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SYNOPSIS

Currently there is tremendous interest in developing new materials
for a wide variety of nonlinear opticad (NLO) applications in the areas of
optoelectronics and photonics. Mo of the materials commercially used
today are based on inorganic compounds. Compared to these inorganic
materials, many organic and organometalic 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 crysta growth characteristics,
low thermal sability 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 subgtituted dicyanoquinodimethane systems as nhove
molecular materials for quadratic NLO applications. The results of these
studies are presented in seven chepters. 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 materids 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 materias 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
materids for quadratic NLO applications like SHG are summarised in
Section 4. The computaiona 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 fina 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, B 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
vaues computed for severa 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
electrogtatic environment on $ usng mode 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 adso carried out some analysis
of the dependence of B on the molecular structure of these push-pull
quinonoid compounds. Crysta structure studies on severa 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 B on the
molecular twist. Section 4 presents the results of these studies and the
analysis of the unusua variation of p observed, using the two-level model.

CHAPTER 3: SYNTHESIS AND CHARACTERISATION

In this chapter, we present the synthesis and characterisation of
achird and chird derivatives of push-pull diamino substituted
dicyanoquinodimethane we have investigated in this study. These
compounds are very easily synthessed and offer tremendous flexibility in
derivatisation. These novel materias we have investigated have higher
therma stability than many of the well-known organic NLO materials.
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They are dso amenable to easy crystal growth. Ther synthesis and
spectroscopic characterisation details are presented in this Chapter.

CHAPTER 4: EXPERIMENTAL DETERMINATION OF
MOLECULAR HYPERPOLARISABILITY

The two-level model for B 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 dong with an analysis of
the results in view of the earlier computed p. We have aso assembled the
st up to cary out Electric Fiedd Induced Second Harmonic Generation
(EFISHG) dudy of molecular p in solution. Details are presented in Section
4 dong 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 achira
quinonoid compounds. Severa of these compounds had centrosymmetric
lattices and showed no SHG. However, DPDQ in one of its polymorphic
forms showed an unusua and novel phenomenon of solvate switchable
SHG and thisis 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 chira 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.)
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Compound | Space group | SHG/U
MBPDQ P2, 3
DHPDQ P2,2,2, 13
PMPDQ P2,2,2, 28
DMPDQ P2, 55

CHAPTER 7: OVERVIEW OF THE PRESENT WORK AND

FUTURE PROSPECTS

X1

This chapter presents an overview of the present investigation on a
new class of molecular materials for SHG. These materials have several
postive features like easy synthesis, high therma stability, optica

transparency and moderate to strong phase-matchable SHG.

Investigation

of these materials have also revealed some important practical guidelines for

the fabrication of molecular materids for SHG.

research in this area are aso outlined in this Chapter.

Future direction for
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INTRODUCTION



11 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 photochemica events such as
photosynthesis can aso be described as one-photon linear optical processes.
Nonlinear optics (NLO) is the sudy of the interaction of intense
electromagnetic fidds 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 fidd in phase, frequency, amplitude or polarisation.
When the field is applied externdly, it is called an dectro-optic effect?, 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 eectric field. When the eectric fidld associated with an
incident electromagnetic radiation gives rise to an NLO response, the
observed effect is an dl-optica 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 x' and %' ' describe terms in the
polarisation, proportiona to the square and the cube of the electromagnetic
field respectively. The susceptibility x® is responsible for second harmonic
generation (SHG), a typicd 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 x‘z’ vanishes in materials
with inverson symmetry whereas dl materials have a nonvanishing value of
+®.  The cubic nonlinearity leads to a large variety of nonlinear effects,
including third harmonic generation, four wave mixing, phase conjugation

3-5
elc..

HG was fird observed in single crysta quartz by Franken and
7 R

A

coworkers in 1961. Giordmaine and Maker et al demonstrated SHG in
KDP crysads which were commercialy 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 converson from 106 urn wavelength. Parametric amplification was
observed in lithium niobate (LiNbO,) single crystals in 1965.'° Materials
with large 3' , which can be used farther into the infra red, include proustite
(Ag;AsS,), tellurium, indium antimonide efc..’

The first observation of SHG in an organic material (benzopyrene)
was made in 1964 by Rentzepis and Pao.'!' The potential of organics was
revedled by further studies on hexamethylenetetramine,'? hippuric acid"’
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 Peary.  The analysis of nonlinear interference processes in crystals
known as the Maker fringe method® was developed by Jerphagnon and
Kurtz in 1970." Demonstration of electric field induced second harmonic
generation (EFISHG) in centrosymmetric media such as fluids by
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Hauchecorne et a in1971'7 showed that it is possible to measure individua
molecular nonlinearities in solution by breaking the centre of symmetry
upon application of high dectric field pulses. Exploration of nonlinear
optical organic materials changed from a random scanning process into a
systematic search with the work of Davydov et al’® 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 a CNET, France and Bell Laboratories, USA. The
organic molecules with their inherent flexibility and synthesis potentia are
ided candidates for ‘crystal engineering.®® Theoreticd 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 model® 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, fundamentd work on solutions has continued ' ;
however the focus has shifted from purely molecular studies to the problem
of designing molecular materials. Severa organic molecules have been
found to have agppreciable 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 LiNbO; by one order of magnitude;
MAP (methyl-(2,4-dinitrophenyl)-aminopropanoate)®* and MNA (2-methyl-
4-nitroaniline). * Strong SHG and tunable parametric amplification was
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observed in POM (3-methyl-4-nitropyridine-1 -oxide)®® and NPP (N-(4-
nitrophenyl)-(L)-prolinol) crystals?’ NPP and the parent structure PNP
(nitro-4-pyridino-2-(L)-prolinol) are examples of optima structures for
phase-matched nonlinear interactions® where the molecules are idedly
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 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 practica attributes such as thermal and
chemicd dability and crystal growth characteristics. This has led to the
growth of single crystals® 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 materias. ' " - Recently nondipolar noncentrosymmetric
molecules with octupolar moments have emerged as interesting new
candidates ; the system with the highest static hyperpolarisability reported
o far is a ruthenium complex with chird ligands.>* The NLO properties of
poled polymers,  polymers incorporated in sol-gel matrices,*'™* liquid
cysdline polymers® and  Langmuir-Blodgett films®,  polymeric
photorefractive materials have aso 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 materids for third order NLO applications.®
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Nonlinear optical effects are widely used in optoelectronic devices
which have innumerable applications in telecommunications, fast switches,
optica 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.

12 THE CONCEPT OF OPTICAL NONLINEARITY

When the electric fidd of an electromagnetic radiation typicaly in
the optica range of frequencies, interacts with a materia, it induces a dipole
moment in the material. The dipole moment induced per unit volume is
cdled 'polarisation’. At low eectric fields, the macroscopic polarisation ie.
polarisation of the bulk medium, P is linearly related to the field by the
proportionality constant, x'"’, known as the linear electric susceptibility. At
high fields typicaly those associated with lasers. contribution of the
nonlinear (second and higher order) terms become significant.® Higher
order susceptibilities ™ (n > 1) are inherently much smaller than "; they
become much smaller as n increases. The polarisation along the 1™ axis can
therefore be generaly represented as:

P=xE, +yPE E+y0E E,E+. (1.1)

ifk
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Since the dectric fidd and the polarisation are vectors, the n order
macroscopic electric susceptibility (x™) that relates the components of the
polarisation to the gpplied fidd is an (n+1) order tensor. In Eqn.1.1, the
indicesi, j, k, and 1 refer to the coordinate framework of the bulk material.

Fig. 1.1 (8 illugtrates the linear and nonlinear polarisation with
respect to eectric field. The asymmetric polarisation response to a
symmetric eectric field in a nonlinear medium is shown in Fig.l.I(b). The
Fourier decomposition of this nonlinear polarisation comprising of

nonlinear polarisation

linear polaristion

—= E

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

Figurel.1 (b): Asymmetric polarisation responseto a symmetric electric
field

components of zero frequency, the fundamenta 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 caled the optical rectification (3 (0; ,w)), linear
dectro-optic effect (x® (-co; ©0,0)), second harmonic generation (x® ( -2co;
o0,00)) and third harmonic generation (x**’ (-3co; c0,0,00).
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nonlinear
polarisation

P(@)

P(20)

ee) time

Figurel.l(c): The Fourier decomposition of nonlinear polarisation and the
componentsof P(x)at frequenciesO, w, 2w and 3d)

In this thesi's we ded 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.
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Linear electro-optic effect

The linear eectro-optic effect or Pockels effect is usualy described
in terms of the tensor ry, which is related to the susceptibility, x' (-o; ,0),
through the dielectic constant tensor (E) components as.

75 (~o;0,0)=-(1/2)¢, (@) ;(@)r, (~@;0.,0) (1.2

The Pockels effect is the linear change in the index of refraction of a system
in the presence of an externa electric fiedd. The ij' component of the
change in the diglectric constant is related to the electric fiedd component E,
by the coefficient, r;; as follows:

1 1 1 Ag,
A[—] =—— e — =ra £, (1.3
€y '

£ £,(0) £

i i

Here, €;(0) is the ijth component of the dielectric constant in the absence of
the external dc field and the approximation is vaid in the limit where field
induced changes in the dielectric constant are small. The experimental
determination of the linear eectro-optic coefficient is based on the
smplification, An = n’r.E2. Tensor subscripts have been omitted for
smplicity. 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
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measured by detecting phase shift of the light traversing the material, which
is defined by:

¢=(27”)An1 (1.4)

where 1 is the optical path length. Various groups have studied the e ectro-
optic effects in organic molecular crystals and polymers.  Devices based
on these effects found early technologica application as modulators, for
exanple in Q-switches of pulsed lasers. Due to ther large optica
nonlinearities, organic materials in appropriately designed wave guide
Sructures can be used for eectro-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 eectric fied is of

frequency o, it can be represented as sinwt and the quadratic terms are seen
to havea2o dependence.

E o« sinawt

E? «sin® ot (= %—(1 —cos2amt))
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There is an important symmetry constraint for observing second
harmonic generation or other quadratic (in generd any even order) NLO
effects  In systems having a centre of symmetry, reversa of the electric
field should exactly reverse the polarisation ie. P(-E) = -P(E). From Eqn.1.1
it can be seen that this is possible if and only if dl 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 aignment of
molecules using an externa field to break the centre of inversion and
observe second order effects. For second harmonic generation, a coefficient
d;;k is often defined as follows:

d, (20;0,0) = (1/2) %) (2w;0,0) (1.5)

ik

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 hyperpolarisahbilities, B, y etc. as follows:

Py =QuE; + By B, E ¥ i E B, (1.6)
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The molecular property of sgnificance for the second harmonic generation
is the first hyperpolarisability tensor, B,. Using the oriented gas model  a
connection between the molecular hyperpolarisability tensor By and the
bulk nonlinear coefficient x> nas been worked out. The unit cell
nonlinearity per molecule, by, introduced by Zyss and Oudar is related to
the bulk nonlinear coefficient, dk (ie. Xk ) / 2) asfollows:

dy = Nf .fzwf 7 FKb (1.7)

b = 1 & ~ ng _9{5) 9 (5) 18

m_ﬁgz ( Z(U - Cos Ji Costyy, )ﬂuk (1.8)
itk s=1

where N, is the number of equivaent position in the unit cell and N is the
number of molecules in the crystal unit volume. The angle between the
crystalographic axis, | and the microscopic axis, i is denoted by 6,,. The
local fidd factors (f) essentidly correct for the difference between an
goplied fidd that would be fdt by the molecule in free space and the loca
field existing in the bulk materia. These factors usually take the form of the
well known Onsager® or Lorentz* correction fields.

13 SECOND ORDER NONLINEAR OPTICAL MATERIALS

Most of the materids developed initially for nonlinear optical
applications were based on inorganic systems. Ferroelectric materias
lacking a centre of symmetry were prime candidates. In inorganic materials,
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the opticd and acoustic phonons as well as the eectronic polarisation
contribute to the NLO effects. The NLO effects in inorganics can be
interpreted only a a bulk level; extenson of the atomic or ionic
polarisabilities to the bulk NLO properties is complicated. There has been a
growing interest in developing n-conjugated organic molecules for

nonlinear optical applications as discussed in Sec.1.1 above. Fig.1.2

NH,

NO;

MNA

NO2

0N~ i

MAP

CHs

POM

0 N
CHs

N

HOK\Q HOA\O

NPP

(o]

N(CHa)2

o

NO;

DAN

.

H

m-\",,c.H3
0

PNP

Figure 1.2: Well known organic NLO molecules



14 Chapter 1

provides the molecular structures of some well known systems. It has been
established that push-pull organic molecules have very high values of B
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 delocdised n-
electron system and the 'donor - conjugating unit - acceptor' framework, the
physical mechanism of charge trandfer 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
paralel to the axis adong 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
fidd radiated by the molecular dipole oscillations. These smple
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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polanisation

state 1 state 3

Figure 1.3: Origin of the nonlinear polarisation in donor-acceptor
substituted molecules. The broken line shows the linear response for
unsubstituted benzene

Table 11 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
guartz 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)

Material 1** /1. | Materials | I** /1,
(NH,)H,PO, 15 Urea I
LiNbO; 600 MAP 5
KIO; 1200-2400 POM 13
Ag,Hgl, 1500 MNA 22
KNbO, 2000 DAN 115
PbTiO, 2400 PNP 140
Urea 400 NPP 150

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 sdts especialy 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 meta complexes
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are interesting examples.® 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, B, 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 /n  (d = second order coefficient and n =
refractive index of the material). Fig. 14 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 crysta 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 /0 has been expanded for clarity)

14 STRATEGIESTO OBTAIN NONCENTROSYMMETRIC
STRUCTURES FOR QUADRATIC NLO APPLICATIONS

In Sec.12, we have dready 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

Mgority of crysaline organic materids are aso centrosymmetric. A
variety of techniques have been attempted to induce a noncentric lattice
formation. Thin films can be prepared as noncentrosymmetric structures,
using specid 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 wesk intermolecular forces, (iii) eectric field poling of thin
films or polymer films in which the molecules of interest are bound
physically or chemicaly and (iv) preparing X, Z or dternate type Langmuir-
Blodgett (LB) films. These methods are discussed in some detail below.

Inclusion of Chirality

The utility of chiraity for the fabrication of NLO organic materials
was recognised very early in the case of amino acids and sugars.*®
Molecular chirdity guarantees the crystallisation of a pure enantiomer in
one of the 21 noncentrosymmetric space groups. Achird molecules
generaly crystdlise 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 (P2;). On the other hand, a pure enantiomer must crystallise in an
enantiomorphous space group, and there are plenty of examples of such
systems. Some wdl known cases ae (2,4-dinitrophenyl-(L)-
alaninemethylester, MAP (P2,), NPP (P2;) and PNP (P2,).** Though a
mixture of equa 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 awell 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 crucia are, 2-(a-methylbenzylamino)-3,5-dinitropyridine
(MBADNP),>® o-nitroaniline and its derivative, MAP and urea. Urea is an
extreme case of a hydrogen bonded network.”® 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 crucia role in evolving a noncentric crystal structure” Even
though H-bonding affects the crystdl structure in many significant ways, it is
known to have negligible effect on the molecular hyperpolarisabilities.
Some theoretical investigations™ do however indicate that in speciad cases
molecular B*s are influenced mildly by H-bonding. The wesk interactions
between iodo and nitro groups which form supramolecular synthons were
also exploited for designing materiads for SHG. °

Poling of doped polymer films

Polymer films with exceptiondly 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 covaently linked as
pendant groups on a polymer backbone. The polymer is then cast as a film
usualy by spin coating techniques. Subsequently the film is subjected to a
srong extena dc dectric fidd and heated to the glass transition
temperatures of the polymer. At this point, the chromophores are aigned
parallel by the field and locked into position when the film is cooled to
room temperature with the externd fidd on. The poling thus leads to the
aignment of doped molecules in the polymers film according to the
Boltzmann distribution law. The oriented molecular dipoles produce a
polarisation, P = Nu<cosf>, where N is the number densty of the
molecules, u, the ground gate dipole moment, and O, the angle between the
dipole and the direction of the poling field. This method can aso be used
for functionalised and crosslinkable polymer matrices. The resulting
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polymeric materia is of high optical qudity and suitable for wave guided
electro-optic devices. The main problem associated with the poled
polymer is the metastability of the system. After the externa 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-Blodgett films

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.” This approach offers far greater
net chromophore aignment than is possible in a poling field (where the net
alignment is statistical). LB films are built up from amphiphilic molecules,
le.,, 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 lateraly. The film is gradudly compressed to a surface
pressure just below its collapse pressure. Because of their long aiphatic
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 specia 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 isjust 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.®® 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.®
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.®*

15 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 materids. 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 smple 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 previousy unexplored species of
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potential interest. There are two basic methodologies that can be used to
compute B. 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)*® 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 B 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 p; with respect to the field, F.

a,(0) =(ﬁi) | (L9
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#a,
+(0)= - 1.10
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These derivatives can be computed either numericaly 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, f and y. The CPHF method is equivalent to the
time-dependent Hartree-Fock (TDHF) procedure for static calculations® :
this method is implemented in recent versions of the MOPAC program such
as MOPA(C93.%

An analogous formulation for the a, B 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 :

ﬁuk(0)=( & 5 Jz A (—@J
aF,F,) F,dF\ CdF,

i
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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 dternative to directly coupling the applied fiedld to the
molecular Hamiltonian, NLO responses can aso be computed using
dandard perturbation theory. In the uncoupled formulation, electronic
excited states created by the perturbing laser fidd are treated as an infinite
aum over unperturbed particle-hole states. The SOS perturbation theory
expresson for the hyperpolarisability caculation is given by Egn. 1.13.

i ] k

20 f.'] rpu rml‘ rn'g
w__€ 113
ﬁyi 2 ; Z (Eu - Eﬂ - 2hCU)(E" i EX i hw) ( )

nn'

where the subscripts i, j, k are the Cartesan components, r,, corresponds to
the dipole integra involving the states a and b, and the E values represent
the electronic energies and ko, the energy of the exciting radiation. The
summation over p generates six terms obtained by permutation of the pairs
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(i, 20), §,0) and (ko). The diagona terms are so chosen that they
correspond to the difference between the excited (n) and ground state (g)
dipole moments (Ap), hence the indices n and n” may be restricted to run
over the excited states only. Thusr,, are given by

2, = (nhln)~(glle) (114

Consideration of only a single excited state within the SOS method leads to
a particularly smple theoretical model as discussed below.

Oudar and Chemla” showed that, in the push-pull m-organic
chromophores with large (3 the excited states strongly influence the NLO
response. They assumed that the anomaloudy 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.

B= B+ B, (1.15)

where Byqi S the additive portion accounting for the interaction between the
individual substituents and the =m-conjugation network and B is the
contribution arising from the interaction of donor and acceptor moieties.
The charge transfer term along the molecular dipole axis was described in
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terms of a two leve interaction between the ground state (g) and the first
excited state (€) and can be represented by a smplification of Eqn.1.13 as
shown below.

Ba-P = -BL AEW_};(A,UF
& el =5 [(AERP): —(2?1(0)2] (&Eg)? _(ha))?]

(1.16)

whereftcois the energy of the laser radiation, AE,, is the energy difference
between the ground state and the first excited state, f,. is the oscillator
strength of this transition and Ap,. the difference in dipole moments
between the ground and the first excited state.

The 2-level model is a particularly simple modd 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 B values.
However, severa cases are also known where the 2-level model does not
provide any meaningful predictions. Since quantities such as AE,, f,. and
Ap,. are easly accessble by computations or smple spectroscopic
techniques, evaluation of By 1S vervconvenient. 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.
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16 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 % tensor components can be extracted by
measuring the SHG from different faces of a polished single crystal.
Kleinman symmetry conditions®® 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 (usualy conssting of a photomultiplier tube, lockin
amplifier and personal computer) (Fig.1.5). Ureaor quartz is usualy used

HV
Supply

SRS 830
Lockin

Trigger

pC f

kz:g—ﬁ\

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

for calibrating the SHG intendty. 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 sgnificant dtatisticdl 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 n,, - n, — O for certain directions of
propagation (n,,, and n,, are the refractive indices a 20 and o). For powder
samples with large average particle sizes, Kurtz and Perry  showed that, in
the case non phase-matchable materials, the intendty of the generated
second harmonic light, 1,,, follows :

Ly, < (dj ) /7 (1.17)
where (dy) is the angular average of the second order polarisability tensor

and |, is the average coherence length defined as A/[4(ny,-n,)]. For phase-
matchable materials it was shown that,

I, < (d?)sin(8,)/ x (1.18)

where (d.g) is the effective nonlinear coefficient for phase-matched SHG, 6,
Is the phase-matching angle, and x is given by

kK =(wn, /c)sinp (.19
where co is the angular frequency of the fundamentd wave, c is the speed of
light and p is the angle between the sphere and dlipse index surfaces (p is
commonly referred to as the walk-off angle). Egns.1.17 and 1.18 are valid
only when the average powder grain Sze is much greater than the
characteristic interaction length for SHG. For an average powder grain size
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much less than the characteristic SHG interaction length, the SHG intensity
for both phase-matchable and non phase-matchable materias is directly
proportional to the average grain size, ie. 1, o (&) r, where o is dy,” for
non phase-matchable or dm2 for phase-matchable materials.

The dependence of SHG intensity on the average particle size of the
powder is illustrated in Fig.16 for phase-matchable and non phase-
meatchable materials. The sdient feature to be noted here is that for particle
dzes much greater than the average SHG interaction length (ie. to the right
of r =1, 1,, for phase-matchable materias is independent of the particle

phase-matchable

SHG Intensity

non phase-matchable

1.0
<r>/<|c>

Figure 1.6: The dependence of SHG intensity on the average particle size,
<r> for phase-matchableand non phase-matchable materials; <i.>isthe

average coherencelength (Ref. 15)
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size (Eqn.1.18) whereas 1,, for non phase-matchable materials varies
inversely with the particle size (Eqgn. 1.17).

Several materials have been found to be phase-matchable. For
example LiNbO;, KIO;, Ag,Hgl,, (NH,)H,PO,, urea, NPP and MNA."
Furthermore, a detailed analysis of powder SHG of saccharide materials and
their phase-matching capabilities was carried out by Bourhill et al** 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 hyperpolarisabilities, is forbidden in isotropic liquids
due to the presence of a centre of inverson. Electric field induced second
harmonic generation in solution is used to evauate 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 dc electric



Introduction 35

fidld applied across the sample and the intensity of second harmonic light
produced is measured. The dc field orients the molecular dipoles and thus
breaks the centrosymmetric nature of the bulk solution thus alowing
quadratic NLO effects to be observed. In the presence of two optical fields
and a static eectric field, the second harmonic intensity from the solution is
related to the molecular polarization & 2o produced by the electric fidds.
This molecular polarization is given by

Rzm — ﬂm E:;) E:J + y o E.;U E:J E}ﬂ (120)

where By, ad yy,, ae the molecular firs 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 datistically averaging the contribution of the
individual molecules and is given by

P = i (20,0,00)E}EE) (1.22)
where ;{;B = Z A A 3 [}f + S_i%] (1.22)

where s refers to the molecular species in solution, f’sare the appropriate
local field factors, N isthe number density, kT the Boltzman factor and p
the ground state dipole moment. y is the scalar part of the second
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hyperpolarisability tensor and is often neglected in the case of donor-
acceptor substituted molecules with large B°s, since y /( Bu/5kT) « 0.1.

In order to determine B 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 B 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.”
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 B 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 systemserc..”

17 LAYOUT OF THE THES S

This thesis presents the systematic investigation of a class of push-
pull diamino substituted dicyanoquinodimethane systems as nove
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 B are presented in Sec.2.2. The (3 values computed for severd
derivatives of push-pull quinodimethanes which we have synthessed, 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
usng model calculations presented in Sec.2.3. We have dso carried out
some analysis of the dependence of p on the molecular structure of these
push-pull quinonoid compounds. Calculations have been caried out on a
modd 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 B 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 aong 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 3 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 achira 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 dua influence of intermolecular H-
bonding on the SHG of another chira 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



21 BACKGROUND

Evaluation of molecular hyperpolarisabilities is the starting point
for a systematic anaysis 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 loca dectric fields
experienced by the molecular building blocks. These studies are of great
vaue 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 adu Pont group.® We have

( 3

C Ry : CN
Rz CN
1 (R1,R2) = __H‘ ”___ 2 - —y H_ CHy
3 = HyC—N H— CHy 4 = —H ”_
/\ M
] = —H 0— 6 = _.-u ﬁ-_
- ]

Figure2.1: (continued on next page)
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Figure 2.1: Molecules considered in this study (the new derivatives we
have devel oped are underlined)

initidly carried out systematic computational studies to unravel the
hyperpolarisabilities of these molecules. We have aso 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 computationa studies and is
divided into three Sections. (i) the computation of molecular 3 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 mode 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 modd system, 7,7-
dipyrrolidino-8,8-dicyanoquinodimethane (DPDQ, 8).

There are severa quantum chemica 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-
dates (SOS), finite fidd (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 semiempiricdl AM1 procedure for geometry optimisation.
These methods have dready been described in detall in Sec.15. The
computations presented in Sec. 2.2 and 2.4 were carried out using the
MOPAC93 program.* Molecular structure optimisations were carried
out usng the AM1 method® with the PRECISE keyword which
enhances the dringency of the criteria for self consistency and
geometry optimisation. Full geometry relaxation was usualy alowed
and constraints imposed, if any, are discussed at the appropriate places.
For calculations involving the excited date (for excitation energy,
trandtion dipole, dipole moment changes etc.) the corresponding
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ground date optimised geometry was used and a configuration
interaction (CI) scheme involving al single and pair excitations within
a manifold of ten 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 method® implemented in MOPAC93. We
have found that these computed values are in very good agreement with
the vaues obtained from MOPAC 6.0, which employs the finite field
(FF) method.”® The value of the static hyperpolarisabilities, P(0) we
report in this work are the magnitude of the average B 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 B of the push-pull quinonoid
molecules. Therefore we have used an SOS agorithm implemented in
the SCAMP programme * (which is a modified verson of the VAMP
programme”’) for the B calculations. Geometry optimisations were
again carried out using the AM 1 method and the p were computed using
the SOS involving al single and pair excitations typicaly within a
manifold of 12 molecular orbitals (6 HOMO'sand 6 LUMQO's).

We note that the hyperpolarisabilities of the molecules we study
are dl negative. This arises from the decrease in dipole moment on
excitation of these zwitterionic molecules, which we have verified
experimentaly by the observation of negative solvatochromism
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(discussed in Sec4.3). To estimate the inherent (nonresonant)
hyperpolarisability we have computed, the static p (aso denoted as
(3(0)) throughout this study.

The computations reported here were caried out either on a
MicroVax 3300 Computer or on a Sun Sparc 10 Work Station.

22 COMPUTATION OF MOLECULAR HYPERPOLARI-
SABILITIES

The hyperpolarisabilities we present here, based on the
calculations carried out using the MOPAC93 program, are the average
B (sometimes referred as B, .. in literature) defined as follows :

p= (iﬁf} | (2.1)
where

B, =P, + % i(ﬁm +26,) (2.2)

=]

and B;; erc. are the components of the hyperpolarisability tensor. Asin
other donor-acceptor substituted systems, B, (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 aong the dipole direction as a result of the charge transfer
interaction between the dicyanomethylene and diaminomethylene unit.
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The computational results for al the quinonoid molecules we
have studied are provided in Table 2.1. The calculated ground Sate
dipole moments are aso 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 dl the crystallographically determined
molecular structures (described in Chapters 5 and 6) as well as in the
computed geometries. The 9 vaues obtained from AMI1 optimised
geometries are provided in Table 2.1.

The hyperpolarisabilities have been calculated a the AMI
optimised geometries for adl molecules. The value of p(0) caculated
for most of the compounds are farly large considering the relatively
short conjugation lengths they have (we consider the exceptional cases
below). Usualy the nonlinear coefficients of conjugated molecules are
found to increase with increasing length of the n-electron conjugation
pathways since the excited states come closer to the ground state. For
molecules with shorter conjugation lengths the § 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 B in these compounds appears
to arise from the large Au associated with the excited states, severa of
which have large transition dipoles with the ground state.'' This aspect
Is anaysed in greater detail in the next Section where we look at an
SOS picture of B and the contribution from various excited states.
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Table2.1: The computed ground state dipole moments, ug, rwist angle
(dihedral angle shownin Fig. 2.5), O, and hyperpolarisability calculated
at excitationenergy of 0 eV, 5(0)

Molecule Mg Twist angle, —B(0)
(D) 0 (10 esu)

1 14.8 0.0 3.2
2 14.4 12.2 5.6
3 13.3 18.1 12.1
4 12.3 0.0 4.1
5 12.5 1.7 0.7
6 15.4 0.0 11.1
7 14.5 0.0 8.0
8 14.1 59.3 39.5
9 15.0 389 19.8
10 122 389 16.6
11 12.5 34.0 11.9
12 11.4 50.8 35.8
13 16.9 56.4 30.4
14 12.5 45.5 27.6
15 12.9 248 1.2
16 14.3 579 38.7

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 rdatively large meting and
decomposition temperatures observed in these materials (discussed in
later chapters).

The cdculated twist angle, O is quite smdl or zero in severd
casessuchas 1, 4, 5, 7 etc.. Thisis 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 CH, group
attached to the amino N and the benzene ring ortho-H aoms are
stronger. Hence large twist angles ranging from about 25° to 50° are
calculated. The reasons for the exceptiona nature of 15 are not known.
It is interesting to note that the B(0) values have some correlation with
the twist angles. In general we find that when the 6 values are small,
the hyperpolarisabilities are aso reatively smal though some
exceptions do exist. The caculated dihedra angle 6 are generaly in
far 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, 6, the electron donor-acceptor groups, as well as
the polar environment in the crystal lattice are expected to influence the



Computation... 55

molecular hyperpolarisabilities. The latter two effects will be reflected
in the quinonoid-benzenoid nature of the conjugation unit in the
diaminodicyanoquinodimethane molecules. Dependence of 13 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 B
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 sysems. We have
chosen the smplest molecule, 7,7-diamino-8,8-dicyanoquinodimethane
(DADQ, 7) as a modd sysem to cary out this theoretica
investigation.'' Similar to the study of B variation in polyenes as a
function of bond length aternation®, we present a theoretica 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 cal 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 insght into the effect
of substitutions at the donor and acceptor end (or dternately, the effect
of electrostatic  environment), on the excitaion 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 a 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 anaysis 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 B 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 AM1 semiempirical procedure for al
geometry optimisations. The structure of DADQ was optimised under a
C,, symmetry constraint with different static external fields applied
adong the long axis of the molecule. The latter was done by placing
point positive and negative charges aong the long axis a equd
distances from the centre of the ring. We calculate the field produced at
the centre and assign the sign as posgitive or negative depending on
whether the positive charge is kept at the diamino end or the dicyano
end. As the fidd decreases from the highest positive value (6 x 10
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

HsN NH,
2 )

NC CN

Figure 2.2: Molecular skeleton of DADQ showing the atom labelling
for defining QBC; the double bonds are not shown

OBC =1 - 6i11.400 ~r) (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 externa
fields and the corresponding optimised bond lengths, r; as well as the
calculated QBC. It aso provides the net charges on the amine end, q’,
and the cyano end, q’, calculated by adding al the atomic charges on the
relevant CX, (X = NH, or CN) group.

Transition dipoles, dipole moment changes on excitation,
energies of excitation and associated oscillator strengths and B were
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Table 2.2: Optimised bond lengths r;, r» and r3 of DADQ subjected to
different applied fields and the computed quinonoid - benzenoid
character (QBC) and charges on the donor (g*) and acceptor (g-)
moiety for each of the structures (*In units of 10" V/em; seetext for the
sign convention)

Field" | r,(A) | r(A) | r3(A) | QBC q q

6 1.450 | 1.348 | 1.450 | 0.088 | 0.103 | 0.033
4 1.448 | 1.351 | 1.450 | 0.118 | 0.231 | 0.106
2 1.442 | 1354 | 1.447 | 0.190 | 0.374 | 0.248
1 1.439 | 1.356 | 1.445 | 0.232 | 0.442 | 0.319
0 1.435 | 1.358 | 1.442 | 0.286 | 0.507 | 0.360
-1 1.431 | 1.362 | 1.438 | 0.358 | 0.570 | 0.461
-2 1.426 | 1.366 | 1.434 | 0.436 | 0.632 | 0.536
-4 1.417 | 1.375 | 1.426 | 0.592 | 0.742 | 0.684
-6 1.410 | 1.381 | 1.416 | 0.730 | 0.827 | 0.796
-8 1.405 | 1.378 | 1.408 | 0.790 | 0.874 | 0.861

calculated using the SCAMP routine. This program reproduces
accurately the experimenta B values in a number of test cases'™'
including the  prototypical system, 2-(4-tetrahydro-1H-2-
imidazolyliden-2,5-cyclohexadienyliden)malononitrile (1) experimen-
taly investigated by Lalama et al'* 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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Byever IS Obtained using the expresson? (which is a smplification of
Eqn.1.16 for the case of zero excitation energy).

pUJEAﬂIh :’ (2,4)

Brteve = 6[ AE :i
where i is either of the two low-lying excited states, 1 or 2, which have
gopreciable oscillator strengths. ; is the trangtion dipole between the
ground and the ith state, Ap,; the change in dipole moment on excitation
from the ground to the excited dtate, i and AE, the energy of this
excitation. The Bajeve iNVolving the two states 1 and 2 is easily derived
inasmilar way, from the usual SOS expression for 8, as follows.

) 2 2
Mg Hoa Hya Mo, AUy,
=6 — -—-+E—,—- 2.5
ﬁ”ﬂd AEU] &EU_'-‘ i=] AE{;.' ( )

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 externa point charges
removed during the p calculation. In Method B, the gas phase structure
(optimised under zero externa field) was used with different externa
fields described above being imposed using the point charges during the
P caculation. In Method C, the Structures optimised under different
extend fields were used aong with the externd point charges being
present during the p calculation. In the terminology of Gorman and
Marder™, 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, r, and ry
are as expected. Ther, and r; values change from approximately 1.45 to
141 A on going from the quinonoid limit to the benzenoid limit. r, 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 Dy, a the two extremes. Veification of these structural
features at the benzenoid limit comes from our experimental systems
(withr; =r; = 140 and r, =~ 138 A) as noted below. The quinonoid
limit could be related to the case of 7,7,8,8-tetracyanoquinodimethane
(withr, ~r; ~ 145 and r, = 135 A).  The group charges, " and '
values, increase as expected with the quinonoid to benzenoid
transformation. Q" values, in particular, pardle 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 datic 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 gtuations 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 fidd, F, in method B are plotted in
Fig.2.3. It is seen that when the electronic configuration is in a
nonequilibrium state, the $ continuoudly increases with QBC indicating
the largest values at the benzenoid limit. On the other hand, if the
equilibrium nuclear configuration is ignored, the f is found to peek a an
externd field of about -2 x 10 V/cm corresponding to an electronic
configuration intermediate between the quinonoid and benzenoid limits.
The overall observation is that, there is atrend towards larger (3 values
as one goes from the quinonoid end to the benzenoid end whether one
consders the related nuclear or eectronic configuration changes,
however, the imposition of the strong field at either end (in method B)
tends to reduce the B values. The detailed results of the caculations
usng the most appropriate’ 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
vay 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
(proportiond to pmz ) are provided for the two excited states, 1 and 2.
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Figure 2.3: Variation of the static £ with QBC and applied field, F
(QBC isdefined in Egn.2.3); theline isonly aguide to the eye

The Ap are dways negative and large indicating reverse charge transfer
on excitation. We have examined the Bjve (B2(0)) using either of the
two states and the results are provided in Table 2.3. We have dso listed
the Biiever (B3(0)) utilising both these excited states. Finally the table
also presents the B value calculated utilising al the excited states (p(0)).
The Baever Values for excited states 1 and 2 are strongly influenced by the
trends of py; (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 (), dipole moment
change on excitation (4uy;), excitation energy (AEy;) with oscillator
strength (f) and static folevel (B2(0)) for excited states 1 and 2, B3/ever
(03(0)) and B(0) forDADQ structures with different quinonoid -
benzenoid character (QBC) calculated using method C. (All ft's are in
10-30 esu. "The entriesin the first and second row are for the excited
states 1 and 2, respectively)

QBC | u(D) | Apg(D)' | AEeV) [f]" | -B0)' | —B(0) | —B(0)
0.088 | 67.6 2.1 2.83[0.006] 0.1 3.7 9.7
-0.9 3.42[1.130] 2
0.118 | 86.6 -5.5 2.80[0.044] 1.1 136 | 18.5
3.6 3.39[1.065] 10.1
0.190 | 1249 | -10.6 2.77[0.195] 9.9 259 | 354
-5.6 3.44[0.841] 12.7
0.232 174.9 -12.8 2.7110.264] 17.4 34.2 46.2
-8.0 3.50[0.718] 13.9
0.286 14.5 -14.7 2.66[0.326] 26.0 42.5 58.6
-102 | 3.59[0.599] | 13.6
0.358 | 146.4 -16.6 2.65[0.390] 35.8 50.4 75.4
-12.4 | 3.72[0471] | 11.6
0436 | 96.0 | -18.1 | 2.67[0.457] | 445 | 456 | 86.5
-8.9 3.75[0.032] 0.6
0.592 56.9 -20.4 2.87[0.583] 51.4 529 94.0
-11.0 3.71[0.050] 1.1
0.730 38.0 -20.7 3.17[0.571] 37.9 37.9 67.4
-12.0 3.75[0.000] 0.0
0.790 28.3 -19.0 3.37[0.479] 24.4 24.4 47.7

N -12.8 | 3.78[0.000] 0.0
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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 B with the QBC and the
contribution of Byever fr°™ the fi'™ and the second excited state as well
as that of the B3.ve;- The negative sign of the B values is a consequence
of the negative Au as dated earlier. It is seen that the B increases
steadily from the quinonoid end and peaks at the QBC of 0.592, then is
suppressed to about haf the pesk vaue at the benzenoid end. The
values except a the quinonoid end are quite large. The Byever USNG the
first excited state is negligible a very low QBC values, but reproduces
about 40 - 50% of full B later; the Bsever from the second excited state
contributes about 30% at low QBC and has nearly zero contribution at
higher ranges. The B3e; is mostly seen to be an additive contribution of
the two Baever terms, with the cross term contributing very little.  The
Biever 1S @ fair approximation for p at QBC below 0.232, wheress it
reproduces only about 50% of § in the more benzenoid structures.

The caculations reved that the traditional pictures based on a
single charge transfer excitation are grosdy inadequate to describe the f,
except a low QBC vaues. 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 aso indicates that the increased polarisation of
charges on a quinonoid framework substituted with donor-acceptor
groups, leads to very large p vaues, 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
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Figure 2.4: Variation of the static fclevel (excited state J), folevel
(excited state 2), foievel and fullft'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 vaues (> 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 3 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 externad fied used in our modd study, by
appropriate internal fields. In Fig. 2.4 we have indicated the range of
QBC values covered by four typica molecules we have synthesised.
The details of these systems will be presented in Chapter 5. Average
values of the bond lengths r;, r, and r; from single crystal x-ray structure
analysis'’ have been used to assign their QBC values which are found to
fdl in the range 0.739 to 0.811. It is interesting to note that
experimentally easily accessible systems have approximately 50% of the
maximum B value attainable in the full QBC range. Reducing the
donor/acceptor strength may push QBC towards the vaues
corresponding to maximum P values. The experimental (acetonitrile
solution) absorption maxima of our molecules fdl 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
materias in most of the visible range makes them practically interesting.

24 DEPENDENCE OF HYPERPOLARISABILITY ON THE
MOLECULAR TWIST

In dl 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 initialy caried out some computations on the
prototypical molecule, 1 and its N-methylated derivatives 2 and 3
(Fig.2.1). As dated ealier, a cagful observation of the molecular
structures obtained from crysta structure analysis and semiempirica
AM1 geometry optimisation on several compounds and the computed
hyperpolarisabilities, reveds a strong correlation between B and this
molecular twist.  This prompted us to probe this aspect more
systematically. We present in this Section, the results of theoretical
sudies on the mode system, 7,7-dipyrrolidino-8,8-
dicyanoquinodimethane, DPDQ (Fig.2.1, 8); DPDQ was chosen,
because the chira compounds we have investigated (Chapter 6), which
showed appreciable solid state SHG capability were al 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
ful AMI1 geometry optimisation, which in tun has a close

correspondence to the molecular structure obtained from the crysta
18

analysis. On the basis of the well known two state model , we discuss
the factors that lead to the maximisation of B at the optimal geometry.

To anayse the origin of the molecular twist, we have firs
optimised (using the AM1 method) the geometries of 1, 2 and 3
imposing a C, symmetry constraint with the C, axis aong the 7, 8
carbons. Table 2.4 provides the AH; and 8 values caculated at various
twisting angles, O (dihedra angle shown in Fig.2.5). It is seen that the

NC CN

0 = dihedral angle 1-2-3-4
1:R,=R,=H
2:R;,=CH;, R,=H
3:R,=R,=CH;

Figure 2.5: Molecular structure of 1, 2 and 3 showing the definition of
thetwistangle, 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 far 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 deric hindrance with the ortho hydrogen atoms on the
benzenoid ring. It is interesting to note that in dl the three molecules,
the trends of (3 are smilar and amaximum isobsarved at 6 = 70°. Asa

Table 2.4: The heat of format ion (AHf in kcal/mol) and static
hyperpolarisability (£(0) in 10-30 esu) at varioustwist angles(6) for
molecules 1, 2and 3

Twist 1 2 3

angle. 6
(") AH¢ —B(0) AH; —B(0) AH; -B(0)
0 135.1 1.6 143.0 0.5 150.0 0.3
10 1354 2.1 142.1 2.2 148.3 2.0

20 136.4 4.7 142.4 6.4 147.8 7.0
30 137.8 94 143.8 12.7 148.7 13:2

40 139.9 16.8 145.7 26.5 150.3 21.7
50 142.5 213 147.1 31.1 151.6 33.5
60 145.3 40.1 149.3 41.4 153.4 41.5

70 147.6 44.2 151.5 43.7 155.4 43.0
80 149.2 30.8 152.9 27.1 156.7 27.3
90 149.7 16.7 153.5 16.1 157.2 15.2
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result of these factors the magnitude of § at the optimal geometry of 1, 2
and 3 isfound to increase from 16 to 2.2 to 7.0. We explore below, this
correlation between $ and 6 by considering further observations from
experimental data and computational studies.

Table 2.5 presents the value of twist angle, 6 obtained from
crystal structure analysis as well as by full AM1 optimisation of the
geometry on seven molecules (see Fig.2.1 for the molecular structures).
It is immediately obvious that the O(CS) and 6(AM1) show poor

Table 2.5: Thetwisting angles, 6 fromcrystal structure (CS) and
optimised 4 M1 geometries, corresponding static fi values, the ratio of
twisting angles (84x11/6csand the ratio of S values (Bami/Bcs) for
the seven diamino-substituted dicyanoquinodimethanes whose crystal
structures have been investigated (see Chapters 5 and 6)

Twist -B(0) 6 i B an
angle 0 (°) (10-30 esu) G Bes
CS AMI CS AMI
11 | 48.7 34.0 54.3 11.9 0.700 |[0.219

9 468 | 386 | 54.9 19.8 | 0.825 | 0.361
10 | 43.0 | 389 (539 16.6 [0.905 |0.308
14 | 498 | 455 | 51.0 | 27.6 |00912 |0.541
12 | 540 | 50.8 | 50.2 358 10.937 [0.713
16 | 582 | 579 | 514 | 387 |0.995 |0.753
8 562 | 593 | 526 | 39.5 1.055 | 0.751
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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 conformationaly more flexible
six-member rings have quite different dteric interactions in the gas
phase (smulated by the caculations) and the crystdline phase. In the
case of the other four molecules the agreement of the two O vaues is
much better. Table 2.5 dso contains the p vaues caculated for the two
geometries of each of the molecules. The P(AM1) are found to be
smaler than the p(CS) in dl cases. The sndler vdue of HAM1)
relative to p(CS) throughout the series arises manly due to the
difference in the bond lengths in the quinonoid framework in the CS
and AMI1 geometries. An indght into this may be ganed 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 AM1 geometries, Snce the
former are the optima geometries of those molecules in a srongly
polar crystal environment; hence the CS geometries have larger QBC
values than the AM1 geometries. We have shown above, usng modd
calculations on DADQ. that the p vaues decrease monotonicdly with
the QBC values, when the p caculations are carried out without the
presence of a smulated externd field. The p values reported in Table
2.5 are calculated in the same fashion, hence the lower B for the AMI1
structures having smaller QBC values.

The interesting aspect that emerges from a careful andlys's of the
6 and B values discussed above is the corrdation between
8(AM1)/6(CS) and P(AMI)/p(CS) also presented in Table 2.5. A minor
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variation of 0 from AMI1 to CS geometry is associated with a small
variation of p between these geometries and a larger variation of 0 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 § on
molecules, 1, 2 and 3 presented above, as well as overall observations of
0 and B 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 anadyse this
correlation.

The molecular framework indicating the relevant atom labelling
is shown in Fig.2.6. The AMI1 optimised geometry of DPDQ is very
close to the one obtained from the crystal structure analysis, especialy

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 25). Sating from the crystal
structure geometry having nearly C, point group symmetry, the twist
angle. ® (dihedra angle 8-7-1-2 or 9-7-1-6; see Fig.2.6) was varied in 3°
intervals to 0° on one sde and 90° on the other and geometry
optimisation carried out a each point imposng a C, symmetry
condraint. The point closest to the crysd structure geometry has G =
57°. We note that each 6 point optimisation was carried out using the
optimised geometry a the previous point as the sarting structure to
ensure smooth geometry changes. The impodtion of C, 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 unredlistic spikes that otherwise arise in the
curve owing to the conformationa flexibility associated with the
pyrrolidine ring. Table 2.6 presents the cdculated heats of formation
and the p & 9° intervals, and the variation of AH; and p with the angle 6
is plotted in Fig. 2.7 using the full cdculated data set. From 6 = 60°, a
value close to the one found in the crystd structure geometry (56.2°),
the heat of formation rises by about 1.3 kcal/mol a 90° twist and by
nearly 4.3 kca/mol a the planar geometry. There is a smadl
discontinuity at about 27°. Inspection of the optimised geometries
revedsthat when G = 0°, the dihedrd angle, 10-8-7-1 (1) is~ 80° te.. the
pyrrolidine rings are nealy perpendicular to the plane of the
diaminomethylene moiety whereas when 6 = 90°, x ~ 0° . The dow
rotation of the pyrrolidine ring with respect to the diaminomethylene
unit when O varies from (0 to 9009, takes a suddenjump at 0 = 27° and
this appears to be the cause of the discrepancy in the monotonous fal of
AHf noticed a this point. The vaue of p is dso found to go through a
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small anomaly as a consequence of this; initially it decreases dightly
from the planar geometry and then rises smoothly till 8 = 57°, followed
by a decline to the perpendicular geometry. The most significant
observation here is that the B value goes through a maximum close to
the 6 corresponding to the optimised geometry of the molecule. This is
rather unusua and in contrast to the behaviour observed in other systems
investigated previously,*® where p was found to decrease monotonously

Table2.6: The heat of formation (4Hy and static hyperpolarisability (5
(0)) at various twist angles (6) for DPDQ along with the square of the
transition moment (), dipole moment change (4 and energy
difference (AE) between the ground and first excited state

0 AHf -B(0) 2 -A AE

) | (kcal/mol) | (10-30 esu) (esu?) (D) (eV)
0 133.920 9.29 0.8770 0.63 2.992
9 133.410 8.65 1.5688 0.50 2.811
18 133.103 3.83 1.8093 0.52 2.600
27 132.867 448 2.0034 1.16 2.393
36 131.635 23.28 2.1715 3.47 2.170
45 130.455 33.19 2.0828 5.32 2.150
54 129.740 38.91 1.7806 7.45 2.146
57 129.641 39.59 1.6333 8.14 2.151
63 129.660 38.90 1.2873 9.46 2.163
72 130.114 31.53 0.6816 11.51 2.206
81 130.682 18.95 0.1644 13.59 2.259
90 130.938 13.53 0.0007 15.45 2.269
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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,'8 Is based on a description
of B in terms of the ground state and a single excited state of the
molecule and shows that the static hyperpolarisability, Bsjeve(0) depends
on the square of the transition dipole moment, p (directly proportional
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Figure 2.7: The plot of the heat of formation, AHp(——~ ) and the
) versus twist angle, 6 for

static hyperpolarisability, -p(0) (
DPDQ
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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 (Egn.2.4). In Sec.2.3 we have shown that the two-state picture fals
to predict quantitatively the hyperpolarisabilities of this class of
molecules, however, the qualitative trends are reproduced well.
Therefore we have estimated, using semiempirical AMI1 /CI
computations, the values of u’. Au and AE in DPDQ at various twist

g L \I/
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ot ). \ / Y, N
- ¢ \
| . ,
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q’ :__“\-\ } / \\
‘\& N I,' S : \/ —
\\ f‘ll _ - . \\
. _\ﬂ/‘: T =
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Figure 2.8: The plot of the square of the transition moment, 12 (----),
energy difference, AE (- — -) and the dipole moment change, -Au (— -
— — ) between the ground and excited state and the static hyperpola-
risability, - (0) (— ) versus the twist angle, 6 for DPDQ
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angles using the geometries optimised above (Table 2.6). The variation
of -P(0), u?, -Alji and AE with 6 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 vaues are to
scale). It is seen that the u2 rises initialy upto 9 ~ 40° and then
decreases continuoudly to 90°. The -Ap shows a smdl decline from (0
to 159 followed by a gradua rise to 30° and a stronger and nearly linear
increase subsequently. This arises from the drong increase in the
ground state dipole moment and a amdl decrease of the excited State
dipole moment on going from the planar (ng = 11.46 D, pe = 1083 D)
to the orthogona (ng = 2158 D, pe = 613 D) geometry. It is
noteworthy that the change in dipole moment on excitation is very large
even a the optimised geometry and as Sated earlier, this is probably one
of the important factors that contributes to the large (3 of this class of
molecules. The AE decreases continuoudy from 0° to about 50° and
then registers a gradua increase to 90°. Leaving asde the anomaous
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
irrdlevant to the focus of our anaysis here, the trends of the three
quantities noted above influence the § as follows. The maximum in u?
and the minimum in AE are expected to lead to amaximum in p a some
value of g between 40° and 50°. The strong rise of Al, 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.
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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 B values.
The calculations also reved 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
NL O applications.

We have carried out theoretical analysis of p as a function of the
guinonoid - benzenoid character. The calculations on DADQ reved
that the traditiona pictures based on a single charge transfer excitation
are grossly inadequate to describe the p, except at low QBC vaues. At
the higher QBC's at leest 50% of the p is made up of contributions
from the higher excited states. The experimental systems possess large
QBC values a which the p has declined below its maximum possible
value. The current analysis indicates that dightly poorer donor or
acceptor groups can lead to enhanced B values. However, in terms of
the transparency window, the present experimental systems appear to
possess the appropriate range of QBC.

We have also andysed 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
B as a function of the twist, 0, goes through a maximum at the angle
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corresponding to the optima geometry. The factors that contribute to
this are analysed in terms of the two state modd. The fact that these
molecules manifest their highest possible values of B 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 B of these molecules through the
control of electronic and molecular structure. The prototypical molecules in
this class were synthesised by a du Pont group® 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 al® 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 specia 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 severd 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 dl rather weak and no further systematic investigations
were carried out. Recently, Szablewski et al have prepared some closay
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 crystd structures of selected compounds
have been determined and their SHG capabilities investigated. These will
be presented in the following Chapters.

We have prepared compounds 1-16 following the procedure
reported by Helitler 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 chira 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.

32 SYNTHESIS

The chemicals used in the following preparations are TCNQ and a
variety of amines. TCNQ and the chird amines used were procured from
Aldrich Chemica Co. and the other amines were obtained from E-Merck
(Indid). TCNQ was recrystallised from acetonitrile and the amines were
usudly 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.

-HCN
RNH, + TCNQ — (RNH, *) TCNQ~* —>

+RNH
Type 1 compound (purple-brown) —I-_E*Ni-h Type 2 compound (yellow)
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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 interna proton transfer leading to the formation of the intermediate
(CN),CHC¢H,-p-C(CN),NHR 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.
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The procedure adopted for the preparation of 1 - 6 is shown in
Scheme 1. To a wam solution of 010 g (0.49 mmol) of 7,7,8,8-
tetracyanoquinodimethane (TCNQ) in 60 ml of acetonitrile (distilled and
dried over P,O;) 0.04 g (0.66 mmol) of ethylenediamine was added. A
green colour gppeared immediately and a light-coloured precipitate began to
form. After 15 hours a room temperature, filtration gave 0.09 g (90%
yield) of a yellow-green solid. Recrystalisation from acetonitrile gave 0.04
g of 1 asayelow powder. Attempts to grow crystals of 2-(4-tetrahydro-1H-
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.

4

NO i RoN NR;
2R,NH
THF, &
| Scheme 2
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Scheme 2 was used for these preparations. To a warm solution of
0.10 g (0.49 mmoal) 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
dowly and a yelow crystalline compound began to precipitate. After
standing for 5 hrs. at aout 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% vyield) of the
crystaline 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.

( N CN NC NR; RyN NRj
RZNH Rz'NH
— e
THF, & THF, A
NC CN NC CN NC CN
Scheme 3
L )
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These compounds were prepared following Scheme 3, with R;NH
being pyrrolidine. 7-pyrrolidino-7.8.8-tricyanoquinodimethane (PTQ) was
prepared using the reported procedure® as follows. To a warm solution of
0.20 g (0.98 mmol) of TCNQ in 20 ml. of tetrahydrofuran (fresnly distilled
and dried over sodium) was added 0.042 g (0.6 mmol) of pyrrolidine. It is
important to add dightly less than one equivaent 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
dirred 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).
Elementa analysis was carried out on a Perkin Elmer CHN Analyser
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(Modd 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[|]imidazol-2- yliden]-2,5-
cyclohexadienyliden}malononitrile (4)

4 was recrystallised from acetonitrile.  Méelting point: >340°C.
FTIR (KBr wafer) v/cm-l: 3179 (N-H stretch); 2185 and 2141 (conjugated
nitrile stretch). UV-Vis (acetonitrile solution) A,./nm : 407. Optical
rotation [ar]i)5 (c = 0.02, MeOH)) : +80°. Elementd analysis : % found (%
caculated for C,;¢H|¢Ngy) - C, 7269 (72.73); H, 6.15 (6.06); N, 20.76
(21.22).

2-(4-hexahydropyrimidinyliden-2,5-cyclohexadienyliden)malononitrile (6)
6 was recrystallised from acetonitrile.  Melting point: >340°C,

FTIR (KBr wafer) v/em™: 3250 (N-H stretch); 2190 and 2140 (conjugated
nitrile stretch). UV-Vis (acetonitrile solution) A,,./nm : 385. Elemental
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anaysis : % found (% cdculated for C,3H;,N4) - C, 68.27 (69.64); H, 541
(5.36); N, 24.75 (25.00).

7,7-dipyrrolidino-8,8-dicyanoquinodimethane (DPDQ, 8)

8 was recrystalised from acetonitrile. Melting point: 290°C (dec).
FTIR (KBr wafer) v/cm"": 2168 and 2128 (conjugated nitrile stretch). UV-
Vis (acetonitrile solution) A,,./nm : 375. Elementa analysis : % found (%
caculated for C,gH,)N4. 0.4H,0) - C, 7242 (72.19); H, 6.85 (6.95); N,
1829 (18.72) for the acetonitrile recrystallised product and for the
chloroform recrystallised product it gave (% caculated for C,3H,,N,) - C,
74.35 (73.97); H, 682 (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 recrystalised from acetonitrile. Mélting point: >3400C.
FTIR (KBr wafer) v/em-1: 2170 and 2130 (conjugated nitrile stretch). UV-
Vis (acetonitrile solution) Ap,/nm : 420. Elementa anayss : % found (%
calculated for C,4H,;N,O,) - 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) Ag./nm : 415. Elementa
analysis : % found (% caculated for C,3H,,Ng¢) - C, 66.31 (67.08), H, 6.82
(6.83); N, 25.39 (26.08).

7, 7-difS (+)-2-methoxymethylpyrrolidino]-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
(CH,-0O-CH; stretch). UV-Vis (acetonitrile solution) A,,/nm 406. Optical
rotation, [a]f; (c=0.04, MeOH) : +485°. Elemental analysis : % found (%
calculated for C,,N,0,H,5) - 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) v/em-l : 3375 (O-H stretch); 2184, 2137 (conjugated
nitrile stretch). UV-Vis (acetonitrile solution) A, /nm : 388. Optica
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rotation, [a]i: (c = 0.03, MeOH) : -175°. Elemental analysis : % found (%

calculated for C,gH,,N,O,) - C, 66.90 (66.66); H, 6.16 (6.17); N, 17.44
(17.28).

7,7-dif(£)-3-hydroxypyrrolidino]-8,8-dicyanoquinodimethane (13-RS)

13-RS, the compound from the racemic 3-hydroxypyrrolidine, was
recrystallised from methanol. Melting point: 265°C (dec); FTIR (KBr
wafer) v/em™: 3375 (O-H stretch); 2174, 2131 (conjugated nitrile stretch).
UV-Vis (acetonitrile solution) A,,/nm : 393. Optical rotation, [a]fj (c=
0.03, MeOH) : 0°. Elemental analysis : % found (% calculated for
C3HyoN4O,) - C, 66.86 (66.66); H, 6.28 (6.17); N, 16.51 (17.28).

7-[(S)-a-methylbenzylamino]-7-pyrrolidino-8,8-dicyanoquinodimethane
(MBPDQ, 14)

14 was recrystallised from acetonitrile. Melting point: 245°C (dec);
FTIR (KBr wafer) v/cm-!: 3387 (N-H stretch); 2174, 2128 (conjugated
nitrile stretch), UV-Vis (acetonitrile solution) A,,/nm : 368. Optical
rotation, [@];, (c = 0.04, MeOH) : -395°. The product recrystallised from
acetonitrile contained the solvent of crystallisation which was partially lost

on exposure, hence it was recrystallised from dichloromethane and
subjected to elemental analysis: % found (% calculated for C,,H,,N4.H,0):
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C, 73.13 (73.33); H, 6.22 (6.66); N, 15.26 (15.55). MS(El): 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.  Mélting point: 245°C
(dec). FTIR (KBr wafer) P/cm"': 3390 (N-H stretch); 2173, 2128
(conjugated nitrile stretch). UV-Vis (acetonitrile solution) Ap,,/nm : 368.
Optical rotation, [a]j)5 (c = 0.05, MeOH) : +240°. Elementa analysis: %
found (% calculated for C,,H;,Ny): C, 77.60 (77.19); H, 6.85 (6.43), N,
15.54 (16.37). MS(El): m/z - 342 (14), 327 (17), 105 (52), 91 (61), 77 (23),
70(100).

7-[(S)-naphthylethylamino]-7-pyrrolidino-8,8-dicyanoquinodimethane
(NEPDQ, 15)

15 was recrystallised from acetonitrile. Médting point: 270°C (dec).
FTIR (KBr wafer) v/em-l: 3350 (N-H stretch); 2172, 2131 (conjugated
nitrile stretch). UV-Vis (acetonitrile solution) A,,/nm : 370. Optical
rotation, [a];, (c = 0.05, MeOH) : +69°. Elementa anaysis : % found (%
caculated for C,sH,4Ny4): C, 79.60 (79.59); H, 6.42 (6.12); N, 13.85 (14.29).
MS(El): 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) Plem"": 2170, 2129 (conjugated nitrile stretch); 1448
(CH,-0O-CHj; dtretch). UV-Vis (acetonitrile solution) A,,,/nm : 398. Optica
rotation, [a], (c =0.08, CHCl;) : +1687°. Elemental anaysis: % found (%

calculated for CoHyN,0) - C, 71.34 (71.43); H, 741 (7.14); N, 16.65
(16.67). MS(EI):m/z-336(100),222(8), 181 (8), 167 (13), 71 (24).

3.4 CONCLUSON

In addition to the systems described in this Chapter, we have
synthesised severd 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 materiads for SHG. Hence we have not pursued their
characterisations and structura studies. All the systems we have presented
here were obtained by variation of the donor group aone. 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® 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



41 BACKGROUND

The popular experimental techniques to measure molecular
hyperpolarisabilities are electric fidd induced second harmonic
generation (EFISHG) and hyper Rayleigh scattering (HRS). Both
techniques require coherent light sources and relatively expensive and
sophigticated equipment for data collection. A simpler method to
estimate the B values using the well known two-level approximation was
firs reported by Oudar,' this procedure requires only measurement of
absorption spectra and estimation of the dipole moment change between
the ground and the first excited state (AU = pe - pp). Studies of excited
date dipole moments which has been important in a variety of
photochemica and Photophysical problems, has thus become important
in the design of molecular NLO materids as well. In Sec.4.2, we
present a smple 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 severa test systems based on coumarin dyes as
wdl as push-pull diaminodicyanoquinodimethanes that we have
developed. These results combined with the reported EFISHG B 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
dso 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 B of
this class of compounds that we have obtained through computations
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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 (Modd Lambda 3B) or
Jasco Spectrophotometer (Model 7800) and a Hitachi spectroflourimeter
(Model 3010) or Jasco spectrofluorimeter (Modd FP-777) respectively.
Chemicals of high purity were used directly (Kodak laser grade
coumarins studied in Sec.4.3) or purified by usud recrystallisation
procedures. The solvents were purified using standard protocols and the
purity checked using their Er values.

4.2 DETERMINATION OF EXCITED STATE DIPOLE
MOMENTS USING A SIMPLE SOLVATOCHROMIC
METHOD

Even though the more equipment-intensve 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 Koutek® 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
optima conditions in terms of the number and the choice of solvents.
We note that, al 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 evauation of excited state dipole
moments.

During the course of our investigation of the molecules of
interest in the design of nonlinear optical materias, we have observed
that the Stokes chift data of several molecules showed excellent
correlation with the popular solvent polarity measure, E; (or
equivalently, E(30)) proposed by Reichardt, and defined as :

E,(30)/ (kcal mole) =2.8591 x 10-3 v /em

EN E,(Solvent) — E . (TMS)
" E,(Water) - E,(TMS)

where v is the wavenumber corresponding to the absorption peak of an
N-phenoxide betaine dye in the rdevant solvent and TMS is
tetramethylsilane. Though such correlations have been noted
previously,'' 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 ETN 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 detaled sudy 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,’ 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,

Y(m,s) = B(m)X(s)+Y(m,g) (4.2

where B(m) is the regression coefficient and is related to Au. We take
Y(m,s) as (v4-vy) (va= 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,

B(m) = J 4.2)
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(D=1) (=1 | 2n* +1)
X(s) = -
() [(D+2) (_n2+2)}[(n2+2)} #3)

where Ap = pe - ug, h isthe Planck's constant, ¢, the velocity of light, D
and n the dielectric congant and refractive index of the solvent
respectively and a, the Onsager radius of the solute molecule. If now we
consider, X(s) = E; , 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
originadly by Reichardt et al. as a measure of the solvent polarity and
which has now become the basis of the E{(30) scale. The dye is not at
al fluorescent, and hence one can only follow the shift of absorption
maximum with change in solvent polarity. Since the pe (= 6 D) of the
dye is considerably smdler than py (= 15 D), we can make the sdfe
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) = v, - constant. Therefore, we can rewrite Eqn.4.1 for
the Stokes shifts of the dye, using the common formulation of B(m)
(Egn.4.2), but without specifying the nature of X(s) as,

2
Ve = [M}X(s‘) +Y(m,g) (4.4)

hca,,

where Ap = 9 D, the change in dipole moment on excitation of the dye
and ap is its Onsager radius.  Y(m,g) is a modified constant. Using the
definition of E(30) in terms of v,, Eqn.4.4 can be transformed to,
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X(s) = 349{ o . }ET(3O)+ Y'(m,g) (4.5)

2(Aup)

To avoid dimensiondity problems, the normalised value of E(30),
namely Er may be employed, so that,

hca,, %
b |EN 4 V' (m,g) (4.6)
°(Aﬂo)’} "

X(s)=1 1307.6[
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,

2 k!
Y(m,s)/cm™ = 11307.6(;"”) [%’J El +Y'(mg)  (47)
D

Egn.4.7 clearly illustrates that the Stokes shifts will have a linear
dependence on the ETN values of the solvent. It dso shows that, Au of
the molecules of interest can be extracted from the dopes if a standard
value for App and ap are available, and an estimate of a for the solute is
known. It isaso significant to note that since aratio of a/ap 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
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correlation coefficients for severa systems for the following solvent
functions, X(s): (i) the ETN values, (ii) the function, F,(D,n)
recommended by Koutek® on the basis of a detailed statistical analysis of
sixteen different modd equations and (iii) the functions used in the
origind papers deding with the solvatochromic studies on these
molecules. In the dtatistica analysis, we have excluded those solvents
which may have specific local interactions with the probe molecules.

Table 4.1: Correlation coefficients for the fir of the Sokes shifts with the
solvent polarity functions E7V,F>(D,n) and Fy(D,n) for different
compounds. N is the number of solvents used in each case

Compound ETN F5(D,n) | F(D,n) Nb | Ref.

4-(dimethylamino)-4'- 0.984 | 0.843 0852 [ 13 | 12
nitrostilbene
hexamethylbenzene-tetrchloro- | 0.925 | 0.784 0.790 8 12

phthalic anhydride (CT

complex)

4-amino-4'-nitrostilbene 0.968 | 0.921 0919 | 14 | 13
l-dicyanovinylnaphthalene 0.904 | 0.815 0.774 8 | l4a
9-dicyanovinylphenanthrene 0.861 | 0.746 0.705 8 | l14a
9-dicyanovinylanthracene 0.674 | 0.703 0.696 8 | 14a
1-dicyanovinylpyrene 0.935| 0.863 0.818 8 | 14a
6-propionyl(dimethylamino) 0.965 | 0.943 0.933 8 | 14b

naphthalene
4-(dimethylamino)phthalimide | 0.895 | 0.840 0.826 | 11 | 14b
| 4-aminophthalimide 0.977 | 0.970 0.962 8 | 14b
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It is seen that, the Stokes shift data correlates a lot better with the
Er vaues 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 E;" values as well as

the F,(D,n) function.

; ; % 6 G

B
3 1
AVostimate /103 cm’ AVggtimate / 107 M

Figure 4.1: Plots of experimental Sokes shift data of DSS versus the
Sokes shifts estimated from the fit of the experimental values against the
solvent polarity measures: (a) E7Vand (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 ETN plots.
These experiments yield directly, the Ap values. Hence, the p, 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 remans 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 p, obtained from the present anaysis with the
previous estimates for severd molecules in Table 4.2. The Onsager
radius used for each molecule was taken from the origina literature. The
value of ap 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 dope from
Egn.4.7. 4-(dimethylamino)benzonitrile (DMABN) was not included in
this statistical analysis, and its Ap given in Table 4.2 is the one predicted
by our procedure as discussed below. The value obtained for ap, 6.2k (r
= 0.977) is intuitively meaningful, since it agrees farly wel 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 origina betaine dye as well as its t-butyl
substituted derivative have been used to prepare the E(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 pe from previous literature
and from the present analysis, using Eqn.4.7 and ap = 6.2A is good.
Since the spread in p, from different experiments is very large,



108

Chapter 4

Table 4.2: Comparison of , 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-dicyanovinyi-
phenanthrene (F), 9-dicyanovinylanthracene (G), I-dicyanovinylpyrene
(H), 4-(dimethylamino)benzonitrile (1) (7basedon the present analysis
of the data in Ref 23 using the propionitrile-octane mixed sol vent

system)
He(D)
a(A) He (D) Solvatochromic Methods | Other Methods
Present Previous (Ref)
Work Work (Ref)
A 8.0 7.6 23.3 25.0(12) 21.9 (3)
32.0 (16) 23.0 (4)
B 4.5 3.6 10.5 9.6 (12) 10.0 (3)
14.0 (16)
C 72 6.5 20.0 21.0(13) 21.0(17)
22.0(18)
D 3.5 3.5 5.8 6.7 (19) 9+1(20)
E 3.7 4.7 8.6 7.9 (14a) -
F 4.4 4.7 10.3 9.8 (14a) -
G 4.0 4.3 7.4 7.0 (14a) -
H 4.7 4.8 9.9 10.8 (14a) -
I 5.0 6.6 12.3 16.1 (9) 13+2(21a)
13.0' 12.5 (21b)
13.0 (22)
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we suggest that the value we obtain here from the analysis which shows
excdlent correlation of experimental data should be treated as one of the
mogt 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 erc., 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. E; on the
other hand is very senditive to composition changes and can be easly
measured experimentally using the absorption of the betaine dye. It may
aso be noted that extra precautions to purify the solvents can be relaxed,
snce 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; aso high
percentages of solvents with specific interactions may be undesirable.

We have studied the Stokes shift data of DMABN in benzene -
acetonitrile mixtures of severa compositions. Due to specific m-
interactions, nonlinearities arise at high percentages of benzene. Hence
we have excluded compositions of < 10% acetonitrile. The Ey values
of these compositions were determined separately and are presented in
Table 4.3. The solvatochromism of the twisted intramolecular charge
transfer (TICT)** emission of DMABN was studied in these mixed
solvents and the results are plotted against the E; vaues in Fig.4.2.
The linearity of the plot is excelent (r = 0.995). The intramolecular
(ICT) and TICT emissions of DMABN do overlap dightly. However for
the solvent compositions we have used, standard deconvolution
procedures indicate that the A, of the TICT emission is unaffected by

Table 4.3: EfNvalues measured for benzene-acetonitrile mixtures of
different compositions

vol% of Eq vol% of Ef
acetonitrile acetonitrile
20 0.286 70 0.397
30 0.312 80 0.410
40 0.349 90 0.420
50 0.360 100 0.454
60 0.379
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Figure 4.2: Plot of Stokes shifts of DMABN versus E7Malue 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 pe evauated from the slope of
the plot is compared in the last row of Table 4.2, with the vaues 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 smple
solvatochromic procedure for the determination of Ap 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 coworkers™ and Qin et al®® 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 smple method in routine work on
NLO systems. In this Section, we present our experimenta
determination of the two-level hyperpolarisabilities, Bjyever of Severd
diamino substituted dicyanoquinodimethane molecules (Fig.2.1) using
the solvatochromic determination of Ap developed in the previous
Section; as we noted earlier, Bjeves mMav also be referred to as B, 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 Bjver values. A st of coumarin dye molecules (C102, C151,
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C152, and C153; see Fig. 4.3) widely used as laser dyes was chosen and
their Byever Wasdetermined as above. Their hyperpolarisabilites, B have
been reported recently using EFISHG experiments.”” The theoretical

C102

C152 C153

Figure 4.3: Molecular structures of the coumarins considered in this
study

hyperpolarisability, B and the 2-level approximation to it, Pajever forthe
quinonoid systems and the coumarins were estimated by computational
methods. This allowed us to obtain a scaling between the B, and B in
these systems. With the additional information on the EFISHG
determined B 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 Eqgn. 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
experimentaly, the Beverr The AE and f were determined from the

electronic absorption spectra. The absorption band shape is very close to
Gaussian for al 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.

A=le(v)dv
f=144x10"x A M cm” sec’) (4.8)

AiS the integral absorption coefficient, e(v) is the molar extinction
coefficient at frequency, v (v(Hz) = AE / hc) and the integral is over the
entire absorption band. The extinction coefficient €, (a Ana) and the
integral absorption coefficient, LA(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 (&,,,/)and
integral absorption coefficient (ca)measured for molecules 8, 9, 11, 12,
14, 16 (Fig.2.1) andthe coumarm dyes C102, C151, C152, C153
(Fig.4.3)

Molecule Einas / A /10"
M'em! M'ems™!
8 18436 2674
9 26987 2922
11 24612 3212
12 23142 2619
14 15012 2690
16 23856 2905
C102 25117 3074
C151 23014 3325
C152 22401 3074
C153 33470 4304

the E{" 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
qguinonoid excited state. The Au's of the coumarins are smdl 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 Sokes shift vs E7Vin benzene-acetonitrile mixtures
of nine different compositions for molecule 12. The line is obtained from
least square fitting

respectively. These tables aso provide the computed values of
hyperpolarisabilities. We have used the AM1 optimised geometries for

the coumarin dyes and crystal structure geometries for the quinonoid
molecules in the computations. The AE, f and Ap for the lowest
excitation, required to estimate P, were caculated using the AMI
method® (MOPAC93)*° invoking a configuration interaction (CI)
scheme involving al 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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Table4.5: The experimental energy (AE), the dipole moment change
(4p) and the oscillator strength (f) for the lowest excitation, the
experimental and thetheoretical two-level hyperpolarisability (82/evel)
and ft from EFISHG (from Ref. 2 7) and from semiempirical
computation, for the coumarin dyes C102, C151,CI52 and C153
(Fig.4.3); all pare at hew = 0 eV andare in units of 10-30 esu.

Molecule | AE Ap f Baievel B Baievel B
(eV) | (D) (exp) | (exp) | (calc) | (calc)

C102 324 | 2.11 | 0.443 4.5 12.4 1.3 6.0
C151 3.38 | 1.58 | 0.479 3.2 9.0 1.3 5.0
C152 3.15 | 2.16 | 0.443 5.0 10.6 2.2 83
C153 295 | 2.22 | 0.620 8.8 15.8 2.4 94

component of the p along the dipole vector direction (by convention
chosen as x) we have computed the component, B, (defined in Sec.2.2).

In Table 4.5 it is seen that the experimental Bjever are
approximately 3-4 times that of the computed B,jever Values. In the case
of B, thisratio is roughly about 15 to 2. In Table 4.6, we find that the
experimenta B,ieve; 1S agan 1.5 to 2 times larger than the theoretical
Baeve.  This trend of higher values of experimental B with respect to
theoretical values is in accordance with the earlier reports®  This
overestimation in the experimental values could be due to the effect of
solvent dielectric environment and local field factors on B. 32
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Table 4.6: The experimental energy (AE), the dipole moment change

(A and the oscillator strength () for the lowest excitation, the
experimental and theoretical two-level hyperpolarisability, ft?level and

P fromsemiempirical computation, for the molecules 8, 9, 11, 12, 14
and 16 (Fig.2.1); all flare at hw = 0 eV andin units of 10-3%esu.

Molecule AE Ap f Batevel | Baievel B

(eV) (D) (exp) | (calc) | (calc)
8 2.99 9.4 0.385 | -22.1 | -11.5 | -52.6
9 2.74 -8.2 0.421 | -274 | -13.5 | -549
11 2.69 -8.1 0462 | -31.4 | -11.7 | -543
12 2.86 9.5 0.377 | -25.1 | -16.9 | -50.2
14 3.12 -10.0 | 0.387 | -20.8 | -14.7 | -51.0
16 2.89 -8.7 0418 | -246 | -145 | -514

What is more pertinent here is the comparison of B,..e; Values to

the B values, either from experiment or from theory. In Table 4.5, it seen
that the theoretical B to Baever Tat10 1s about 4, and the experimental p to
Batever ratio is roughly 2-3. For the quinonoid molecules the theoretical
P t0 Baievel Tatio 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 Bajeve; / P

ratios between coumarins and the quinonoids, the EFISHG p values of

the quinonoids would be expected to be 2-3 times their experimental
Biiever Values ie. about -50 to -60 x 10°% esu (at A= 0 eV).
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The present andyss again shows that the push-pull quinonoid
systems have potentidly large B values as seen from the 2-level
approximation, theoretical estimates or the projected EFISHG values.
They are inherently negative values, which is consstent with the
negative solvatochromism arising from the decrease in the dipole
moment on excitation. The Static (3 (or Byeve;) VaAUes in these molecules
are very similar irrespective of the donor groups. From the computed
values of B (Sec.2.2) as wdl as the experimental 2-level estimates and
the projected values obtained above for the push-pull quinonoid systems,
it is clear tha these molecules possess nealy smilar
hyperpolarisabilities irrespective of the donor groups.  This is
understandable in view of the smilar 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 ussful predictive value.
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44 DETERMINATION OF HYPERPOLARISABILITY
USING EFISHG TECHNIQUE

The semiemipirica quantum chemica 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 hyperpolarisabilities
which makes them interesting candidates for the fabrication of NLO
materials. To confirm these results we have determined the B‘s of a
representative system, 9 using the eectric 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 § are also described.
The theoretical background of the EFISHG is already described in
Sec.16.

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 pm 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 I,. A high voltage pulse (100 us wide) of upto 5
kV (from aVelonex Modd 345 High Voltage Pulser), synchronised with
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splitter; RAP, right angle prism; PB, Pellin-Broca prism; A . mirror;

GF, interferencefilter for 532 nm; IRF, interferencefilter for 7 064 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
gan 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 sectiona 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 stedl electrodes,
SS, 0 that the spacing between electrodes is maintained as 25 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

SG SG
SS

© 2o

@ (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
placedina l x 1 x 4.5 cm glass cuvette.
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The cdl assembly is mounted on a platform which could be
trandated vertically usng microprocessor controlled motors. The wedge
shaped glass spacers dlow 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 I,, data as a function of the cell trandation
to produce the Maker fringe pattern.®

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 1,,/1, 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, 1. (defined as A/4(n,,-n,)
where n, and n,,, are the refractive indices at the fundamental and second
harmonic frequencies). This data was analysed using a least square fit to
the function

i 1
22 = 4 sin"[_fd + AJ + 4, (4.9)

w gkt

The fitting parameters A; is related to 1., A4 is a phase correction factor
and A, and A, together define the amplitude of the second harmonic
generation as follows :

A‘Z““=%+A2

The amplitudes of the SHG obtained for the solution is denoted asAsz“’

and that for the pure solvent (DMSO) as A,z“’. Since the absorption of
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the compound a 2© is negligible (e = 10 M'cm™) the ratio of these

amplitudes can be directly related to the macroscopic susceptibilities as
given below.

2w 2
4, (LJ (s = solution, 1 = solvent) (4.10)
AIZw Z

|2Df |y
—
e w9 " e’

M
o

4 5 6 7 8
cell translation (mm)

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 Egn. 1.22, we can write,

_ NE fup

(4.11)
S5kT
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Combining 4.10 and 4.11, and assuming that the loca field factors for
the solvent and solution are same, we obtain,

A?w Wiz
{ 5 ] Z.’ + Z.mfwt'

lw =
4

- Xi

N .m.‘u.‘r!u .m."uh-ﬂ solute
T
N,u,pB,

=1+

- 1 + NA‘ f::ufunﬁ solure c (4_12)
1H1P

where N, is the Avogadro number, ¢ is the concentration of the solute in
mols/litre, N; is the number density (molecules per litre) of the solvent
and B and p are the hyperpolarisability and ground state dipole moment.
We have measured the amplitudes A, © at various concentrations in the
range 0.8 x 107 to 4 x 107 M of the sample and plotted the square root
of the ratio of the amplitudes in Eqn.4.12 vs c. From the dope of this
plot and using the reported experimental values of ppuso (4 D)*° and
Bomso (-007 x 107" esu)® and the calculated (AM1) value of pgguye (15
D), the B of the solute was determined to be (-72 £ 15) x 10”° esu. This
B isthe hyperpolarisabiltiy at 1064 nm excitation. Using the simple two
date model’ one can estimate the static hyperpolarisability, B(0) as
follows:

B(0) = ﬁ((u)(l - ’1;“ ](1 —4 "“;“] (4.13)
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where L and A, are the exciting wavelengths and the wavelength of
maximum absorption for the compound. Using the A,,,0f 9 (415 nm),
the (50) is found to be -24 x 100 esu. From AMI1 computations we
have found that the p(0) is -19.8 x 10°° esu for the AM1 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 experimentaly 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 E;' 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 ETN 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 ETN values revedls the basis for the
good correlation and provides a smple expression for the gradient of A v
versus E;" plots, from which pe 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 Byeve to 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 B's of severd
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 potentialy large Ps. Since our
primary god in this thesis work is to develop a new class of quadratic
NLO materias, 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



91 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 experimenta exploration of their molecular
hyperpolarisabilities (Chapter 4). The theoretical and experimental
studies on these systems have reveaed that they possess large molecular
hyperpolarisabilities and hence are of potentid 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 chird molecule-based
materials. For the sake of convenience, we divide these materias into
two classes, one based on achiral molecules and the other based on chira
molecules and present detailed structura and NLO studies on selected
candidates of each class in this Chapter and the next one.

In Sec.5.2, we present the crystal dructure 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 crystalise 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 dong with the discussion of relevant molecular structure
characteristics in this Section. In Sec.5.3, we present a nove
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 dl crysta structure determinations presented in this thesis,
the x-ray intensity data were collected on an ENRAF-NONIUS CAD4
computer-controlled diffractometer. CuKg (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.16. 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, Mode 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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a its maximum value. As is often the practice, the powder SHG
capability of al the compounds are expressed in terms of the unit, U
(SHG of urea = 1 U). The quinonoid materials we have investigated
have al shown very good stability under laser irradiation and no sign of
decomposition even on continued irradiation with a laser power of 1
GW/cm? (6 ns, 10 Hz) was detected.

52 CRYSTAL STRUCTURES OF DPIDQ (9), DPZDQ (10)
AND DMDQ (11)

Quantum chemical caculations 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
severa 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 caculations aso 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 insght into the molecular and crystal
structure of the diamino substituted dicyanoquinodimethanes, we
initidly attempted to grow crystals of several easily synthesised
derivatives. The molecules obtained from the reaction of primary
amines with TCNQ were in generd not amenable to good crystal
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growth. In thisinitial exploratory study, the molecules which gave good
quality single crystals were those prepared usng 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 al 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 (fractiona coordinates
for the asymmetric unit are provided in Tables A-1.1 to A-3.2). It is
seen that dl the three compounds belong to centrosymmetric space
groups. Based on a statistical analysis, it has been argued® 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, 52 and 53 respectively. The
significant bond lengths in the three compounds are collected in Table



MaterialsfromA chiral....

5.2 (the atom labellings are as shown in Figs. 5.1 (a), 5.2(a) and 5.3(a)
respectively). In dl the three molecules, the bonds in the unsaturated

Tableb5.1: Crystallographic data for compounds 9, 10 and 11.

S,

Compound 9 10 11
molecular formula CyoHasNy | CigH2oNg | CigHpgN40,
morphology cubes plates needles
crystal system triclinic triclinic monoclinic
space group Pl P1 P2,/n
a, A 13.540(1) | 13.372(1) 12.695(1)
b, A 16.239(1) | 15.614(1) 15.355(1)
c, A 8.771(1) | 8.756(1) 8.756(1)
a, deg. 101.78(1) 99.31(1) 90.0
B, deg. 104.79(1) | 105.63(1) 106.44(1)
Y, deg. 95.61(1) 97.06(1) 90.0
V, A3 1802.4(5) | 1710.5(6) | 1656.0(4)
Z 4 4 4
Pealeds & €M™ 1.18 1.25 1.30
p(CuK,), cm” 5.24 5.91 6.71
no. of unique reflections 5260 5073 2404
no. of reflections with I > 30, 4635 4591 2171
R 0.034 0.034 0.032
R, 0.062 0.061 0.056
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Figure 5.1:.(a) 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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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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Figure5.3: (a) The molecular structure and (b) szereoview Of the unit
cell along the c axis of 11 (the H atomsare omitted for clarity)
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six-membered ring that serves as the 'conjugation unit' in the push-pull
sysem 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 postive charge on the
diaminomethylene unit and negative charge on the dicyanomethylene
unit. Our theoretical analysis® of the parent sysem 7.7'-diamino-8,8'-
dicyanoquinodimethane (Sec.2.3) with structura changes induced by the
influence of varying external fields, indicated a peaking of the B 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 dightly decreasing the
zwitterionic nature by appropriate chemica modifications.

The molecular structures of 9, 10 and 11 revea norma bond
angles within the benzenoid ring, the exocyclic bonds and the
heterocyclic substituents. The unsaturated rings are quite planar in al
the structures. Table 5.2 aso provides two important dihedral angles 6,
and 6, in these structures. 6, is the dihedral angle between the average
planes of the diaminomethylene unit and the benzenoid ring and 6, the
similar angle between the dicyanomethylene unit and the benzenoid ring.
The 8, values indicate that the dicyanoquinodimethane moiety is almost
coplanar with the benzenoid ring asit isin TCNQ.
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Table 5.2: Important bond lengthsin A and dihedral angles (see text for
definition) indegreesin 9, 10 and 11 (seeFigs. 5.1 (a), 3.2(a) and 5.3 (a)

for atom labelling)

9 10 11
C(7)-N(9) | 1.333 | 1.336 | 1.333
C(7)-N(15) | 1.335 | 1.335 | 1.337
C(1)-C(7) | 1.467 | 1.465 | 1.466
C(1)-C(2) | 1.394 | 1.392 | 1.396
C(1)-C(6) | 1395 | 1.396 | 1.397
C(2)-C(3) | 1370 | 1.373 | 1.371
C(5)-C6) | 1369 | 1.372 | 1.372
C(3)-C@4) | 1.406 | 1.403 | 1.405
C(4)-C(5) | 1.405 | 1.404 | 1.407
C(4)-C(8) | 1.438 | 1.436 | 1.440
C(8)-C(21) | 1399 | 1.404 | 1.407
C(8)-C(23) | 1.405 | 1.407 | 1.404
8, 468 | 43.0 | 48.7

0, 50 | 6.6 1.4

The large values of 8, (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



Materials from A chiral.... 141

this twisted geometry to the well known" twisted intramolecular charge
transfer (TICT) systems is not out of place; the important contrast with
conventional TICT sysems 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. 24 The
twisting is further facilitated by the zwitterionic nature of the molecules
with the consequent weskening of the C1-C7 bond (Table 5.2). An
important consequence of this molecular twist is the chirdity that it
induces in the molecule. If one ignores the detailed structure of the
amino moieties, the twised molecule is nearly C, 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
chird 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 chira structures are likely to
exist as racemates in solution and finaly provide only centrosymmetric
structures as has been observed.

We find that the three crystal structures irrespective of the donor
amino group are rather smilar. Since the steric effect due to the six-
member rings are smilar and the electronic nature of the amines are
practically identical, thisis not surprising. The possibility of H-bonding
through the piperazine unit in 11 does not appear to have developed any
novel features in the crystd 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 isthe 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, paralel 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 posshility 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.” 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 aso
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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 srong 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.

Severa instances of apparently centrosymmetric systems giving
rise to SHG have been reported. Wesk SHG found® in powders of
aromatic charge transfer molecules with centrosymmetric crystal
structures has been attributed to minor deviations from a dtrictly
centrosymmetric latticee.  Strong SHG from LB monolayers of
centrosymmetric squarine dyes® indicates that these molecules which
form centrosymmetric crystals assemble noncentrosymmetrically in the
LB film. Occlusion of chird molecules has been shown to induce
noncentrosymmetry in centrosymmetric lattices and lead to strong SHG
activity.” 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 crysta
structures.’ Completely SHG inactive and moderately to strongly SHG
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active polymorphs have been grown from different solvents!  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 P2y/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 crysta
degradation. Structure analysis indicated a P21/n space group (Table
5.3) and a solvate molecule of chloroform per DPDQ. The fractiond
coordinates of the asymmetric unit of DPDQ-A and DPDQ-C ae
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-4 and DPDQ-C
Compound DPDO-A DPDQ-C
molecular formula C gHyoNg. H,O | CgH,0N,4. CHCL4
crystal system monoclinic monoclinic
space group P2,/c P2,/n
a, A 16.473(2) 13.278(1)
b, A 8.481(1) 17.658(1)
c, A 25.383(3) 8.907(1)
B, deg. 105.20(1) 103.11(1)
V, A3 3422.2(6) 2034.0(8)
Z 8 4
Pealcds £ CM™3 1.21 1.34
u(CuK,), cm-! 5.81 42.40
no. of unique reflections 5492 3071
no. of reflections with 1 2 30, 4200 2296
R 0.046 0.091

hence the zwitterionic nature of this molecule. The resultant dipole
moment of this molecule is expected to be high (AMI1 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 paralel 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 aong the b axis (the longest unit cell

Table 5.4: Important bond lengthsin A and dihedral angles (see Sec. 5.2
for definition) in degreesin DPDQ-C (seeFig. 5.4 (a))

DPDQ-A | DPDQ-C

C(7) - N(9) 1.321 1.318
C(7)-N(14) | 1.330 1333
C(1) - C(7) 1.472 1.480
C(1) - C(2) 1.401 1.380
C(1) - C(6) 1.390 1.402
C(2)-C@3) 1.363 1373
C(5) - C(6) 1.367 1.376
C(3)- C(4) 1.405 1.399
C(4) - C(5) 1.399 1.391
C(4) - C(8) 1.446 1.449
C(8)-C(19) | 1.394 1.400
C(8)-C(21) | 1.400 1.41

0, 56.2 56.2

0, 5.5 5.4

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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Figure5.4: (continued on next page)
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(©)

Figure 5.4: (a) Molecular structure of DPDQ-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 pyrrolidineringsand all H
atoms are omitted for clarity; the N atoms of the pyrrolidineringsare
shown asfilled circles
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crystalisation 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 recrydalised from  acetonitrile,  tetrahydrofuran,
methanol, ethanol and dichloromethane did not show ay SHG either in
the crystal or in the dried powders. Freshly recrystdlised DPDQ-C
suspended in chloroform did not show any SHG. Upon drying, the
crystals logt their transparency and formed a flaky powder. In a Kurtz-
Perry  experiment usng 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
a paticle szes dove 75 u indicating that the materid is phase-
matchable. This SHG activity is highly reproducible provided the
sample has been purified by severd recryddlisations. 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 alow 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 dtructure 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.
L oss 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 a 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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sructure.  However, these attempts were unsuccessful since the
compound decomposesjust before melting at 2900C.

54 CONCLUSION

Diaminodicyanoquinodimethane systems provide anovel class of
push-pull quinonoid molecules with suitable molecular properties to
develop molecular NLO materidls. The three molecules 9-11 presented
here are typical examples of these eadly synthesised compounds. These
molecules crystalise quite well; the crystal structure analys's indicated
centrosymmetric space groups for dl the molecules. The investigations
of these crysta dructures have reveded important indgght 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 potentialy useful nonlinear optica properties
a the molecular levd, the high ground state dipole moments are ahurdle
to noncentric crystal latice 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 materiads for sensor gpplications is an area of
great fascination today, dSnce molecular devices may offer
unprecedented active device sizes on the nanometer scale and extremely
fast response to the simuli to be sensed. A variety of eectronic,
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 fundamenta 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



61 BACKGROUND

In the previous Chapter we have described the crysta structures of
some push-pull quinonoid molecules based on achiral substituent groups
like pyrrolidine, piperidine etc.. We found that al these materids had
centrosymmetric oace 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 achird derivatives lisged in Fig.2.1 aso
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 materids if
one could induce gppropriate dignment of the molecular dipoles in the bulk
state. We therefore attempted a wide variety of gpproaches to obtain
noncentrosymmetric materials based on these compounds.

We have tried saverd drategies like poling of polymers and sol-ge
matrices containing these compounds, cocrystalisation of these molecules
with urea, p-nitroaniline and tartaric acid. preparation of sts of derivatives
such as of DADQ and DPZDQ with counterions such as CI", CF,CO, and
CH;C¢H,SO;". But none of these gpproaches gave any clear indication of
successful fabrication of a noncentric bulk system. Along with these
strategies, we aso invesigaed the approach of synthesisng chird
derivatives of the basic diaminodicyanoquinodimethane framework. As
discussed in Sec. 1.4, the molecular chirdity guarantees the crystalisation
of a pure enantiomer in a noncentric space group; there are severd chird
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compounds reported,® which have been found to be efficient NLO
materials, NPP (Fig.12) being an excelent example. The
diaminodicyanoquinodimethane framework allows innumerable variety of
chiral groups to be substituted and a very wide choice can be envisioned.
The chira 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 dructures of 7-S(-)-a-
methylben2ylamino-7-pyrrolidino-8,8-dicyanoquinodimethane, MBPDQ
(14) and 7-S(+)-2-methoxymethylpyrrolidino-7-pyrrolidino-8,8-dicyano-
quinodimethane, PMPDQ (16) (Fig.2.1). We aso describe the powder
SHG experiments and the observation of moderate to farly strong phase-
matched SHG in these compounds. The NLO properties of the
sterecisomer 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[R(-)-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 «ill lower SHG than 14. In MBPDQ, the
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stereogenic centre is on a conformationaly flexible side group and in
PMPDQ, it ison arelatively more rigid cyclic moiety. This feature has led
to larger deviation of dipole vectors from an antiparalel 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 crysa
structure details of this compound. A detailed analysis of the correlation of
SHG to the dipole aignment and molecular hyperpolarisability is aso
discussed.

62 CRYSTAL STRUCTURES AND POWDER SHG STUDIES
OF MBPDQ (14) AND PMPDQ (16)

The first chira derivative that we synthesised was MBPDQ utilising
the chiral group that has been previousy employed® in 2-N-(a-
methylbenzylamino)-3,5-dinitropyridine ~ (MBADNP) and 2-N-(a
methylbenzylamino)-5-nitropyridine  (MBANP).  Single crysta X-ray
structure analysis of the transparent plate-like crystals of MBPDQ obtained
from acetonitrile solution indicated an acentric space group, P2, with two
MBPDQ molecules and two solvent molecules in the unit cell. The
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crystalographic data are provided in Table 6.1 (fractiond coordinates for
the asymmetric unit are provided in Tables A-6.1 to A-6.3). The molecular
structure and the unit cell view aong 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 trandfer 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 crucid difference now is the loss of the
centre of inversion; however, the molecular dignments in the crystal are
nearly head-to-tail, the noncentricity arisng from the presence of the chira
carbon atoms aone. 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-R) gppeared very similar to 14. The
melting points and electronic absorption were identica. The powder SHG
was also nearly the same. We also consdered the naphthyl derivative in
place of the phenyl derivative. The resulting compound, 15, showed no
improvement in SHG; in fact it was only 05 U. Since these compounds
showed no progress with respect to the solid state SHG, we did not attempt
any crystd structure analysis on them.

In view of the nearly optimal dipole dignment present in the well
known material, NPP having the chira prolinol group, it would be
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(@)

(b)

Figure 6.1: (a) Molecular structure of MBPDQ fronsingle 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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Table6.1: Crystallographic dara for MBPDQ

molecular formula Cy,H,,N,.CH,CN
morphology plates
crystal system monoclinic
space group P2,

a, A 12.715 (3)
b, A 8.068 (2)
c. A 10.422 (2)
B. deg. 91.03(2)
V, A3 1068.9(5)
Z 2

Pealcas & cm3 1.19
H(CuKy), em-! 5.36

no. of unique reflections 2182

no. of reflections with 1 2 267 | 2063

R 0.050

Ry 0.076

interesting to consider the prolinol derivative of push-pull quinonoid
systems. Therefore, we atempted the introduction of chira prolinol groups
in place of the methylbenzylamino group present in MBPDQ. However, the
reaction of the monopyrrolidinotricyanoquinodimethane (PTQ) with
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Table 6.2: Sgnificant bond lengths, bond angles and dihedral angles in
MBPDQ from single crystal x-ray analysis; the atom labellings are shown
inFig. 6.1 (a)

Distance Angle

(A) (deg)

C(1)-C(2) 1.393 C(1) - C(7)-N(9) 120.2
C(2)-C(3) 1.383 C(1)-C(7)-N(14) 120.4
C(3)-C4) 1.400 C(7) - N(9) - C(10) 123.2
C(4) - C(5) 1.406 C(7)-N(9)-C(13) 125.9
C(5) - C(6) 1.378 C(7) - N(14) - C(15) 124.7
C(1) - C(6) 1.398 N(9) - C(7) - N(14) 119.4
C(1)=C(7) 1.467 C(10) - N(9) - C(13) 110.6

C(4) - C(8) 1.447 | C(1)- C(7)-N(9) - C(13) 9.9
C(7) - C(9) 1.308 | C(1)-C(7)-N(14)-Cc(15) | 17.1
C(7) - N(14) 1.343 | C(2)-C(1) - C(7) N(9) 49.7
C(8) - C(23) 1.402 | C(3)-C(4)-C(8)-C(23) 8.3
C(8) - C(25) 1.403 | C(5) - C(4) - C(8) - C(25) 10.2
C(23)-N(24) | 1.146 | C(6)-C(1)-C(7)- N(14) 50.0
C(25)-N(26) | 1.153

prolinol led to intractable products. We bdieve that the hydroxy group of
prolinol partially replaces the pyrrolidine group aready present in the
molecule. Such possibilities have been discussed in the original paper from
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du pont. We dso note that Nicoud* and Twieg e o have prepared
compounds by the direct reaction of various chird aminoalcohols With
TCNQ; though they were SHG active no deals of synthess 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 mehyl eher 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 aignment.

Crystds of PMPDQ were grown from acetonitrile solution as
prisms. Prediminary reflection data were indexed to the noncentric
orthorhombic space group, P2,2,2, (Table 6.3) (the fractionad 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 (R, = 0.15), though data from severa
crystals were tried. The molecular structure obtaned from the analysis
indicated unphysica 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 overdl crystal structure and
space group are expected to be correct. The unit cdl view dong the b axis
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Table 6.3: Crystallographic data for PMPDQ

is presented

molecular formula C,oH4N,O
morphology prisms
crystal system orthorombic
space group P2,2,2,

a, A 15.717

b, A 12.100

c, A 9.867

o= =y, deg. 90.00

v, A’ 1068.9

zZ 4

Pealeds & cm™ 1.19
u(Cuk,), cm™ 5.66

no. of unique reflections | 992

R 0.111

R, 0.149

in Fig.6.2.

Chapter 6

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 arigid ring
framework would help in improving the dipole alignment appears to be



Materials from Chiral.... 165

%A ) D/Y .

Figure6.2: Stereoview of theunit cell along b axis for PMPDQ

useful. This aspect will be discussed in greater detail in connection with the

subgtitution 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
amoderate 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 crystds as
well. In the case of PMPDQ, large intendities of ca. 25 - 30 U were
obtained for powders with particle szes > 300 urn aswell as for crystals; the
saturation of the SHG intensity at large particle sizes again indicated phase-
matchability (Fig.6.3).
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Figure 6.3: Powder SHG intensity (relative to urea powder with particle
sizeca. 150 um) at different particle sizes of MBPDQand PMPDQ

63 DUAL | NFLUENCE G- | NTERMOLECULAR
H-BONDING ON THE SHG| N 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 trividl molecular structural units have assembled into a
three-dimensional crystaline network involving a highly efficient utilisation
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of extensive H-bonding. Among the multiple options available which
sidy the strong dipolar forces, the one which smultaneoudy maximises
the H-bonding interactions is naturally sdected in the urea crystd.” This
leads to a concomitant breaking of the centre of symmetry and hence, a

drong solid state SHG capability keeping in view the smal 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 aignment of NLO
chromophores, so that high SHG capahility is attained in the bulk. One of
the mogt successful cases in question isNPP (Fig. 1.2).  Here the chirdity in
the prolinol unit ensures noncentrosymmetry of the lattice space group, and
the extensive H-bonding leads to a crystd packing that provides for close to
optima angles between the molecular dipoles. NPP is one of the best
molecular materials for SHG that has been structurdly characterised in great
detail. Week to moderate SHG capability have been achieved in crystas
having extensive H-bonding with * " or without® the support from chirdity
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 crysta
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 generaly been less dgnificant 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.**

In an effort to examine, how intermolecular H-bonding would affect
the materia 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-(R)-hydroxypyrrolidino derivative. The crystal structure and solid state
SHG of 7,7-bis[R(-)-3-hydroxypyrrolidino)-8,8-dicyanoquinodimethane,
DHPDQ (13) is presented in this Section. We have studied aso the
racemate analogue of 13, namely 13-RS; the monosubstituted derivative,
namely, 7-[R(-)-3-hydroxypyrrolidino)-7-pyrrolidino-8,8-dicyanoquino-
dimethane, HPPDQ, has aso 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 64 provides the crystal analysis data (the fractiona
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 sgnificant 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 O angle in dl the
crystals in this series that we have examined lie in the range 43 - 58.2°
(Table 2.2).

Table6.4: Crystallographic data for DHPDQ

molecular formula C,gH,oN,4O,
morphology plates
crystal system orthorhombic
space group P2,2,2,

a, A 11.761

b, A 16.888

c, A 8.537

a, B, v, deg. 90.0

V, A3 1695.6

Z 4

Peatcas & M 1.27
p(CuK,), em"! 6.55

no. of unique reflections 1754

no. of reflections with I 2 207 1584

R 0.037

Ry 0.053
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Table 6.5: Sgnificant bond lengths, bond angles and dihedral anglesin
DHPDQfrom single crystal x-ray analysis; the atom labellings are shown

inFig. 6.4(a)
Distance Angle
(A) (deg)
C(1)-C(2) 1.383 | C(1)-C(7)-N(9) 118.1
C(1) - C(6) 1.389 | C(1)-C(7)-N(14) 117.3
C(1)-C(7) 1.485 | C(7)- N(9) - C(10) 121.3
C(2)-C3) 1.380 [ C(7)-N(9)-C(13) 128.7
C(3)-C(4) 1.411 [ C(7)-N(14) - C(18) 121.9
C(4) - C(5) 1.395 | C(7)-N(14)-C(15) 127.3
C4)-C(8) 1.444 | N(9)-C(7)-N(14) 124.6
C(5) - C(6) 1.376 | C(10) - N(9) - C(13) 109.9
C(7) - N(9) 1.321 | C(15)-N(14)-C(18) 110.4
C(7) - N(14) 1.322 [ C(1)-C(7)-N(9) - C(10) 5.6
C(8) - C(19) 1.404 | C(1)-C(7)-N(14)-C(18) 12.1
C(8) - C(21) 1.381 [C(2)-C(1)-C(7)-N(9) 73.9
C(19) - N(20) 1.148 | C(3)-C(4) - C(8)-C(19) 11.9
C(21) - N(22) 1.158 | C(5)-C(4)-C(8)-C(21) 17.5
C(6) - C(1)-C(7)-N(14) 73.7
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(@)

(b)

\o

Figure 6.4: (a) Molecular structure of DHPDQ fromsingle-crystal x-ray
analysis, H atomsof 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 sgnificant and we analyse its origin and implications below.

Fig.6.4(b) shows the stereo view of the unit cell along the ¢ 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(1)) 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)
isto the 0(2) of a neighbour molecule and the H-bond acceptance by 0(2) is
with O( 1) of a different neighbour. This H-bonded zig-zag chain extends
roughly aong 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 aong
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 thustied 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 dl the non H-bonded systems of this series we have
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Figure 6.5: H-bonded chainsin DHPDQ (a) along aaxisand (b) along b
axis; the H-bonds are shown using thin lines

173
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investigated. Further, semiempiricd AM1 calculations (Table 2.1) have
predicted the twist angles in these substituted diaminodicyano-
guinodimethanes to be in the range 40 - 58°; in the case of DHPDQ, the
AM1 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 A, vaues in
acetonitrile are respectively 388 nm and 375 nm for DHPDQ and DPDQ
(Sec.3.3). Thisindicates 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 dight yellow colour, consistent with the
Amax ObSErved in the solution. However, DHPDQ crystals and powder are
distinctly lighter in colour, being amost white. This we take as indicative
of the dightly 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 materia
in the visible range.

Our earlier computational analysis of DPDQ (Sec.2.4) has focused
on the strong dependence of hyperpolarisability, § 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 B vaues calculated for the
crysta  dructure geometries of DPDQ and other sysems ae Al
approximately -50 to -54 x 10" esu. The p vaue cdculated for the
molecular structure of DHPDQ in its crystaline gate is -31.3 X 107° esu.
The decrease in B due to the enhanced twigt is quite consistent with the trend
predicted earlier. Thus we find that the H-bond matrix in crystas of
DHPDQ has led to strong modification of the molecular structure which has
contributed poditively to the absorption energies, but negetively to the
molecular hyperpolarisability. Molecular structure exerting a crucia control
on the crysta dructure is a commonly observed and well-studied
phenomenon. The present observation however is rather a rare and
interesting case where the crystd structure of a molecular materid 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 intendty saturated for
particle sizes of ~250 p, at about 13 U; smilar SHG was found for crystals
as well, indicating that this materid aso is phase-matchable. \We believe
that the H-bond has played adua 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.

Intermolecular
H-bonding

E?rystal stmcmre]_H Molecular ]
structure

: Hyper-
@JOIC ahgnment] [ polansability ]

[Solid state SHG]

Figure 6.6: Schematic diagram of variousfactors 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 datistical mixture of (RR), (S.$) and
(R.S) products is expected to form. The product obtained, 13-RS
surprisingly showed solid state SHG, though quite week (~1 U). This is
indicative of a noncentric crystd lattice. One possible way that a noncentric
lattice has formed is that an opticaly active product is fomed by some
imbalance in the datistical distribution mentioned above. However the
product was found to be opticaly inactive ([a],> (¢ = 0.03, MeOH) = 0°).
Therefore we conclude that 13-RS is indeed a racemate or meso form or
mixture of both. The wesk SHG obtained indicates that the H-bond
interactions have led to the formation of a noncentric lattice. The mono-3-
(R)-hydroxypyrrolidine derivative HPPDQ which is expected to have avery
different H-bond network was aso prepared in our laboratory. The SHG
capability was found to be moderate (~ 4 U), but grealy reduced with
respect to DHPDQ. This indicates the relevance of the chirdity 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 DHPDQ-RS and HPPDQ had the usud 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 dbsorption 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
materia could be attributed to this. The derivatives 14-R 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 antiparale
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 logica 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
crysta structure refinement. It was adso hoped that increasing the number
of stereogenic centres in a rigid framework would coax the molecular
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dipoles further gway from an antipardle arrangement thus improving the
solid state quadratic nonlinear optical properties.

Crystals of DMPDQ were grown from acetonitrile solution and the
crysta structure analysis showed tha the refinement went through
smoothly in contrast to PMPDQ. The cydd belongs to the noncentric
space group P2,. The unit cel parameters and rdevant structure analysis
data are collected in Table 6.6 (the fractiond 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 aong the
b axis are shown in Fig.6.7. The molecular structure (Fig. 6.7(a) and Table
6.7) revedls 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 2563A between aromatic ring H atoms
and cyano group N atoms of neighbouring molecules dong the b and ¢
axes leading to molecular sheets approximately parald to the bc 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
aignment of their dipole vectors; in DMPDQ for instance, these molecules



180 Chapter 6

(@
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= >
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Figure 6.7: (a) Molecular structure of DMPDQ fronsingle-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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Table6.6: Crystallographic data for DMPDQO

molecular formula Cy,HyN,O,
morphology cubes
crystal system monoclinic
space group })2i

a, A 13.902(3)
b, A 8.311(4)

c, A 9.203(2)

B, deg. 102.26(1)
V, A3 1039.1(7)
Z 2

Pealeds £ €M 1.22
p(CuK,), cm-! 6.01

no. of unique reflections 2115

no. of reflections with I > 20 2059

R 0.034

Ry, 0.054

form neighbours adong the a axis. This non-antipardld aignment 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
gabilisng influence in the crystal packing in DMPDQ.
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Table 6.7: Sgnificant bond lengths, bond angles and dihedral angles in
DMPDQfrom single crystal x-ray analysis; the atom labellings are shown

inFig.6.7(a)
Distance Angle
(A) (deg)
C(1)-C(2) 1.399 | C(1)-C(7)-N(9) 121.7
C(1) - C(6) 1.398 | C(1)-C(7)-N(17) 118.9
C(1)-C(7) 1.468 | C(7)-N(9)-C(10) 1243
C2)-C@3) 1.377 | C(7)-N(9) - C(13) 124.3
C(3)-C4) 1.407 | C(7)-N(17)-C(18) 123.5
C4)-C(5) 1.407 | C(7)-N(17)-C(21) 125.7
C(4) - C(8) 1.441 | N(@9)-C(7)-N(17) 119.3
C(5) - C(6) 1.377 | C(10) -N(9) - C(13) 111.4
C(7) - N(9) 1.324 | C(18)-N(17) - C(21) 110.7
C(7)-N(17) 1.339 [ C(1)-C(7)-N(9) - C(10) 20.4
C(8) - C(25) 1.399 [ C(1)-C(7)-N(17)-C(18) 33.4
C(8) - C(27) 1.392 [ C(2)-C(1)-C(7)-N(17) 53.8
C(25) - N(26) 1.146 | C(3)-C(4)-C(8)-C(25) 4.7
C(27) - N(28) 1.155 [ C(5)-C(4)-C(8)-C(27) 3.7
C(6) - C(1) - C(7) - N(9) 54.2
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The SHG capability of DMPDQ was determined using the Kurtz -
Perry powder method and gave the highest vdue ~ 55 U in this series of
push-pull quinonoid systems, for powders with particle sizes in the range
50 - 200 1. The saturation of the SHG intengty at higher particle szes
indicated that the material is phase-matchable. Examination of the crysta
packing (Fig.6.7(b)) reveds that the dipoles of molecules stacked dong the
a axis are nearly perpendicular to each other, with the intervector angle
being 103°. This is the strongest deviation from an antiparalel aignment
achieved in this class of drongly zwitterionic diamino substituted
dicyanoquinodimethanes and appears to be the bass for the strong solid
dsate 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
srong solid state SHG and where crystd dructure analysis have been
caried out. It may be noted that MBPDQ and DMPDQ have only two
molecules in the unit call 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
crystas 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 aso
provides the calculated P(0) values (AM1) 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 modd 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 easly be
shown to be /B where,/= {2(I+cos a)} . When two or more vectors are
to be added to a vector, the relevant intervector angles, a;, have to be used

and this factor can be calculated by successive application of the above
equation ie.,f= IT {2(I+cosa;)} . The enhancement or reduction factor,/

for the four materias are dso presented in Table 6.8; in the case of
PMPDQ and DHPDQ, since there are four molecules each in the unit cdl,
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 of/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 aom, from the
dipole axis; the H-bonding interactions of course complicate

Table6.8;: Thestaticf values, inter dipolevector angles, afrom crystal
structure analysis, the computed enhancement/reduction factor,
fandhe powder SHG values for four SHG active compounds

compound -B(0) o (deg.) f f1B(0)| powder
(10-30 esu) (1030 esu) | SHG (U)
MBPDQ 51.0 168 0.21 10.7 3
DHPDQ 31.3 126,114 | 0.89 27.8 13
PMPDQ 51.4 94,149 | 0.99 50.4 28
DMPDQ 50.2 103 1.25 62.8 55

the picture further. Since the p vaues of MBPDQ, PMPDQ and DMPDQ
are nearly the same, the SHG intengities of these materids follow the trend
of/ illustrating the crucid influence of the dipole dignment on the NLO
characteristic of the bulk material. Since DHPDQ has a different B value,
to make a genera comparison of dl the compounds, we have to consider
the /[3 values (dnce the €ign is not relevant, we consder only the
magnitudes of P). It is seen that the good f factor in DHPDQ is partialy
offset by its reduced p and leads to an /B vaue intermediate between
MBPDQ and PMPDQ. We recdl that the intermolecular H-bonding
present in DHPDQ strongly influence both these factors, the f through the



186 Chapter 6

direct effect on the crystal structure and (3 through the impact on the
molecular structure. The solid state SHG observed in the four materias is
now seen to have an excellent correlation to the /B values. Fig.6.8
illustrates this elegant simple correlation. We believe that this empirica
anaysis 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

60
b L ]
5. DVPDQ
40
)
2 3
gw « PVPDQ
1 e DHDQ
104
0- .NB::‘I:}
0 10 20 30 4 5 6 7

FIB(0M / 10730 esy

Figure 6.8: The correlation of {3 with solid state SHG in four compounds
DMPDQ (12), DHPDQ (13), MBPDQ (14) and PMPDQ (16)
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is the same as that in the oriented gas modd, the treatment is smpler (and
admittedly less rigorous) and directly useful for experimentalists working
on aclass of related systems.

6.5 CONCLUSION

We have presented in this Chapter the crystd sructure details and
powder SHG studies of MBPDQ, PMPDQ. DHPDQ and DMPDQ.
DHPDQ is a unique entry in the sense that this materid illustrated novel
effects of intermolecular H-bonding that could be crucid 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 thisisin
good accord with the progression of inter dipole vector angles towards an
orthogond orientation in this family of crystals. The improvement in the
aignment 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 crystd lattices of
fundamental interest in the design of quadratic NLO molecular materials.

The ease of synthesis and crystdlisation, transparency through most
of the visible window, good therma ability upto ~ 250°C and strong
phase-matchable second harmonic generdtion are the positive features of
the new molecular materials that we have presented here. These aspects
should make this class of compounds, a sgnificant entry into the field of
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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 crystaline 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 fied
of nonlinear optics. A large number of organic, organometallic and
polymeric systems have been developed over the past severa years.
Though the molecular systems surpass conventional materials with regard to
the efficency and speed of the NLO responses, several problems such as
mechanica and thermal stabilities, transparency etc. remain so that they are
as yet not fully optimised for technologica 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 reveded that they possess large molecular
hyperpolarisabilities in view of the relatively small size of these molecules.
These dudies also provided useful insgght into the influence of the
molecular structure on the molecular nonlinear response. These
computationa studies led us to synthesise severa 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 corrdation of (3 to the quinonoid-
benzenoid character of these molecules suggests ways to fine-tune the
molecular hyperpolarisabilities of these formaly quinonoid molecules by
adjusting the push-pull effect. = Another dgnificant 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 B 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 smple solvatochromic
estimation of P, on severa systems and cdibration studies on a
prototypical molecule by the EFISHG method.

At the materid level, these push-pull quinonoid systems are found to
have severd postive features. They are very easy to synthesise; only one or
two steps are involved in al 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 typica 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 A, and cutoff wavelengths are typically about 400
nm and 500 nm respectively). Therefore they are of potentia interest in the
fabrication of devices in the visible range.
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The achiral compounds in this series have dl crysalised 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 achira derivative, DPDQ); this
may have potential sensor applications. Introduction of chiral groups led to
the successful preparation of noncentrosymmetric crystals in severd
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 materias have
not only led to the development of strongly SHG active novel molecular
materials, but aso reveded important aspects of materiad 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 dud 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 alows 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 axia
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 akyl chains on the amino groups. The
origin of noncentricity in these basically achird systems is under
investigation. This may open up new gpproaches 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.> It would be interesting to synthesise
the corresponding compound with TCNQ in place of TCNE; the topology of
the product would be quite crucia 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 smdl szes do not permit detailed investigations of the
nonlinearity tensor components, the phase-matching directions, electro-optic
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effects etc.. Crysta 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 chan amines are easly 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 eectric fidd poling, in view of the high
thermd stabilities of these chromophores. Incorporation of these molecules
into suitable polymer host matrices through covaent linkage and subsequent
poling to create robust NLO materials would aso be a promising approach.

The discussion presented above shows that the investigations
presented in this thesis have led to the faorication of a new class of
molecular materials capable of efficient SHG with great potential for further
development and ultimately, perhaps technologica application.
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Table A-1.1: Atomic coordinates andequivalent isotropic displacement parameters
for DPIDQ (9). Upggq is defined as one third of the rrace of the orthogonalised Uj;

tensor (e.s.d's are in parantheses)

Atom x/a y/b z/c U,
Molecule A
C(1) 0.6735(1) 0.44307(8) | 0.5709(2) 3.41(4)
C(2) 0.6158(1) 0.47805(8) | 0.4510(2) 3.72(5)
C(3) 0.5459(1) 0.4268(1) 0.3145(2) 3.97(5)
c@) 0.5298(1) 0.33756(9) | 0.2903(2) 3.72(5)
C(5) 0.5898(1) 0.30326(8) | 0.4102(2) 3.85(5)
C(6) 0.6594(1) 0.35469(9) | 0.5464(2) 3.79(5)
C(7) 0.7445(1) 0.49869(8) | 0.7197(2) 3.31(4)
C(B) 0.4549(1) 0.2840(1) 0.1483(2) 4.44(5)
N(9) 0.80754(9) | 0.56450(7) | 0.7080(1) 3.73(4)
C(10) 0.8560(1) 0.5584(1) 0.5744(2) 4.50(5)
C(11) 0.8422(1) 0.6318(1) 0.4936(2) 5.60(7)
C(12) 0.8766(2) 0.7163(1) 0.6172(2) 6.60(8)
C(13) 0.8230(2) 0.7189(1) 0.7493(2) 6.34(8)
C(14) 0.8404(1) 0.6458(1) 0.8308(2) 4.76(6)
N(15) 0.74390(8) | 0.48395(7) | 0.8633(1) 3.46(4)
C(16) 0.8334(1) 0.5130(1) 1 0092(2) 4.34(5)
C(17) 0.8554(1) 0.4414(1) 1 0932(2) 5.09(6)
C(18) 0.7615(1) 0.4027(1) 1 1309(2) 5.27(6)
C(19) 0.6743(1) 0.3709(1) 0.9767(2) 4.83(6)
C(20) 0.6511(1) 0.44283(9) | 0.8945(2) 3.97(5)
C(21) 0.4020(1) 0.3188(1) 0.0242(2) 5.24(6)
N(22) 0.3590(1) 0.3490(1) -0.0768(2) | 7.39(7)
C(23) 0.4327(1) 0.1957(1) 0.1322(2) 5.03(6)
N(24) 0.4164(1) 0.1232(1) 0.1232(2) 6.96(7)
Molecule B

C(1") 0.1560(1) 0.08195(8) | 0.7435(2) 3.26(4)
C(29 0.0538(1) 0.04178(8) | 0.7006(2) 3.47(5)
C(3") -0.0263(1) | 0.08760(9) | 0.6847(2) 3.57(5)
C(4) -0.0093(1) | 0.17684(8) | 0.7128(1) 3.23(4)
C(5) 0.0945(1) 0.21679(8) | 0.7587(2) 3.38(4)
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Table A-1.1 (contd...)

C(6) [0.1742(1) [ 0.17057(8) | 0.7720(2) | 3.45(3)
C(7) | 02420(1) | 0.03305(8) | 0.7542(2) | 3.23(4)
C(8) |-0.0935(1) | 0.22466(9) | 0.6945(2) | 3.78(5)
N©) |024635(9) | -0.02757(7) | 0.8364(1) | 3.71(4)
c(10h | 0.2050(1) | -0.0237(1) | 0.9770(2) | 4.57(6)
cary | 0.1311(1) | -0.1031(1) | 0.9577(2) | 5.41(7)
C(12) | 0.1803(2) | -0.1821(1) | 0.9225(2) | 6.15(8)
C(13) | 022092) | -0.1827(1) | 0.7771(3) | 6.53(8)
c(14") | 0.2959(1) | -0.1032(1) | 0.8001(2) | 5.12(6)
N(15" | 0.31364(8) | 0.05055(7) | 0.6805(1) | 3.51(4)
C(16') | 0.4219(1) | 0.0367(1) | 0.7334(2) | 4.65(6)
C(17) | 0.4941(1) | 0.1172(1) | 0.7497(2) | 5.70(7)
C(18) | 0.4725(1) | 0.1498(1) | 0.5975(2) | 5.81(7)
C(19) | 0.3607(1) | 0.1613(1) | 0.5438(2) | 4.99(6)
C(20) | 0.2893(1) | 0.0805(1) | 0.5295(2) | 4.04(5)
C1) | -0.1958(1) | 0.1827(1) | 0.6525(2) | 4.28(5)
N@2') | -02781(1) | 0.1450(1) | 0.6175(2) | 6.11(6)
C(23) | -0.0767(1) | 03130(1) | 0.7107(2) | 4.50(6)
N(@24") | -0.0617(1) | 0.3857(1) | 0.7246(2) | 6.64(7)

Table A-1.2: Hydrogen coordinates and isotropic displacement parameters for
DPIDQ (9)

Atom x/a y/b z/c Ug
Molecule A
H(2) 0.6250 | 0.5381 | 0.4641 | 4.5
H(3) 0.5076 | 0.4520 | 02345 |48
H(5) 0.5820 | 0.2432 | 0.3967 | 4.6
H(6) 0.6987 | 0.3296 | 0.6258 | 4.5
H(10T1) 0.9279 | 0.5581 | 0.6167 |54
H(102) 0.8255 | 0.5068 | 0.4956 |54
H(111) 0.8823 [ 0.6291 | 0.4187 | 6.7
H(112) 0.7712 | 0.6275 | 0.4372 | 6.7




Appendix

Table A-1.2 (contd...)

H(121) 0.9493 0.7239 0.6642 7.9
H(122) 0.8598 0.7609 0.5647 | 7.9
H(131) 0.8492 0.7711 0.8288 7.6
H(132) 0.7509 0.7159 0.7029 7.6
H(141) 0.8012 0.6472 0.9067 X0
H(142) 09118 0.6500 0.8856 | 5.7
H(161) 0.8925 0.5316 0.9781 5.2
H(162) 0.8188 0.5589 1.0820 5.2
H(171) 0.8775 0.3984 1.0245 6.1
H(172) 0.9088 0.4632 1.1918 6.1
H(181) 0.7777 0.3565 1.1789 6.3
H(182) 0.7410 0.4446 1.2043 6.3
H(191) 0.6936 0.3270 0.9057 | 5.8
H(192) 0.6143 0.3490 1.0019 | 5.8
H(201) 0.6262 0.4843 0.9623 4.8
H(202) 0.5994 0.4208 0.7940 | 4.8
Molecule B
H(2") 0.0395 -0.0184 | 0.6820 | 4.2
H(3") -0.0952 0.0583 0.6539 4.3
H(5") 0.1095 0.2771 0.7808 4.1
H(6") 02433 | 01994 | 08013 |[4.1
H(101") 0.2609 -0.0170 | 1.0718 | 5.5
H(102") 0.1696 0.0240 | 0.9882 | 5.5
H(111") 0.1117 -0.1004 1.0551 6.5
H(1129) 0.0713 -0.1064 | 0.8704 | 6.5
H(121") 0.2358 -0.1820 1.0141 7.4
H(122" 0.1301 -0.2314 | 0.9003 7.4
H(131") 0.2551 -0.2307 | 0.7601 7.8
H(132) | 0.1643 |-0.1869 | 06844 | 7.8
H(141") 03160 -0.1044 | 0.7036 | 6.1
H(142") 0.3553 -0.1000 | 0.8876 | 6.1
H(161") 0.4345 0.0220 0.8353 5.6
H(162") 0.4338 -0.0083 | 0.6554 | 5.6
H(171") 0.4866 0.1600 0.8358 | 6.8
H(1729 0.5631 0.1058 0.7747 | 6.8
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Table A-1.2 (contd...)

H(181) | 05154 ] 0.2030 [0.6180 | 7.0
H(182) |0.4873 |o.1101 |0.5137 | 7.0
H(191) | 0.3483 | 02063 |0.6212 |60
H(192) [03471 [0.1753 | 04412 |60
H(201) | 02964 |0.0374 |0.4436 |49
H(202') | 02200 |0.0914 |0.5058 | 4.9

Appendix

Table A-2.1: Atomic coordinates and equivalent isotropic displacement parameters
for DPZDQ (10)

Atom x/a y/b z/c Ug,
Molecule A

C(1) 0.1531(1) 0.57475(8) | 0.2278(1) | 2.77(4)
C(2) 0.1808(1) 0.66633(8) | 0.2604(2) | 3.01(4)
C(3) 0.1065(1) 0.71925(8) | 0.2631(1) | 2.93(4)
C(4) 0.0003(1) 0.68369(8) [ 0.2309(1) | 2.80(4)
C(5) -0.0275(1) | 0.59107(8) | 0.1965(2) | 3.06(4)
C(6) 0.0470(1) 0.53862(8) | 0.1951(1) | 2.88(4)
C(7) 0.2316(1) 0.51714(8) | 0.2254(1) | 2.87(4)
C(8) -0.0795(1) | 0.73783(9) | 0.2309(2) | 3.21(4)
N(9) 0.30585(8) | 0.53325(7) | 0.1539(1) | 3.24(4)
C(10) 0.4087(1) 0.5040(1) 0.1981(2) | 4.20(5)
c(1n 0.4955(1) 0.5808(1) 0.2254(2) | 5.02(6)
N(12) 0.4810(1) 0.6195(1) 0.0826(2) | 5.02(5)
C(13) 0.3835(1) 0.6540(1) 0.0489(2) | 4.69(6)
C(14) 0.2927(1) 0.5793(1) 0.0173(2) | 3.66(5)
N(15) 0.22633(8) | 0.44719(7) | 0.2956(1) | 3.21(4)
C(16) 0.1910(1) 0.4465(1) 0.4402(2) | 3.66(5)
C(17) 0.1004(1) 0.3711(1) 0.4105(2) | 3.94(5)
N(18) 0.1183(1) 0.28576(8) | 0.3392(2) | 4.35(5)
C(19) 0.1569(1) 0.2911(1) 0.2012(2) | 4.37(5)
C(20) 0.2531(1) 0.3625(1) 0.2344(2) | 4.00(5)
C(21) -0.0584(1) | 0.8295(1) 0.2406(2) | 3.74(5)
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Table A-2.1 (contd...)

N(22)
C(23)
N(24)
Molecule B
Gy
Cc@2Y)
C(3")
C(4")
C(5")
C(6")
(7
C(8")
N(9)
C(109
C(119H
N(12")
C(13")
C(14YH
N(159
C(16")
C{17
N(18")
C(19"
C(20
C(21Y
N(229)
C(23Y
N(24")

-0.0413(1)
-0.1841(1)
-0.2686(1)

0.6629(1)
0.6111(1)
0.5422(1)
0.5202(1)
0.5753(1)
0.6453(1)
0.7315(1)
0.4449(1)
0.79737(9)
0.8513(1)
0.8422(1)
0.8722(1)
0.8155(1)
0.8289(1)
0.72605(8)
0.6307(1)
0.6553(1)
0.7407(1)
0.8329(1)
0.8140(1)
0.3986(1)
0.3631(1)
0.4180(1)
0.3973(1)

0.90435(9)
0.6990(1)
0.6650(1)

0.93809(8)
0.97780(8)
0.92797(9)
0.83545(8)
0.79602(8)
0.84603(9)
0.99153(8)
0.7845(1)
1.06348(7)
1.0678(1)
1.1513(1)
12317(1)
1.2235(1)
1.1433(1)
0.96957(7)
0.92095(9)
0.8410(1)
0.8625(1)
0.9137(1)
0.9947(1)
0.8260(1)
0.8627(1)
0.6921(1)
0.6170(1)

0.2477(2)
0.2088(2)
0.1912(2)

1.0590(2)
0.9368(2)
0.7947(2)
0.7682(2)
0.8900(2)
1.0313(2)
1.2135(2)
0.6218(2)
1.2126(1)
1.0877(2)
1.0225(2)
1.1485(2)
1.2653(2)
1.3417(2)
1.3521(1)
1.3736(2)
1.4456(2)
1.5959(2)
1.5761(2)
1.5045(2)
0.4973(2)
0.3968(2)
0.5999(2)
0.5856(2)

5.57(6)
3.62(5)
5.53(6)

3.18(4)
3.47(4)
3.57(5)
3.25(4)
3.46(5)
3.42(4)
3.04(4)
3.68(5)
3.36(4)
4.10(5)
5.14(6)
5.49(5)
4.99(6)
4.04(5)
3.20(4)
3.58(5)
4.20(5)
4.72(5)
4.47(5)
3.84(5)
3.94(5)
5.44(5)
4.43(6)
6.57(7)
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Table A-2.2: Hydrogen coordinates and isotropic displacement parameters for

DPZDQ (10)
Atom x/a y/b Zc Ueq
Molecule A
H(2) 0.2525 0.6925 | 0.2812 3.6
H(3) 0.1278 0.7815 | 0.2872 3.5
H(5) -0.0992 | 0.5646 | 0.1738 3:7
H(6) 0.0263 | 04764 |0.1717 |35
H(101) 04170 0.4812 | 0.2940 5.0
H(102) 0.4100 0.4591 0.1124 5.0
H(111) | 04948 |0.6243 | 03149 | 6.0
H(112) 0.5617 0.5615 | 0.2488 6.0
H(N12) 0.5430 0.6624 | 0.1045 6.0
H(131) 0.3846 0.6972 | 0.1394 5.6
H(132) 0.3757 0.6798 | -0.0437 | 5.6
H(141) 0.2890 0.5386 | -0.0781 | 4.4
H(142) 0.2290 0.6025 | 0.0022 4.4
H(l61) 0.2481 0.4400 | 0.5269 4.4
H(162) 0.1683 0.5006 | 0.4683 4.4
H(171) 0.0882 0.3671 0.5114 4.8
H(172) 0.0394 0.3843 | 0.3396 4.8
H(N18) 0.1713 0.2672 | 0.4245 3.2
H(191) 0.1751 0.2359 | 0.1666 52
H(192) 0.1018 0.3028 | 0.1170 5.2
H(201) 0.2711 0.3645 | 0.1371 4.8
H(202) 0.3109 0.3499 | 0.3129 4.8
Molecule B
H(2") 0.6236 1.0402 | 09516 4.2
H(3") 0.5086 0.9569 | 0.7127 43
H(5") 0.5642 0.7336 | 0.8749 4.1
H(6') 0.6823 0.8175 1.1112 4.1
H(101) | 09237 | 1.0657 | 11331 |49
H(102" 0.8240 1.0185 1.0008 49
H(111") 0.8866 1.1553 | 0.9546 6.2
H(112" 0.7710 1.1481 | 0.9605 6.2
H(N12") 09516 1.2348 1.2042 6.6

Appendix
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Table A-2.2 (contd...)

H(131') | 0.8398
H(132") | 0.7427
H(141') | 0.7857
H(142") | 0.9006
H(161") | 0.6046
H(162") | 0.5786
H(171') | 0.5937
H(172) | 0.6742
H(N18) | 0.7128
H(191") | 0.8836
H(192') | 0.8606
HQ01') | 0.8760
H(Q02) | 0.7965

1.2748
1.2200
1.1401
1.1478
0.9589
0.9020
0.8142
0.8007
0.8951
0.9326
0.8763
1.0191
1.0371

1.3492
1.2127
14115
1.4024
1.4440
1.2712
1.4657
1.3692
1.6702
1.6797
1.5071
1.4826
1.5793

6.0
6.0
4.8
4.8
4.3
4.3
5.0
5.0
5.7
5.4
54
4.6
4.6
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Table A-3.1: Atomic coordinates and equival ent i sotropic displacement par meters for

DMDQ (11)
Atom x/a y'b zc Ueq
C(l) | 0.7197(1) 0.25024(8) | 0.1274(2) | 2.89(5)
C(2) | 0.6682(1) 0.17290(8) | 0.0638(2) [ 3.05(5)
C(3) | 0.5625(1) 0.15562(8) | 0.0648(2) | 3.00(5)
C(4) | 0.5027(1) 0.21387(8) | 0.1311(1) | 2.87(5)
C(5) | 0.5563(1) 0.29097(8) | 0.1971(2) | 3.09(5)
C(6) | 0.6616(1) 0.30879(8) | 0.1943(2) | 3.02(5)
C(7) | 0.8327(1) 0.26909(8) | 0.1261(1) | 2.79(5)
C(8) | 0.3910(1) 0.19601(9) | 0.1292(2) | 3.34(5)
N(9) | 0.91030(9) | 0.20830(7) | 0.1754(1) | 3.07(4)
C(10) | 0.9086(1) 0.1446(1) | 0.2983(2) | 3.66(6)
C(11) [ 0.9312(1) 0.0542(1) | 0.2496(2) | 4.31(6)
O(12) | 1.03194(9) | 0.05156(7) | 0.2094(1) | 4.74(5)
C(13) | 1.0250(1) 0.1085(1) 0.0799(2) | 4.71(7)
C(14) | 1.0100(1) 0.2017(1) 0.1222(2) | 3.93(6)
N(15) | 0.85727(9) | 0.34687(7) | 0.0783(1) | 2.99(4)
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Table A-3.1 (contd...)

C(16) | 0.9661(1) | 0.3879(1) | 0.1330(2) | 3.58(6)
C(17) | 0.9510(1) | 0.4797(1) | 0.1842(2) | 4.54(7)
0(18) | 0.8807(1) | 0.52943(6) | 0.0621(1) | 4.60(5)
c(19) | 0.7747(1) | 0.4916(1) | 0.0154(2) | 4.42(7)
C(20) | 0.7788(1) | 0.3996(1) | -0.0408(2) | 3.53(6)
c(21) | 0.3391(1) | 0.1185(1) | 0.0624(2) | 3.52(6)
N(22) | 0.2994(1) | 0.0541(1) | 0.0078(2) | 4.99(6)
C(23) | 0.3303(1) | 0.2546(1) | 0.1932(2) | 3.90(6)
N(24) | 0.2824(1) | 0.3030(1) | 0.2489(2) | 6.07(7)

Appendix

Table A-3.2: Hydrogen coordinates and isotropic displacement par meters for
DMDQ (11)

Atom x/a y/b Z/c 5
H(2) |0.7068 | 0.1319 | 0.0191 3.6
H(3) | 0.5288 |0.1027 | 0.0198 | 3.6
H(5) 05188 [0313 0.2446 | 3.7
H(6) | 0.6954 |[0.3618 | 0.2384 | 3.6
H(101) [ 0.9632 | 0.1597 [0.3925 |44
H(102) | 0.8384 | 0.1454 | 0.3166 |44
H(111) [ 0.8732 | 0.0369 | 0.1610 |52
H(112) [ 0.9354 | 0.0151 | 0.3344 |5.2
H(131) | 1.0906 | 0.1037 [ 0.0492 | 5.7
H(132) | 0.9642 | 0.0915 [ -0.0053 | 5.7
H(141) | 1.0025 | 0.2376 | 0.0325 |47
H(142) | 1.0720 | 0.2198 | 0.2042 |47
H(161) | 1.0110 | 0.3560 | 0.2193 |43
H(162) | 0.9997 | 0.3891 | 0.0499 |43
H(171) | 1.0206 | 0.5075 | 0.2164 | 5.4
H(172) [ 0.9203 | 04775 |0.2703 |54
H(191) | 0.7451 | 0.4915 | 0.1025 |53
H(192) [ 0.7290 | 0.5252 | -0.0676 | 5.3
H(201) | 0.8008 | 0.4001 | -0.1348 | 4.2
H(202) | 0.7078 | 0.3743 | -0.0613 | 4.2
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Table A-4.1: Atomic coordinates and equival ent i sotropic displacement parameters
for DPDQ-A (8)

atom X/a y/b z/c Ue
Molecule A
C(1) 0.9550(1) | 0.2830(2) | 0.66826(8) | 3.91(8)
C(2) 0.8812(1) | 0.3644(3) | 0.66878(9) | 4.30(9)
C(3) 0.8598(1) | 0.3892(3) | 0.71645(9) | 4.17(9)
C(4) 0.9108(1) | 0.3366(2) | 0.76676(8) | 3.80(8)
C(5) 0.9845(1) | 0.2561(3) | 0.76569(8) | 3.97(9)
C(6) 1.0056(1) | 0.2296(3) | 0.71782(9) | 4.07(9)
C(7) 0.9771(1) | 0.2531(2) [ 0.61662(8) | 3.87(8)
C(8) 0.8880(1) | 0.3656(3) | 0.81716(9) | 4.16(9)
N(9) 0.9226(1) | 0.1789(2) | 0.57689(7) | 4.26(7)
C(10) 0.9179(2) | 0.1877(3) | 0.5178(1) 5.1(1)
C(11) 0.8282(2) | 0.1446(4) | 0.4915(1) 6.3(1)
C(12) 0.8099(2) | 0.0207(4) | 0.5291(1) 6.6(1)
C(13) 0.8517(2) | 0.0839(3) | 0.5855(1) 5.4(1)
N(14) 1.0516(1) | 0.3021(2) | 0.61189(7) | 4.11(7)
C(15) 1.1013(2) | 0.4236(3) | 0.6477(1) 5.4(1)
C(16) 1.1665(2) | 0.4680(4) | 0.6187(1) 6.1(1)
C(17 1,1841(2) [ 0.3133(4) | 0.5938(1) 6.0(1)
C(18) 1.0976(2) | 0.2439(3) | 0.5730(1) 5.2(1)
C(19) 0.8095(2) | 0.4256(3) | 0.8178(1) 5.5(1)
N(20) 0.7445(2) | 0.4726(4) | 0.8179(1) 9.2(2)
C(21) 0.9441(1) | 0.3346(3) | 0.679(1) 4.6(1)
N(22) 0.9913(2) | 0.3092(3) | 0.9092(1) 6.7(1)
Molecule B
C(1") 0.4759(1) | 0.2083(2) | 0.25350(8) | 3.67(8)
C2) 0.5512(1) | 0.1495(2) | 0.24541(8) | 3.89(8)
C(3") 0.5679(1) | 0.1595(3) | 0.19550(9) | 4.09(9)
C(4" 0.5108(1) | 0.2289(2) | 0.15017(8) | 4.03(9)
C(5) 0.4355(1) | 0.2886(2) | 0.15893(8) | 4.00(8)
C(6") 0.4187(1) | 0.2776(2) | 0.20861(8) | 3.78(8)
(7 0.4570(1) | 0.2034(2) | 0.30672(8) | 3.65(8)
C(8") 0.5276(1) | 0.2368(3) | 0.09759(9) | 4.6(1)
N(9") 0.5134(1) | 0.2498(2) | 0.35121(7) | 3.92(7)
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Table A-4.1 (contd...)

Appendix

C(10" 0.5149(2) | 0.2046(3) | 0.4076(1) | 5.3(1)
c(11) 0.6050(2) | 0.2340(4) | 0.4384(1) | 6.5(1)
Cc(12) 0.6273(2) | 0.3806(3) | 0.4110(1) | 5.7(1)
C(13" 0.5889(1) | 0.3459(3) | 0.35150(9) | 4.37(9)
N(14") 0.3814(1) | 0.1524(2) | 0.30941(7) | 4.41(8)
c(15) 0.3278(2) | 0.0445(3) | 0.2689(1) | 5.5(1)
(16" 0.2567(2) | 0.0081(4) | 0.2941(1) | 7.0(1)
cam) 0.2462(2) | 0.1595(4) | 0.3217(1) | 7.0(2)
C(18") 0.3357(2) | 0.2040(3) | 0.3493(1) 5.8(1)
c(19" 0.6042(2) | 0.1819(3) | 0.0902(1) | 5.5(1)
N(20") 0.6683(2) | 0.1359(4) | 0.0861(1) | 8.0(1)
Cc(21") 0.4660(2) | 0.2867(3) | 00511(1) | 5.2(1)
N(22') 0.4130(2) | 0.3259(3) | 0.0138(1) | 7.1(1)
Table A-4.2: Hydrogen coordinates and isotropic displacement parameter s for
DPDQ-A (8)
Atom x/a y/b zc Ug
Molecule A
H(2) 0.8457 0.4028 0.6355 5.2
H(3) 0.8090 0.4434 0.7156 5.0
H(5) 1.0207 0.2192 0.7990 4.8
H(6) 1.0558 0.1736 0.7184 4.9
H(101) 0.9302 0.2911 0.5078 6.1
H(102) 0.9555 0.1148 0.5083 6.1
H(111) 0.7922 0.2332 0.4895 7.5
H(112) 0.8221 0.1035 0.4558 75
H(121) 0.7510 0.0090 0.5242 7.9
H(122) 0.8335 -0.0779 0.5232 7.9
CH(131) 0.8716 0.0002 0.6104 6.5
H(132) 0.8139 0.1477 0.5987 6.5
H(151) 1.0673 0.5117 0.6510 6.5
H(152) 1.1267 0.3821 0.6829 6.5
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Table A-4.2 (contd...)

H(161) 1.1453 0.5446 0.5912 73
H(162) 1.2159 0.5075 0.6436 7.3
H(171) 1.2097 0.3305 0.5648 7.2
H(172) 1.2191 0.2471 0.6205 7.2
H(181) 1.0999 0.1320 0.5733 6.2
H(182) 1.0718 0.2797 0.5371 6.2
O(1wW) 1.1039(2) | 0.0528(3) 0.9566(1) | 8.8(1)
Molecule B
H(2") 0.5913 0.1020 0.2750 4.7
H(3") 0.6195 0.1185 0.1913 4.9
H(5") 0.3956 0.3376 0.1296 4.8
H(6") 0.3670 03178 0.2129 4.5
H(101% 0.4777 0.2683 0.4214 6.3
H(102") 0.5005 0.0968 0.4096 6.3
H(111" 0.6099 0.2524 0.4760 7.8
H(112" 0.6399 0.1478 0.4347 7.8
H(121") 0.6865 0.3936 0.4185 6.9
H(122Y) 0.6031 0.4722 0.4222 6.9
H(131) 0.6270 0.2882 0.3365 52
H(132") 0.5735 0.4407 0.3314 Yl
H(151") 0.3077 0.0948 0.2345 6.6
H(152" 0.3576 -0.0485 0.2647 6.6
H(161" 0.2069 -0.0186 0.2670 8.4
H(162") 0.2711 -0.0756 03198 84
H(171") 0.2198 0.2372 0.2959 8.4
H(172") 0.2144 0.1447 0.3475 8.4
H(181") 0.3554 0.1501 0.3830 7.0
H(182") 0.3411 0.3145 0.3553 7.0
O2W) 0.7320(2) | -0.1332(3) | 0.0431(1) | 11.2(2)
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Table A-5.1: Atomic coordinates and equivalent isotropic displacement parameters
for DPDQ-C (8)

Atom x/a y/b z/c Ueq
C(1) | 04970(a) | 0.7793(3) | 0.6206(6) | 3.2(2)
C(2) | 0.5389(3) | 0.7150(3) | 0.6989(5) | 3.2(2)
C(3) | 0.63654) |0.6973) |0.6951(6) |3.52)
C(@) | 0.6971(4) | 0.7310(3) | 0.6130(6) | 3.7(2)
C(5) | 0.6549(4) | 0.7957(3) | 0.5341(6) | 4.2(2)
C(6) | 0.5568(4) | 0.8198(3) | 0.5370(6) | 3.8(2)
C(7) |0.3910(3) | 0.8048(3) | 0.6213(5) |3.1(2)
C(8) | 0.8005(4) | 0.7057(4) | 0.6100(7) |4.9(3)
N©) | 0.3123(3) | 0.7581(2) | 0.5775(5) | 3.1(2)
C(10) | 0.2133(4) | 0.7621(3) | 0.6264(6) | 3.7(2)
c(11) | 0.1762(4) | 0.6808(3) | 0.6113(7) | 4.9(3)
C(12) | 0.2142(5) | 0.6514(3) | 0.4740(7) | 4.8(3)
C(13) | 0.3179(4) | 0.6872(3) | 0.4885(6) | 3.8(2)
N(14) | 0.3775(3) | 0.8751(2) | 0.6676(5) | 3.5(2)
C(15) | 0.4594(4) | 0.9215(3) | 0.7669(8) | 4.9(3)
C(16) | 0.4056(5) [ 0.9913(3) | 0.796(1) | 5.9(3)
C(17) | 0.3204(5) | 1.0006(3) | 0.648(1) | 6.2(3)
C(18) | 0.2813(4) | 0.92003) | 0.6173(7) | 4.6(2)
C(19) | 0.8597(5) | 0.6377(5) | 0.680(1) | 6.3(4)
N(20) | 0.8700(5) | 0.5823(5) | 0.743(1) | 9.1(4)
C(21) | 0.8632(5) | 0.7515(5) | 0.5382(8) | 6.2(3)
N(22) | 0.9115(5) | 0.7900(6) | 0.4788(9) | 9.5(4)
CI(1) | 0.3556(2) | 0.5359(1) | 0.2412(3) | 9.0(l)
Cl(2) | 0.5422(2) | 0.4714(1) | 0.1921(3) | 9.6(1)
CI(3) | 0.5479(2) | 0.6107(2) | 0.3584(3) | 10.8(2)
C(23) | 0.4793(6) | 0.5551(5) | 0.211(1) 6.9(4)
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Table A-5.2: Hydrogen coordinates and isotropic displacement parameters for
DPDQ-C(9

Atom x/a y/b z/c Ueq

H(2) |04995 | 0.6872 | 0.7567 | 3.8

H3) |06631 | 06459 | 07490 |42

H(5) | 06945 | 0.8237 | 04771 | 5.1

H(6) |05296 | 08643 |04822 |46
H(101) | 02236 | 0.7793 |0.7299 | 4.4
H(102) | 0.1657 | 0.7946 | 0.5608 | 4.4
H(111) | 02056 | 0.6527 | 0.7016 | 5.9
H(112) | 0.1030 | 0.6783 |0.5924 |59
H(121) | 0.2203 | 0.5978 |0.4779 | 5.8
H(122) | 0.1686 | 0.6660 | 0.3803 | 5.8
H(131) | 0.3299 | 0.6986 | 0.3898 | 4.6
H(132) | 03712 | 0.6550 | 0.5425 | 4.6
H(151) | 0.4880 | 0.8960 | 0.8609 | 5.8
H(152) | 0.5130 | 09327 | 0.7153 |58
H(161) | 0.3766 | 0.9857 | 0.8833 | 7.1
H(162) | 04513 | 1.0335 | 0.8107 | 7.1
H(171) | 02669 | 1.0335 |0.6634 |74
H(172) | 03476 | 1.0193 | 0.5649 | 7.4
H(181) | 02512 | 09123 | 05110 |56
H(182) | 02323 | 09079 | 06763 | 5.6
H23) | 04713 | 05826 |0.1169 | 83

Table A-6.1: Atomic coordinates and equival ent i sotropic displacement parameters
for MBPDQ

Atom X/a y/b z/c Uy

C(1) | 0.6082(2) | 0.3000 0.8543(2) | 3.58(9)
c@) | 056612 |0.3739(4) |0.9628(2) |3.8(1)
c@3) | 0.46072) | 0.3574(5) | 0.9905(2) | 3.8(1)
c@) |03927(2) | 0.2654(4) |091102) |3.57(9)
c(5) | 0.43572) | 0.1916(5) | 0.8015(2) | 3.8(1)
C(6) | 0.5408(2) | 0.2083(4) | 0.7741(2) | 3.66(9)
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Table A-6.1 (contd...)

C(7) [0.72042) | 0.3181(3) | 0.8270(2) | 3.9(1)
C(8) |0.28302) |0.2458(5) | 0.9421(3) | 4.3(1)
N(©) |0.79132) |0.2881(5) |0.9165(2) | 4.06(9)
C(10) | 0.9050(2) | 0.3097(6) | 0.8974(3) | 5.4(1)
c(11) | 0.9546(2) | 0.2697(7) | 1.0270(3) | 5.8(1)
C(12) | 0.8784(2) | 0.1461(6) | 1.0838(3) | 5.6(1)
ca3) | 07717¢2) | 0.2112(5) | 1.0427(3) | 4.4(1)
N(14) | 0.7513(2) | 0.3652(5) | 0.7100(2) | 5.0(1)
c(15) | 0.6829(3) | 0.4436(5) | 0.6131(2) | 4.9(1)
C(16) | 0.7378(4) | 0.5959(6) | 0.5606(4) | 7.4(2)
c(17) | 0.6503(2) | 0.3268(5) | 0.5057(2) | 4.7(1)
C(18) | 0.5555(3) | 0.3580(6) | 0.44193) | 5.7(1)
C(19) | 0.5237(4) | 0.2630(6) | 0.3376(3) | 7.1(2)
C(20) | 0.5874(5) | 0.1349(7) | 0.2980(3) | 7.6(2)
C(21) | 0.6783(4) | 0.1001(7) | 0.3598(4) | 7.6(2)
C(22) | 0.7129(3) | 0.1965(7) | 0.4645(4) | 6.5(2)
C(23) | 0.2467(2) | 0.3007(6) | 1.0611(3) | 5.0(1)
N24) | 0.2186(3) | 0.34898) | 1.1581(3) | 7.7(2)
C(25) | 0.2108(2) | 0.1748(6) | 0.8548(3) | 5.7(1)
N(26) | 0.1515(2) | 0.1179(9) | 0.7823(4) | 9.1(2)

Table A-6.2: Hydrogen coordinates and isotropic displacement parameters for
MBPDQ (14)

Atom x/a x/b x/c U

H(Z2) | 0.6106 0.4367 | 1.0186 45
H(3) |0.4339 04094 | 1.0649 4.5
H(5) |0.3915 0.1291 | 0.7453 4.6
H(6) | 0.5678 0.1568 | 0.6997 4.4
H(101) | 0.9294 02356 | 0.8336 6.5
H(102) | 0.9203 0.4204 | 0.8730 6.5
H(111) | 1.0223 02217 | 1.0176 6.9
H(112) | 0.9602 0.3662 | 1.0788 6.9




Appendix

Table A-6.2 (contd...)

H(121)
H(122)
H(131)
H(132)
H(114)
H(15)
H(161)
H(162)
H(163)
H(18)
H(19)
H(20)
H(21)
H(22)
N(27)
C(28)
C(29)
H(291)
H(292)
H(293)

0.8897
0.8852
0.7470
0.7221
0.8288
0.6209
0.8012
0.6930
0.7534
0.5119
0.4590
0.5666
0.7196
0.7782
0.9778(4)
1.0028(6)
1.0349(5)
1.0835
0.9745

1.0670

0.0382
0.1434
0.2909
0.1235
0.3669
0.4796
0.5635
0.6490
0.6705
0.4457
0.2856
0.0703
0.0091
0.1730
0.377(2)
0.399(1)
0.417(1)
0.3324
0.4088

0.5225

1.0503
1.1747
1.1020
1.0348
0.6958
0.6544
0.5208
0.4992
0.6288
0.4703
0.2940
0.2257
0.3323
0.5065
0.6055(4)
0.504(1)
0.3657(5)
0.3449
03112
0.3542

6.7
6.7

53

53

6.0

5.8

8.8

8.8

8.8

6.8

8.5

9.1

9.2

7.8
15.7(6)
11.2(4)
10.9(4)
13.0
13.0

13.0

TableA-7.1: Atomic coordinatesand equival ent i sotropic displacement parameters

for PMPDQ (16)

Atom x/a y/b z/c Ueq
C(1) | 0.6434(6) | 0.314(1) 0.605(1) | 5.8(3)
C(2) | 0.6742(7) | 0.202(1) 0.609(1) | 6.9(3)
C(@3) | 0.7321(6) | 0.176(1) 0.705(1) | 6.1(3)
C(4) |0.7643(6) | 0.252(1) 0.799(1) | 5.8(2)
C(5) | 0.7331(6) | 0.355(1) 0.788(1) | 6.1(3)
C(6) | 0.6730(7) | 0.385(1) 0.698(1) | 6.2(3)
C(7) | 0.5781(7) | 0.342(1) 0.499(1) | 5.6(2)
C(8) [ 0.8285(7) | 0.216(1) 0.893(1) | 6.2(3)
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Table A-7.1 (contd...)

N(©) | 0.5963(6) | 0.3299(8) | 0.371(1) | 6.9(2)
C(10) | 0.5336(8) | 0.307(1) | 0.261(2) | 10.04)
C(11) | 0.5826(9) | 0.267(1) | 0.153(1) | 8.8(3)
C(12) | 0.663(1) |0264(2) |0.1902) | 13.1(5)
c(13) | 0.6828(8) | 0.318(1) | 0.316(1) | 7.8(3)
N(14) | 0.5062(6) | 0.3831(7) | 0.541(1) |63(2)
c(15) | 0.467(1) | 0.3502) | 0.6692) | 9.9(4)
C(16) | 0.389(1) | 0.420(1) |0.6892) |9.7(4)
c(17) | 0.395(1) | o0.51001) [ 0.5752) | 8.7(4)
C(18) | 0.4468(8) | 0.451(1) | 0.467(1) | 7.4(3)
C(19) | 0.4502) |0.207(3) |0.633(4) | 23(3)
0(20) | 0.4132) | 0.1942) |0.5103) | 2502)
c(21) | 0.403(1) |0.0892) |o0.5042) | 12(1)
C(22) | 0.8542(8) | 0.109(1) |0.912(1) | 7.53)
N23) | 0.8775(8) | 0.023(1) | 0.917(1) | 10.3(4)
c(24) | 0.863(1) | 0293(1) |0.979(1) | 8.5(4)
N@25) | 0.892(1) | 0361(1) | 1.044(1) | 11.7(4)

Table A-7.2: Hydrogen coordinates and isotropic displacement parameters for
PMPDQ (16)

Atom x/a y/b z/c Uegq

H(2) | 06550 |0.1476 | 0.5447 | 7.7
H3) |0.7517 |0.1023 | 0.7078 | 7.3
H(S) |0.7538 | 0.4087 | 0.8482 | 7.2
H6) | 06517 | 04589 |0.7007 | 7.3
H(101) | 0.4917 | 0.2566 | 0.2891 | 12.4
H(102) | 0.5059 | 03751 | 02336 | 124
H(111) | 0.5632 | 0.1918 | 0.1301 | 9.9
H(112) | 0.5755 | 03100 |0.0726 | 9.9
H(121) | 0.6800 |0.1882 |0.1971 | 158
H(122) | 0.6956 | 0.2993 | 0.1226 | 158
H(131) | 0.7112 | 0.3838 | 0.3051 |94
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Table A-7.2 (contd...)

H(132) [ 0.7162 | 0.2687 | 0.3739 |94
H(15) | 0.5060 | 03577 |0.7427 | 11.3
H(161) [ 0.3367 | 0.3760 | 0.6780 | 11.6
H(162) | 0.3861 | 04520 | 0.7772 | 11.6
H(171) | 0.3388 | 0.5303 | 0.5440 | 9.9
H(172) | 0.4222 [ 0.5737 | 0.6092 |99
H(181) | 0.4762 | 0.5003 | 0.4074 | 8.5
H(182) | 0.4120 | 0.4030 | 0.4089 | 8.5
H(191) [ 0.4981 | 0.1698 | 0.6552 | 24.8
H(192) | 0.4061 | 0.1866 | 0.7082 | 24.8
H(211) | 0.3680 [ 0.0563 | 0.5742 | 15.0
H(212) [ 0.3749 [ 0.0698 |[0.4182 | 15.0
H(213) | 0.4557 | 0.0448 | 0.5033 | 15.0

Table A-8.1: Atomic coordinates and equivalent isotropic displacement
parameters for DMPDQ (12)

Atom X/a v'b z/c Ueq

C(1) | 0.7488(1) | 0.4000 | 1.1030(2) | 3.16(6)
C(2) | 0.7324(1) | 0.34043) | 0.9576(2) | 3.46(6)
C(3) | 0.7339(1) | 0.4417(3) | 0.8397(2) | 3.42(6)
C(4) | 0.7494(1) | 0.6082(3) | 0.8602(2) | 3.09(6)
C(5) | 0.7649(1) | 0.6660(3) | 1.00702) | 3.38(6)
C(6) | 0.7659(1) | 0.5647(3) | 1.12572) | 3.41(6)
c(7) | 0.7513(1) | 0.2855(3) | 1.2252(2) | 3.13(6)
C(8) | 0.7490(1) | 0.7139(3) | 0.7359(2) | 3.59(7)
N(9) | 0.8286(1) | 0.2742(3) | 1.3371(2) | 3.46(5)
C(10) | 0.9295(1) | 0.3310(4) | 1.33132) | 4.47(8)
C(11) | 0.9884(2) | 0.2860(4) | 1.4864(3) | 5.30(1)
C(12) | 0.9143(2) | 0.2838(4) | 1.5830(3) | 5.50(1)
C(13) | 0.8253(2) | 0.2075(4) | 1.4846(2) | 4.42(8)
C(14) | 0.9659(2) | 0.2540(4) | 1.2048(3) | 5.30(1)
0(15) | 0.9511(1) | 0.0873(3) | 1.2078(2) | 5.90(8)
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Table A-8.1 (contd...)

C(16) | 0.9767(2) | 0.0088(7) | 1.0865(3) | 7.40(2)

N(17) | 0.6753(1) | 0.1852(3) | 1.2196(2) | 3.37(5)
c18) | 0.5720(1) | 0.2283(4) | 1.15192) | 3.75(7)
C(19) | 0.5185(2) | 0.0666(4) | 1.1383(3) | 5.00(1)
C(20) | 0.5984(2) | -0.0606(4) | 1.1628(3) | 5.01(9)
C(21) | 0.6818(1) | 0.0181(3) | 1.27292) | 4.13(8)
C(22) | 0.5336(2) | 0.3472(4) | 1.2496(3) | 4.72(9)
0(23) | 0.5436(1) | 0.2781(4) | 1.3900(2) | 6.26(9)
C(24) | 0.5083(3) | 0.3760(8) | 1.4915(5) | 8.70(2)
C(25) | 0.7404(2) | 0.6558(4) | 0.5911(2) | 4.38(8)
N@26) | 0.7327(2) | 0.6087(5) | 0.4722(2) | 7.10(1)
c27) | 0.75842) | 0.87994) | 0.7540(2) | 4.44(9)
N(28) | 0.7662(3) | 1.0176(4) | 0.7683(3) | 7.40(1)

Table A-8.2: Hydrogen coordinates and equivalent isotropic displacement
parameters for DMPDQ (12)

Atom x/a y/b zc Ueq

HQ2) 0.7202 | 0.2289 | 0.9401 | 4.1
H(3) 0.7242 | 0.3982 |0.7422 | 4.1
H(5) 0.7751 [0.7779 | 1.0247 | 4.1
H(6) 0.7782 | 0.6072 | 1.2238 | 4.1
H(10) | 0.9290 | 0.4446 | 13200 |5.4
H(111) | 1.0179 | 0.1830 | 1.4848 | 6.4
H(112) | 1.0381 |0.3638 | 1.5210 | 6.4
H(121) [0.9370 | 02212 |[1.6698 | 6.6
H(122) | 0.9000 | 0.3898 | 1.6107 | 6.6
H(131) |0.7665 | 02377 | 15143 |53
H(132) | 0.8307 |0.0935 | 14852 |53
H(141) | 1.0341 | 02759 | 1.2150 | 6.4
H(142) [0.9306 | 02964 |[1.1130 |6.4
H(161) | 09652 |-0.1035 | 1.0929 | 8.9
H(162) | 0.9378 | 0.0497 | 0.9966 | 8.9
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Table A-8.2 (contd...)

H(163) | 1.0443 ] 0.0269 | 1.0879 | 8.9
H(18) | 05684 | 02732 |1.0560 |45
H(191) [ 04799 |0.0578 | 12115 |6.0
H(192) | 04774 |0.0555 | 1.0422 | 6.0
H(201) | 0.5769 | -0.1559 | 12031 |6.0
H(202) | 0.6180 |-0.0854 |1.0725 | 6.0
H211) | 0.7435 | -0.0287 | 1.2687 | 4.9
H(212) | 06716 |0.0112 |[1.3716 | 4.9
H(221) | 04662 |0.3698 |[1.2091 |5.7
H(222) | 0.5706 | 0.4441 | 1.2566 |5.7
H(241) |0.5452 | 04730 |1.5064 | 104
H(242) | 0.4409 | 0.4004 |1.4533 | 104
H(243) | 0.5148 | 0.3210 | 1.5836 | 10.4

Table A-9.1: Atomic coordinates and equivalent istotropic displacement parameters
for DHPDQ (13)

Atom X'a y/b z/c Ue,

O(1) |0.7501(2) | 0.4569(1) | 0.3870(3) | 5.7(1)
0(2) |0.6772(2) | 0.6903(1) | 0.9648(2) | 5.57(9)
C(1) | 0.4351(2) | 0.4938(1) |0.7593(3) | 3.30(8)
C(2) |0.3289(2) |0.4737(1) |0.7022(3) | 3.8(1)
C(3) | 0.26352) | 0.4173(1) | 0.7766(3) | 3.80(9)
C(4) | 0.3034(2) | 0.3783(1) | 0.9119(2) | 3.31(8)
C(5) | 0.4105(2) | 0.3997(1) | 0.9677(3) | 3.69(9)
C(6) | 0.4754(2) | 0.4560(1) | 0.8928(3) | 3.64(9)
C(7) | 0.5047(2) | 0.5553(1) | 0.6803(3) | 3.33(8)
C(8) | 0.2375(2) | 0.3169(1) | 0.9869(3) |3.91)
N©) |0.55332) |0.5370(1) | 0.5455(2) | 4.1(1)
C(10) | 0.5584(2) | 0.4534(1) | 0.4891(4) | 4.8(1)
C(11) | 0.6342(2) | 0.4582(2) | 0.3452(3) | 4.6(1)
C(12) | 0.6076(3) | 0.5396(2) | 0.2826(3) | 5.3(1)
N(13) | 0.6051(3) | 0.5903(1) | 0.4283(3) | 4.6(1)
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Table A-9.1 (contd...)

N(14) [ 0.5125(2) [ 0.6251(1) ] 0.7495(2) | 3.51(7)
c(15) | 0.5941(2) | 0.6892(1) | 0.7140(3) | 4.4(1)
C(16) | 0.5998(3) |0.7332(1) | 0.8673(3) | 4.6(1)
c(17) | 0.48103) | 0.7293(1) | 0.9288(4) | 5.0(1)
C(18) | 0.4458(2) | 0.6447(1) | 0.8935(3) | 4.4(1)
C(19) | 0.1481(2) | 0.2784(2) | 0.9088(3) | 4.7(1)
N(20) | 0.0765(2) | 0.2461(2) | 0.8435(4) | 7.1(2)
c21) |0.2671(2) | 0.2867(2) | 1.1317(3) | 4.5(1)
N(@22) | 0.29232) |026152) | 1.25293) | 6.8(1)

TableA-9.2: Hydrogen coordinatesand is to tropic displacement parameter sfor
DHPDQ (13)

Atom x/a y/b zc U

H(O1) | 0.7771 | 03994 | 0.4058 | 6.7
H(O2) | 0.6833 |0.7197 | 1.0625 | 6.6

H2) | 03007 [04991 |0.6107 |4.6

H(3) | 0.1905 | 04046 | 0.7361 | 4.6

H(5) | 0.4394 |03750 | 1.0594 |44

H(6) | 0.5483 |04692 | 0.9328 |4.4
H(101) | 0.4849 | 04346 | 04623 |5.7
H(102) | 0.5909 | 0.4198 | 0.5663 | 5.7
H(11) | 0.6164 | 04180 | 02713 | 5.5
H(121) | 0.5360 | 0.5402 | 02311 | 6.4
H(122) | 0.6650 | 0.5570 | 02123 | 6.4
H(131) | 0.6797 | 0.6055 | 0.4587 | 5.6
H(132) | 0.5599 |0.6363 | 0.4130 | 5.6
H(151) | 0.5669 | 0.7223 | 0.6322 | 5.2
H(152) | 0.6664 | 0.6684 | 0.6858 | 5.2
H(16) | 0.6238 |0.7864 |0.8528 | 5.5
H(171) | 0.4332 | 0.7660 | 0.8761 | 6.0
H(172) | 0.4792 | 0.7395 | 1.0382 | 6.0
H(181) | 0.4653 | 0.6104 |0.9775 |5.2
H(182) | 0.3664 | 0.6414 | 08741 |52
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