symmetric. In

principle, this could lead to isolable chiral molecular structures and

should provide a route to induce noncentrosymmetric lattices. However,

the activation energy for interchange between the M and P forms of this

chiral structure is expected to be very small. The computational study of

the twisting in DPDQ carried out in Sec. 2.4 indicates that this barrier is

of the order of 1 kcal/mol. Hence these chiral structures are likely to

exist as racemates in solution and finally provide only centrosymmetric

structures as has been observed.

We find that the three crystal structures irrespective of the donor

amino group are rather similar. Since the steric effect due to the six-

member rings are similar and the electronic nature of the amines are

practically identical, this is not surprising. The possibility of H-bonding

through the piperazine unit in 11 does not appear to have developed any

novel features in the crystal packing. However if one examines the
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molecular dipole arrangements in the ac plane projections (in all the unit

cells the longest axis is the b axis) in 9, 10 and 11 the following subtle

differences in the packing of dipoles can be observed. In 9, the dipoles

are arranged antiparallel to form two distinct dimer units which form a

centric array roughly perpendicular to the b axis. In 11, parallel head-to-

tail arrangement of the dipoles form a noncentric array in the ac plane.

However the adjacent plane has opposite orientation leading to an

overall centrosymmetric structure. In 10, the arrangement is more

complex; the molecules form zig-zag head-to-tail chains approximately

in the [101] direction, with adjacent chains out of phase with each other.

The effectively noncentric array together with the neighbouring arrays of

opposite orientation again leads to a centrosymmetric lattice. If by

inclusion of solvent molecules or cocrystallising with weak dipolar

molecules, the interaction between the noncentric arrays in 10 or 11

could be diminished, there is a possibility of fabricating

noncentrosymmetric lattices.

5.3 SOLVATE SWITCHABLE POWDER SHG IN DPDQ (8)

DPDQ is one of the compounds reported in the first paper from

du Pont on the diamino substituted dicyanoquinodimethanes.4 We have

also synthesised this compound during the preliminary investigations of

this class of push-pull quinonoid compounds. The du Pont group had

used methanol for the recrystallisation of DPDQ. However we found

that good quality crystals could be grown from acetonitrile. These

crystals were found to be centrosymmetric and SHG inactive. We also
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have recrystallised this material from a variety of other solvents. The

crystals obtained from chloroform are also found to be centrosymmetric;

however they lose the solvate molecules even upon a brief exposure of

the crystals to air, giving rise to flaky powders. Interestingly we noticed

that these powders are capable of strong SHG. The SHG activity can be

reversibly switched off and on by exposure to chloroform and

subsequent drying. In this Section, we present the structures of the

crystals from acetonitrile and chloroform and provide an explanation for

this novel phenomenon of solvate switching of the powder SHG in the

later.

Several instances of apparently centrosymmetric systems giving

rise to SHG have been reported. Weak SHG found5 in powders of

aromatic charge transfer molecules with centrosymmetric crystal

structures has been attributed to minor deviations from a strictly

centrosymmetric lattice. Strong SHG from LB monolayers of

centrosymmetric squarine dyes6 indicates that these molecules which

form centrosymmetric crystals assemble noncentrosymmetrically in the

LB film. Occlusion of chiral molecules has been shown to induce

noncentrosymmetry in centrosymmetric lattices and lead to strong SHG

activity.7 SHG has been observed in centrosymmetric crystals of

racemic mixtures when circularly polarised light was used. All these

cases involve induction of noncentrosymmetry in centrosymmetric

systems in rather unusual ways. A more obvious though less directed

approach has been to search through solvent-based polymorphs. Polar

solvents have been reported to encourage noncentrosymmetric crystal

structures.9 Completely SHG inactive and moderately to strongly SHG
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active polymorphs have been grown from different solvents.1 An

extreme case of solvent dependent polymorphism has been reported in

stilbene and diphenylacetylene derivatives with one derivative having

seven polymorphs with SHG activity ranging from 0.15 U to 300 U.

The observation mentioned above in the case of DPDQ is very different

from all these cases.

DPDQ crystals grown from acetonitrile solution (DPDQ-A)

(Sec.3.3) belong to P2j/c space group (Table 5.3) and contain a water

molecule of crystallisation per DPDQ picked up from the solvent, which

even upon drying, apparently has retained traces of moisture. Crystals

obtained from a chloroform solution (DPDQ-C) (Sec. 3.3) had to be

immediately coated with grease to prevent solvent loss and crystal

degradation. Structure analysis indicated a P2j/n space group (Table

5.3) and a solvate molecule of chloroform per DPDQ. The fractional

coordinates of the asymmetric unit of DPDQ-A and DPDQ-C are

presented in Tables A-4.1 to A-5.2.

The molecular geometry is nearly identical in the two crystals;

the molecular structure from DPDQ-C crystal analysis is shown in

Fig.5.4(a) and the important bond lengths and dihedrals for both DPDQ-

A and DPDQ-C are collected in Table 5.4. The diaminomethylene unit

is twisted out of the 6-membered ring plane by ca. 56°, a feature

common among these molecules (Sec.2.4). The bond lengths in the 6-

member ring conjugation unit indicate strong benzenoid character and
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Table 5.3: Crystallographic data for DPDQ-A and DPDQ-C

hence the zwitterionic nature of this molecule. The resultant dipole

moment of this molecule is expected to be high (AMI calculation

indicated u = 14.1 D which probably leads to a preference for the

centrosymmetric packing in the crystals as in the cases of 9 -11).

Layers of molecules roughly parallel to the ac plane are seen in

the DPDQ-C structure. Projection of these layers in the ab plane

indicates zig-zag chains of molecules running along the a axis with the
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adjacent dipoles making an angle of ca. 30° (Fig.5.4(b)). The

centrosymmetrically related layer along the b axis (the longest unit cell

Table 5.4: Important bond lengths in A and dihedral angles (see Sec. 5.2

for definition) in degrees in DPDQ-C (see Fig. 5.4 (a))

axis) is well separated from the first one by a layer of chloroform

molecules. In DPDQ-A we find a layered structure consisting of stacks

of DPDQ, approximately perpendicular to the longest unit cell axis, c,

however there is no distinct layer of solvate molecules (Fig.5.4(c)).

Inspection of interatomic distances indicates that the water molecules of
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(a)

(b)

Figure 5.4: (continued on next page)
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(c)

Figure 5.4: (a) Molecular structure ofDPDQ-C; H atoms are omitted

for clarity. Unit cell view of(b) DPDQ-C along the c axis and

(c) DPDQ-A along the b axis; C atoms of the pyrrolidine rings and all H

atoms are omitted for clarity; the N atoms of the pyrrolidine rings are

shown as filled circles
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crystallisation are H-bonded to the cyano groups (O-N distances are

found to be 2.73A and 3.10A in the two molecules in the asymmetric

unit).

DPDQ recrystallised from acetonitrile, tetrahydrofuran,

methanol, ethanol and dichloromethane did not show any SHG either in

the crystal or in the dried powders. Freshly recrystallised DPDQ-C

suspended in chloroform did not show any SHG. Upon drying, the

crystals lost their transparency and formed a flaky powder. In a Kurtz-

Perry experiment using 1064 nm radiation from a ns-pulsed Nd:YAG

laser, this powder showed a strong SHG of 30 - 40 U. The powder size

of the sample was varied and the SHG was found to be nearly constant

at particle sizes above 75 u indicating that the material is phase-

matchable. This SHG activity is highly reproducible provided the

sample has been purified by several recrystallisations. We have

monitored a couple of samples for 15 months and found that the SHG

activity remained undiminished. This indicates that the SHG is quite

genuine and not arising from some spurious effects.

We carried out an experiment in which dry DPDQ-C powder was

taken in a narrow glass tube attached through a stopcock to a flask

containing chloroform. With the laser beam incident on the sample,

while monitoring the SHG activity of the powder the stopcock was

opened and the chloroform gently warmed to allow vapours to flow over

the powder. The green light emitted by the sample diminished

considerably and vanished completely when the powder got wetted by

traces of condensed chloroform. There was no dissolution since the
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solubility of DPDQ in chloroform at room temperature is extremely low.

After closing the stopcock the sample was dried using a hot air blower

whereupon the SHG returned to the original intensity. This experiment

could be repeated several times. We have carried out control

experiments with other compounds that we have prepared and having

similar SHG activity and solubility characteristics as DPDQ (discussed

in Chapter 6). However, no reduction of SHG activity on exposure to

chloroform vapours or wetting by chloroform could be detected.

The structure of DPDQ-C described above provides an

explanation for this interesting phenomenon. The chloroform layer

separates layers of DPDQ molecules related by the centre of inversion.

Loss of the chloroform layer upon exposure or drying of the crystals (the

elemental analysis of dried powders show complete absence of

chloroform) results in flaky powders, wherein the original structure has

collapsed to intrinsically noncentric layers of DPDQ which are no longer

related by a centre of inversion. In DPDQ-A the water molecules could

be partially removed by drying under vacuum (elemental analysis

indicated 0.4 mols of water of crystallisation) and driven out completely

by extended drying under vacuum at 150°C (confirmed by the

disappearance of the O-H stretch absorption in the infra red spectrum of

such samples). These samples showed no SHG indicating that the type

of layer separation seen in DPDQ-C does not occur here. The

mechanism of re-entry of chloroform into DPDQ-C is not clear, however

it obviously resurrects a centric structure so that the SHG activity is lost.

We have attempted to prepare single crystals of DPDQ by solvent-free

methods such as sublimation to gain insight into the unsolvated crystal
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structure. However, these attempts were unsuccessful since the
compound decomposes just before melting at 290°C.

5.4 CONCLUSION

Diaminodicyanoquinodimethane systems provide a novel class of

push-pull quinonoid molecules with suitable molecular properties to

develop molecular NLO materials. The three molecules 9-11 presented

here are typical examples of these easily synthesised compounds. These

molecules crystallise quite well; the crystal structure analysis indicated

centrosymmetric space groups for all the molecules. The investigations

of these crystal structures have revealed important insight into the

molecular structure of these compounds, in particular, the benzenoid

nature of the conjugation unit and the dihedral twist. It is concluded that

though these systems have potentially useful nonlinear optical properties

at the molecular level, the high ground state dipole moments are a hurdle

to noncentric crystal lattice formation. The tendency towards a

centrosymmetric arrangement of the molecules has to be overcome by

suitable crystal engineering strategies or poling techniques, so that useful

quadratic NLO materials can be fabricated from this class of molecules.

Molecule-based materials for sensor applications is an area of

great fascination today, since molecular devices may offer

unprecedented active device sizes on the nanometer scale and extremely

fast response to the stimuli to be sensed. A variety of electronic,

magnetic or optical responses may be exploited in such devices. The
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novel phenomenon of reversible SHG activity which is highly sensitive

to the presence of solvate molecules observed in DPDQ may be of

interest in the context of sensor applications. The introduction of

noncentrosymmetry in a centrosymmetric material by the loss of solvate

is of fundamental interest in the design of molecular NLO materials

since this case is unprecedented and the associated second harmonic

generation activity is quite substantial, unlike those found in some earlier

systems.
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CHAPTER 6

MATERIALS FROM CHIRAL
MOLECULES : CRYSTAL STRUCTURES

AND POWDER SHG STUDIES



6.1 BACKGROUND

In the previous Chapter we have described the crystal structures of

some push-pull quinonoid molecules based on achiral substituent groups

like pyrrolidine, piperidine etc.. We found that all these materials had

centrosymmetric space groups. None of these compounds exhibited solid

state SHG (except of course, the peculiar case of DPDQ-C described in

Sec.5.3). The various other achiral derivatives listed in Fig.2.1 also

showed no solid state SHG presumably because of centrosymmetric crystal

lattices. The large hyperpolarisabilities of the push-pull quinonoid

molecules held out the promise of generating efficient NLO materials if

one could induce appropriate alignment of the molecular dipoles in the bulk

state. We therefore attempted a wide variety of approaches to obtain

noncentrosymmetric materials based on these compounds.

We have tried several strategies like poling of polymers and sol-gel

matrices containing these compounds, cocrystallisation of these molecules

with urea, p-nitroaniline and tartaric acid, preparation of salts of derivatives

such as of DADQ and DPZDQ with counterions such as Cl", CF3CO2" and

CH3QH4SO3". But none of these approaches gave any clear indication of

successful fabrication of a noncentric bulk system. Along with these

strategies, we also investigated the approach of synthesising chiral

derivatives of the basic diaminodicyanoquinodimethane framework. As

discussed in Sec. 1.4, the molecular chirality guarantees the crystallisation

of a pure enantiomer in a noncentric space group; there are several chiral
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compounds reported,1 which have been found to be efficient NLO

materials, NPP (Fig. 1.2) being an excellent example. The

diaminodicyanoquinodimethane framework allows innumerable variety of

chiral groups to be substituted and a very wide choice can be envisioned.

The chiral derivatives we have prepared and investigated (12 - 16) are

simple extensions of the prototypical system, DPDQ (8) and they all were

found to belong to noncentric space groups. A systematic program of

molecular engineering involved in the synthesis of these compounds, led to

the enhancement of powder SHG from 3 U to 55 U among these

derivatives.

In Sec.6.2, we present the crystal structures of 7-S(-)-a-

methylben2ylamino-7-pyrrolidino-8,8-dicyanoquinodimethane, MBPDQ

(14) and 7-5'(+)-2-methoxymethylpyrrolidino-7-pyrrolidino-8,8-dicyano-

quinodimethane, PMPDQ (16) (Fig.2.1). We also describe the powder

SHG experiments and the observation of moderate to fairly strong phase-

matched SHG in these compounds. The NLO properties of the

stereoisomer of 14 (14-/?) and the naphthyl derivative (15) are also

presented.

We were interested in investigating the possible role of H-bonding in

the crystal lattices of push-pull quinonoid systems. Attempts to prepare

prolinol (2-hydroxymethylpyrrolidine) derivatives were unsuccessful.

However, the preparation of the 3-hydroxypyrrolidine derivative was

successful. In Sec.6.3, we describe the role of H-bonding leading to
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moderately large SHG of 13 U in 7,7-bis[/?(-)-3-hydroxypyrrolidino]-8,8-

dicyanoquinodimethane, DHPDQ (13). The molecular chirality has created

a noncentric lattice here, as in the previous cases. The H-bonding has a

buttressing effect on this molecular packing and hence contributes positively

to the bulk SHG. However, we noticed an unusual effect of the

intermolecular H-bonding in this crystal in terms of enhancing the molecular

twist commonly found in this class of zwitterionic push-pull systems. This

molecular structural change leads to an increase in absorption energy and a

decrease in the hyperpolarisability, the latter effect leading to a negative

impact on the bulk SHG activity whereas the former has a positive influence

in terms of enlarging the transparency window of this material. Thus we

present in this Section a unique case of the dual role played by H-bonding in

deciding the NLO property of a push-pull quinonoid molecular material.

A careful analysis of the crystal structures of MBPDQ and PMPDQ

revealed that even though the introduction of chirality led to

crystallographic noncentrosymmetry in both cases, the molecular dipole

moment vectors (in the following discussion, we define this as the vector

from the diaminomethylene carbon to the dicyanomethylene carbon) were

still fairly close to an antiparallel arrangement. Therefore it was clear that

we were not realising yet, the full potential of these molecular materials in

terms of their SHG efficiency. 14-/? showed very similar linear and

nonlinear optical properties as 14; therefore the specific choice of the

configuration (R or S) does not appear to be crucial. 15, with a large side

group was found to have still lower SHG than 14. In MBPDQ, the
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stereogenic centre is on a conformationally flexible side group and in

PMPDQ, it is on a relatively more rigid cyclic moiety. This feature has led

to larger deviation of dipole vectors from an antiparallel orientation, and

consequently an improvement in the SHG capability from MBPDQ (3 U)

to PMPDQ (28 U). Thus it appeared to us that the introduction of two

stereogenic centres of the more rigid type close to the dipole axis would

lead to still higher SHG capability. We discuss in Sec.6.4, the molecular

engineering aspects which led to the dramatic improvement of the SHG

capability to ~ 55 U in 7,7-bis[S(+)-2-methoxymethylpyrrolidino]-8,8-

dicyanoquinodimethane, DMPDQ (12); we present also the crystal

structure details of this compound. A detailed analysis of the correlation of

SHG to the dipole alignment and molecular hyperpolarisability is also

discussed.

6.2 CRYSTAL STRUCTURES AND POWDER SHG STUDIES
OF MBPDQ (14) AND PMPDQ (16)

The first chiral derivative that we synthesised was MBPDQ utilising

the chiral group that has been previously employed2 in 2-N-(ct-

methylbenzylamino)-3,5-dinitropyridine (MBADNP) and 2-N-(a-

methylbenzylamino)-5-nitropyridine (MBANP). Single crystal X-ray

structure analysis of the transparent plate-like crystals of MBPDQ obtained

from acetonitrile solution indicated an acentric space group, P2 b with two

MBPDQ molecules and two solvent molecules in the unit cell. The
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crystallographic data are provided in Table 6.1 (fractional coordinates for

the asymmetric unit are provided in Tables A-6.1 to A-6.3). The molecular

structure and the unit cell view along the b axis are shown in Fig.6.1. The

N9-C7-N14 plane on the donor side is twisted out of the quinonoid ring

plane by ca. 49.8°. The bond lengths (Table 6.2) in the conjugation unit

indicate a strongly benzenoid character resulting from the intramolecular

charge transfer which is accentuated by the out-of-plane twisting of the

donor group. The molecular structure is quite reminiscent of the structures

discussed in the Chapter 5. The crucial difference now is the loss of the

centre of inversion; however, the molecular alignments in the crystal are

nearly head-to-tail, the noncentricity arising from the presence of the chiral

carbon atoms alone. The angle between the molecular dipoles (see

definition above) is found to be 168°.

We have next prepared, the derivative based on the R isomer of N-

methylbenzylamine. The product (14-i?) appeared very similar to 14. The

melting points and electronic absorption were identical. The powder SHG

was also nearly the same. We also considered the naphthyl derivative in

place of the phenyl derivative. The resulting compound, 15, showed no

improvement in SHG; in fact it was only 0.5 U. Since these compounds

showed no progress with respect to the solid state SHG, we did not attempt

any crystal structure analysis on them.

In view of the nearly optimal dipole alignment present in the well

known material, NPP having the chiral prolinol group, it would be



160 Chapter 6

(a)

(b)

Figure 6.1: (a) Molecular structure ofMBPDQfrom single crystal x-ray

analysis; H atoms of only the stereogenic centre are shown (b) stereoview

of the unit cell along b axis
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Table 6.1: Crystallographic data for MBPDQ

interesting to consider the prolinol derivative of push-pull quinonoid

systems. Therefore, we attempted the introduction of chiral prolinol groups

in place of the methylbenzylamino group present in MBPDQ. However, the

reaction of the monopyrrolidinotricyanoquinodimethane (PTQ) with



162 Chapter 6

Table 6.2: Significant bond lengths, bond angles and dihedral angles in

MBPDQfrom single crystal x-ray analysis; the atom labellings are shown

in Fig. 6.1 (a)

prolinol led to intractable products. We believe that the hydroxy group of

prolinol partially replaces the pyrrolidine group already present in the

molecule. Such possibilities have been discussed in the original paper from
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du Pont. We also note that Nicoud4 and Twieg et af have prepared

compounds by the direct reaction of various chiral aminoalcohols with

TCNQ; though they were SHG active no details of synthesis and

characterisation has been reported and the SHG observed were not very

high. To circumvent the problem associated with the multiple addition of

prolinol, we decided to use the methyl ether of prolinol (2-

methoxymethylpyrrolidine) and were successful in preparing the compound,

PMPDQ. Another motivation for the preparation of this compound is the

placement of the stereogenic centre in a rigid ring framework which was

expected to lead to improved dipole alignment.

Crystals of PMPDQ were grown from acetonitrile solution as

prisms. Preliminary reflection data were indexed to the noncentric

orthorhombic space group, P212121 (Table 6.3) (the fractional coordinates of

the asymmetric unit are presented in Tables A-7.1 to A-7.2). However,

structure refinement for this crystal was very poor and could not be

improved beyond an R value of 0.11 (Rw = 0.15), though data from several

crystals were tried. The molecular structure obtained from the analysis

indicated unphysical bond lengths in the methoxymethyl side group. It is

possible that the free rotation of the methoxymethyl group contributes to

this problem. However, low temperature data collection was also

unsuccessful in improving the R factor. Even though the molecular

structure obtained may not be very reliable, the overall crystal structure and

space group are expected to be correct. The unit cell view along the b axis
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Table 6.3: Crystallographic data for PMPDQ

is presented in Fig.6.2. The molecular dipole vector alignment is

considerably improved over MBPDQ. There are two molecules in the

asymmetric unit of PMPDQ and the inequivalent interdipole vector angles

are 94° and 149°. The idea that the stereogenic centre being on a rigid ring

framework would help in improving the dipole alignment appears to be
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Figure 6.2: Stereoview of the unit cell along b axis for PMPDQ

useful. This aspect will be discussed in greater detail in connection with the

substitution of two 2-methoxymethylpyrrolidine groups on TCNQ,

presented in Sec.6.4.

The powder SHG measurements were carried out as described in the

previous Chapter. Powders of MBPDQ with particle size > 150 urn showed

a moderate SHG, ca. 3 times that of urea. The particle size dependence of

the SHG intensity (Fig.6.3) indicates that MBPDQ is a phase-matchable

material. In support of this, the SHG of 3 U is obtained in the crystals as

well. In the case of PMPDQ, large intensities of ca. 25 - 30 U were

obtained for powders with particle sizes > 300 urn as well as for crystals; the

saturation of the SHG intensity at large particle sizes again indicated phase-

matchabiliry (Fig.6.3).
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Average particle size / u m

Figure 6.3: Powder SHG intensity (relative to urea powder with particle

size ca. 150 fjm) at different particle sizes ofMBPDQ and PMPDQ

6.3 DUAL INFLUENCE OF INTERMOLECULAR
H-BONDING ON THE SHG IN DHPDQ (13)

H-bonding is one of the most effective and popular tool for the

design of crystal structures. Urea is perhaps the finest example, where the

simple and almost trivial molecular structural units have assembled into a

three-dimensional crystalline network involving a highly efficient utilisation
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of extensive H-bonding. Among the multiple options available which

satisfy the strong dipolar forces, the one which simultaneously maximises

the H-bonding interactions is naturally selected in the urea crystal.7 This

leads to a concomitant breaking of the centre of symmetry and hence, a

strong solid state SHG capability keeping in view the small size and high
absorption energy of the urea molecule.

H-bonding has often been utilised in conjunction with other features

such as chirality, steric factors etc. to achieve optimal alignment of NLO

chromophores, so that high SHG capability is attained in the bulk. One of

the most successful cases in question is NPP (Fig. 1.2). Here the chirality in

the prolinol unit ensures noncentrosymmetry of the lattice space group, and

the extensive H-bonding leads to a crystal packing that provides for close to

optimal angles between the molecular dipoles. NPP is one of the best

molecular materials for SHG that has been structurally characterised in great

detail. Weak to moderate SHG capability have been achieved in crystals

having extensive H-bonding with * ' or without1 the support from chirality

to induce the noncentricity. A well known case of molecular NLO material

with intramolecular H-bonding is MAP (Fig.1.2).13 We note that most of

the earlier studies have focused on the influence of H-bonding on the crystal

packing. The impact of H-bonding on the molecular structure and hence on

the molecular NLO properties that has a direct bearing on the crystal NLO

properties, has generally been less significant and less attention has been

paid to it. However, a detailed theoretical investigation of the effect of H-
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bonding on the hyperpolarisabilities of molecular dimers has been

reported.14

In an effort to examine, how intermolecular H-bonding would affect

the material NLO properties we deliberately included H-bond donor

functionalities in the molecular structure. The most convenient approach

was to functionalise the amine donor group with hydroxy group. Our initial

attempt to use prolinol as the donating amino group was unsuccessful as

discussed above. Similar difficulties were encountered with 2-amino

alcohols such as valinol. At this point we attempted the preparation of the

3-(/?)-hydroxypyrrolidino derivative. The crystal structure and solid state

SHG of 7,7-bis[i?(-)-3-hydroxypyrrolidino)-8,8-dicyanoquinodimethane,

DHPDQ (13) is presented in this Section. We have studied also the

racemate analogue of 13, namely 13-RS; the monosubstituted derivative,

namely, 7-[7?(-)-3-hydroxypyrrolidino)-7-pyrrolidino-8,8-dicyanoquino-

dimethane, HPPDQ, has also been prepared in our laboratory. The NLO

properties of DHPDQ is compared with the later derivatives.

DHPDQ gave crystals suitable for structure determination from

acetonitrile-methanol solvent mixture. X-ray analysis indicated a P2, space

group. Table 6.4 provides the crystal analysis data (the fractional

coordinates of the asymmetric unit are provided in Tables A-9.1 to A-9.2).

The molecular structure is depicted in Fig.6.4(a). Important bond lengths,

angles and dihedrals are collected in Table 6.5. The bond lengths in the

benzenoid ring are found to be quite similar to those found in earlier
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systems. The most significant feature that this structure showed was the

high twist angle, G of -70° between the benzenoid plane and the plane

containing the diaminomethylene unit. We note that the 0 angle in all the

crystals in this series that we have examined lie in the range 43 - 58.2°

(Table 2.1).

Table 6.4: Crystallographic data for DHPDQ
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Table 6.5: Significant bond lengths, bond angles and dihedral angles in

DHPDQfrom single crystal x-ray analysis; the atom labellings are shown

in Fig. 6.4(a)
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(a)

(b)

Figure 6.4: (a) Molecular structure ofDHPDQfrom single-crystal x-ray

analysis; H atoms of only the stereogenic centres and the hydroxy groups

are shown (b) stereoview of the unit cell along c axis
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The exceptionally large 9 in the case of DHPDQ is therefore considered

very significant and we analyse its origin and implications below.

Fig.6.4(b) shows the stereo view of the unit cell along the c axis. The

chirality of the molecule has been effective in inducing strong deviation

from an antiparallel alignment of the molecular dipoles. There are four

molecules in the unit cell and the two independent interdipole vector angles

are 126° and 114°. Search for short intermolecular contacts revealed four

well defined H-bonds per molecule. One of the hydroxyl groups (O(l)) acts

solely as a H-bond donor whereas the other hydroxyl group (O(2)) acts as a

H-bond donor as well as a H-bond acceptor. The H-bond donation by O( 1)

is to the 0(2) of a neighbour molecule and the H-bond acceptance by 0(2) is

with 0( 1) of a different neighbour. This H-bonded zig-zag chain extends

roughly along the a direction as shown in Fig.6.5(a). When O(2) acts as a

H-bond donor, the acceptor is the N atom of one of the cyano groups

(N(22)), and this leads to a zig-zag H-bonded chain extending roughly along

the b axis (Fig.6.5(b)). These H-bonding pathways thus lead to an extended

network in the ab plane.

The DHPDQ molecule, is thus tied down by four H-bonds, three on

the diaminomethylene moiety and one on the dicyanomethylene moiety. It

appears that these four relatively strong and highly directional interactions

in the solid state are accommodated at the cost of increased dihedral twist,

9 of the molecule. We believe this to be the case since, 9 is at least 10 - 20°

lower in all the non H-bonded systems of this series we have
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(a)

(b)

Figure 6.5: H-bonded chains in DHPDQ (a) along a axis and (b) along b

axis; the H-bonds are shown using thin lines
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investigated. Further, semiempirical AMI calculations (Table 2.1) have

predicted the twist angles in these substituted diaminodicyano-

quinodimethanes to be in the range 40 - 58°; in the case of DHPDQ, the

AMI calculations indicated a dihedral twist of 56.4°.

In the computational study of DPDQ (Sec.2.4) we have observed

that the lowest absorption energy, AE is strongly influenced by the value of

the twist angle 0. It was seen that AE goes through a minimum at 0 ~ 54°.

Experimentally we find that the solution absorption spectrum of DHPDQ

and other systems are very similar; for example, the Xmax values in

acetonitrile are respectively 388 nm and 375 nm for DHPDQ and DPDQ

(Sec.3.3). This indicates that the twist angle of DHPDQ in solution must be

similar to that in the other compounds. In the solid state, DPDQ and the

other non-H-bonded systems have a slight yellow colour, consistent with the

Xmax observed in the solution. However, DHPDQ crystals and powder are

distinctly lighter in colour, being almost white. This we take as indicative

of the slightly increased absorption energy of these molecules in the solid

state, which is a consequence of the increased twist angle. Thus the H- bond

tethers on the DHPDQ molecule, appear to have contributed to a higher

absorption energy and hence a larger transparency window for this material

in the visible range.

Our earlier computational analysis of DPDQ (Sec.2.4) has focused

on the strong dependence of hyperpolarisability, p on the twist angle, 0. It

was found that the p went through a maximum at 0 ~ 55°. When 0 is -70°,
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the p would be approximately 40% lower. The p values calculated for the

crystal structure geometries of DPDQ and other systems are all

approximately -50 to -54 x 10"30 esu. The p value calculated for the

molecular structure of DHPDQ in its crystalline state is -31.3 x 10"30 esu.

The decrease in p due to the enhanced twist is quite consistent with the trend

predicted earlier. Thus we find that the H-bond matrix in crystals of

DHPDQ has led to strong modification of the molecular structure which has

contributed positively to the absorption energies, but negatively to the

molecular hyperpolarisability. Molecular structure exerting a crucial control

on the crystal structure is a commonly observed and well-studied

phenomenon. The present observation however is rather a rare and

interesting case where the crystal structure of a molecular material has had a

profound influence on the molecular structure and hence on the molecular

property. This could be described as an instance of molecular engineering

through crystal design !

Powder SHG measurements were carried out on DHPDQ following

similar procedures as described earlier. The SHG intensity saturated for

particle sizes of- 250 n, at about 13 U; similar SHG was found for crystals

as well, indicating that this material also is phase-matchable. We believe

that the H-bond has played a dual role in leading to this moderate SHG. As

described above, it has exerted a strong influence on the molecular structure

and hence on the molecular hyperpolarisability, the later being affected

negatively. At the same time, the H-bond plays a critical role in

determining the nature and rigidity of the crystal packing. In conjunction
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with the molecular chirality, the intermolecular H-bonding interactions have

led to a molecular packing motif wherein the dipole vectors are steered

away from an antiparallel alignment. The cumulative effect of these two

factors appears to dominate the observed solid state SHG. In Fig.6.6, we

schematise this paradigm; we note that the novelty in our present study is

the additional influence of the intermolecular H-bonding interaction on the

molecular structure ( ) that is of strong consequence to the observed

bulk NLO property.

Figure 6.6: Schematic diagram of various factors which contribute to the

solid state SHG in materials
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We have examined further, the consequence of modifying the chiral

nature and the intermolecular H-bond interactions in DHPDQ. First, we

carried out the reaction of the racemic mixture of 3-(R) and 3-(S)-

hydroxypyrrolidine with TCNQ. A statistical mixture of (R,R), (S,S) and

(R,S) products is expected to form. The product obtained, 13-RS

surprisingly showed solid state SHG, though quite weak (~1 U). This is

indicative of a noncentric crystal lattice. One possible way that a noncentric

lattice has formed is that an optically active product is formed by some

imbalance in the statistical distribution mentioned above. However the

product was found to be optically inactive ([a]D
29 (c = 0.03, MeOH) = 0°).

Therefore we conclude that 13-RS is indeed a racemate or meso form or

mixture of both. The weak SHG obtained indicates that the H-bond

interactions have led to the formation of a noncentric lattice. The mono-3-

C#)-hydroxypyrrolidine derivative HPPDQ which is expected to have a very

different H-bond network was also prepared in our laboratory. The SHG

capability was found to be moderate (~ 4 U), but greatly reduced with

respect to DHPDQ. This indicates the relevance of the chirality and

multiple H-bond options available in DHPDQ. Since both attempts led to

reduced SHG capability, and further since neither gave good crystalline

material, we have not proceeded further with their investigations. We note

however, that both DHFDQ-RS and HPPDQ had the usual light yellow

colour of the push-pull quinonoid materials, in strong contrast to DHPDQ,

again indicating that the unique H-bonded structure of DHPDQ and its

enhanced twist angle give rise to the higher energy absorption in this

interesting material.
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6.4 INFLUENCE OF THE PLACEMENT OF THE
STEREOGENIC CENTRE AND ENHANCED SHG IN DMPDQ

(12)

In Sec.6.2 we have found that though noncentrosymmetry was

achieved in MBPDQ (14), the molecular dipole vectors of adjacent NLO

chromophores were nearly antiparallel. The low SHG capability of the

material could be attributed to this. The derivatives 14-/? as well as 15 also

did not show any improved SHG. The stereogenic centre in these

molecules are on a side chain and the centre of symmetry in the unit cell is

broken by small bond rotations rather than reorientation of the molecular

dipoles. The stereogenic centre in a more rigid environment would force

the near neighbour molecular dipoles to deviate further from an antiparallel

arrangement. This was one of the motivations for the preparation of the

PMPDQ (16) described in Sec.6.2. As anticipated, the SHG of this

material showed great improvement over MBPDQ. The crystals of

PMPDQ, however, showed poor refinement in the structure analysis as

discussed above.

The logical extension to these investigations that we considered was

the synthesis of DMPDQ (12). It was hoped that the presence of two

methoxymethyl groups would create enough steric hindrance between

molecules to prevent free motion of these ether chains and help in the

crystal structure refinement. It was also hoped that increasing the number

of stereogenic centres in a rigid framework would coax the molecular
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dipoles further away from an antiparallel arrangement thus improving the

solid state quadratic nonlinear optical properties.

Crystals of DMPDQ were grown from acetonitrile solution and the

crystal structure analysis showed that the refinement went through

smoothly in contrast to PMPDQ. The crystal belongs to the noncentric

space group P2j. The unit cell parameters and relevant structure analysis

data are collected in Table 6.6 (the fractional coordinates of the asymmetric

unit are presented in Tables A-8.1 to A-8.3). The important bond lengths,

bond angles and dihedrals in the molecule are presented in Table 6.7. The

bond lengths once again are clearly indicative of the benzenoid nature of

the conjugation unit. The molecular structure and unit cell view along the

b axis are shown in Fig.6.7. The molecular structure (Fig. 6.7(a) and Table

6.7) reveals that the molecular twist in DMPDQ is 54°.

Examination of interatomic distances in DMPDQ show that there

are short distances of 2.501 A and 2.563A between aromatic ring H atoms

and cyano group N atoms of neighbouring molecules along the b and c

axes leading to molecular sheets approximately parallel to the be plane.

Such intermolecular interactions were not observed in MBPDQ or

PMPDQ. Significantly, in none of these crystals have we found short

atom-atom distances between molecules which have a non-antiparallel

alignment of their dipole vectors; in DMPDQ for instance, these molecules
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(a)

Figure 6.7: (a) Molecular structure ofDMPDQfrom single-crystal x-ray

analysis; H atoms of only the stereogenic centres are shown

(b) stereoview of the unit cell along b axis; all atoms except N (shown as

filled circle) of the methoxymethylpyrrolidine groups are omitted for clarity
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Table 6.6: Crystallographic data for DMPDQ

form neighbours along the a axis. This non-antiparallel alignment is

crucial for the bulk NLO property and therefore it appears that the C-H-N

intermolecular interactions do not to have any direct bearing on the SHG

efficiencies of these materials, even though they perhaps exert a strong

stabilising influence in the crystal packing in DMPDQ.
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Table 6.7: Significant bond lengths, bond angles and dihedral angles in

DMPDQfrom single crystal x-ray analysis; the atom labellings are shown

in Fig. 6.7 (a)
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The SHG capability of DMPDQ was determined using the Kurtz -

Perry powder method and gave the highest value ~ 55 U in this series of

push-pull quinonoid systems, for powders with particle sizes in the range

50 - 200 fi. The saturation of the SHG intensity at higher particle sizes

indicated that the material is phase-matchable. Examination of the crystal

packing (Fig.6.7(b)) reveals that the dipoles of molecules stacked along the

a axis are nearly perpendicular to each other, with the intervector angle

being 103°. This is the strongest deviation from an antiparallel alignment

achieved in this class of strongly zwitterionic diamino substituted

dicyanoquinodimethanes and appears to be the basis for the strong solid

state SHG observed. We present below a semi-quantitative analysis of the

correlation between the solid state SHG and the molecular and crystal

features in this class of push-pull quinonoids.

We have collected in Table 6.8. the inter vector angle, a between

the near neighbour molecular dipoles (defined in Sec.6.1) in MBPDQ,

PMPDQ, DHPDQ and DMPDQ; these are the systems which have shown

strong solid state SHG and where crystal structure analysis have been

carried out. It may be noted that MBPDQ and DMPDQ have only two

molecules in the unit cell and the inter vector angle is unique. In PMPDQ

and DHPDQ, there are four molecules per unit cell, and hence two

inequivalent inter vector angles. If we assume that the polar axis of the

crystals is along the net dipole vector of the molecules in the unit cell, the

angle between this unique axis and the molecular dipoles are 84° in

MBPDQ, 27.50 and 121.5° in PMPDQ, 6.1° and 119.6° in DHPDQ and
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51.5° in DMPDQ. It is noteworthy that the angle in DMPDQ is quite close

to the optimal angle for efficient SHG found in NPP. Table 6.8 also

provides the calculated P(0) values (AMI) for the four molecules using the

molecular structures obtained from the x-ray analysis. It is found that the p

(0) of MBPDQ, PMPDQ and DMPDQ are nearly the same and that of

DHPDQ is smaller for reasons discussed in Sec.6.3. Significantly, the

solid state SHG capabilities show profound changes. A simple model of

vector addition may be used to obtain a semi-quantitative understanding of

the influence of the angle, a on the bulk SHG capability. The sum of two

vectors with magnitude p and having an inter vector angle a, can easily be

shown to be/|3 where,/= {2(l+cos a)}1/2. When two or more vectors are

to be added to a vector, the relevant intervector angles, at, have to be used

and this factor can be calculated by successive application of the above
equation ie.,f= Yl {2(l+cos otj)} . The enhancement or reduction factor,/

for the four materials are also presented in Table 6.8; in the case of

PMPDQ and DHPDQ, since there are four molecules each in the unit cell,

we have taken into account, the addition of three vectors successively to an

arbitrarily chosen initial vector.

The increased rigidity of the stereogenic centre environment appears

to have improved the / factor on going from MBPDQ to PMPDQ. The

increase in such centres leads to the highest value o f / in DMPDQ. In

DHPDQ, even though the number of stereogenic centres is similar to that in

DMPDQ, the factor is only comparable to that in PMPDQ, presumably
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because the stereogenic centres are further removed by a C atom, from the

dipole axis; the H-bonding interactions of course complicate

Table 6.8: The static J3 values, inter dipole vector angles, a from crystal

structure analysis, the computed enhancement/reduction factor,

/and the powder SHG values for four SHG active compounds

the picture further. Since the p values of MBPDQ, PMPDQ and DMPDQ

are nearly the same, the SHG intensities of these materials follow the trend

of/ illustrating the crucial influence of the dipole alignment on the NLO

characteristic of the bulk material. Since DHPDQ has a different p value,

to make a general comparison of all the compounds, we have to consider

the /[3 values (since the sign is not relevant, we consider only the

magnitudes of P). It is seen that the good/factor in DHPDQ is partially

offset by its reduced P and leads to an /P value intermediate between

MBPDQ and PMPDQ. We recall that the intermolecular H-bonding

present in DHPDQ strongly influence both these factors, the/through the
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direct effect on the crystal structure and (3 through the impact on the

molecular structure. The solid state SHG observed in the four materials is

now seen to have an excellent correlation to the J$ values. Fig.6.8

illustrates this elegant simple correlation. We believe that this empirical

analysis provides a simple and semiquantitative basis for the commonly

utilised dissection of the bulk NLO effect of molecular materials into the

molecular and crystal packing contribution. Though the spirit behind this
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is the same as that in the oriented gas model, the treatment is simpler (and

admittedly less rigorous) and directly useful for experimentalists working

on a class of related systems.

6.5 CONCLUSION

We have presented in this Chapter the crystal structure details and

powder SHG studies of MBPDQ, PMPDQ. DHPDQ and DMPDQ.

DHPDQ is a unique entry in the sense that this material illustrated novel

effects of intermolecular H-bonding that could be crucial to the fabrication

of SHG active materials. DMPDQ is found to have the highest powder

second harmonic generation capability (~ 55 U) in the series and this is in

good accord with the progression of inter dipole vector angles towards an

orthogonal orientation in this family of crystals. The improvement in the

alignment of dipoles was achieved by controlling the placement of the

stereogenic centres in these compounds. This opens up new avenues of

investigation for the generation of noncentric crystal lattices of

fundamental interest in the design of quadratic NLO molecular materials.

The ease of synthesis and crystallisation, transparency through most

of the visible window, good thermal stability upto ~ 250°C and strong

phase-matchable second harmonic generation are the positive features of

the new molecular materials that we have presented here. These aspects

should make this class of compounds, a significant entry into the field of

187
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crystalline molecular materials with potential quadratic NLO applications.

Though a variety of materials based on thin films, polymers etc. showing

strong NLO characteristics have been reported in the literature, we believe

that crystalline materials will continue to play an important role in the

development of advanced materials and molecular devices because of the

advantage they offer in terms of a direct insight into the structural aspects

that is vital for fine tuning and improving the physical properties.
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CHAPTER 7

OVERVIEW OF THE PRESENT WORK
AND FUTURE PROSPECTS



Molecular materials are becoming increasingly important in the field

of nonlinear optics. A large number of organic, organometallic and

polymeric systems have been developed over the past several years.

Though the molecular systems surpass conventional materials with regard to

the efficiency and speed of the NLO responses, several problems such as

mechanical and thermal stabilities, transparency etc. remain so that they are

as yet not fully optimised for technological applications. Therefore the

search for new materials in this area continues to be a fascinating and

challenging problem.

We have presented in this thesis, a systematic investigation of a new

class of molecular materials, diamino substituted dicyanoquinodimethanes,

which are shown to be potential candidates for quadratic NLO applications;

we have demonstrated in particular, the second harmonic generation

capability of these materials. Though a wide variety of molecular structures

have been investigated in the past for SHG applications, we are not aware of

any previous detailed investigation of quinonoid molecular materials in this

connection. Semiempirical computational studies we have carried out on

these molecules revealed that they possess large molecular

hyperpolarisabilities in view of the relatively small size of these molecules.

These studies also provided useful insight into the influence of the

molecular structure on the molecular nonlinear response. These

computational studies led us to synthesise several members of this novel

class of push-pull molecules and investigate experimentally their solid state

SHG capability.
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The theoretical analysis of the correlation of (3 to the quinonoid-

benzenoid character of these molecules suggests ways to fine-tune the

molecular hyperpolarisabilities of these formally quinonoid molecules by

adjusting the push-pull effect. Another significant result from the

semiempirical computational study is that the (3 as a function of the

molecular twist goes through a maximum at the angle corresponding to the

optimal geometry. The fact that most of these molecules manifest their

highest possible values of p at the twist angle observed in their crystals is

very encouraging for continuing efforts in the development of these

molecular materials. The large computed hyperpolarisabilities of these

molecules are supported by the results of the simple solvatochromic

estimation of p2ievei o n several systems and calibration studies on a

prototypical molecule by the EFISHG method.

At the material level, these push-pull quinonoid systems are found to

have several positive features. They are very easy to synthesise; only one or

two steps are involved in all the cases. Further, the synthetic protocol is

amenable to the introduction of a wide variety of substituents. Due to their

zwitterionic nature, their crystals possess strong electrostatic binding forces

which leads to high thermal stability with typical melting points in the range

200 - 250°C; in this respect these materials are superior to most of the well

known organic NLO materials. These compounds are transparent in most of

the visible range (the Xmax and cutoff wavelengths are typically about 400

nm and 500 nm respectively). Therefore they are of potential interest in the

fabrication of devices in the visible range.
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The achiral compounds in this series have all crystallised in

centrosymmetric crystal lattice and thus showed no SHG. This could be the

result of the large ground state dipole moments of these molecules. We

have however observed an interesting phenomenon of solvate switchable

SHG in one of the polymorphic forms of the achiral derivative, DPDQ; this

may have potential sensor applications. Introduction of chiral groups led to

the successful preparation of noncentrosymmetric crystals in several

candidates, such as MBPDQ, DHPDQ, PMPDQ and DMPDQ. They are

found to have moderate to strong phase-matchable SHG capability ranging

from 3 U - 55 U. The synthesis and investigation of these materials have

not only led to the development of strongly SHG active novel molecular

materials, but also revealed important aspects of material design. The

crucial aspect of the placement of the stereogenic centre in these molecules

that leads to improved dipole alignment and increased SHG has been

analysed in terms of an enhancement/reduction factor. An interesting case

of the dual influence of intermolecular H-bonding on molecular and crystal

structure together determining the bulk SHG has been demonstrated in one

of the systems.

The simplicity of the synthesis of these push-pull quinonoid

compounds allows a wide variety of new derivatives to be prepared for

further investigations on these materials. A new series of compounds

currently under investigation in our laboratory involves generation of axial

chirality in the molecule by appropriate derivatisation. Such an approach

has not been attempted, to the best of our knowledge in the fabrication of
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molecular NLO materials. Another interesting recent observation in the

ongoing work in our laboratory is the strong SHG from push-pull quinonoid

materials having moderately long alkyl chains on the amino groups. The

origin of noncentricity in these basically achiral systems is under

investigation. This may open up new approaches to the problem of

generating noncentric crystal lattices. Recently there has been a report of

SHG observed in a condensation product between tetracyanoethylene

(TCNE) and bridged ferrocene dimer.1 It would be interesting to synthesise

the corresponding compound with TCNQ in place of TCNE; the topology of

the product would be quite crucial in determining its NLO properties.

Another synthetic variation on the push-pull quinonoid compounds

that would be interesting to study is the replacement of the TCNQ by related

acceptors with shorter extent of conjugation such as TCNE and those with

longer extent of conjugation such as the tetracyano derivatives of 9,10- or

2,6-anthraquinodimethane. " We note that some donor substitutions on

TCNE have been carried out to create push-pull olefines, by earlier workers

and their NLO properties investigated briefly." In view of the investigations

we have carried out on the TCNQ-derived systems, further exploration of

these TCNE derived systems may be warranted.

The crystals of the various push-pull quinonoid compounds that we

have grown were adequate for x-ray structure analysis. However, their

relatively small sizes do not permit detailed investigations of the

nonlinearity tensor components, the phase-matching directions, electro-optic



effects etc.. Crystal growth using specialised techniques are being planned

in our laboratory. Of late, there has been enormous interest in the

fabrication of Langmuir-Blodgett films of NLO chromophores. The push-

pull quinonoid compounds with long chain amines are easily prepared

following the synthetic protocols we have used. Preparation of LB films of

these systems are under way in our laboratory. We note that LB films of

some related compounds recently studied by Ash well et at have shown

promising NLO properties. Doped polymers are known to be efficient NLO

systems considering their large figure of merit and are suitable for device

applications. The push-pull quinonoid molecules are suitable candidates

for doping into polymers and electric field poling, in view of the high

thermal stabilities of these chromophores. Incorporation of these molecules

into suitable polymer host matrices through covalent linkage and subsequent

poling to create robust NLO materials would also be a promising approach.

The discussion presented above shows that the investigations

presented in this thesis have led to the fabrication of a new class of

molecular materials capable of efficient SHG with great potential for further

development and ultimately, perhaps technological application.

(h-erview.... 195
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APPENDIX



Table A-l . l : Atomic coordinates anj equivalent isotropic displacement parameters
for DPIDQ (9). Ueg is defined as one third of the truce of the orthogonalised Ujj
tensor (e.s.d's are in parantheses)



198 Appendix

Table A-1.2: Hydrogen coordinates and isotropic displacement parameters for
DPIDQ (9)
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Table A-1.2 (contd...)
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Table A-1.2 (contd...)

Table A-2.1: Atomic coordinates and equivalent isotropic displacement parameters
for DPZDQ (10)
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Table A-2.1 (contd...)
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Table A-2.2: Hydrogen coordinates and isotropic displacement parameters for
DPZDQ (10)
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Table A-2.2 (contd...)

Table A-3.1: Atomic coordinates and equivalent isotropic displacement parmeters for
DMDQ (11)
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Table A-3.1 (contd...)

Table A-3.2: Hydrogen coordinates and isotropic displacement parmeters for
DMDQ (11)
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Table A-4.1: Atomic coordinates and equivalent isotropic displacement parameters
for DPDQ-A (8)
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Table A-4.1 (contd...)

Table A-4.2: Hydrogen coordinates and isotropic displacement parameters for
DPDQ-A (8)
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Table A-4.2 (contd...)
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Table A-5.1: Atomic coordinates and equivalent isotropic displacement parameters
for DPDQ-C (8)
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Table A-5.2: Hydrogen coordinates and isotropic displacement parameters for
DPDQ-C (S)

Table A-6.1: Atomic coordinates and equivalent isotropic displacement parameters
for MBPDQ
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Table A-6.1 (contd...)

Table A-6.2: Hydrogen coordinates and isotropic displacement parameters for
MBPDQ (14)
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Table A-6.2 (contd...)

Table A-7.1: Atomic coordinates and equivalent isotropic displacement parameters
for PMPDQ (16)
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Table A-7.1 (contd...)

Table A-7.2: Hydrogen coordinates and isotropic displacement parameters for
PMPDQ (16)
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Table A-7.2 (contd...)
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Table A-8.1 (contd...)

Table A-8.2: Hydrogen coordinates and equivalent isotropic displacement
parameters for DMPDQ (12)
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Table A-8.2 (contd...)

Table A-9.1: Atomic coordinates and equivalent istotropic displacement parameters
for DHPDQ (13)
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Table A-9.1 (contd...)

Table A-9.2: Hydrogen coordinates and is to tropic displacement parameters for
DHPDQ (13)
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