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Introduction




Introduction 1

1.1 MOLECULAR MATERIALS

Materials have played a key role in the evolution of human civilization. The kind
of materials developed and used through the course of history, serve as excellent
indicators of the progress of science and technology and civilization at large; the stone
age followed by the copper, bronze and iron ages have led to the present ‘plastic age’.
The early utilization of materials was based on their structural, mechanical, optical or
thermal properties. Metals and their alloys, metal-based compounds and finally plastics
were the forerunners of modern materials. The application of these materials was based
primarily on their electrical, magnetic, optical and mechanical properties. Revolutionary
developments such as the discovery of superconductivity and the fabrication of the first
transistor marked the dawn of a new era in the field of materials. The pace at which the
physical and chemical sciences grew was reflected in the appearance of new materials
and materials fabrication. Starting with simple mechanical approaches to materials
structuring, more sophisticated thermal, electrical, chemical and electrochemical
techniques have evolved. Assembly of materials at the atomic and molecular level we
witness today is the next link in the logical evolution of materials fabrication.

Molecular materials' made up of molecules or molecular ions as their building
blocks as opposed to atoms and ions in the traditional solid state materials, form a major
class of materials developed over the past five decades. They have attracted considerable
attention because of the wide range of properties that can be realized and their potential
utility in many technological applications. Because of the relatively weak nature of
intermolecular interactions, the properties of molecular materials are generally based on
additive contributions from the constituent molecular units. It often occurs that the
properties that the molecules exhibit in the materials state are retained in the individual
isolated state as well; significant exceptions do however exist. Traditional solids like
inorganic salts, metal oxides, covalent solids, metals and alloys, on the other hand,
exhibit vastly different characteristics in the bulk state compared to their constituent
atoms or ions. Nanoscale materials® which are at the focus of extensive scientific and
technological research today, show stark differences from the atomic and bulk limits in
the case of metals and semiconductors, whereas in the case molecular materials, the
supramolecular clusters® represent a smooth transition from the molecular to the bulk
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materials. The properties of molecular materials are sensitive to the orientations and
mutual dispositions of the molecules in the assembly. Molecular materials utilize ionic,
covalent and coordinate bonding interactions and in addition, a wide variety of relatively
weaker interactions, to organize the molecules in the solid state.* Polymeric materials
built from macromolecules or metal complexes with extended coordination can also be
classified as belonging to the general family of molecular materials. Several classes of
molecular materials have been designed and developed over the years to achieve
properties such as magnetism, conductivity and optical and nonlinear optical effects. Of
late, there is considerable interest in the use of single molecules functioning as active
devices for optical, electrical and mechanical functions. Functional molecular scale
devices that have been developed include rectifiers,’ switches,’ gates,7 wires,8 shuttles,g
brakes,m ratchets '' and gc:ars.lz

The design and fabrication of molecular materials effectively exploits the
enormous power and flexibility of synthetic chemistry to tailor specific molecular
structures. The fundamental distinction between the route to molecular materials and the
conventional approach to materials is shown in Fig. 1.1. Traditionally, materials are
fabricated from suitable precursors, employing techniques such as ceramic methods,

1> In the case of molecular

melt-quench processes, vapor deposition or sol-ge
materials, a well defined intermediate stage - the molecule or molecular ion - is involved.
The intermediate stage effectively separates the molecule synthesis from the materials
fabrication. The property of the molecule is determined by its structure while the
property of the fabricated materials depends on the molecules and the way they are
organized in the bulk. While the synthetic approach can be fine-tuned to achieve desired
molecular structure, the control of organization of the molecules in the bulk state is a
considerably more complex problem. Thus, the fabrication of molecular materials with
specific organizational motifs is a challenging task that needs to be tackled to realize
preferred materials properties. The possibility of dissociating the molecular materials
into their constituent units in most instances, facilitates an iterative way of realizing

tailored materials (Fig. 1.1) providing a unique handle to control the materials attributes.

Several techniques have been developed for the fabrication of molecular
materials. Crystallization from organic or aqueous solvent medium is perhaps the most



Introduction

Fabri t(a) Rout
Precursors ol —=——— Materials
F ¥
(b)
Synthesis Organization
— " Molecules
i Molecules to Materials :
Molecules
_+"Materials Organizationi*,
Liquid Thin
crystals films
Vapor
LB Layer-by-layer SAM P
film assembled film del;)_c;sued
ilm

Figure 1.1 Schematic representation of the (a) traditional approach to materials
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: 4
common technique.'

Electrocrystallization is popular in the case of conductors and
superconductors.'” In this technique the molecule is oxidized or reduced in the presence
of appropriate counterions. Since simple crystallization does not provide facile control
on the final bulk organization, alternative techniques which involve directed assembly of
molecular materials, are often adopted. They include methods such as electric field
poling,'® Langmuir-Blodgett technique'” and layer-by-layer as::‘.e,mbl),r.”;’19 Spin and dip

0

coating, sol-gel processing'® and chemical or physical vapor deposition?® are other

approaches resorted to.

Molecular magnetic materials

Molecular magnetic materials are potential candidates to develop magnetic,
electromagnetic and magneto-optic devices. For centuries after the discovery of the
naturally occurring magnet, Fe;O4, most of the magnets that were fabricated and used
were based on the compounds and alloys of elements such as iron, cobalt, nickel and
gadolinium, which are themselves ferromagnetic in their pure state. The charge transfer
complex of decamethylferrocene and tetracyanoethylene was the first molecular material
involving an organic ion radical that showed ferromagnetic phase transition with a T¢ ~
4.8 K. Several magnetic materials based on coordination polymers and molecular
systems in which metal ion serves as the source of magnetic moment have been
developed. The design and fabrication of ferromagnetic solids from simple paramagnetic
units and controlling the magnetism using synthetic manipulations is a fascinating
problem. The basic idea is to build chains or sheets of paramagnetic metal ions with
appropriate bridging ligands so that the desired magnetic interactions between the ions
can be achieved. The distance between the ions and their three-dimensional interactions
are of profound significance, and optimal design can lead to spontaneous magnetization
at ambient tv:xn;:tcrature.z1':"2 In order to achieve a strong coupling between the metal
centers with their unpaired electrons, short bridging ligands such as oxo, cyano, azido,
pyrazolate or triazolate have been investigated. The metalloligands are good candidates
for the construction of novel bimetallic coordination polymers with spontaneous

magnetization.”
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Another approach to molecular magnetic materials is to utilize an organic radical
ligand which serves as the spin carrier as well as linker to magnetically active metal

. 24
100S.

Different methods have been used to construct coordination polymer based
magnetic materials containing organic radical ligands - utilization of an organic radical
ligand for a direct linker, generation of a radical on a linking ligand as a result of the
formation of the coordination polymer and production of a radical by light irradiation
following the construction of the coordination polymer. A strategy using m-conjugated
polynitroxide radicals with high spin ground states as bridging ligands for magnetic metal
ions was applied to assemble and align spins on a macroscopic scale.”> Molecular
compounds containing rare earth metal ions coupled with transition metal ions and

radical ligands have also been extensively studied.*®

Even though many organic radical systems are known, obtaining a ferromagnetic
coupling in the solid state is a difficult task. Unlike in metal-based systems where the
unpaired electron spin are largely confined to the metal center, in organic molecular spin
systems the unpaired electron is delocalized over the various atoms that constitute the
molecule.  Generally, bonding tendencies between orbitals lead to preferential
antiferromagnetic coupling of spins. One of the ideas proposed to obtain ferromagnetic
spin coupling between molecular spin systems was to achieve a packing of the molecules
in such a way that the regions of positive spin densities on one molecule would be in
close contact with regions of negative spin densities on the neighboring and vice versa.
The ferromagnetic coupling between the unpaired electrons of the y-phase crystals of p-
nitrophenylnitronylnitroxide (p-NPNN) radicals have been extensively studied in the
recent past.”’ Combination of structural analysis and specific modification by molecular
engineering have led to the preparation of molecular solids that show short range organic

ferromagnetism.?®

Molecular magnetic compounds are well developed, and strategies
have been worked out to obtain new materials with designed properties, molecular ferro-
and ferri-magnets, organic magnets, single molecule magnets and high-spin

29,30

molecules. Though molecular magnets® based on organic polymers and charge

transfer complexes continues to attract materials chemists, a well-characterized ambient
temperature organic polymer ferromagnet is yet to be realized.
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Molecular conducting materials

Most organic solids and polymers are insulators: polymers such as teflon or
bakelite are some of the best electrical insulators. However several molecular materials
based on charge transfer complexes and doped n-conjugated polymers show appreciable
conductivity. They are called synthetic metals,’’ as they are prepared through normal
organic synthesis protocols. Many molecular crystals and n-conjugated polymers show
conductivity similar to semiconductors.

The first molecular conductor was synthesized in 1842 by Knop by oxidizing the
metal complex K>(Pt(CN)4)*? with bromine, though the conducting property of these
materials was perhaps not realized at that time. In the early 1950’s Japanese researchers
observed that perylene-bromine complex™ showed a low electrical resistivity of about 8
€2 cm, a rather unexpected property for an organic solid. The synthesis of strong m-
electron donor/accepter organic molecules such as tetracyanoquinodimethane (TCNQ) in
1962** and tetrathiafulvalene (TTF) in 1970,>° marked the development of a large number
of conducting or semiconducting charge transfer complexes. The conducting bands in
molecular charge transfer complexes are expected to be generally narrow and best
visualized as an intermediate regime between band and molecular orbital limits.*® The
most popular example of an ‘organic metal’ is the complex between TTF and TCNQ first
prepared in 1973. TTF-TCNQ exhibits a room temperature conductivity of ~10° S/cm.
Advances related to TCNQ based acceptor molecules and other cyano compounds have
been reviewed recently.”’ TTF and related molecules have been the prime focus of a
majority of organic conductors and superconductors research.’® Several molecular
conductors based on metal complexes have been developed. The halogen-bridged
binuclear metal mixed-valence complexes exhibit metallic conduction above room
temperature.’”®  One-dimensional coordination polymers constructed from stacked
porphyrin and phthalocyanine complexes have been studied extensively because of their

electrical conductivity.*’
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Molecular optical materials

Over the past several decades, various classes of optical materials including dyes,
pigments, luminescent and electroluminescent (EL) materials have been developed.
Molecules with delocalized m-electron systems, often with donor-acceptor (push-pull)
structure, possess interesting optical and nonlinear optical characteristics. Organic dyes
have attracted considerable attention in the field of diodes and laser optical storage
devices. The use of cyanine and phthalocyanine dyes in commercial recordable compact
discs (CD-R) have facilitated the use of shorter wavelength (635-650 nm) laser beams in
place of traditional 780 nm lasers. Dye lasers have contributed greatly to the progress in
laser spectroscopy and laser chemistry. A wide variety of organic compounds with
complex chemical structures are used as the active medium in current dye lasers."'

Quinacridine, coumarins and polypyrroles are some of the famous industrial pigments.

Luminescent molecules and materials are potential candidates for display devices
and sensor applications. Molecular recognition events that trigger fluorescence response
are effectively exploited in chemical and biological applications. Families of molecules
which exhibit efficient fluorescence include aromatic hydrocarbons and their derivatives,
azomethines, azines, several five and six membered heterocyclic derivatives, carbonyl
compounds and metal complexes with a wide range of organic ligands.* Several
strongly intercalating metal complexes of platinum and ruthenium can act as luminescent
markers for DNA* and foot print applications. A variety of nanomaterials, polymers and

sol-gel systems also display strong fluorescence.”**

Molecular materials which display
electroluminescence could be (i) organic dyes (ii) chelate metal complexes® or (iii)
conjugated polymers. The most widely used metal complexes for electron transport and
emitting materials are hydroxyquinoline based compounds. The conjugated polymer,*
poly ( p-phenylenevinylene) (PPV) shows high fluorescence and can be used as the active
material in single layer organic light emitting diodes. The potential of molecular and
polymeric EL devices for extensive commercial application is bright indeed.
Coordination polymers have also been studied for luminescence applications owing to
their higher thermal stability compared to pure organic materials and the facility of tuning
the emission wavelength of the ligand moiety by metal coordination. The combination of

organic spacers and transition metal centers in coordination polymers is seen as an
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efficient method for obtaining new types of EL materials for potential applications as
light emitting diodes.*” Recently, the observation of polarized photoluminescence from
molecular materials have suggested the possibility of using them in flat panel displays
and other optoelectronic applica‘tions.‘"3

Molecular nonlinear optical materials

Considerable progress has been made in recent times in using light (photons) as
carriers of information. Optical telecommunication using optical fibers and optical
displays using liquid crystals or polymeric light emitting materials are significant
developments in these fast growing areas. It is expected that optical information
technology will expand rapidly at a rate that roughly doubles transport, processing and
storage capacity in every three years." It is believed that a large fraction of the elements
for these technologies will use light as the information carrier. Nonlinear optical (NLO)
materials interact with the intense electromagnetic fields of laser beams and produce
alterations in the properties of light such as the phase, frequency, amplitude, polarization
and other propagation characteristics.” NLO materials are the key agents for the fast
processing of information and for dynamic or permanent storage applications. The field
of research and development of nonlinear optical materials has progressed impressively
since the invention of laser in the late 1960’s. Demonstration of the nonlinear optical
phenomenon of second harmonic generation (SHG) in single crystal quartz by Franken
and coworkers,’' and phase matched SHG in KDP crystal by Geordamine®® and Maker
and coworkers laid the basis for modern nonlinear optics. Parametric oscillation®* in
KDP single crystal and lithium niobate (LiNbOj) crystal were discovered in 1965.
Rentzepis and Pao’® in 1964 observed SHG in benzopyrene, the first instance in a
molecular system.  The potential of organics was revealed by studies on

hexamethylenetetramine,s{’ hippuric acid, benzil®’ and urea.’®"’

In 1968 a systematic
approach was developed to quantify and classify SHG in organic and inorganic

compounds by Kurtz and Perry.”®

In the 1970’s the analysis of nonlinear interference pattern in crystals was
developed by Jerphagnon and Kurtz® and electric field induced second harmonic
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generation in solution was demonstrated by Hauchecorne and coworkers®' which showed
the possibility of measuring individual molecular nonlinearities in solution phase.”
Several books and reviews have appeared which deal with the theory and structural
characteristics and applications of nonlinear optical molecules and materials.%>°
Organic molecules and polymers are of great importance in the area of optoelectronics
and photonics.”™® It is believed that future information technology will be largely based
on photonics, wherein photons instead of electrons will be used to acquire, transmit and
store information. Photorefractive®’ and photoconductive®® materials are actively being

explored for various applications in information processing and technology.

The efficiency with which materials can carry out nonlinear optical processes is
controlled primarily by its nonlinear electric susceptibility. In the traditional
semiconductors and other inorganic materials, nonlinear responses are related to
individual nuclei or bond polarizabilities. Nonlinearity in molecular materials arises
primarily due to electronic polarization effects controlled by the molecular electronic
structure. The nonlinearity is highly dependent on the geometrical arrangement of the
molecules in the condensed medium in the case of second order nonlinear processes, but
much less so for third order nonlinearities. Molecular materials are increasingly being
recognized as the materials of the future because of their fast and strong nonlinear
responses and the versatility of synthetic chemistry which can be used to alter and

optimize molecular structure to maximize the nonlinear responses.

1.2 NONLINEAR OPTICS

Basic concepts

Nonlinear optics is the study of phenomena that occur as a consequence of the
interaction of the strong electromagnetic field of intense light such as laser beams with
materials and the resulting modification of the optical properties of the materials. The
strong oscillating electric field of the laser beam creates a polarization response in the
material that is nonlinear with respect to the electric field. The electric field of an
electromagnetic radiation typically in the range of optical frequencies induces electronic
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polarization in a molecule or material, with which it interacts. The dipole moment
induced per unit volume is called polarization. At low electric fields, the polarization, P
is linearly related to the field E by the proportionality constant x(“, the linear electric
susceptibility tensor (Fig.1.2). At high fields typically those associated with lasers,
contribution of the nonlinear (second and higher order) terms become significant and P
varies nonlinearly with E.** Higher order susceptibilities ™ (n >1) are inherently

M

smaller than %"’ and their magnitudes get smaller with increasing n. The polarization in

a bulk material along the direction i can be represented as:
P=xE, +Xf,i)E_;Ek+Z;i}E;EkE:+ ----- L.

In Eqn. 1.1 the indices i, j, k and [ refer to the coordinates of the bulk material. The
polarization at the molecular level p; similarly depends on the molecular polarizability, o

and hyperpolarizabilities, B, y etc as given in Eqn. 1.2.

P, = E, + BuE E+AY B EE+..... (1.2)

The coefficients ™ in Eqn.1.1 as well as a, P, y etc in Eqn.1.2 are tensorial quantities.
The phenomenon of frequency doubling or second harmonic generation, a quadratic
nonlinear optical (NLO) effect can be visualized as follows. If the applied electric field
has frequency, @ and is represented as sin(wt), the quadratic term will have a 2w
dependence as seen in Eqn.1.3.

E o sinwt

E? o sin’ ot (=%(1—cos’2wt)) (1.3)

Eqgns. 1.1 and 1.2 show that there is an important symmetry constraint for observing
second harmonic generation or any other even order NLO effect. In systems having a
center of inversion symmetry, reversal of the electric field would exactly reverse the
polarization, ie, P(-E) = -P(E). From Eqn. 1.1 it can be seen that this is possible if and
only if all terms with even powers of E become zero. This implies that the even order

coefficients such as B. § etc and 1(2), ¥ etc. are strictly zero. In a noncentric system, no
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such equality exists and generally, P(-E) # -P(E). This implies that quadratic or any other
even order effects are possible only in noncentrosymmetric molecules or materials.

P4  Nonlinear polarization

Linear polarization :

' Im

Figure 1.2 Nonlinear polarization at high electric fields, the linearity at low fields is

shown using the dashed line.

Materials for second harmonic generation (SHG)

Materials developed initially for NLO applications were based on inorganic
systems. Ferroelectric materials lacking center of symmetry were prime candidates for
observing quadratic effects. Materials extensively used for second order NLO
applications are inorganic crystals such as potassium dihydrogen phosphate (KDP),‘59
lithium niobate (LiNbO3)" and B-barium borate (BBO).”' NLO effects in inorganic
materials based on ionic solids arise primarily due to the ionic polarization and hence are
relatively slow. Since the responses are due to bulk effects, decomposition of the NLO
coefficients in terms of atomic/ionic contributions is not straightforward. Molecular
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materials on the other hand with their relatively low refractive indices, exhibit faster NLO
responses. Further, the NLO effects can be conveniently analyzed in terms of the
molecular contributions and the impact of the molecular organization. If molecules, with
large hyperpolarizabilities values are aligned so that their hyperpolarizabilities add up
constructively, the assembly leads to noncentric materials with appreciable NLO

response.

Organic n-conjugated molecules and polymers have been extensively studied for
the past two decades and continue to be an active field in second order nonlinear optics.
There is increasing activity in the area of metal-organic systems like coordination
complexes and coordination polymers which show many advantages over the pure
organic as well as inorganic systems for NLO applica‘[ions.n'73 Considerable effort is
being made to develop materials with good thermal and mechanical stability, so that they
can compete with traditional inorganic materials which at present dominate the area of
technological applications. The physical mechanism of charge transfer that leads to the
nonlinear optical effect in a ‘donor - conjugating unit - accepter’ (D-n-A) framework, can
be understood in terms of Mulliken resonance structures illustrated in Fig.1.3. When a
molecule is subjected to an applied field parallel to the dipole axis, the electronic
polarization response will be unsymmetric as a result of the cooperative influence of the
donor and accepter groups; this can be contrasted with the symmetric response of an
unsubstituted structure (broken line). The asymmetry in the polarization gives rise to the
harmonic frequencies of the field radiated by the molecular dipole oscillations. These
simple considerations have led to the developments of a vast number of molecular

crystals and polymers as candidates for NLO applications.

Various classes of quadratic NLO molecules have been developed based mostly
on donor-acceptor substituted aromatics. Some of the extensively studied classes of NLO
chromophores of this type are 1,4-substituted benzenes and stilbenes,”*" 4-nitroanilines
and 4-(N,N-dimethylamino)-4'-nitrostilbene (DANS).”® Dulcic and Sauteret’” were the
first to study the substituent effect in para disubstituted benzene derivatives and Oudar
and Leperson reported on the effect of conjugation length by using stilbene in the place
of the benzene system.”® Since then several systematic investigations have been carried
out on the structure-property relationship of NLO chromophores. Compounds with
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ol polyphenylenes,82 as

conjugating bridges such as tolans,” diazostilbenes,”” polyenes,
well as heteroaromatic 5- or 6- membered rings like thiophenes and azoles®® have been
investigated. In order to overcome the problem of absorption in the organic compounds,
Mignani and coworkers have developed an interesting approach of linking donor and
acceptor groups through s-p conjugative units, such as silanes, oligo-silanes and poly-

g 4
silanes.®

A variety of salts especially with pyridinium and stilbazolium cations have
been studied for their second order NLO properties. Organometallic and coordination
complexes form another class of materials that have been studied for the quadratic NLO
properties.”” Extensive investigations have been carried out to understand the role of
metal ions, oxidation state of the metal, donor/acceptor substituents on the ligand, and
length of conjugation in the ligand on the quadratic NLO properties of the metal
complexes. The metal complexes generally show an enhancement of molecular
hyperpolarizability compared to the free ligand. The transparency - nonlinear response
trade-off problem in the metal-organic materials could be overcome by using d'"" metal

S, ! o
ions.” In several instances, octupolar metal complexes have shown better nonlinearity

7 2 3

time
’

= polansation
state 1 state 3

...........................................................................................................................

Figure 1.3 Origin of nonlinear polarization in a ‘donor - conjugating unit — acceptor’
system. The broken line represents the response of unsubstituted system.
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and transparency compared to the dipolar counterparts.86 Other systems studied include

72,87

ferrocene, metallocene compounds’™®’ and calixarenes.*® We discuss more about metal-

organic systems in Sec. 1.5.

Since D-m-A type systems often tend to prefer centrosymmetric organization in
the bulk, there has been considerable interest in exploring octupolar molecules.?”??!
Recently there have also been reports on novel NLO chromophores with through space or
through o-bond (as opposed to m conjugative) interactions between the donor and

2 There is also

acceptor groups which show improved absorption characteristics.’
growing interest in chromophores organized as mesoscopic and crystalline
superstructures; the significance of helical organization for enhanced nonlinearity has

been investigated.”

Molecular hyperpolarizability

The first hyperpolarizability, B quantifies the second order NLO response at the
molecular level. The simplest model to take into account the contribution of charge
transfer within a molecule to the first hyperpolarizability is the two-level model proposed
by Oudar and Chemla.”®** Red shift in the absorption spectrum due to an increase in the
conjugation length or lower energy charge transfer between the donor and acceptor
substituents leads to increased B.”° Several theoretical methodologies are available to
compute molecular hyperpolarizabilities. Two general approaches’® are often employed:
(i) methods in which the perturbation due to the field is explicitly included in the
Hamiltonian (the finite field (FF) and 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). The CPHF method is equivalent to the time
dependent Hartree-Fock approximation (TDHF) for static calculations. The
semiempirical AM1/TDHF method incorporated in the MOPAC93 programme package
provides a convenient means for the prediction of B of organic molecules.
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Experimental determination of molecular hyperpolarizability is often carried out
in the solution phase. Since molecular motion in solution leads to an average center of
inversion symmetry, high electric fields are applied to break the symmetry of the
isotropic solution in the approach called electric field induced second harmonic
generation (EFISHG).”” In another technique called the harmonic light scattering or
hyper-Rayleigh scattering (HRS),” local anisotropy within the solution is used to
produce incoherent harmonic scattering which allows determination of the . The latter
technique is applicable to charged and octupolar compounds that are not amenable to
EFISHG studies. Molecular B values can be related to the bulk crystal NLO coefficients

through the oriented gas model.”’

Organization of molecules in materials for SHG

Noncentrosymmetric arrangement of molecular chromophores in the crystalline
state is a prerequisite condition to have a nonvanishing macroscopic second order
nonlinear optical response from the materials. Even though ground state dipole moment
of the dipolar molecules are not having direct correlation to the formation of
centrosymmetric lattices,'” dipole-dipole interactions between dipolar molecule
generally promotes centrosymmetric organization in the bulk. Search of the Cambridge
crystallographic database shows that typically 70-80% of the molecular crystals belong to
centrosymmetric space groups. Different strategies have been developed to obtain

noncentrosymmetric organizations, (i) inclusion of chirality,**'?'

(i1) exploitation of weak
as well as strong intermolecular forces'” and (iii) incorporation of alkyl chains of
appropriate length'® are some of the approaches developed for molecular crystals. Other
strategies include, (i) electric field poling of polymer films containing the NLO-phores,'®
(i) fabrication of X and Z type LB films,"” (iii) formation of host-guest systems,'™ (iv)

sol-gel synthesis'® and (v) salt formation.'®

Crystal engineering strategies have also
been utilized to generate acentric metal-organic polymers based on asymmetric bridging
ligands.” Recently remote functionality and complexation strategy was explored to
obtain noncentrosymmetric organization.'” Even though noncentrosymmetry is an
essential condition for quadratic NLO materials, optimum molecular organization

required for efficient SHG is not guaranteed by the noncentrosymmetric assembly alone.
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Very often noncentrosymmtric structures depart only slightly from the centrosymmetric
one. The oriented gas model developed by Zyss and Oudar provides a basis to determine
the optimal molecular orientation of dipolar chromophores which can give rise to
efficient SHG.”

phase-matchable

SHG Intensity

non phase-matchable

1.0 :
<r>f<]c>

Figure 1.4 The dependence of SHG intensity on the average particle size, <r> for
phase-matchable and non phase-matchable materials;, <l.> is the average coherence

length.

The Kurtz-Perry powder technique™ is a convenient and simple method for
screening large sets of microcrystalline materials for SHG activity. It involves the
determination of the variation of SHG intensity with the average particle size of the
microcrystalline powder as illustrated in Fig. 1.4 for phase-matchable and non phase-
matchable materials. The salient feature to be noted here is that for particle sizes much
greater than the average coherence length (ie. to the right of <r> = <|>>), the SHG
intensity, I, for phase-matchable materials reaches a saturation value and is independent
of the particle size whereas I, for non phase-matchable materials decreases with
increasing particle size and becomes negligible or undetectable at large sizes. Materials
that are phase-matchable include LiNbOs3, urea, 4-nitrophenyl-S-prolinol (NPP) and 2-
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methyl-4-nitroaniline (MNA). The powder technique is often employed as a simple tool
to probe for the presence or absence of center of inversion symmetry in the crystal lattice.
However one should exercise caution in using this technique, since factors such as
changes of chemical composition on powdering the crystals (for example by loss of
solvate molecules’) and modification of surface features are known to cause artifacts.
Detailed characterization of the SHG coefficient of crystals and their correlation to the
molecular hyperpolarizability tensor components is possible by measurements on large
size single crystals. Such measurements are essential to investigate the phase-matching

direction in the crystals.

Fabrication of molecular materials for SHG

The main approaches to the fabrication of materials for second order nonlinear
optical studies are: (i) crystal growth, including inclusion and host-guest complexes, (ii)
growth in confined structures such as wave guides and fibres, (iii) poled polymer systems
and polymer crystal composites, and (iv) thin films formed by the Langmuir-Blodgett
(LB), self-assembly (SAM) and vapor phase deposition techniques.

Crystallization is the most common technique for the purification and fabrication
of molecular materials.'® Different kinds of approaches have been developed to grow
good quality crystals. The advantages of crystals lie in the highly specific arrangement of
molecules and the improved density of packing in the crystalline state. The specific
arrangement of molecules leads to high levels of bulk nonlinearity, provided that optimal
geometrical arrangements and crystal symmetries are achieved.” The high packing
density also contributes to the magnitude since bulk nonlinearity depends on the
chromophore density. In favorable cases, crystals can be cut, polished and shaped into

devices for various applications. In poled polymers,'®

considerable flexibility exists in
the choice of molecular and polymeric constituents, allowing for systematic design and
optimization. Polymer films deposited from solutions lend themselves well to planar
fabrication approaches so that waveguide and integrated optical devices can be

fabricated.



18 Chapterl

In general, thin films can be grown from solution or deposited from the gas phase.
The solution-based techniques are easy to setup and are extensively used. Langmuir-

Blodgett (LB)'” and self-assembled monolayer'g'lg

techniques are capable of forming
noncentrosymmetric films with molecular alignment perpendicular to the surface with
well-defined thickness. Rational design through synthesis of suitable chromophores and
the use of appropriate templates, have resulted in considerable progress towards
increasing the quality and stability of the films. Vapor phase deposition®’ technique
offers the advantages of layer thickness control of the thin films with very high chemical
purity, in-situ growth monitoring and high growth rates. The materials should be stable
to sublimation processes and temperatures. Noncentrosymmetric thin films were
prepared by vapor deposition on to lattice-matched inorganic crystals or oriented
substrates. Recently hydrogen-bonding approach was utilized in the preparation of
noncentrosymmetric thin films by organic molecular beam deposition technique.'” We

discuss more about thin films for SHG in the next section.

1.3  THIN FILMS FOR OPTICAL SECOND HARMONIC GENERATION

Thin films and nanostructures have attracted increasing interest because of their
potential applications in a variety of advanced technologies, including nonlinear optics,
microelectronics, nanotechnology, light emitting devices, field-effect transistors, liquid

18,19,44,108

crystals, sensors, and solar cells. For many of these applications, the device

performance is crucially dependent on the orientation of the functional molecules in the

199 Therefore, methods for alignment of molecules in the

film or the nanostructures.
structures are of great technological interest. The alignment can be centrosymmetric or
noncentrosymmetric. Thin films with noncentrosymmetric ordering of molecular dipoles
are attractive for a multitude of information processing and photonics applications, such
as high speed electro-optic modulation, optical switches, terahertz wave generation,
holographic storage, anisotropic charge transport, self-assembled molecular nanowires, or
NLO wave guides for integrated frequency conversion using low-power semiconductor

lasers.u'm' 109
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Several techniques have been developed for the growth of anisotropic thin films,
including electric field pc»ling,“s Langmuir-Blodgett transfer,'’  self-assembling
monolayer'®'® and vapor phase cif:position20 techniques. The classical poling method
consists of heating the polymer close to its glass transition temperature (Ty), so as to
increase the molecular mobility in the polymer matrix and application of a DC electric
field which results in statistical polar orientation of the molecular dipoles along the field
direction. Cooling to room temperature while keeping the orienting field on, freezes the
chromophores in the polar orientation. Adjustment of the electrode configuration, can in
principle, be used to obtain any desired direction of the orientation axis imprinted inside
the materials.''® Even though the poled polymers offer many advantages as materials for
second order nonlinear optical applications, the dilution of the NLO chromophore in the
matrix, the broad orientational distribution and the temporal instability of the dipole

orientational ordering often limit their utility.

The LB technique is the first technique that provided the chemist with the
capability to construct ordered molecular assemblies. This technique in the most general
form, consists of forming monolayer of amphiphilic molecules (composed of a
hydrophobic tail and a hydrophilic head group) at the air/water interface and transferring
them onto a suitable substrate, preserving the monolayer organization to a large extent.
Repeating the process allows the growth of multilayers. The advantages provided by the
LB technique for the growth anisotropic thin films include, the possibility of easily
modifying the environmental parameters of a monolayer, the flexibility and range of
strategies available in the design of NLO chromophores and the homogeneity of the film
thickness that can be achieved. In most of the cases, the multilayer films adopt a
centrosymmetric head-to-head or tail-to-tail arrangement, the so-called Y-layer
deposition. However, the technique has been used to obtain noncentrosymmetric thin

films displaying a herringbone arrangement,'"’

with the direction of the herringbone
structure parallel to the dipping direction. The X and Z-type depositions lead to
noncentrosymmetric organization of the multilayers. The second harmonic intensity
varies linearly with the square of the film thickness, when the multilayers are well-
ordered, and NLO waveguides using such films have been successfully demonstrated.''?
While the LB technique is relatively successful in obtaining noncentrosymmetric thin

films consisting of up to ~100 monolayers, it has the disadvantage that it is very time
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consuming. In many cases, the structures are also thermally unstable; the thermal
instability has been attributed to the weak nature of the intermolecular forces within the
layers.

Self-assembled monolayers (SAM) and molecular self-assembly provide an
attractive alternative approach to second order NLO materials. One of the successful
methods is based on the construction of covalently linked, intrinsically acentric super-
lattices containing molecular chromophoric subunits. SAMSs are molecular assemblies
that form spontaneously by the immersion of an appropriate substrate into a solution of
an active surfactant in an organic solvent.”” One obtains films consisting of densely
packed long chain organic molecules which are chemisorbed, usually on inorganic
substrates, through a head group which has specific affinity for the substrate. These
materials offer higher net chromophoric alignment, larger number densities and greater
stability and structural control than LB films. In the first step, the substrate is thoroughly
cleaned, washed and dried to produce a well-defined surface. In the second step the
coupling layer is formed. This layer will provide the binding specificity of the NLO
chromophore. The next step involves the introduction of the chromophore layer. In the
last step a capping layer is added to promote structural stability. Recently the method has
been used to produce robust, densely packed thin films and further extended to produce
multilayered films with strong NLO properties.“3 The major disadvantage afflicting this
technique comes from it being a solution based technique were side reactions and several
intermolecular interactions can interfere with the deposition processes. In addition, the
rates at which films can be grown with this technique are not sufficient for practical
purposes.

In the vapor-phase deposition method, two kinds of method such as organic
molecular beam epitaxy (OMBE) and organic molecular beam deposition (OMBD) have
been developed to fabricate thin films. Organic thin films can in principle be grown by
epitaxy on a lattice-matched substrate. Such an OMBE procedure needs good film-
substrate interactions for the achievement of single domain crystalline organic thin films
that are required for NLO applications. This is a major limitation of the technique.
Epitaxial growth of a specific class of organic compounds have been demonstrated,''* but
ordered growth on inorganic substrates could not be achieved due to incompatibility of
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lattice parameters and the weak forces between the substrates and the organic films. In
order to overcome the problems of lattice-matching of the substrate and epitaxial growth,
another approach called OMBD has been developed. In this technique, thin films are
fabricated by the evaporation of molecules onto a thermally stabilized substrate under
high or ultra high vacuum conditions. OMBD technique is interesting because it has
many advantages over the solution-based techniques, such as greatly reduced
contamination in the ultra-high vacuum condition, a solvent free environment, superior
control over growth parameters, and reasonably high growth rates. In addition, mask-
designed microstructures, such as strip waveguides and integrated hetero-layered
structures, can be easily fabricated using this technique. Giinter e/ al have demonstrated
the utility of the OMBD technique to fabricate organic thin films with hydrogen bond
directed preferred orientation of molecular dipoles on amorphous glass substrate.'"”
Other methods like rubbing''® and dragging''’ techniques have also used to fabricate
oriented thin films. Kim er al''® have demonstrated a new strategy using a
supramolecular device technique, for the spontaneous self-assembly of NLO
chromophores with directional order and enhanced polar stability. In this approach, the
chromophore is uniaxially included in the helical cavity of amylose as receptor, which
preferentially accommodates hydrophobic guests, forming a helical rigid-rod
supramolecular complex. The various thin film techniques allow the fabrication of large
area NLO materials and devices and hence hold great promise from the point of view of
practical application. The small dimensions perpendicular to the film plane also
facilitates the utilization of small voltage to achieve large electric fields when required.

1.4 POLAR ASSEMBLY OF DIPOLAR MOLECULES IN CRYSTALS

The bulk properties of molecular materials are intimately linked to the relative
orientation and organization of the constituent molecules. For example, the electrical
transport in organic molecular conductors based on charge transfer complexes critically
depends on the interplanar distances and m-orbital overlaps of the donor/acceptor
molecules.*® Magnetic interactions and hence the cooperative magnetism in molecular
magnets can change drastically when the mutual disposition of the molecular radicals is

27,28,119 . ; ; ;
altered. Molecular materials that crystallizes in acentric space groups are of
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general interest to studies of solid state properties such as pyroelectricity, piezoelectricity
and second order nonlinear optical responses such as SHG, frequency mixing, linear

electro-optic effect and photorefractive effects.5#¢¢

Polar solids in particular, are an
important class of materials for pyrroelectric, piezoelectric and second order NLO
applications, especially for the linear electro-optic (EO) effects. Parallel alignment of
dipolar molecule with large [ leads to high values of bulk nonlinearity. The linear
electro-optic (EO) effect, the electric field induced change of the refractive index, of
several organic and inorganic materials have been extensively investigated and is a
technologically important phenomenon which is currently employed in electro-optic
modulators. Therefore, developing acentric materials wherein the chromophores are
aligned in a parallel fashion, is an interesting as well as challenging problem.'*’ Parallel
orientation of the molecular dipoles can be achieved by electric field poling technique in
doped polymer films; however as discussed in Sec. 1.3, the temporal instability and the
dilution of the nonlinear chromophores in the polymer matrix are major handicaps for

device applications.'®

The crystalline state is, in principle, the best medium for generating NLO
phenomena because of the high packing density of the active components. In the past,
several design strategies have been attempted to achieve- parallel molecular dipole
orientations in NLO crystal (Table 1.1). Marder et al'®™"!' have developed a ‘salt
methodology’ wherein the anion sheets provide the shielding required to achieve net
polar alignment of the NLO-phore cations and lead to materials with large SHG
capability. Bosshard et al demonstrated a cocrystal approach, in which careful selection
of the molecular units, led to one of the first examples of a geometrically and
electronically optimized electro-optic crystal.'” Crystal engineering strategies have also
been used in the development polar supramolecular assemblies of molecular

dip01€s.|23'124

Approaches to obtain polar supramolecular host-guest systems by
incorporating NLO molecules in a parallel fashion is an interesting strategy and are
relatively more successful compared to the other approaches. Starting with -
cyclodextrin'zs a number of clathrate-forming compounds'?® such as urea and thiourea,

127

cyclophosphazen, deoxycholic acid and perhydrotriphenyllene (PHTP) “" were examined

with respect to the formation of inclusion compounds with small organic as well as
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Table 1.1 Routes developed in earlier work towards parallel molecular dipole alignment

i NLO crystals
Design Principle Examples Comments
Probability (ca. Me(OC)HN High density of NLO

25% crystal
structures in CS[J
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Minimum ground
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organometallic species. The host-guest systems provided a high proportion of polar
structures for the inclusion compounds.'”® Zeolite channels have also been utilized to
include the NLO chromophore in a parallel arrangement.'” Hulliger er al successfully
demonstrated the inclusion of polar guest molecules into the PHTP host channels with

13 They have developed a model based on the

parallel alignment of the dipoles.
Markov’s theory of stochastic processes to understand the mechanism of spontaneous
polarity evolution of the guest molecules in the PHTP channels."”! They have concluded
that the polarity in supramolecular materials is a tunable property and that the polar
structure formation in three-dimensions results from a subtle balance of intermolecular
interactions, between donor/acceptor groups of the push-pull molecules and
along/perpendicular to the molecular dipole axis. In the open framework strategy, the
polar host frameworks enforce the alignment of guest molecules into a polar

orga.niz'.ation.132

Most of the strategies developed so far, to obtain parallel alignment of the
molecular dipoles in the crystals require the involvement of a supporting structure based
on host polymer or framework lattice, counterion or cocrystallization partner. This
invariably leads to a lower density of the NLO active component in the bulk materials
(dilution effect mentioned in Table 1.1) and hence reduces the effective utilization of the
materials to achieve desired solid state effects. Further, multicomponent systems in many
cases pose difficulties with crystallization. It is therefore desirable to develop single
component crystals with a perfectly polar alignment of the constituent molecular dipoles.
Hulliger et al proposed a theoretical concept for designing geometrically optimized,
single component crystals for electro-optic effects.'” The idea relies on the mechanism
responsible for the spontaneous evolution of polarity in channel-type inclusion
compounds consisting of non-polar hosts. They envisaged that elongated, rod-like
molecular chromophoric structures, which incorporate both a strongly hyperpolarizable
core and peripheral, non-polarizable groups and carefully optimized intermolecular
interactions have a high probability to form polar single component NLO crystals. Some
of the single component polar supramolecular systems that have been reported recently
are the following. Weak intermolecular interactions in 2,6-diethynylpyridine lead to the
parallel arrangements of the molecular dipoles in the supramolecular assembly and a
chiral, parallel alignment of one-dimensional coordination polymer using the chiral
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system, the molecule assembled in a noncentrosymmetric parallel alignment in the three-
dimensional lattice. Parallel arrangement of molecules have been observed in the crystal
lattice of tetrahedral and square pyramidal zinc coordination compounds.'®® Azines were
shown to form parallel alignment of molecular dipoles in crystal.'”®® Recently, a new
strategy for the design of polar organic solids have been demonstrated on the basis of
intermolecular interactions in the crystal lattice."”” Hydrogen-bonded sulfamide sheets
lead to the formation of polar assembly of molecules in the crystals of N,N’-Bis(4-
substituted benzyl)sukfamides.'38 The single component perfectly polar crystals we have
developed will be discussed in Sec. 2.3 and 2.4.

1.5 METAL-ORGANIC SYSTEMS AS SECOND ORDER NLO MATERIALS

Ever-expanding areas such as information technology, image processing and data
transmission and storage as well as the advances in applications like optical switching,
optical frequency conversion and optoelectronics lay heavy demands on new and more
efficient materials. Several classes of materials have been developed based on inorganic
crystals and semiconductors, organic crystalline materials, metal-organic systems and
polymers with delocalized n-electrons. However, each type of materials is superior in
one aspect but of limited merits in another. Inorganic materials generally show relatively
weaker and slower nonlinear optical responses than n-conjugated organic molecules, but
posses superior crystal attributes. Organic materials with strong optical nonlinearities

often suffer from poor thermal and mechanical stability.*”'*

In spite of these
drawbacks, however, the correlation between the molecular structure and materials
properties for molecular second order NLO materials is well developed. Therefore, the
synthesis of optimized molecules and fabrication of the molecular materials with
appropriate arrangement of the building blocks to achieve efficient second order NLO

materials, continues to be an active field of research.

Investigations were initially focused on purely inorganic systems, and some of
the first solids to demonstrate second order NLO properties were inorganic crystals (e.g.
quartz, lithium niobate and potassium dihydrogen phosphate),’"">* in which photo-
induced change in refractive index and later, photorefractive effect were observed.
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Inorganic semiconductors followed, such as gallium arsenide and indium antimonide
which displayed large optical nonlinearities. Multilayer semiconductor materials that
were synthesized using new crystal growth techniques'*' exhibited special optical
properties not apparent in the bulk materials®. These materials are commercially being
used as frequency converters, electro-optic modulatots and optical switches."* However
problems such as ‘trade-off” between response time and magnitude of optical nonlinearity

and cost of fabrication persist with these materials.

In later years, organic systems were investigated as an alternative to inorganic
materials because of their low cost, fast and large nonlinear response over a broad
frequency range, inherent synthetic flexibility and intrinsic tailorability.®***® Particular
attention has been paid to the development of discrete organic molecular NLO
chromoph(:nres.'w'140 In such molecule-based NLO materials, the optical properties can
be readily fine-tuned through subtle changes in the molecular structure using the tools of
synthetic organic chemistry. However, in spite of extensive investigations, organic
materials are yet to find practical NLO applications. Molecular materials in general are
fragile and brittle, and have relatively low thermal stability and low damage thresholds
under laser irradiation. Large, optically clear crystals are difficult to grow; for
specialized applications, the crystals must be large enough to cut and polish. Good
transparency of the materials at the operating frequencies is essential and several organic
compounds with large [} absorb visible light making NLO applications at these
wavelengths inefficient.  Recently, investigations of coordination complexes and
organometallic systems have intensified considerably. Incorporation of metals into NLO
systems gives a new dimension of study and introduces several new variables that can be

optimized.

Metal-organic Materials

We use the general term metal-organic systems to denote the class of materials
including coordination complexes of metal ions, organometallics and coordination
polymers. Metal-organic systems are of special interest because of the relatively higher
thermal and mechanical stability they posses and the utility of metal centers in the
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construction of various one, two and three-dimensional architectures for NLO
application. The metals can have a large diversity of oxidation states and ligand
environments, and due to the polarizable d-electrons, a number of interesting effects and
greater nonlinear optical effects are likely to be observed. Molecular configuration also
plays a significant role on second order NLO properties of coordination compounds.I43
The reasons for studying the NLO properties of metal complexes have been expounded in
several reviews, 2222 0487.89.90.144-147 “The galient features of metal-organic systems as NLO
materials are the following.

a) Metal-organic systems often exhibit metal-ligand or ligand-metal charge transfer bands
in the visible region of the spectrum. These optical absorption bands are usually
associated with large [, although they can lead to transparency problem.

b) Transition metal centers can undergo redox changes, which can lead to electron-poor
or electron-rich situations depending on the oxidation state and ligand environment.
Facile redox ability can be envisaged as leading to large 3, in view of the metal center
being stronger donor or acceptor in comparison to conventional organic systems.

¢) Chromophores, such as porphyrins and phthalocyanines, containing metal ions are
amongst the more intensely colored materials known. The strength of the optical
absorption band is also associated with large optical nonlinearities.

d) Many metal-organic compounds have low-energy excited states with excited-state
dipole moment significantly different from the ground-state dipole moment. Many of the
excited states involve transfer of electron density between the central metal and one or
more of the associated ligands. Such excited states usually provide a substantial
contribution to p.

e) Metal-organic compounds also have important advantages in the range of non-
aromatic ligands that can be attached to the metals. These ligands can shift the occupied
and unoccupied metal d-orbitals that interact with the n-electron of the conjugated ligand
system.  This provides a mechanism for fine-tuning and optimizing B or the
erystallographic arrangements that control the bulk nonlinear susceptibility.

f) Additionally, the metal centers in these molecules can be used to generate chiral
species so that if resolvable, they can crystallize as noncentrosymmetric lattices, essential
10 observe quadratic NLO effects.



28 Chapter]

A general problem is the low energy d-d transitions present in most of the
coordination compounds, normally observed in the visible region. This gives rise to what
is termed as the nonlinearity/transparency trade-off. If a material is to be used for
frequency doubling, then obviously, the absorption of the second harmonic light that is
produced will limit the usefulness of the material. Depending on the location of these
bands, the ‘transparency window’ can be large or small; larger a materials’ transparency
range the greater its potential applications. These considerations suggest that d'? metal
ions such as Zn(II), Cd(Il), Cu(I) and Ag(I) are potentially important candidates for the
fabrication of metal-organic materials for NLO applications.

Coordination complexes with second order NLO properties

Several classes of coordination complexes have been investigated for second
order nonlinear optical properties. The materials that have been extensively studied are
those based on pyridyl, Schiff base and thiocyanate ligands. Even though there are some
reports on quadratic NLO properties of porphyrin and phthalocyanine complexes, they
are better known for their third order NLO effects, which stem from the extended
delocalized m-systems and strong absorption. Recently, an excellent review of the NLO

properties of coordination complexes has appeared.®
Complexes of pyridyl ligands

One of the earliest NLO studies involving metal pyridyl complexes was reported
by Frazier et al. in 1986 who investigated the SHG from various Group 6 metal pyridyl
carbonyls. SHG was observed in a Re(I) complex and inclusion compounds of various
metal complexes with thiourea or tris-ortho-thymotide.'*® Following these early solid
state investigations, electric field induced second harmonic generation (EFISHG) and
theoretical calculations were carried out on several pyridyl complexes; the p values
similar to that of 4-nitroaniline were observed in several cases and the values are
sensitive to the nature of the pyridyl substituent.*”'** Kanis et al carried out detailed
computational studies on pyridyl complexes that showed excellent agreement with
EFISHG data, it was concluded that the f is greatly influenced by the substituents in the
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4-position of the pyridyl systems than the phenylene 4-substituents in the stilbazole
systems.”g The extension of the conjugation length does not lead to sharp increase in j,
in marked contrast to the behavior of purely organic NLO-phores. Generally, pyridine
and stilbazole ligands show appreciable enhancement in the B upon complexation with
the metal centers. Molecular hyperpolarizability enhancements of the metal complexes
depend on the o-electron withdrawing capability of the metal centers as well as the

donor/acceptor substituents on the ligand.

Coe and coworkers have investigated the NLO properties of ruthenium amine
complex salts of pyridyl ligands, focusing on the establishment of structure-activity
correlations for B values derived from hyper Rayleigh scattering (HRS) measurements.' "
Perhaps the most interesting result to emerge from these studies is the observation that
the MLCT absorptions and Bo responses of certain complexes can be reversibly and

I redox changes using chemical reagents.””” This

effectively attenuated by Ru
demonstration of redox-induced switching of NLO responses provides a novel
justification for incorporating transition metal centers in molecules with large (o values.
The donor ability of the {Ru(NH3)s}** has been demonstrated in 4.4’-bipyridine based
coordination complex and shows better ability than dimethylamino group as a n-electron
donor. Bimetallic complexes containing pyridyl carbonyl centers with ruthenium o-

. + 87 7,147
acetylide®” or ferrocenyl®”'

electron donor groups have also been investigated.
Fabrication of ruthenium coordination complexes into thin films by the LB technique and
their second order NLO properties have been investigated.* Rapid photoinduced

modulation of the SHG from LB films have also been studied. '*!

Attention has been drawn to octupolar chelate complexes by the work of Zyss et
al.™ Octupolar molecules are non-dipolar species based on two-dimensional or three-
dimensional chromophore structures. Metal ions are well suited for building coordination
molecules with two-fold (D) or three-fold (D3) symmetries around the metal center (e.g.
tetrahedral, octahedral, or trigonal bipyramidal geometries). NLO systems based on
octupolar metal complexes, mainly of bipyridine ligands, have been reported and recently
reviewed.”' Le Bozec er al have incorporated octupolar chromophoric unit into
macromolecular structures and measured their p by the HRS method.'™ The
enhancement of B without significant loss of transparency in octupolar molecules
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compared to dipolar molecules makes them attractive candidates for nonlinear optical

applications.
Complexes of Schiff base ligands

The first observation of SHG in metal Schiff base complexes was reported in
1991.""* The metal-ligand core was used to enhance the NLO response of an apically
substituted pyridine ligand. Thami et al reported"® Co(I) complexes of electron
donor/accepter substituted Schiff base ligands with approximate C, symmetry. Di Bella
et al have studied the quadratic NLO properties of various types of Schiff base
complexes.'”® The metal center in such complexes behaves like a template in the
formation of noncentrosymmetric molecular structures; the thermal stability of the
chelate ring structure is enhanced and metal helps to ‘switch on’ and enhance the
nonlinear response. A review of these studies including a brief discussion of the
complexes incorporated into main chain polymer, has appeared.'”’  Recently, a
combination of HRS experiments and theoretical calculations have been used to
investigate the three-dimensional character of the B of Schiff base complexes. Lacroix et
al investigated'’’ the quadratic NLO properties of Schiff base complexes by substituent
modification, doping the complexes in polystyrene thin films followed by poling and by
incorporating chirality in the Schiff base ligand. Colorless, tetrahedral complexes based
on Zn(IT) and Cd(II) metal centers have been prepared and the SHG capabilities of the
complexes investigated.”' A series of octahedral complexes have been reported to show
weak SHG, the most active one adopting a helical structure.'”® EFISHG and solid state
SHG studies have also been carried out on binuclear square planar and square pyramidal
Schiff base complexes. Tetrahedral Zn" complexes of chiral ligands substituted with
electron donating groups show strong SHG, combined with good transparency in the

gioos 46,159
visible rangc.' 6

Complexes of thiocyanate ligands
The first coordination complexes to be studied for their NLO properties were the

colorless thiocyanate bimetallic single crystals, which exhibited efficient and phase-
matchable SHG.'®® This early discovery stimulated considerable research into these and
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related types of materials. Easy growth of large, high quality single crystals, combination
of good thermal stability with relatively high optical damage threshold and efficient SHG
at wavelengths such as 380 nm and 404 nm make [Zn"Cd"(SCN)4], promising candidates
for ultra-violet SHG and related NLO device applicatic:)ns.lﬁl The second order NLO

properties of several other thiocyanate complexes have also been reported.®

Coordination polymers for SHG

Coordination polymers, in some cases referred to as metal-organic coordination
networks (MOCN) or metal-organic frameworks (MOF), are metal-ligand compounds
which form structures extending in one, two or three dimensions via coordinate metal-
ligand bonding.'® The use of metal atoms in coordination polymers offers several
advantages over purely organic chains, grids or frameworks which are organized by non-
covalent interactions." Coordinate metal-ligand bonds are stronger and in many instances
show more directionality than several other weak interactions, such as hydrogen bonding
or m-T :stacking.g,.“"3 Differences in the size, hardness/softness, ligand field stabilization of
the metal ions and the various coordination modes (octahedral, tetrahedral, square planar
etc) facilitate a wide range of construction possibilities. The metal atoms in coordination
polymers can act as assembling and templating joints for the organic bridging ligands.
More interestingly, metal-ligand combination can give rise to two or more different
structures, even with the same stoichiometry of all the components. This has been termed
as polymorphism or supramolecular isomerism in the context of coordination
networks.'®*'% Subtle factors of crystallization conditions such as solvents, temperature,

time, concentration, anions and pH play significant role in the formation of specific
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strucutres. ™ Considerable research work has been dedicated towards understanding the

self-assembly process between metal ions or secondary building units derived from them
and the multidentate ligands.'**'**'® The design and properties of the ligand itself is an
active area of research, because the ligand can play a crucial role in the construction of
novel structure as well as in the properties of the coordination polymers. The synthesis or
self-organization of coordination polymers is often achieved by combining the
appropriate metal salt and ligand in a suitable solvent under mild or at most hydrothermal
conditions. Even though much effort is still devoted to the preparation and structure
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determination of crystalline materials, the final goal is to design properties of the
polymeric assemblies of metal complexes with applications in catalysis and conducting,

; : : e . ; - 1 21
luminescent, magnetic, spin-transition, nonlinear optical or porous materials.

NLO materials based on coordination polymers can be designed so as to contain
organic ligands with large hyperpolarizabilities, and possessing noncentrosymmetric

21,159,166

structures. Molecular hyperpolarizabilities are frequently larger for the metal

complex than for the free ligand chromophore, because of the metal-to-ligand or ligand-
to-metal charge transfer and due to the involvement of the metal olsitaly 1oaa0n180
Another appealing aspect for the design of NLO properties is that metal centers can serve
as pivotal points in the engineering of three dimensional tetrahedral and octahedral
structures, giving rise to octupolar molecules.””'® The recent success in the design and
synthesis of novel materials based on metal-organic coordination networks has stimulated
much interest in the developments of noncentrosymmetric solids for NLO effects by
exploiting the strong and highly directional metal-organic coordination bonds. Examples

of some systems and direction of research in this area are described below.

The polynitrile lanthanide complex which crystallized in acentric network
structures was found to exhibit solid state SHG, 16.8 times that of urea.'®® Lin er al have
demonstrated that noncentrosymmetric solids based on infinite networks can be rationally
synthesized by combining unsymmetrical bridging ligands and metal centers with well

defined coordination geometries.”

Several noncentrosymmetric coordination polymer
assemblies with different network topology have been successfully synthesized and their
SHG capabilities were explored. An obvious choice of three-dimensional network for
realizing noncentrosymmetric solids is the diamondoid network. The connecting points
1"  In fact, the

prototypical NLO material, KDP crystallizes as a diamondoid network.'”" Metal-organic

in the diamondoid networks are tetrahedral or pseudotetrahedra

diamondoid structures have a high propensity to interpenetrate in order to fill void space
in the network.'”” Despite the inherent noncentrosymmetric nature of the diamondoid
net, an even number of interpenetrations could potentially lead to inversion centers
relating pairs of mutually independent nets. On the other hand, an odd number of
diamondoid net interpenetrations synthesized from unsymmetrical bridging ligands will
lead to the formation of a noncentrosymmetric lattice. ~Another approach that is
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employed to generate acentric diamondoid nets involves the use of low symmetry

bridging ligands to link four connecting centers. 173

Acentric metal-organic coordination polymers based on two-dimensional network
structures have also been synthesized and their solid state SHG investigated.m
Octupolar metal-organic NLO materials based on a chiral two-dimensional coordination
network has also been reported.'”” Even though the design of noncentrosymmetric one-
dimensional chains can be readily achieved, the construction of a noncentrosymmetric
solid based on one-dimensional chains is a more difficult task, owing to the lack of
control in the assembly of chains. Teo et al have demonstrated a novel approach, in
which tetrahedrally coordinated tetraalkylammonium ions control the arrangement and
alignment of the cadmium thiocyanate anion chains and leads to the formation
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noncentrosymmetric structures. = [n situ synthesis of ligands and the formation novel,

acentric metal-organic coordination polymers under hydrothermal conditions have been

1" Metal-organophosphate hybrid frameworks have also been

reported by Xion ef a
explored for optical SHG.'”® Helical coordination polymers have been generated using
chiral as well as achiral ligands and enhancement of solid state SHG compared to the free
ligand and the role of helical chains in the formation of noncentrosymmetric solid have

been studied.'”

1.6 LAYOUT OF THE THESIS

This thesis describes the development of novel metal-organic systems and the
investigation of optical second harmonic generation from them. Observation of perfectly
polar organization of molecular dipoles as well as extreme molecular orientation of
dipoles in dimorphic structures of new zinc coordination complexes that we have
synthesized, are highlighted; the unusual molecular assembly is analyzed and SHG
capability of these materials are presented. Thin films of these polar molecular materials
fabricated by physical vapor deposition on amorphous glass substrates show uniaxial
ordering of crystallites and are of potential interest in electro-optic applications. In
addition to being the acceptor moiety in the molecular unit, the metal center is used to
assemble C,-symmetric chiral ‘push-pull’ ligand into hierarchical network coordination
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polymer structures; one-dimensional helical polymers showed the highest second
harmonic generation capability among the hierarchical structures. The strong hydrogen
bonding capability of some of the ligand molecules was exploited to develop thermally
stable organic materials as well as of coordination polymers for SHG applications. A
schematic representation of the research work presented in this thesis is shown in Fig.1.5.
The thesis is divided into five chapters. Development of molecular materials and its
importance as magnetic, conducting, optical and nonlinear optical materials are already
discussed in the previous sections of this chapter. We describe below, the salient feature
of the remaining chapters.

Chapter 2

After introductory remarks in Sec. 2.1 and synthesis details in Sec. 2.2, we present
in Sec. 2.3, the discovery of single component perfectly polar crystals of a family of zinc
complexes. The formation of such structures is analyzed on the basis of the molecular
structure and the hierarchy of non-bonding interactions in the crystal lattice. The
investigation of the effect of solvent polarity and rate of crystallization on the formation
of dimorphic structures of a complex, with extreme molecular orientation of dipoles is
discussed in Sec. 2.4. Cogrowth of the polar/centric and polar/polar structures as well as
the formation of twin polar domains in monolithic crystals are also presented.
Semiemprical computational investigations indicate the delicate balance between the
solvent polarity control of parallel and antiparallel molecular organizations. Uniaxial
ordering of the perfectly polar crystallites in physical vapor deposited thin films,
structural and morphological investigations and optical second harmonic generation
measurements are discussed in Sec. 2.6.

Chapter 3

We have developed a new Cp-symmetric ‘push-pull’ ligand with multi-dentate
coordination capability and its coordination polymers with Ag(I) and Cu(l) metal ions.
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Figure 1.5 Overview of the work presented in the thesis
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They show hierarchical structures including helical chain. In Sec. 3.3, we discuss the role
of ligand conformations and the mode of ligation on the formation of helical and network
structures. Solvent influences on the formation of coordination polymers with different
ligand conformations are also presented. Impact of the structural motifs on the optical
second harmonic generation capability of these coordination polymers is presented in
Sec. 3.4. A simple computational approach that can be used to understand the influence
of the ligand conformation and coordination of metal ions on the molecular

hyperpolarizability is discussed in Sec. 3.5.

Chapter 4

This chapter presents C;-symmetric molecules possessing bis(amide)
functionality and coordination polymers developed based on them. In Secs. 4.3 and 4.4,
we present the crystal structure investigations of different derivatives, a variety of
extended H-bonded structures including polar ones are observed. The unusual
occurrence of the syn conformer of the bis(amide) group and interesting helical
assemblies through various H-bonding interactions in crystals are presented. Role of the
substituents in the bis(amide) derivatives on the solid state second harmonic generation
capability of these organic materials are discussed. Influence of the strong
complementary amide hydrogen bonds on the assembly of coordination polymer network
structures and their high thermal stability as well as the second harmonic generation
capability of these materials are highlighted in Sec. 4.5 and 4.6.

Chapter 5

In Sec. 5.1 we provide an overview of the various investigations presented in the
thesis. The highlights of the work include: (i) the development of a class of zinc
complexes, which exhibit single component perfectly polar molecular assemblies in
crystals, (ii) fabrication of these materials into thin films with acentric uniaxial ordering
of the polar crystallites, (iii) utilization of a C,-symmetric ‘push-pull’ ligand in the
formation of a range of coordination polymer topologies and the correlation of the
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network structure with optical second harmonic generation capability and (iv) structural
and solid state second harmonic generation investigations of strongly hydrogen bonded,
thermally stable bis(amide) derivatives and hydrogen bond directed coordination
polymeric network structures. Directions for further explorations in this area of research

are outlined in Sec. 5.2.
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CHAPTER 2

Polar Assembly of Dipolar Molecules in Crystals
and Thin Films of Metal Complexes
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51  INTRODUCTION

There has been intense research activity in recent years, in the area of molecular
materials focusing on the design and systematic alteration of the structure of the

constituent molecules with a view to realize specific materials properties.'

Synthetic
chemistry provides great scope for the structural modification of the molecular materials
both at the molecular level and at the organization level, i.e. the level where we wish to
control the assembly of molecules in the solid state.” Bulk properties of molecular
materials are often directly related to the relative orientation and organization of the
constituent molecules. Molecular materials based on dipolar molecules with a polar
organization of the molecules, form an important class of materials, since many
technologically useful solid state properties such as ferroelectricity, pyroelectricity,
piezoelectricity and second order nonlinear optical effects could be realized in them.” A
brief account of the relevance of molecular orientation to many solid state properties was
presented in Sec. 1.4. We have developed a novel family of metal-organic compounds
with a push-pull structure which forms perfectly polar assemblies in the crystal lattice.
Interesting cases of polymorphism and oriented growth of crystallites in vapor deposited
thin films were observed with these molecular materials. All the materials show

moderate second harmonic generation.

Fabrication of polar molecular materials often requires special techniques. For
example, parallel alignment of molecular dipoles in doped polymer films is achieved
through electric field poling." Approaches towards polar molecular assembly in crystals
have relied on the use of a supporting framework structure. In Sec. 2.2, we describe the
synthesis of a new class of coordination complexes of zinc which exhibit perfectly polar
organization of the molecular dipoles in the crystal lattice. The polar ordering of the
single component system can be described as a case of ‘self-poling’, and is discussed on
the basis of a hierarchy of anisotropic intermolecular interactions in the three-

dimensional crystal lattice. We discuss two of the new materials in Sec. 2.3.

In Sec. 2.4, we describe the polymorphism observed in another complex in this
series; it forms perfectly polar as well as centrosymmetric crystal structures depending
sensitively on the solvent and the rate of crystallization. A suitable choice of solvents
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provides crystals exhibiting an unusual cogrowth of polar/centric as well as polar/polar
domains. Semiempirical computational modeling studies of molecular clusters of the
dimorphic structures gives useful insight into the delicate balance of energetics involved
in the solvent polarity preference of the extreme structures. The SHG of microcrystalline
powders of the different compounds are presented in Sec. 2.5.

In Sec. 2.6, we discuss the fabrication of thin films of these metal-organic systems
on amorphous glass substrates by vapor deposition method. X-ray diffraction studies
reveal orientational ordering of the perfectly polar crystallites in these films. Position and
distance of the substrate from the sublimation boat is shown to be the critical factors
controlling the crystallite orientation. Morphology of the films was studied by scanning
electron microscopy. Optical second harmonic generation measurements on the thin
films clarify further, the uniaxial orientational ordering of the crystallites and the random

orientation within the plane. Sec. 2.7 summarizes the work presented in this chapter.

2.2 SYNTHESIS AND CHARACTERIZATION

The new zinc complexes we have developed and present in this chapter are: (4-
dimethylaminopyridyl) bis(acetylacetonato) zinc(Il) (ZNDA), (4-morpholinopyridyl)
bis(acetylacetonato) zinc(Il) (ZNMPA) and (4-pyrrolidinopyridyl) bis(acetylacetonato)
zinc(Il) (ZNPPA). The structures and synthesis are depicted in Scheme 2.1.
Morpholinopyridine, pyrrolidinopyridine and Zn(acac),.H,O were synthesized following
the procedures reported in the literature.’” General procedure for the preparation of
ZNDA, ZNMPA and ZNPPA is as follows. The compounds were prepared by the direct
addition of the solution of 1 mmol of the appropriate pyridine ligand in 10 ml methanol to
a solution of 1 mmol of Zn(acac);.H,O in 50 ml methanol. The mixture was stirred for 5
min at room temperature and the white microcrystalline product obtained was filtered,
washed with cold methanol and vacuum dried. Characterization of each of the
compounds is listed below.

(4-dimethylaminopyridyl)bis(acetylacetonato)zinc(Il) (ZNDA): Yield: 90%; M. P:
237-240°C; UV-Vis (methanol): Amax (Acutofr) = 282 nm (330 nm); FT-IR (KBr pellet):
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ulem™ : 3078.7, 2918.6 (C-H stretch), 1608.8 (aromatic C=C stretch), 1010.8 (C-H
bend); 'H NMR (CDCly): 8/ppm = 1.85 (s, 12H), 2.98 (s, 6H), 5.25 (s, 2H), 6.67 (d,
J=6Hz, 2H), 8.01 (d, J=6Hz, 2H); C NMR (CDCly): 8/ppm = 28.0, 46.1, 9.1, 107.1,
148.5,153.6, 191.8.

(4-morpholinopyridyl)bis(acetylacetonato)zinc(Il) (ZNMPA): Yield: 90%; M. P:
228-230°C; UV-Vis (methanol): Amax (Acutofr) = 283 nm (323 nm); FT-IR (KBr pellet):
v/em’” : 3078.7, 2918.6 (C-H stretch), 1610.7 (aromatic C=C), 1010.8 (C-H bend); 'H
NMR (CDCl3): &/ppm = 1.85 (s, 12H), 3.31 (t, 4H), 3.68 (t, 4H), 5.25 (s, 2H), 6.92 (d,
2H), 8.05 (d, 2H); "*C NMR (CDCls): &/ppm = 28.0, 45.6, 65.8, 99.1, 108.3, 148.9,
155.6, 191.8.

............................................................................
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(4-pyrrolidinopyridyl)bis(acetylacetonato)zinc(Il) (ZNPPA): Yield: 90%; M. P:
245°C; UV-Vis (methanol): Amax (Aeutofr ) = 282 nm (322 nm); FT-IR (KBr): v/em” :
3074.9, 2949.7 (C-H stretch) 1606.7 (aromatic C=C), 1009.3(C-H bend); 'H NMR
(CDCl3): 8/ppm = 7.98 (d, 2H), 6.36 (d, 2H), 5.29 (s, 2H), 3.29 (t, 4H), 2.05 (m, 4H),
1.98 (s, 12H); "C NMR (CDCls): &/ppm = 25.0, 28.9, 47.1, 99.4, 107.0, 148.2, 152.6,
192.9.

2.3  PERFECTLY POLAR ORGANIZATION OF DIPOLAR MOLECULES IN
CRYSTALS OF ZNDA AND ZNMPA

The formation of molecular assemblies possessing a polar axis, is one of the most
remarkable aspects of solid state organization. This unique solid state phenomenon has
no counterpart in liquid or gas phase where molecules can undergo relatively ready
reorientation. Molecular materials with a polar organization of the constituent dipoles are
of interest in the development of novel electro-optic (EO) and photo-refractive devices®
and nanoscale components such as molecular rectifiers.” Inclusion® compounds have
been investigated in the past with a view to develop new strategies for designing polar

solids.

It is essential that the molecular chromophores are arranged non-
centrosymmetrically in the crystalline state to have a nonvanishing macroscopic second
order nonlinear optical response from the material. Molecular crystals show a strong
predilection towards centrosymmetric organization.” Special design strategies are often
employed to induce noncentrosymmetricity.'® Still rarer are highly polar molecular
crystals with molecular dipoles aligned parallel to a single axis. Strategies such as’

cocrystallization,'' salt formation,'? host-guest complexation®'?

and framework systems'*
have been developed for achieving polar molecular assembly in crystals, These
approaches require a supporting structure to achieve parallel alignment of molecular
dipoles, which reduces the density of the active component in the bulk and invariably
leads to less effective utilization of the bulk materials to achieve desired solid state
properties. Crystal engineering strategies have been utilized in the development of single

component systems with polar organization of molecular dipoles."” Parallel alignment of
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' A molecular design

molecules has been achieved in crystals of some zinc complexes.
strategy proposed by Hulliger'” involves a dipolar backbone with an optimal decoration
that dictates weak or non-bonding lateral recognition, leading to a polar crystal lattice. A
potential candidate for such an approach would be a ‘screw’-shaped molecule with a
dipolar axis and ‘head’ which curtails lateral interactions without obstructing one-
dimensional head-to-tail Coulombic interactions. We have developed the simple metal-
organic compounds, ZNDA, ZNMPA and ZNPPA that form perfectly polar organization
of molecular dipoles in the crystals."® In these compounds, the pyridyl-zinc combination
forms the polar entity and the acetylacetonate ligands, the ‘head’ structure. We have
analyzed the crystal structure of these compounds and the intermolecular interactions
which appear to promote the parallel orientation of the molecular dipoles in the three-
dimensional supramolecular assembly. We discuss the structure of ZNDA and ZNMPA

in this section.

Crystal Structure Investigations

ZNDA

Colorless crystals of ZNDA could be grown by slow evaporation of methanol
solution. X-ray analysis showed that the crystals belong to the orthorhombic space group
Fdd2 with half a molecule in the asymmetric unit; the C, operation generates the other
half. The basic crystallographic data are presented in Table 2.1. The molecular structure
of ZNDA is shown in Fig. 2.1. Zinc and the coordinated pyridine nitrogen, the para
carbon and dimethylamino nitrogen atoms on 4-dimethylaminopyridine (DMAP) lie on
special positions on the c-axis. Zn(II) has distorted square-pyramidal coordination with
normal bond parameters.'” The space filling model of the molecular structure shows the
‘screw’-shaped structure clearly (Fig. 2.2). More interestingly, the molecules pack into a
perfectly polar lattice with the dipoles aligned along the ¢ axis (Fig. 2.3) by virtue of the
special position of Zn and DMAP and the space group operations. The origin of this

organizational motif may be sought in the interplay of intermolecular interactions in the
ZNDA lattice.
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ZNDA is expected to have a sizeable dipole moment due to the push-pull nature
of the DMAP-Zn(II) combination; AMI calculation® on the molecular geometry taken
from the crystal structure, gives a value of 8.919 D. The electrostatic interaction between
the dipoles directs the head-to-tail chain formation along the ¢ axis. This is augmented
by weak intermolecular H-bonds?' between the carbon atoms of the dimethylamino
groups of the DMAP ligand and oxygen atoms of the acac ligand of neighboring

Table 2.1 Crystallographic data for ZNDA and ZNMPA

Identification code ZNDA ZNMPA
Empirical formula Cgs0H12NO2Zng 5 Co.50H13NO3 50Zn 5
Formula weight 192.88 213.89
Crystal system Orthorhombic Monoclinic
Space group Fdd2 (No. 43) Cm (No. 8)
alA 28.057(4) 8.601(9)
b/ A 11.363(2) 14.833(12)
c/A 11.3253(17) 7.782(8)
B/ 90.00 91.57(8)
v/A 3610.6(10) 992.4(17)
Z 16 4

Peale. / g cm™ 1.419 1.432
p/mm’ 1.383 1.27
Tenins Tenax 0.978, 0.988 0.7896, 0.9739
A A 0.71073 0.71073
20 range / deg. 2.64 -30.92 2.74 -27.96
Unique reflections 1496 1153
Reflection with I > 26 1353 1113
No. of parameters 117 159
GOF 1.064 1.001

R [for I 2 20] 0.0257 0.0501
wR?[for [ 2 20] 0.0626 0.1189
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Figure 2.1 Molecular structure of ZNDA from single crystal analysis. 95% probability
thermal ellipsoids are indicated; H atoms are omitted for clarity.
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Figure 2.2 Space-filling model of the molecular structure of ZNDA determined from

single crystal analysis.
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Figure 2.3 View of the unit cell of ZNDA viewed along the b axis; H atoms are omitted

for clarity.

Figure 2.4 Intermolecular close contacts (broken lines) in the sheets of ZNDA moleculcs
in the bc plane; H atoms are omitted for clarity.
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molecules (rc7..012 = 3.679 A; Ocr.ms. 012 = 158.7°). A further network of weak
intermolecular H-bonds (rca_og = 3.612 A, Ocana o8 = 139.6% re7 os = 3.526 A, 0.
HIA...08 = 155.6°% rea..o12 = 3.585 A, Bcana. 012 = 151.0°) between DMAP and acac binds
the ZNDA molecules into a sheet parallel to the bc plane (Fig. 2.4). The sheets are well
separated in the a-direction with a distance of ~ 7 A between adjacent DMAP planes
(Fig. 2.5).

Neither strong nor even the weak bonding interactions present within the sheets
are observed between the sheets. Thus the three-dimensional lattice structure of ZNDA is
built from electrostatic interactions along the ¢ axis and weak noncovalent interactions
within the bc plane leading to sheet structures with no bonding recognition between the
sheets in the a direction. This bulk organization can be viewed in terms of the Hulliger

model'” for the generation of polarity in supramolecular systems.

----------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------

Figure 2.5 Projection of the crystal lattice of ZNDA onto the ab plane; H atoms are
omitted for clarity.
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ZNMPA

Crystals of ZNMPA grown from methanol are found to belong to the polar
monoclinic space group, Cm with half a molecule in the asymmetric unit. The basic
crystallographic data are presented in Table 2.1. The molecular structure is shown in Fig,.
2.6. Zn(II) has similar distorted square-pyramidal coordination environment as found in

Figure 2.6 Molecular structure of ZNMPA from single crystal analysis. 95%
probability thermal ellipsoids are indicated. The disordered position of C10 and C13 are

shown; H atoms are omitted for clarity.

ZNDA. The space-filling model of the ZNMPA molecule clearly shows the ‘screw’-
shaped structure in this molecule as well (Fig. 2.7). Two carbon atoms of the morpholine
ring in chair conformation show disorder due to ring flipping. The molecules assemble
into a perfectly polar lattice with the molecular dipoles aligned along the [1 0 i] direction

(Fig. 2.8).
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Similar to the situation in ZNDA, this can be analyzed in terms of the
intermolecular interactions in the lattice. A weak coordinate bonding interaction between
the morpholino oxygen and the zinc metal of the neighboring molecules (ro11.. 7n =
2.628 A) directs the head-to-tail chain formation. The polar chain is further supported by
the weak intermolecular H-bonds between the morpholino carbon atoms and oxygen
atoms of acac ligands (rci2. 015, Teio..014 = 3.279, 3.366 A) (Fig. 2.9). A further
network of weak intermolecular H-bonds (rc13.. 014, Ica.. 015 = 3.402, 3.569 A) between
the morpholinopyridine and acac in the ac plane binds the ZNMPA molecules into a
sheet structure. The lattice can be visualized in terms of the stacking of the polar sheets
along the b direction. The mirror plane (ac) ensures that the sheets are oriented in the
same direction. The sheets are well separated in the b direction with negligible
interactions between ZNMPA molecules (Fig 2.10). The three-dimensional polar
structure of ZNMPA is built from weak coordinate bonding as well as noncovalent

interactions within the ac plane leading to sheet structures with no bonding recognition

igure 2.7 Space-filling model of the molecular structure of ZNMPA determined from

ingle crystal analysis; only one of the (disordered) conformation of cyclohexane is
"'-’l’.'Wn,
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Figure 2.8 Perfectly polar assembly of molecules in crystals of ZNMPA viewed along
b-axis; H atoms, the methyl C atoms of the acac ligand and the disordered positions of

two C atoms in the morpholine group are omitted for clarity.

Figure 2.9 Intermolecular close contacts (broken lines) in ZNMPA crystal lattice (R1 -
2.628, R2 =3.279, R3 = 3.366, R4 = 3.402, R5 = 3.569 4) .
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Figure 2.10 Projection of the crystal lattice of ZNMPA onto the ab plane;, H atoms, the
methyl C atoms of the acac ligand and the disordered position of the two C atoms in the

morpholine group are omitted for clarity.

between the sheets in the b direction. It once again establishes the tendency of this
family of molecules to form polar assemblies without the assistance of counterions,
cocrystallization partners or a host lattice. As noted earlier, the model for polarity

13,17

generation developed by Hulliger and coworkers' ™' provides a basis to understand the

perfectly polar assemblies of these ‘screw’-shaped molecules in the crystal lattice.

24 EXTREME ORIENTATIONS OF DIPOLAR MOLECULES IN
DIMORPHIC STRUCTURES OF ZNPPA

The process of crystallization is of great scientific and technological importance
because the resulting crystal structures largely determine the solid state properties,* the
electronic, magnetic and optical attributes of materials. Molecules often adopt different
packing arrangements that are close in energy leading to polymorphic crystal structures.”
Organization of molecules in crystals results from a complex, often subtle interplay of



66 Chapter 2

intermolecular interactions, making accurate ab initio prediction of crystal structures, a
very difficult proposition.”* The problem is considerably compounded in the case of
polymorphic structures where, even under apparently identical conditions as in
concomitant polymorphs,” the same molecule organizes in different crystalline
assemblies. Particularly intriguing would be the case of polymorphs which manifest
grossly different packing motifs. Such a situation could, in principle be encountered in
the context of centrosymmetric and noncentrosymmetric polymorphic structures of
dipolar molecules, the latter being of potential interest in quadratic nonlinear optical
applications.”®  Though several instances of such polymorphism are known,”’
noncentrosymmetric lattices often involve small deviations from a centrosymmetric
organization,”® leading to descriptions such as 'approximately centrosymmetric'.”’
Optimal molecular orientations for applications like phase-matched second harmonic

generation or electro-optic effect call for specific design strategies.”"!

A case that merits special attention is the formation of perfectly polar molecular

; 5
assemblies’®!* !

as described in the previous section. Such a situation where the
molecules make exactly 0° angle with respect to a specific crystallographic direction
would be the opposite extreme of the commonly encountered centrosymmetric
formation,” which by analogy can be described as constituted of 'perfectly antiparallel’
molecular dipoles with equal numbers making 0° and 180° angles with respect to a
specific crystallographic direction. Even though, polymorphism has been extensively
studied in supramolecular chemistry, cases of such extreme molecular organizations in
polymorphic structures are rare. One case that we are aware of is that of the

dithiadiazolyl radical. i

During our investigation of the perfectly polar compounds, we have observed that
(4-pyrrolidinopyridyl)bis(acetylacetonato)zinc(Il) (ZNPPA) shows extreme molecular
orientation of dipoles in dimorphic structures.”> ZNPPA forms perfectly polar as well as
centrosymmetric crystal structures depending sensitively on the solvent and the rate of
crystallization. We have carried out semiempirical computational modeling of molecular
clusters, incorporating solvation effects, to understand the energies involved in the
solvent polarity preference of the extreme structures. We have observed an interesting
cogrowth of the dimorphic structures as well as formation of twin polar domains in
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monolithic crystals of ZNPPA. This observation suggests the possibility of realizing

novel multidomain crystal architectures.

Crystal Structure Investigations : Role of the solvent and rate of crystallization in the

formation of the dimorphic structures and multidomain crystals

ZNPPA was synthesized by mixing methanolic solutions of 4-pyrrolidinopyridine
and Zn(acac);.H,O. The microcrystalline powder showed clear SHG, suggesting that the
molecules are assembled in a noncentric lattice structure. However the crystals of
ZNPPA grown by slow cooling and evaporation of methanol solution were SHG inactive
and found to belong to the centrosymmetric space group, C2/c; we will refer to this
structure as ZNPPA1. The basic crystallographic data are collected in Table 2.2. The
molecular structure of ZNPPAI is shown in Fig. 2.11. Zn(Il) has distorted square-
pyramidal coordination with normal bond pararm:tf:rstg as found in ZNDA and ZNMPA.
Weak intermolecular H-bonds between the pyrrolidino carbons and acac of the
neighboring molecules are observed in the polar chains formed along the b-axis. A
further network of weak intermolecular H-bonds between 4-pyrrolidinopyridine and acac
binds the ZNPPA1 molecules into a sheet parallel to the ab plane (Fig. 2.12). Adjacent

sheets are oriented in opposite directions leading to a centrosymmetric structure (Fig.
2.13).

The structure of ZNPPA1 was surprising since the perfectly polar crystals of the
similar molecules, ZNDA and ZNMPA were grown from methanol and microcrystals of
ZNPPA precipitated from methanol showed SHG. Semiemprical AM1 calculation®® on
the molecular geometry taken from the respective crystal structures indicated that the
dipole moment of ZNPPA (9.53 D) is higher than that of ZNDA (8.92 D). This
suggested that the stronger dipole-dipole interactions in the case of ZNPPA might be
screened more effectively in a solvent more polar than methanol. Slow evaporation of
methanol-water (80:20) solutions of ZNPPA yielded crystals with two morphologies -
nearly square plates and prismatic blocks in approximately 2:1 weight ratio. X-ray
analysis of the square plates showed that they were ZNPPAI crystals. Single crystal
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studies of the prismatic blocks showed that they posses a new crystal structure belonging
to the noncentrosymmetric space group, Fdd2; we refer to this polymorph as ZNPPA2.
The basic crystallographic data are collected in Table 2.2. The molecular structure is

Table 2.2 Crystallographic data for ZNPPAI and ZNPPA2

Identification code ZNPPA1 ZNPPA2
Empirical formula CosH;3NO»Zng s CosH13NO2Zng s
Formula weight 205.89 205.89
Crystal system Monoclinic Orthorhombic
space group C2/c (No.15) Fdd2 (No.43)
al/A 10.994(6) 11.1810(8)
b/ A 12.322(12) 28.583(3)
c/A 15.365(15) 12.3090(10)
B/ deg. 104.93(6) 90.0
v/ A 2011.0(3) 3933.8(6)
Z 8 16

Pealc. / g cm™ 1.360 1.391

p, cm” 1.24 1.27
Tmins Tmax 0.841, 0.999 0.929, 0.999
AlA 0.71703 0.71703
20 range / deg. 2.53=23.97 2.56 - 24.96
scis ko0 905
}\I;.;i reflections with 1753 839

No. of parameters 120 120
GOF 1.125 0.963

R [for I = 20] 0.0329 0.0300
wR?[for I > 20] 0.1106 0.0993
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Figure 2.11  Molecular structure of ZNPPA from single crystal analysis. 95%

probability thermal ellipsoids are indicated; H atoms are omitted for clarity.

Figure 2.12 Intermolecular close contacts (broken lines) leading to polar sheets in the
ab plane of ZNPPAI crystal (R1 = 3.580, R2 = 3.356, R3 = 3.670, R4 = 3.610 4) .
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L3N]

Figure 2.13 Centrosymmetric assembly of molecules in ZNPPAI; H atoms are omitted

for clarity.

Figure 2.14 Intermolecular close contacts (broken lines) leading to polar sheets in the
ac plane of ZNPPA2 crystal lattice (R = 3.463, R2 = 3.400, R3 = 3.551 A) .
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nearly identical to that observed in ZNPPA1. Weak intermolecular H-bonding networks
between the pyrrolidinopyridine and acac ligand of the neighboring molecules leads to
the polar sheet parallel to the ac plane (Fig 2.14). The sheets are well separated along the
b axis. More significantly, the adjacent sheets assemble in a parallel fashion along the b
direction and lead to the perfectly polar organization with all molecular dipoles aligned
along the ¢ axis (Fig. 2.15).

Crystals of ZNPPAl and ZNPPA2 possess very similar two-dimensional
formations of ZNPPA molecules in the ab and ac planes, respectively, bound through
weak intermolecular interactions; the molecular dipoles are aligned parallel within the
sheets. The critical differentiation between the two crystal packings arises at the level of
organization of these molecular sheets, with net macroscopic dipole of adjacent sheets
antiparallel in ZNPPA1 and parallel in ZNPPA2. The extreme molecular orientation of
dipoles exhibited by the dimorphic structures (Fig. 2.16a) is illustrated by the linear array
of molecules that may be envisioned using one from each sheet (Fig. 2.16b). ZNPPA2 is
one more entry to the series of perfectly polar structures.

Figure 2.15 Unir cell of ZNPPA2 viewed approximately along the a axis; H atoms are

omitted for clarity.
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Figure 2.16 Extreme orientations of molecular dipoles in ZNPPAI and ZNPPA?

lattices (a) schematic view; (b) view from crystal structure analysis.
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We have systematically explored the conditions promoting the formation of
7NPPA1 and ZNPPA2 in different solvent polarity environment. ZNPPA obtained by
the direct addition of its components in methanol is inferred to be ZNPPA2, based on the
SHG observed as well as the comparison of the powder x-ray diffractogram of the
mrerocrystalline sample with ¢he pattern simulated using the ZNPPA2 crystal structure
(Fig. 2.17). However, as noted earlier, slow crystallization of ZNPPA2 from methanol
yielded exclusively ZNPPAL1; these crystals have nearly square plate morphology. The
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Figure 2.17. Powder x-ray diffractogram of ZNPPA2 (a) simulated from single crystal
Structure (b) recorded for microcrystalline sample obtained by direct addition of 4-
Pyrrolidinopyridine and Zn(acac),.H,0 in methanol.
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exclusive formation of ZNPPA1 polymorph from methanol was also confirmed by the
comparison of powder x-ray diffractogram with the pattern simulated using ZNPPA]
crystal structure (Fig. 2.18). Crystals grown from chloroform-toluene were also found to
be ZNPPAI1. This suggests that the formation of ZNPPA2 is promoted in more polar

solvents. Since water-methanol mixture yields a mixture of the dimorphs as stated

=ZNPPAY
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Figure 2.18. Powder x-ray diffractogram of ZNPPAI (a) simulated from single crystal
structure (b) recorded for microcrystals sample of ZNPPAI obtained by recrystallization
from methanol.
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Figure 2.19 Morphology of ZNPPA crystals : (a) centric (ZNPPAI) from methanol, (b)
polar/centric from DMSO and (c) polar/polar from chloroform-DMSO. The scales
indicate 500 um and the arrows, the boundary between the domains.

earlier, and ZNPPA has negligible solubility in pure water, we have investigated the use
of DMSO as the solvent for crystallization. Fast precipitation by cooling produces SHG
inactive material suggesting that ZNPPAI is obtained. However, slow evaporation of
dilute solutions yielded crystals of ZNPPA1 as well as new crystals of an unusual
morphology (Fig. 2.19), which could not be indexed satisfactorily (the latter was
approximately 25% by weight). However, this crystal can be smoothly cleaved to
stparate the cuboid and truncated pyramidal halves. Interestingly, the two domains could
be independently indexed to the unit cells of ZNPPA1 and ZNPPA2 respectively, proving
that the crystals from DMSO are indeed composite monoliths comprising of the extreme
dimorphs. The cleavage plane corresponds to the (001) and (010) planes of the two
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|

Table 2.3  Crysiallization condition and  the polvmorph of ZNPPA obtained;

multidomain crystals are indicated with a slash.

Crystallization condition
Polymorph
Solvent Rate
Methanol* Fast / Slow ZNPPA I
CHCl3-Toluene Slow ZNPPAI
Methanol-Water Slow ZNPPA1, ZNPPA2
DMSO Fast ZNPPA
ZNPPA1,
i Siane ZNPPAI / ZNPPA2
CHCIl3-DMSO Slow ZNPPA2 / ZNPPA2
ZNPPAI
CHCIl3-NMP ’
3 S ZNPPA2 / ZNPPA2

*Direct synthesis of ZNPPA in methanol-brovides ZNPPA2, but only as microcrystals

crystals respectively which have a close registry as seen from the unit cell lengths (Table
2.2). When crystals of ZNPPA are grown from chloroform-DMSO mixture, a still
different morphology is obtained. The different morphologies of the crystals are shown
in Fig. 2.19. The bipyramidal crystal again could not be indexed as a whole, but when
cleaved at the middle, the two parts could be indexed to ZNPPA2 crystal with the
cleavage plane corresponding to (010). Crystals grown from chloroform-NMP mixture
gives square plate (ZNPPA1) as well as bipyramidal (ZNPPA2) morphologies. The
different crystallization conditions and the types of polymorphs formed are summarized
in Table 2.3. It may be noted that the cogrowth of centric/polar domains exhibited by
ZNPPA is different from situations such as statistical twinning® where the demarcation

of the polymorphic domains is not well defined and lamellar twinning involving mirror

image domains of enantiomorphic molecules,” where the molecular packing in the two

domains are identical.
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Semiempirical _Computational Modeling of Molecular Clusters of ZNPPAIl and
ZNPPA2

It is important to note that neither of the structures, ZNPPA1 and ZNPPA2,
includes solvent molecules in the lattice. This has enabled us to compare the energetics
of supramolecular assembly at the level of small clusters, which lead to the extreme cases
of three-dimensional organization. The utility of such an approach in modeling the
polymorphism of some nitroaniline derivatives have been demonstrated earlier.”> AMI
computations were carried out on molecular clusters (dimers to octamers) extracted from
the crystal structures; H atom positions alone were optimized. The solvent environment
during the crystallization was mimicked”’>*® using the COSMO option;*” calculations

employed dielectric constants of methanol and water representing environments with
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Figure 2.20 AMI/COSMO computed enthalpies of formation (in water vs. methanol) of
various molecular clusters of ZNPPAI and ZNPPA2.
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different polarities. The clusters from both the structures show higher stabilization in the
more polar environment; however, the relative stabilization is slightly enhanced for
ZNPPA2 compared to ZNPPA1 (Fig. 2.20). This suggests that even though the higher
polarity preference of ZNPPA2 clusters is marginally more, solvent polarity control of
the formation of the apparently extreme motifs in ZNPPA1 and ZNPPA2 are very closely
balanced. Comparison of the enthalpies of formation of similar size clusters from the
dimorphic structures in either solvent indicates that ZNPPA1 is always stabilized over
ZNPPA2. The formation of both structures in water-methanol as well as DMSO,
therefore suggests that thermodynamic factors alone do not determine the dimorph
formation. It is interesting however, that ZNPPAI is the major product in most of the
cases (Table 2.3).

2.5 SHG STUDIES ON MICROCRYSTALLINE POWDERS OF ZNDA,
ZNMPA AND ZNPPA2

ZNDA, ZNMPA and ZNPPA molecules possess a 'push-pull' electronic system
with the amino group as the donor and the pyridinium unit involving the electropositive
metal as the acceptor. AMI/TDHF® calculations using the molecular geometry from
crystal structures show a static hyperpolarizability of ~ 4 x 10™ esu for these molecules.
Even though the hyperpolarizabilities are small and the polar organization is not the
optimal arrangement® for SHG, the noncentrosymmetric organization of molecules in the
crystal lattice of ZNDA, ZNMPA and ZNPPA?2 is expected to lead to solid state SHG in
these materials. These compounds are found to have good thermal stability and stability
towards laser radiation (at a power of ~ 1 GW c¢cm?). SHG from microcrystalline
powders was examined using the Kurtz-Perry*’ technique. Details of the experiment are
provided in Appendix C. Table 2.4 presents the powder SHG of ZNDA, ZNMPA and

ZNPPA2 at various particle sizes. The particle size dependence of SHG indicates phase-
matchable behavior of these materials.
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Table 2.4 SHG of microcrystalline powders of ZNDA, ZNMPA and ZNPPA2 at
different particle sizes. 1 U = SHG of urea having particle size > 150 um.

SHG (U)

Particle size (pm) Average

Compound value at
100-150 150-200 | 200-250 250-300 | saturation

ZNDA 0.92 0.91 1.02 1.26 1.00
ZNMPA 0.93 1.21 1.30 1.26 1.12
ZNPPA2 0.86 0.89 0.95 1.19 0.96

2,6 FABRICATION OF THIN FILMS WITH UNIAXIALLY ORIENTED
MICROCRYSTALLITES AND OPTICAL SHG STUDIES

Acentric supramolecular assemblies of dipolar molecules are potential candidates
for a multitude of information-processing and photonic applications, such as high speed
electro-optic modulation, optical switches, and nonlinear optical waveguides for
integrated frequency conversion.! The desirable characteristics of thin films for
frequency conversion and telecommunication applications are the following. (i) They
must be noncentrosymmetric showing strong second order NLO effects, (ii) their
thickness must be of the order of one micrometer, able to support waveguiding, (iii) they
must be homogenous and of good optical quality over large areas of the order of square
centimeters, and iv) they must have good photostability.

Thin films of dipolar molecules with noncentrosymmetric ordering have been
grown using techniques such as LB* and self-assembled monolayer* method. The
drawbacks of these approaches are that they are time consuming processes and the final
material is usually fragile since the assembly is principally by van der Waals
interactions.*” Vapor phase depositions techniques offer the advantages of high growth
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rates, good chemical purity due to vacuum conditions, in-situ growth monitoring, and
layer thickness control.* Thin films with oriented crystallites have been fabricated by
sublimation onto oriented PTFE® and cleaved single crystals*® and by mechanical
dragging procedures.”” Giinter and coworkers have used organic molecular beam
deposition process to grow films of H-bonded molecules with preferred orientations.**
Oriented crystallites and thin films of NLO-phores have been fabricated through vapor

phase assembly on functionalized substrates.*’

In the previous sections we have described the novel, single component perfectly
polar supramolecular organization of simple metal-organic compounds in crystals. In
addition to possessing good optical transparency (Agyofr < 330 nm), these materials have
good thermal stability and can be sublimed without decomposition. We envisaged that
they would be ideal candidates for thin film assembly through vapor deposition on glass
substrates. Examination of ZNDA, ZNPPA and ZNMPA showed that, not only is the
perfectly polar crystal structure maintained in the thin films, but additionally the
crystallites in the film show orientational ordering with respect to the substrate normal.
Oriented crystallite growth through the vapor phase assembly on amorphous substrates is
driven by intermolecular interactions rather than substrate control and hence is especially
interesting from a molecular materials perspective. Distance of the substrate from the
sublimation boat plays a critical role in effecting the crystallite orientation. Interestingly,
ZNPPA films show the presence of both the dimorphic forms, ZNPPA1 and ZNPPA2.
Morphology of the thin films were investigated by scanning electron microscopy (SEM).
Polarization dependence of SHG is in agreement with the uniaxial orientational ordering
of the crystallites in the films.*

Thin Film Fabrication and X-ray Diffraction Studies

Microcrystalline powder of the compound to be sublimed was taken in a
molybdenum boat. The glass substrate for deposition was cleaned by sonication in
methanol followed by acetone and dried in oven at 100 °C for 1 h. Pressure inside the
vacuum chamber was maintained at ~ 10® mbar. Sublimation was achieved using

typically 25 A current. The schematic diagram of sublimation set up is shown in Fig.
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221. Different positions of the substrate, on and away from the normal to the
sublimation boat were explored;48 the position directly above the boat was found to be the
most suitable for obtaining oriented crystallites. Distance of the substrate from the
sublimation boat was found to be the critical factor for effecting the crystallite
orientation. We have checked the filihs for any signs of decomposition. The
microcrystalline powders obtained by scratching the films off the substrate show the full
diffraction pattern expected from the crystal structure of the material indicating that no
chemical or crystallographic alterations occur during the fabrication process. The ir

spectrum of the sublimed material also was consistent with that of the original compound.

Vacuum chamber

.«=e=Substrate

~g------+-----Variable height (d)

“«---{------Sublimation boat

Figure 2.21 Schematic diagram of the sublimation setup

Thin films were fabricated by placing the substrate at different distances directly
above the sample and its structural ordering was probed by x-ray diffraction. X-ray
diffractogram of ZNDA film grown at different distances is shown in Fig. 2.22a.
Comparison of the diffractogram to the pattern simulated using the single crystal
structure of ZNDA (Fig. 2.22c) shows that the films show a high degree of crystallite
orientational ordering. When the substrate is at the optimal distance of 5 cm, the film
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Figure 2.22 X-ray diffractograms of ZNDA thin film fabricated at (a) different boat-
substrate distances, d and (b) at d = 5 cm (enlarged).
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Figure 2.22¢ Powder x-ray diffraction pattern simulated using ZNDA crystal structure
with peak indexing.

shows exclusively (h 0 0) peaks (Fig. 2.22b) suggesting a preferential a axis orientation
normal to the substrate (h = 4n is imposed by the Fdd2 space group); at other distances,
(1'11)and (2 2 0) peaks are also observed. From the x-ray diffraction data on the films
and the single crystal structure it can be inferred that the molecular dipoles which point
along the crystallographic ¢ axis are oriented parallel to the substrate plane in the thin
films of ZNDA.

The diffractogram of the films of ZNMPA grown at different distances are
collected in Fig. 2. 23a. ZNMPA grown at the optimal distance of 7 cm show exclusively
(h k 0) reflections (h = k), suggesting crystallite orientation with the [1 1 0] axis normal
to the substrate (Fig. 2.23b). The x-ray pattern simulated using the single crystal
structure of ZNMPA is shown in Fig. 2.23c. From the x-ray diffraction of the film and
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the single crystal structure, it can be shown that the molecular dipoles are oriented at an
angle of 50.8° with respect to the substrate in the thin films of ZNMPA.
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Figure 2.23a X-ray diffractograms of ZNMPA films formed at different boat-substrate
distances, d

In the previous section we have shown that crystals of ZNPPA form dimorphic
structures with extreme dipole orientations.” Interestingly, ZNPPA forms the dimorphic
structures in the thin films as well. At nonoptimal distances, both centrosymmetric and
noncentrosymmetric structures are obtained in the films as well (Fig. 2.24a);
interestingly, both show preferred orientations. When the substrate is at § cm, the
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Figure 2.23b X-ray diffractogram of ZNMPA thin film fabricated at d = 7 cm
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Figure 2.23¢  Powder x-ray diffraction pattern simulated using ZNMPA crystal

Structure with peak indexing.
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centrosymmetric structure ZNPPAI is exclusively formed, with the ¢ axis oriented
normal to the substrate (Fig. 2.24b). It is significant to note that the noncentrosymmetric
structure could not be obtained exclusively in the film at any of the substrate position;
this is reminiscent of the rarer formation of ZNPPA2 structure in crystallization
experiments. The peaks are indexed using the powder x-ray diffractograms based on
single crystal structures of ZNPPAI (Fig. 2.24c) and ZNPPA2 (Fig. 2.24d). It is
significant to note that in ZNDA and both the forms of ZNPPA, the crystallites are
oriented with the longest unit cell axis normal to the substrate. These observations
provides direct demonstration of the uniaxial orientational ordering of the polar
crystallites with respect to the substrate normal, in the thin films of this family of metal

organic compounds.
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Figure 2.24a X-ray diffractograms of ZNPPA films formed at different boat-substrate
distances, d (C and N correspond to ZNPPAI and ZNPPA?2 respectively).
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Figure 2.24b X-ray diffractogram of ZNPPA thin film fabricated at d = 5 ¢cm
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Figure 2.24d Powder x-ray diffraction pattern simulated using ZNPPA2 crystal

structure with peak indexing.

Morphology of the Thin Films

We have examined the morphology of the films to gain insight into the crystallite
organization. Films having thickness of 0.4-0.6 um were examined after providing a thin
gold coating. ZNDA film shows square or rectangular crystallites with sizes in the range
of 60-200 nm (Fig. 2.25a). The micrograph clearly reveals a face-on orientation of the
crystallites, but little ordering of the crystallite axes parallel to the substrate plane. We
have also observed micron-sized, flat crystallites when the film thickness is increased.
Scanning electron micrograph of ZNMPA film is shown in Fig. 2.25b. It shows that the
film is formed from well-packed, flat, micron-sized crystallites, resulting in a smooth
surface. The crystallites reveal a clear orientational preference with their flat face parallel
to the substrate. The SEM image shows that there is no ordering of crystallite
orientations within the plane. ZNPPA shows needle-like crystallites in the films (Fig.
2.25¢c). The widths are typically 1 pm and length 10 pm. We have not observed any
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difference in the morphology of the crystallites in films of exclusively centrosymmetric
or dimorphic structures of ZNPPA. Preferential orientation of crystallites perpendicular
to the substrate plane is not as clear in these films as in the previous cases. The SEM
images of the ZNDA and ZNPPA also show that there is no ordering of crystallite
orientations within the plane in the films.

(a)

(b)

(¢)

Figure 2.25 SEM images of (a) ZNDA, (b) ZNMPA and (b) ZNPPA thin film on glass

substrate
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Optical SHG Studies of Thin Films

SHG from the thin films on glass substrates was examined in transmission mode.
Details of the experimental set up are provided in Appendix D. It was ascertained that
the glass substrate alone produces no detectable SHG. Since films of pure ZNPPA2
could not be prepared, we have studied only the ZNDA and ZNMPA films. Films with

different thickness were prepared and the thickness was measured by a profilometer. The
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Figure 2.26 Dependence of the SHG of (a) ZNDA and (b) ZNMPA films on the
thickness
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(a)

180

(b)

180

270

Figure 2.27 Polar plots of the SHG of (a) ZNDA and (b) ZNMPA film in q-p (filled
circle) and g-s (open circle) geometries (see text for details) as a function of the angle of
rotation of the plane of polarization of the fundamental wave, the zero of the scale is

chosen to coincide with one of the maxima in the q-p geometry., in each case.
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SHG was examined at different regions and the variation was found to be within the
experimental error, indicating good homogeneity of the film over the area (~ 2 cm?). In
addition, the SHG varies quadratically with the film thickness in both ZNDA and
ZNMPA films (Fig. 2.26), indicating that the homogeneous organization is preserved
with film growth.

Following the procedure developed by Zyss and coworkers,” the SHG was
measured in p and s- polarizations, in the so-called g-p and g-s geometries, when the
plane of polarization of the fundamental wave is rotated. It may be noted that there is no
special axis in the plane of the film imposed either by the substrate or by the fabrication
protocol. The SHG intensity variation for the q-p and q-s geometries shows a 90° phase
shift in both ZNDA and ZNMPA films (Fig. 2.27); this follows the pattern predicted for a
collection of crystallites with uniaxial orientational ordering but random orientations

within the plane.*’

Thus the SHG study further corroborates the crystallite orientations
revealed by the x-ray diffraction and morphological studies in these films of metal-
organic compounds which exhibit the rare phenomenon of perfectly polar supramolecular

assembly.

2.1 SUMMARY

The novel ‘screw’-shaped molecules with the ‘push-pull’ framework presented in
this chapter exhibit the rare phenomenon of perfectly polar organization wherein the
molecular dipoles are aligned parallel to one of the crystallographic directions.
Examination of the crystal structures of ZNDA and ZNMPA in Sec. 2.3 revealed that
these molecule form head-to-tail chains, promoted most likely, by dipolar interactions
and polar sheet structures through weak intermolecular interactions between these chains.
These sheets are organized into perfectly polar three-dimensional lattices. This bulk
polar organization is in accord with the requirements put forth in the stochastic model'’
for the generation of polarity in supramolecular systems. These compounds demonstrate
the formation of single component perfectly polar molecular crystals with high density of
active components, without the involvement of a supporting structure based on a

framework lattice, counterion or cocrystallization partner. We have found that even with
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the ‘screw’ shaped dipolar molecules, if relatively stronger lateral H-bonding interactions
are incorporated, it results in the formation of antiparallel alignment of molecular dipoles

in the crystal lattice.””

We have also observed that in a vanadyl complex, subtle
modification of the ligand can have a drastic effect on the coordination geometry
switching it between cis and trans, leading to a modification of the hierarchy of
intermolecular interactions and changing the crystal organization from perfectly polar to

: 5
a centrosymmetric OI'IB.‘I

In Sec. 2.4, we have presented an interesting case of dimorphism involving
extreme molecular orientations in the two structures. The polar and centric packings
exhibited by ZNPPA provide an interesting demonstration of the close and subtle
energetics and kinetics involved in supramolecular assembly. The studies of the
multidomain crystals suggest the possibility of obtaining different polarity in cogrowth
domains of monolithic crystals. The domain structure built up of SHG active and
inactive regions can be mapped using techniques such as second harmonic microscopy.™
This would be an important direction for further work on these materials. If the
orientational and spatial attributes of the domains can be controlled, it would be of
considerable interest in developing crystals which simulate periodically poled structures

for applications such as quasi phase-matched SHG.

In Sec. 2.6, we have described the fabrication of these novel compounds in the
form of thin films by vapor deposition. Powder x-ray diffractogram studies demonstrated
the orientational ordering of the perfectly polar microcrystallites in the films. The critical
role of the substrate position with respect to the sublimation boat for effecting the
crystallite orientation was demonstrated. Polarization dependence of the SHG from these
films reveals the uniaxial orientational ordering of the crystallites with random
orientation within the plane of the homogeneous thin films.* The fabrication of
homogeneous thin films with orientationally ordered crystallites, through the physical
vapor deposition of a family of metal-organic compounds which form perfectly polar
assemblies in crystals, demonstrates the generality of this effect for this class of
materials. In addition to projecting a fundamentally interesting phenomenon, the current
study presents materials of potential utility in opto-electronic applications.
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3.1 INTRODUCTION

Rational approach to the design and realization of coordination polymers with
network structures, through careful modulation of ligand structure, is of great interest
since the topology of the network may be manipulated to dramatically influence the
overall physical properties and functions of the resulting materials.'” The flexibility and
versatility of coordination polymers facilitates the realization of a variety of
supramolecular organizations and a wide spectrum of materials attributes including
electrical conductivity, magnetism and optical characteristics.* These properties are often
directly related to the molecular organizations and the cooperative interactions between
the molecules in the bulk materials. Infinite coordination polymers allow the
construction of stable frameworks using rigid ligands with diverse structural motifs;
examples include chains, ladders, helices and diamondoid and octahedral nets. The
polymer formation leads to various modes of arrangement of organic molecules in the
solid state. By choosing metal ions with specific coordination geometry, it is possible to
organize the organic ligands in desired fashions through the supramolecular assembly.**

The mode of assembly of molecules in crystals is strongly influenced by the
nature of the intermolecular interactions. While in the case of small organic molecules
and metal complexes these include primarily H-bond, dipolar and dispersion interactions,
in the case of coordination polymers, relatively stronger metal-ligand coordination are
also involved in an extended fashion. One of the basic factors that lead to the occurrence
of extensive cases of polymorphism in molecular crystals is the relatively low and
comparable magnitude of a range of intermolecular forces giving rise to a complex
energy landscape representing varied patterns of molecular assemblies. The foregoing
considerations imply that metal coordination polymers with a more robust structure are
likely to show lower propensity towards polymorphic structures. This point has been
noted in earlier work on structural/supramolecular isomerism in coordination polymers.®®
The concept of supramolecular isomerism is a general one and it has been pointed out
that polymorphism should be viewed as a subset of supramolecular isomerism.” In a less
rigorous sense, structural variations arising from differences in the mode of ligation,’
ligand conformations'®"? or both'® and in the network topologies'"'* have been described

as cases of polymorphism. Coordination polymers which exhibit supramolecular
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isomerism in the networks are of considerable current interest for both conceptual reasons
and because of a wide range of materials properties they exhibit. Since these properties
are sensitively related to the supramolecular organization, and as noted above, the
probability of polymorphism arising in these materials is relatively low, investigations of
any occurrence of polymorphic or hierarchical structures and more significantly, their
correlation with materials attributes are valuable for the design of novel materials. The
combination of improved molecular and materials attributes that may be realized and the
possibility of exploring fundamental structure-property correlations warrants the

development of novel ligands that can lead to varied polymer architectures.

Nonlinear optical (NLO) properties of organized molecular assemblies is one of
the key targets of current investigations in materials chemistry.'” Appreciable thermal
stability and optical transparency that can be achieved through a judicious choice of
metal ions and ligands makes coordination polymers particularly attractive candidates for
NLO applications.'”?' The metals used most often are Zn and Cd and transition metals
such as W, Ni, Cu and Ru; some of the popular ligands that have been employed in these
materials are based on Schiff bases, pyridines and stilbenes (Sec. 1.5).20'24 Owing to the
ease of building structures with three-fold rotational symmetry around a metal center,
several octupolar metal-organic chromophores based on tetrahedral, octahedral or
trigonal bipyramidal systems have been synthesized and their second order NLO
properties have been studied in solution as well as in the solid state.”**® The possibility
of fine-tuning the hyperpolarizability at the molecular level is an added advantage for
quadratic applications such as second harmonic generation. Coordination of metal ions
can be effectively exploited to enhance the nonlinearity at the molecular’’ and bulk*%
levels.

Chirality in general and helicity in particular are interesting phenomena and are of
intense current interest in chemistry, biochemistry, pharmocology, agrochemistry and
materials science.’™'  C,-symmetric molecules are useful building blocks for helical
assemblies the chirality of which extends over the whole molecular superstructure.
Enhancement of nonlinear optical properties has been demonstrated in ;:rolyrners,3
mesoscopic systems® and Langmuir-Blodgett™ films through supramolecular aggregates
and chirality. Study of the LB films based on helicenes® showed that the chiral
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supramolecular organization of the nonracemic materials led to second order NLO
susceptibility 30 times higher than that of the racemic materials with the same chemical
structure. Strong enhancement of SHG in the helical superstructure of a Cy-symmetric
molecule has been reported from our laboratory.”® Among the molecular design
approaches for quadratic NLO materials discussed in Sec. 1.2, only chirality guarantees
the realization of a noncentrosymmetric structural organization in the solid state. Donor-
acceptor substituted conjugated systems generally possess large B which can be further
enhanced by coordination of electropositive metals at the acceptor site. Considering this
factor and the fact that homochirality ensures the formation of noncentrosymmetric
lattice structures we have investigated the deployment of N,N'-bis(4-cyanophenyl)-
(1R,2R)-diaminocyclohexane (BCDC) as a novel C,-symmetric ligand with a 'push-pull’
framework. The axial symmetry of this ligand coupled with the multiple ligation sites
have allowed the fabrication of different coordination polymer topologies. The different
modes of coordination exhibited by the BCDC ligand in the coordination polymers are
shown in Fig 3.1. In view of the optical transparency and possibility of forming

coordination polymers we have chosen Cu(l) and Ag(I) for complexation.

We have investigated the crystal structures and SHG capability of the free ligand
as well as its coordination polymers and analyzed the interesting trends that they
exhibit.***” The mode of coordination are strikingly different with the two metal ions
Ag(I) and Cu(l). The Ag()-BCDC complex (SBP) shows linear coordination
environment around Ag(I) with the two cyano nitrogens, leading to the formation of one-
dimensional helical superstructures in the crystals. Since Cu(I) generally shows
tetrahedral coordination, we anticipated that the Cu(I)-BCDC complex may be amenable
to different structural organizations in the solid state. The solvent plays a role in the
formation of two different architectures. The polymer topologies are two-dimensional
network in one case (CBPT) and three-dimensional architecture built up of three
interwoven diamondoid structures in the other (CBP). Diamondoid networks possess the
connectivity of a diamond lattice, but the local symmetry at the vertices may not be
strictly Tq; SHG active materials have been developed based on noncentric interwoven
diamondoid structures.*®*"*® The BCDC ligand adopts different conformations in the
one-dimensional helical and two-dimensional network coordination polymer topologies.
In the three-dimensional diamondoid structure, combination of two different
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conformations leads to the formation of a helical superstructure in the crystal lattice.
CBPT and CBP could be described as dimorphic structures, following earlier
reports''*'"* of polymorphic forms with focus on the metal-ligand combination rather
than on the specific stoichiometry or ligand structure. More significantly, we explore the
consequence of the hierarchy in these noncentrosymmetric structures for their solid state
optical SHG capability. We have analyzed the influence of the ligand conformation on
the solid state second harmonic generation with respect to that of the ligand. A simple
computational approach is used to understand the influence of the conformation of BCDC
and the coordination of the metal ion on the hyperpolarizability () of these metal-

organic systems.

..............................................................................................................................................
.

..............................................................................................................................................

Figure 3.1 Different modes of ligation exhibited by BCDC ligand in the silver(l) and
copper(l) complexes we have developed.

3.2 SYNTHESIS AND CHARACTERIZATION

Resolution of 1,2-diaminocyclohexane

The resolution was carried out following the methodology reported by Jacobsen et
al. (Scheme 3.1).*° A 100 ml beaker equipped with magnetic stirrer was charged with a
solution of 20 g (1.332 mol) of L(+) — tartaric acid in 35 ml of distilled water at room



Hierarchical Structures... ... 103

temperature.  After the complete dissolution of the acid, 30 ml (0.245 mol) of 1,2-
diaminocyclohexane (cis and frans mixture) was added dropwise with thorough stirring
over a period of 30 min, maintaining the solution temperature below 65°C. White
precipitate started appearing soon. 15 ml (0.2665 mol) glacial acetic acid was added to
this mixture at such a rate that the reaction temperature just reached 75°C. The thick
white precipitate formed upon addition of the acid was stirred vigorously as it cooled
down to 30°C over a period of 2 h. The mixture was then cooled to < 5°C in an ice bath
for 2 h and the precipitate was collected by vacuum filtration. The wet cake was washed
with (3 x 10 ml) water (5°C), (5 x 10 ml) chilled methanol (5°C) and then (3 x 20 ml)
acetone (26°C). The residue was dried in air for 2 h and then recrystallized from water
(1:20 w/v) and water-methanol (1:1 w/v). The recrystallized product was crushed and
dried at 60°C under reduced pressure for several hours to yield 24 g (90% yield) of
shining white (1R, 2R)-cyclohexanediammonium L (+) tartarate [M.P. 276 — 278°C (d):
[a] 50 (water) = +132 deg cm’ g']. 24 g of (1R,2R)-cyclohexanediammonium L (+)
tartarate was dissolved in concentrated KOH solution (25 g of KOH in 10 ml of water)
and the organic layer containing (1R,2R)-1,2-diaminocyclohexane was separated out.
This fraction was dried over CaO; multiple distillations yielded 7 g (55% recovery) of the

free amine.

......................................................................................................

L(+) Tartaric Acid

Resolution

KOH
Extraction

R —

iy

H,N NH, :
(1R,2R)-diaminocyclohexane :

------------------------------------------------------------------------------------------------------

Scheme 3.1. Resolution of 1,2- diaminocyclohexane.
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(1R,2R)-diaminocyclohexane: M. P: 46°C; B. P: 44-45°C/4mm Hg; [(I]Dzo = .
22 deg cm’ g (4 N HCI); FTIR (neat): v/cm™ = 3354.5, 3348.7 (N-H stretch), 2924.4,
2856.8 (C-H stretch); 'H NMR (CDCls): 8/ppm = 0.91 — 1.43 (m, 4H), 1.52 — 2.35 (m,
6H), 2.28 — 2.50 (m, 4H); C NMR (CDCl;): 8/ppm = 21.8, 25.4, 31.0, 35.5, 51.9, 57.7.

Synthesis of N,N'-bis(4-cyanophenyl)-(1R,2R)-diaminocyclohexane (BCDC).

Synthesis of BCDC has been reported by Kwiit and Gawronski.*’ We have
developed a simpler protocol as follows. 0.37 g (3.2 mmol) of (1R,2R)-diamino-
cyclohexane was dissolved in 5 ml DMSO and 2 g anhydrous K;CO3; was added with
efficient stirring at 140°C; 1 g (8.2 mmol) of 4-fluorobenzonitrile was added slowly. The
reaction mixture was stirred at 140°C for 10 h, cooled to 30°C and poured into ice-water
with vigorous stirring. The precipitate formed was filtered and washed with ice-cold
water. The crude product was purified by column chromatography (neutral alumina;
ethyl acetate/hexane 20:80). The reaction procedure is shown in Scheme 3.2. Yield : 0.6
g (60%); M. P: 150°C ; UV-Vis (acetonitrile solution) Amax = 216.2, 293.4 nm; FT-IR
(KBr): v/em’ =3335.2, 2212.6, 1604.9, 1520.0; 'H-NMR (CDCl;): &/ppm = 1.20-1.80
(m, 6H), 2.29 (d, 2H), 3.32-3.79 (m, 2H), 4.46-4.52 (m, 2H), 6.55 (d, 4H), 7.29 (d, 4H);
BC-NMR (CDCls): 8/ppm = 24.5, 32.3, 56.6, 98.5, 112.5, 120.5, 133.7, 150.7.

----------------------------------------------------------------------------------------------------------------------------

F
K,CO-, DMSO &
+ 2~3 - NH  HN
: ) 140°C, 10 h
EOHN NH,
: CN :
: (1R2R)-diamino  1-fluoro- NC BCDC CN :

cyclohexane 4-benzonitrile

--------------------------------------------------------------------------------------------------------------------------

Scheme 3.2. Synthesis of BCDC
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Synthesis of the coordination polymers

[Ag(BCDC)]CIO4. 0.05 g (0.22 mmol) of AgClO4.H,0 dissolved in § ml of
acetone was added to a solution of 0.07 g (0.22 mmol) of BCDC in 5 ml of acetone. The
mixture was stirred for 5 min at 30°C and the white product obtained was filtered, washed
with acetone and dried. Yield: 0.1 g, (90%). Crystals were obtained by slow evaporation

of acetonitrile solution. M. P: 195°C (dec); UV-Vis (solid pellet; reflectance mode);

Amax = 263.4, 348.6 nm; FT-IR (KBr): vlem™ =3352.6,2247.3,1599.1, 1523.9, 1074.5.

[Cu(BCDCO)|PFs.THF. 0.08 g (0.26 mmol) of BCDC in THF was layered on a
solution of 0.1 g (0.26 mmol) of [Cu(CH3CN)4]PF¢ in dry dichloromethane. Colorless
crystals formed in about 48 h. The solution was decanted and the crystals were washed

with dichloromethane and THF and dried. Yield : 0.13 g, (80%); M. P: 205°C (dec);
UV-Vis (solid pellet; reflectance mode) : Apax = 275.6, 362.2 nm; FT-IR (KBr): v/lem’
=3414.3, 2243 .4, 1597.2,1506.5, 843.0.

[Cu(BCDC),|]PFs 0.08 g (0.26 mmol) of BCDC in dry dichloromethane was
slowly added to a solution of 0.05 g (0.13 mmol) of [Cu(CH3CN)4]JPFs in dry
dichloromethane. Colorless crystals formed in about 2-3 days. The crystals were
removed and washed with dichloromethane and dried. Yield: 0.10 g, (89%); M. P:
170°C (dec); UV-Vis (solid pellet; reflectance mode) : Amax = 263.5, 334.4 nm; FT-IR

(KBr): v/em’™ = 3406.6, 2233.7, 1602.9, 1510.4, 846.8.
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3.3  ROLE OF THE LIGAND CONFORMATION AND MODE OF LIGATION
ON THE FORMATION OF HELICAL AND NETWORK STRUCTURES :
CRYSTAL STRUCTURE INVESTIGATIONS

N, N’-bis (4-cyanophenyl)-(1R,2R)-diaminocyclohexane (BCDC)

Crystals were grown by diffusion of hexane into ethyl acetate solution of BCDC.
X-ray analysis showed that the crystals belong to the orthorhombic space group P2,2,2,
with one molecule in the asymmetric unit. A water molecule of crystallization is also
present. The basic crystallographic data are presented in Table 3.1. The molecular
structure of BCDC.H,0 is shown in Fig. 3.2. The water molecule included in the crystal
lattice leads to N-H...O (rn7.025 = 3.035 A, On7.17.025 = 154.9°) and O-H...N (rozs. no4 =
2.999 A, 002511254 N24 = 122.7°) hydrogen bond bridges which together with direct N-
H..N (rng.n2a = 3.136 A, Ongg.noa = 161.8°) hydrogen bonds lead to extended
supramolecular networks in the ab plane (Fig. 3.3). In contrast to the nitro analog BNDC
synthesized in our laboratory earlier,”” BCDC does not show any helical superstructure.
The conformation of the cyanophenyl groups in BCDC may be characterized by the

Figure 3.2 Molecular Structure of BCDC obtained from single crystal analysis. 95%
probability thermal ellipsoids are indicated,; H atoms are omitted for clarity.
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torsion angle, T (Cpnenyt-N-Cepira-Cepirat), formed by the phenyl carbon (C9), amino
nitrogen (N7), the stereogenic carbon to which the amino group is attached (C1) and the
other stereogenic carbon (C2'). The value of 1 in the BCDC ligand is 157.9° indicating
an exo conformation.

Table 3.1 Crystallographic data for BCDC.H>0

Empirical formula CsoH2»N,O
Formula weight 334.42
Crystal system Orthorhombic
Space group P2,2,2), (No. 19)
a/A 7.886(3)
b/A 15.27(3)
c/A 15.765(9)
viA3 1898(4)

Z 4

Peac. / g em™ 1.170

K, em’! 0.70
AA 0.71703
20 range / deg. 1.86-30.96
Unique reflections 3405
Reflections with | 2 20, 1520
No. of parameters 242
GOF 1.026

R [for | = 20] 0.0535
wR’[for I > 20 0.1204
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------------------------------------------------------------------

Figure 3.3 Molecular packing in BCDC.H0 from single crystal analysis; C(grey),
N(Blue), O(red) and H(white) and H-bonds (broken cyan lines) are shown. Amino and
water hydrogen atoms alone are shown.

[Ag(BCDC)]CIO, (SBP)

Colorless crystals of SBP were grown from acetonitrile solution by slow
evaporation. X-ray analysis revealed orthorhombic space group P2,2,2, with two
molecules in the asymmetric unit. The basic crystallographic data are collected in Table
3.2. The molecular structure of SBP is shown in Fig. 3.4. The silver is coordinated by
two cyano nitrogens from two different BCDC ligand molecules. Unlike the majority of
known Ag(I)-aryl cyano complexes with tetrahedral coordination,* the present complex
shows linear coordination environment around the metal center; even when excess of the
BCDC ligand is employed in the reaction, the same complex with 1:1 mole ratio of meta

and ligand is obtained. Significant bond lengths and bond angles in SBP around the
metal site are listed in Table 3.3.

Significantly, the conformation of the cyanophenyl groups in BCDC are now
oriented endo (t = 89.3°), leading to a helical polymer chain formation through the Ag(!
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links (Fig. 3.5). The perchlorate counterions reside in the channels formed by the helical
structure (Fig. 3.6a). H-bonding interactions between the amino nitrogen atoms of
BCDC and oxygen atoms of the perchlorate ions (rny. 04 = 3.311 A; Onopn 04 = 144.3°,
205 = 3.401 A; Onamp 05 = 157.1°% s o6 = 3.083 A; Ons3..06 = 157.9%) connect the

helical chains of the SBP along the b direction (Fig. 3.6b).

Table 3.2 Crystallographic data for SBP, CBPT and CBP.

Identification

code SBP CBPT CBP
E)Tnﬁgll:al CaoHaoAg2CloNgOyg | CiaHy3CugsF3N20Pgs | CyoHapCuFgNgP
Formula Weight 1047.44 334.56 841.31
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group P2,2,2, (No. 19) P22,2, (No. 18) P2,2,2, (No. 19)
alA 9.488(3) 9.5577 (9) 10.0500 (6)
b/A 14.094(3) 10.4800 (12) 18.3035 (10)
c/A 31.354(4) 15.639 (2) 24.8967 (13)
V/A3 4193.0(16) 1566.5 (3) 4579.8 (4)
Z 8 4 4
Peale. / g cm™ 1.659 1.419 1.220
uw/ mm’ 11.2 0.82 0.57
Wssing: Ty 0.955, 0.999 0.975, 0.999 0.753, 0.899
A A 0.71703 0.71703 0.71703
20 range / deg. 1.3-25.47 2.13-31.96 1.64-28.27
:‘;‘fil‘ggfions 4368 3030 10764
?gﬂz‘z:ﬁ‘m Wik 3794 1530 7761

_g;‘a?nfeters i 196 il
GOF 1.198 1.155 0.996
R [for I = 20y] 0.0445 0.0653 0.0540
WR'[for 12 0.1194 0.1464 0.1468

| 204] .
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Table 3.3. Significant bond lengths and angles in SBP; see Fig. 3.4 for atom labeling.

j Bond / Bonds Distance (A) / Angle (°) J:
! |
|

Ag(1)-N(8) 2.102(6) |
T
Ag(2)-N(5) 2.092(6) ]
C AgN@) | 21066)
NO)-C() 1.123(10)
C N@)-CQo) | 1.132(9)
e e
B
N(8)-Ag(1)-N(1) 163 .4(4)
e =

Figure 3.4 Molecular Structure of SBP obtained from single crystal analysis. 95%
probability thermal ellipsoids are indicated; H atoms are omitted for clarity.
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Figure. 3.5a Helical polymeric chain in SBP along b axis; hyvdrogen atoms and

perchlorate ions are omitted for clarity; C (grey), N (blue), Ag (Cyan).
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Figure. 3.5b Schematic diagram of the helical chain; the cyanophenyl groups have been
removed and amino nitrogens are connected directly to silver to demonstrate the helical

Structure.
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Figure 3.6b Linking of helical chains through H-bond interactions.
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[Cu(BCDC)|PF¢. THF (CBPT)

Layering a solution of BCDC in THF on top of a solution of [Cu(CH;CN),]PF,
in dichloromethane yielded crystals of [Cu(BCDC)]PFy at the interface. The crystals
belong to P22,2; space group with half the molecule and a molecule of THF in the
asymmetric unit. The basic crystallographic data are presented in Table 3.2. The
molecular structure of CBPT is given in Fig. 3.7. Cu(l) is tetrahedrally coordinated to the
two amino nitrogens of BCDC and the cyano nitrogens of two other BCDC ligand
molecules. The significant bond lengths and bond angles near the metal center given in
Table 3.4 show values typical of Cu(l) - cyano and Cu(l) — amino coordination.* In
CBPT the BCDC retains the exo conformation of the cyanophenyl groups to
accommodate the Cu(I) coordination at the amino sites and the t is 164.9°. The metal
coordination leads to extended two-dimensional networks (Fig. 3.8). Hexafluoro-
phosphate ions and THF appear in the channels formed by network. The
hexafluorophosphate ions are not involved in any short intermolecular contacts. The
amino groups of BCDC are engaged in H-bonds with the oxygen atom of the THF

Table 3.4. Significant bond lengths and angles in CBPT; see Fig. 3.7 for atom labeling.

Bond / Bonds Distance (A) / Angle (°)
Cul-N3' 2.213(6)
Cul-N3" 2.213(6)
Cul-N4 1.897(6)
Cul-N4' 1.897(6)
N4-Cl14 1.124(8)
N4'-C14' 1.124(8)
N3'-Cul-N3" 79.0(3)
N3'-Cul-N4 106.8(2)
N3'-Cul-N4' 107.3(2)
N3"-Cul-N4 107.3(2)
N3"-Cul-N4' 106.8(2)
N4-Cul-N4' 135.2(4)
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Figure 3.7 Molecular Structure of CBPT from single crystal analysis. 95% probability

thermal ellipsoids are indicated; H atoms are omitted for clarity.

Figure 3.8 Crystal structure of CBPT viewed along the a axis; hydrogen atoms ar

omitted for clarity. C (grey), N (blue), Cu (orange), P (magenta), F (cyan), O (red), H
bonds (broken cyan line).
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molecules in the lattice. The individual strands in the network have a zig-zag structure;
no helical superstructure is observed. Fig. 3.9 provides a schematic representation of the
two-dimensional rhombus network in CBPT; the BCDC (in exo conformation)
connecting the Cu(l) sites are represented using straight lines, the Cu(I)....Cu(I) distances

being 9.467 A.

© C C ¢
(& © <
© @ %) ©
< @ ©
¢ - o o
= e ¢
e P -3 -
.," ‘-.\..-»‘ ‘ o ‘

Figure 3.9 Schematic diagram of the network topology in CBPT. The spheres represent
Cu(l) and the lines, the bridging BCDC ligands in exo conformation.

|Cu(BCDC)]PF4 (CBP)

Colorless crystals of CBP were grown from dichloromethane solution containing
BCDC and [Cu(CH3CN)4]PFs, X-ray analysis showed that CBP belongs to orthorhombic
P2,2,2, space group with half the molecule in the asymmetric unit. The basic
crystallographic data are collected in Table 3.2. The molecular structure is presented in
Fig. 3.10. In CBP, four BCDC ligands are coordinated tetrahedrally to Cu(I) through one
of the cyano nitrogen atoms from each. CBP also shows an extended network structure
as in CBPT, but with a three-dimensional connectivity. Interestingly, the CBP crystal
attice shows the presence of different conformations of the ligand BCDC. Two of the
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BCDC's are in exo conformation (t = 161.0%) and the other two in endo conformation (1 =
93.1°, since the BCDC's are close to, but not exactly C, symmetric, these t are average
values). The significant bond lengths and bond angles near the metal center in the CBP
crystals listed in Table 3.5 show values typical of Cu(l) - cyano coordination.*’ It is seen
that the local symmetry at the metal in CBP is close to, but not exactly Tg.

. C38 & ‘
C378 :
C36 48
: C26
: C25¢ -
C241 :
Cc23 ¢ 1 :
C48 §
A N4 g C44 G
: ¥ C34 4 :
. ‘ . Cul_ C47 ! C3 423 2 PC4S :
& -, C9‘ - Wt 32 LC46
HRTe N
: x/ ¢ 20 :
: ( ; - 2C21 :
; “ . C18 . pC22 i
C17 :
16 :
N2 :

Figure 3.10 Molecular Structure of CBP obtained from single crystal analysis. 95%
probability thermal ellipsoids are indicated; H atoms are omitted for clarity.
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Table 3.5. Significant bond lengths and angles in CBP; see Fig. 3.10 for atom labeling.

Bond / Bonds Distance (A) / Angle (°)
Cul-NI' 1.986(3)
Cul-N2' 1.981(3)
Cul-N3 1.980(3)
Cul-N4 1.979(3)
N1-C9 1.131(5)
N2-C16 1.148(4)
N3-C47 1.142(5)
N4-C48 1.140(5)
N1'-Cul-N2' 102.43(12)
N1'-Cul-N3 112.64(15)
NI1’-Cul-N4 113.42(15)
N2-Cul-N3 110.50(15)
N2'-Cul-N4 115.93(15)
N3-Cul-N4 102.29(18)

Figure 3.11 Crystal structure of CBP viewed along the a axis; hydrogen atoms are
omitted for clarity. C (grey), N (blue), Cu (orange), P (magenta), F (cyan), H-bonds

(broken cyan line).
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The extended structures of the coordination polymers of CBP and CBPT are
grossly different in the two crystals. In the CBP structure, the PF¢ ions as well as the
cyano groups of BCDC form H-bonds with the amino groups of the BCDC leading to
extended structures (Fig. 3.11). Comparison of the structures of CBPT and CBP shows
that the presence of THF in the crystallization medium has led to its inclusion in the
structure of CBPT and considerable variation in the conformation of BCDC and ligation
around Cu(l). The net impact may be visualized in terms of the network topology arising
in the crystals. The topology of CBP is more fascinating than that in the CBPT. The
tetrahedrally coordinated BCDC's around the Cu(l) sites in CBP, lead to a three-
dimensional architecture that can be described as an interwoven structure of three
diamondoid networks (Fig. 3.12). There is a succession of layers, constituted of six-
member rings in elongated chair conformation, from each of the diamondoid networks;
the interconnections between the layers are also elongated. The Cu(l)....Cu(l) distances
within the layer are 10.406 and 18.148 A and that between the layers is 18.148 A; the
short and long distances correspond respectively to the bridging BCDC in endo and exo
conformations.

The structure of CBP can also be visualized as a combination of helical
superstructure formations involving Cu(l) and BCDC ligands in different directions. The
two different conformations of the BCDC ligand in CBP lead to different helical chain
formations in three directions. Interestingly, in one direction both conformations are
involved and in the other two directions either one of the conformations of the BCDC
ligand is involved in the helical structure formation. A 2, chain structure is formed along
the a axis mediated by the BCDC in exo conformation. The topological representation
and the space-filling model of the 2 chains are given Figs. 3.13a and 3.14a respectively.
Similarly, an extended 2, chain structure is formed along the 4 direction by BCDC in
endo conformation (Figs. 3.13b and 3.14b). The helical assembly along the ¢ axis is built
up of exo and endo conformations of the BCDC ligands alternating along each chain.

The topological representation of the helical structure is given in Fig 3.13c and the space-
filling model in Fig. 3.14c.
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(b)

Figure 3.12 Schematic diagram of the network topology in CBPT; (a) a single
diamondoid network and (b) the interwoven diamondoid networks ( the three networks
are shown in different colors). The spheres represent Cu(l) and the lines, the bridging

BCDC ligands in exo (1) and endo(ll) conformations.
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Figure 3.13 Schematic diagram of the helical formations in CBPT along (a) a, (b) b and
(c) ¢ axes. The orange spheres represent Cu(l), the blue spheres, the cyano nitrogen
atoms and the green and and white spheres the amino nitrogen atoms, the nitrogen
atoms with the connecting lines denote the BCDC ligand. The green and white nitrogen

atoms relate to BCDC in exo and endo conformations respectively.
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(a) (b)

Figure 3.14 Space-filling representations of (a) 2, chain along a, (b) 2, chain along b
axis and (c) helical chain along the ¢ axis in crystals of CBP.

34 OPTICAL SECOND HARMONIC GENERATION : IMPACT OF THE
STRUCTURAL MOTIFS

Donor-acceptor conjugated systems generally possess large hyperpolarizability
which can be enhanced further by the coordination of electropositive metals at the
acceptor site. The chirality coupled with multiple ligation sites of BCDC ligand has
allowed us to fabricate coordination polymer topologies with noncentrosymmetric solid
state organization and exhibiting different dimensionalities. This factor and push-pull
nature of the BCDC-metal ion combination, suggests potential second order nonlinear
optical effects in these materials and the possibility of investigating potential structure-
property correlations in the coordination polymers. We have carried out Kurtz-Perry
SHG measurements** on BCDC and the metal complexes; SHG variation with particle
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size indicates phase-matchable behavior in all cases. The details of the experimental
procedure are given in Appendix C. BCDC shows a moderate value saturating at 0.3 U
(1U = SHG of urea). Interestingly, the complexation of Ag(l) at the cyano sites alone in
[Ag(BCDC)]CIO;4 causes a nearly ten-fold increase in the SHG to 2.9 U compared to the
free ligand BCDC. Complexation of Cu(l) at the amino and cyano sites in
[Cu(BCDC)]PFs leads to a small reduction in the SHG to 0.2 U. Repeated experiments™*
with CBP, however, showed that it has no measurable SHG. The SHG data on BCDC
and its coordination polymers are collected in Table 3.6.

The bulk SHG from materials are controlled by the molecular hyperpolarizability
as well as the molecular organization. The difference in the SHG observed between
BCDC ligand, SBP, CBPT and CBP coordination polymers can be analyzed by
considering the different coordination modes and local metal-ligand structure as well as
the very different network topologies in the three structures. The enhanced SHG
observed in SBP is possibly linked to the formation of the helical superstructure.?”* It is
interesting to note that the SHG reported in several helical coordination polymers’*® is ~

1U.

The linear coordination of BCDC around Ag(I) gives it a nonpolar character
whereas the asymmetric nature of ligation around Cu(I) in CBPT gives it appreciable
dipolar character. The corresponding unit in CBP can be described formally as an
octupolar system even though the dipolar component does not strictly vanish. The
potential utility of octupolar systems in quadratic NLO applications was first highlighted
by the seminal work of Zyss,"® wherein a systematic appraisal of the dipolar/octupolar
contributions to the nonlinear response of molecules and materials was presented. Large
hyperpolarizabilities have since then been demonstrated in octupolar molecules.’’” At the
bulk level, SHG has been obtained in polymer films with optically oriented octupolar
molecules* as well as a host of two and three-dimensional coordination polymers based
on octupolar building blocks.”” The fundamental question of optimal molecular
organization that would lead to enhanced bulk nonlinearity has been addressed in the case
of dipolar systems early on* and for the two-dimensional octupolar systems more
recently.”” In the present study, it appears that the evolution from one-dimensional
organization in SBP and two-dimensional organization in CBPT to a three-dimensional
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one in CBP has had an adverse impact on the SHG capability. If we consider the SHG
observed in the three coordination polymers of three different dimensionality, a
correlation emerges between the dimensionality of the network topology and the
nonlinear optical response; in this family of coordination polymers based on BCDC,
lower dimensionality is more favorable. It is pertinent to note that mutually orthogonal
helical motifs leading to three-dimensionally connected structures have been found to
exhibit relatively lower SHG capability than helical superstructures formed along a single
crystallographic direction, in polymorphs of an organic material studied in our
laboraltory.3 > The structure around the metal, dipolar in CBPT, octupolar in CBP and
linear and nonpolar in the Ag(I) polymer, does not appear to have a direct correlation to
the observed SHG. These arguments provide a framework to visualize the difference in
the solid state SHG capability of SBP, CBPT and CBP in the context of the hierarchy in
their network structural motifs.

Table 3.6 SHG of microcrystalline powders of BCDC, SBP and CBPT at various
particle sizes. 1 U = SHG of urea having particle size > 150 pm.

B SHG (U)
Particle size (1m) Average
Compound 100-150 | 150-200 | 200-250 | 250-300 | valueat
saturation
BCDC.H,0
(BCDC) 0.21 022 | 019 | 028 0.22
[Ag(BCDC)|ClO4
(SBP) 2.4 2.4 2.3 2.9 2.5
[Cu(BCDC)PF¢]THF
(CBPT) 0.19 0.18 0.22 0.20 0.20

The anion can influence the formation of the extended structures. However,
investigation of the hexafluorophosphate and perchlorate salts of the Cu(I) complex and
the nitrate and perchlorate salts of the Ag(I) complex indicated that the SHG is largely
independent of the anion. In view of the discussion of optimal organization of dipolar
and octupolar systems referred to above, cognizance should be taken of the fact that
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neither of the individual structures of one, two and three-dimensional networks in the
present study have been optimized through any systematic approach. Hence, exploration
of several more families with different dimensionality of the systems is essential to test

the generality of the present observations.

35 INFLUENCE OF THE LIGAND CONFORMATION AND
COORDINATION OF THE METAL ION ON THE
HYPERPOLARIZABILITY : A COMPUTATIONAL STUDY

We have carried out some simple computational studies to gain insight into the
influence of the conformation of BCDC and the coordination of the metal ion on the .
As stated earlier, the conformation of the cyanophenyl groups in BCDC may be
characterized by the torsion angle, T (Cphenyl-N-Cehiral-Cehirat). In the molecular structure
from single crystal analysis, the 1 are respectively 157.9, 89.3 and 164.4 in BCDC, SBP
and CBPT respectively, representing exo, endo and exo conformations. In CBP, the
Cu(I) metal ions are coordinated to four cyano nitrogens of four different BCDC
molecules. Two of the BCDC's are in exo conformation (t = 161.0°) and the other two in
endo conformation (t = 93.1°) (as noted above, since the BCDC's are close to, but not

exactly C; symmetric, these T are average values).

Several studies® have employed semiempirical as well as ab initio methods to
compute B of metal-organic systems. We have computed the static hyperpolarizability of
the ligand structures using the AMI/TDHF’' method; the geometries from crystal
structure were used and H atom positions alone were optimized. The influence of the
metal ions were assessed by placing point positive charges at the relevant sites, since
parameters for Ag(I) and Cu(I) are not available in this program. The computed [ are
collected in Table 3.7. The trends are in tune with classical push-pull concepts.'® They
are further confirmed using ab initio computations™ at the B3ALYP/3-21G* level carried
out on the same structures, but now with Cu(I) and Ag(I) metals in place.36 It is observed
that the endo orientation of the phenyl rings leads to larger B. More significantly, the B is
reduced by the coordination of Cu(l) at the cyano and amino groups whereas it is
enhanced by coordination of Ag(l) at the cyano groups alone. Most notably, the
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computed f parallel the observed solid state SHG values in BCDC, SBP and CBPT: the
molecular nonlinearity appears to exert a dominant influence on the bulk property. This
investigation shows that the SHG of these materials is primarily controlled by the ligand
conformation and the mode of metal coordination, and not so much affected by the
specific metal itself. In the case of CBP, the computations showed that the exo and endo
forms possess respectively, By values 14.17 x 10°° and 21.66 x 10°° esu. The higher By
of endo conformation compared to that of the exo conformation once again point to
impact of the conformation of the BCDC on the B. In spite of the higher
hyperpolarizability of the units in the polymer, CBP shows no observable SHG. This
indicates the significant role of the mode of coordination around the metal ion and the

resulting connectivity and network topology in these materials.

Table 3.7 Computed static hyperpolarizabilities of BCDC (in the free form and as
ligands in the metal complexes) and the BCDC/metal systems. In the AMI/TDHF
computations on the complexes, the metal ions are replaced by point charges.
Geometries are taken from the appropriate crystal structures with H atoms alone
optimized in the AMI1 method.

Structure B /10 esu
BCDC Ligand 7.49
Ligand 4.44
CBPT
Ligand/3Cu(I)" 3.99
Ligand 9.66
SBP Ligand/2Ag(l) * 22.35
Ligand/2Cu(I)’ 14.17
CBP
Ligand/2Cu(l)* 21.66
t i
®
®
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3.6 SUMMARY

We have synthesized a novel C;-symmetric ligand with “push pull’ framework
coupled with multiple ligation sites. The capability of multiple ligation of BCDC has
been utilized to fabricate a series of fascinating coordination polymer topologies. The
ligand is shown to adopt different conformations in the different systems. The
coordination of BCDC ligand with Ag(I) metal ions leads to one-dimensional helical
chains which show an enhanced SHG capability compared to the ligand. The structures
of the Cu(I)-BCDC complex arising as a result of the difference in the crystallization
solvent, manifest clearly different conformations of the ligand, modes of ligation and
polymer network topologies. The Cu(l) coordination with BCDC in presence of THF
leads to the inclusion of the solvent in the lattice as well as the formation of two-
dimensional network structure that shows reduction in the bulk SHG, with respect to the
ligand. The second Cu(I)-BCDC complex shows three-dimensional interwoven
diamondoid coordination network structure. The molecular structure contains both exo
and endo conformation of the BCDC leading to the formation of helical superstructure
along each Cartesian direction and no observable SHG.

The consequence of the helical one-dimensional chain and hierarchical, two-
dimensional network and three-dimensional diamondoid structures for the solid state
SHG is quite interesting. The increase in dimensionality shows an adverse effect on the
bulk SHG in these systems. Influence of the conformation of the ligand and the mode of
coordination of the metal ions on [ has been analyzed by simple computational
investigations. The simple models involved provide meaningful insight into the trends of
molecular nonlinearity in these polymeric systems and suggest a convenient approach to
the design of coordination polymers for SHG applications.
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4.1 INTRODUCTION

Last few decades have witnessed extensive research efforts directed towards the
design and development of NLO materials. To be suitable for NLO applications such as
optical SHG, materials have to satisfy several requirements including
noncentrosymmetric  organization,  strong  nonlinear  response  (molecular
hyperpolarizability or bulk susceptibility), low absorbance in the spectral range of the
fundamental and SHG and thermal and mechanical stability." It is very difficult to
achieve all of these characteristics in a single material. For instance, high molecular
hyperpolarizability is ofien accompanied by strong absorbance at the SHG wavelength
and high ground state molecular dipole moment; the former affects the SHG efficiency
adversely and the latter often encourages the formation of centrosymmetric bulk
materials. The thermal stability of materials is related to both the molecular structure and
intermolecular interactions. The application potential of molecular materials for NLO
applications is often limited by their low thermal stability. All these factors point out that
an acceptable tradeoff between the molecular properties and materials attributes needs to

be realized to develop specific materials for application.

Even though organic materials have been extensively investigated due to their
inherent advantages over the traditional inorganic materials, such as strong NLO response
and low refractive indices, they are yet to find practical applications because of the low
thermal stability, low damage threshold under laser irradiation and absorption in the
spectral range of SHG which makes the applications at these wavelengths inefficient.
The NLO materials being used commercially are mostly based on inorganic materials
such as potassium dihydrogen phosphate, lithium niobate and B-barium borate; they
posses high thermal and mechanical stability along with good optical transparency.2
Recently, increasing attention has been focused on the development of molecular NLO
materials having high thermal and mechanical stability with good optical transparency.
The thermal stability has been enhanced in dipolar chromophores in which donor and
accepter groups are linked by a long m-conjugated polyene bridge; a synthetic route for
ring-locked polyenes has been developed.3 Among the polymer systems studied for NLO
applications, aromatic imides are promising materials due to their high thermal stabilities
and glass transition temperatures.“ Highly thermally stable octupolar polyimide NLO
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materials exhibiting large solution second order nonlinearity have also been reported.’
Octupolar metal complexes based on bipyridyl ligands show large hyperpolarizability and
better optical transparency than the corresponding dipolar metal complexes.® Thermally
stable imines based on diaminomaleonitrile derivatives have been reported recently.’

Molecular assembly in crystals is controlled by the molecular structure and
intermolecular interactions. For example, molecular chirality ensures noncentro-
symmetricity in the bulk material and conformational flexibility can have profound
influence on the molecular organization in the solid state.*” Development of general
routes for supramolecular assembly is one of the fundamental problems in engineering
solid state structures. Hydrogen bonds represent one of the most prominent strategies in
this respect,'’ their application in the synthesis of extended organic networks is well
documented:'' their use in the assembly of coordination compound networks has been

fewer.'!

Molecular networking through interactions such as H-bonds and metal
coordination can be exploited to generate a range of fascinating solid state structures. "
The strength and directionality of the hydrogen bond, as compared to other
intermolecular forces, account for its importance and have made it one of the most
promising protocols for molecular recognition and supramolecular synthesis.'* Many of
the strategies have relied on the complementarity of hydrogen bond interactions.
Carefully selected hydrogen bond interactions can not only assemble discrete molecules
and ions but also constrain their relative orientations in the bulk materials,®’ a critically
important consideration in the design of materials for quadratic NLO effects. Hydrogen
bonding has been successfully utilized in the development of noncentrosymmetric
structures from achiral molecules'®'® for applications as NLO crystals. Hydrogen
bonding can also often impart higher thermal stability to the materials.”* Even though
several approaches have been developed to obtain noncentrosymmetric structures, special
motifs such as polar and helical structures remain important targets because of their great

potential in materials applications related to nonlinear optics and opto-electronics.'****

The construction of metal-containing networks has been achieved using different
design approaches: the metal complexes can be linked either through coordinate covalent
bonds* or weaker intermolecular forces such as hydrogen bonds or stacking interactions

of aromatic groups.® Coordination chemistry can be employed as a powerful method for
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the synthesis of metal-organic macromolecules or polymeric structures with metals in the
backbone; there is great interest in developing methodologies to further organize these
macromolecules into functional molecular materials.”” The combination of coordination
chemistry with non-covalent interactions such as hydrogen bonding provides great scope
for creating complex structures from simple building blocks.'***¥  Weak hydrogen
bonding interactions in organic-inorganic hybrid materials have been shown to lead to
chiral network structures that exhibit solid state SHG.* Synthesis of supramolecular
architectures by assembling discrete metal complexes bearing hydrogen bonding sites in
the ligand has been reported.*

Coordination polymers are highly suited for the construction of materials based
on extended inorganic-organic assemblies. They also facilitate considerable structural
control.  An early example involving coordination polymers along with hydrogen
bonding approaches is that of Ag(l) ions with ligands based on pyridyl derivatives of
ureas and oxalamides. The tetrahedral Ag(I) ions are connected into two-dimensional
polymers by bridging bipyridine-like ligands and the complementary ligand based N-
H...O hydrogen bonds extend the assembly process to a three-dimensional network.”’
Ag(l) networks formed by complementary self assembly using bipyridine ligands, anions
and hydrogen bonding amide groups have also been reported recently.”  Zn(Il)
dicarboxylate coordination polymers can be interconnected through hydrogen bonds

between coordinated thiourea ligands and carboxylate moieties on neighboring chains.*

A strategy based on additional ligands capable of forming self complementary
hydrogen bonds that are independent of the ligands required to assemble the coordination
polymer has also been devised. Cu(Il) halides can form linear coordination polymers via
bridging halide groups, and simple pyridine based ligands with carboxylic acid,
carboxamide and oxime substituents were used to generate two-dimensional assemblies.’’
Similarly, one and two-dimensional coordination polymers of Cd(II) thiocyanate were
connected via self complementary ligand based hydrogen bonds, resulting in two and
three-dimensional networks.”® Linear Cu(ll) dicyanamide coordination polymers have
been cross-linked via complementary 2-aminopyrimidine hydrogen bonds.” Co(II) and
Ni(ll) complexes of dicyanamide which create infinite network structures through
coordinate covalent bonds, have been connected into three-dimensional assemblies
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through hydrogen bonds between additional 2-aminopyrimidine ligands located on the

periphery.*’

Following our studies of the chiral ligand BCDC discussed in Chapter 3, we have
developed a new series of C,-symmetric bis(amide) derivatives : N,N'-bis-(benzoyl)-
(1R.,2R)-diaminocyclohexane (BBDC), N,N’-bis(4-fluorobenzoyl)-(1R,2R)-diamino-
cyclohexane (BFBDCO), N,N'-bis(4-nitrobenzoyl)-(1R,2R)-diaminocyclohexane
(BNBDC), N,N'-bis(4-methoxybenzoyl)-(1R,2R)-diaminocyclohexane (BMBDC), N,N'-
bis(4-aminobenzoyl)-(1R,2R)-diaminocyclohexane (BABDC) and N,N'-bis(isonicotin-
oyl)-(1R,2R)-diaminocyclohexane (BINDC). We have investigated their crystal structure
and solid state SHG. All the compounds exhibit complementary amide hydrogen bond
intermolecular interactions that lead to the formation of extended structures in the crystal
lattice. BBDC exhibits the rare syn conformation of the bis(amide) group and forms
interesting polar organization in the three-dimensional structure with all the carbonyl
groups oriented in the same direction in the crystal."' This is unusual in the case of free
vicinal bis(amide) structures because the anti conformation is energetically stabler; it has
been observed earlier, only due to constraints of metal coordination*? or cyclic structure
formation.”” Subtle molecular structure variations in the case of BINDC gives rise to
helical organizations in crystals and the bis(amide) group shows the normal anii
conformation. BFBDC, BNBDC, BMBDC and BABDC also show helical assembly
through hydrogen bonding interactions in the crystal lattice. The substituent in the para
position also seems to affect the conformation of the bis(amide) changing it back to anti
from the syn in BBDC. The circular dichroism studies of BBDC and its derivatives in
methanol solution show that the bis(amide) group has anti conformation and negative
helicity in solution as reported earlier.** Significantly, these bis(amide) molecules exhibit
solid state SHG when electron donating group is present in the para position of the
aromatic ring and become SHG inactive if there is an electron withdrawing substituent.
We have also fabricated coordination polymers based on BINDC and demonstrated the
utilization of complementary amide hydrogen bonding interactions to organize the
coordination polymers in the solid state. The coordinate covalent bonds lead to one-
dimensional coordination polymers and the complementary hydrogen bonding between
the amide groups result in two-dimensional network structures. The coordination
polymers show reduction in the SHG value compared to the free ligand BINDC due to



Vicinal Chiral Bis(amide)... ... 135

=

the electron withdrawing character of the metal ions. This is consistent with the
observation in the BBDC family. The BBDC and BINDC based families of compounds
show appreciable thermal stability and good optical transparency in the visible range.

42  SYNTHESIS AND CHARACTERIZATION

The resolution of 1,2-diaminocyclohexane was carried out following the
methodology reported by Jacobsen er al.*® and the detailed procedure was given in Sec.
3.2. The synthesis of BBDC has been reported carlier.*
modified procedure.

We have adopted a slightly

N,N'-bis(benzoyl)-(1R,2R)-diaminocyclohexane (BBDC)

Benzoyl chloride (1.35 g, 9.63 mmol) was added dropwise over 15 min to the
vigorously stirred solution of (1R,2R)-diaminocyclohexane (0.5 g, 4.37 mmol) in 10%
NaOH (8 ml) solution (Scheme 4.1). The reaction mixture was stirred at room

temperature for 1 h more; the white precipitate formed was filtered, washed with water

+ 10% NaOH
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Scheme 4.1
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thoroughly to remove any trace amount of NaOH solution in the compound and dried
under vacuum. The product was purified by recrystallization from methanol. Yield: 1.13
g, 81%; M. P: 265-267°C; UV-Vis (methanol solution) Amax (Acutofr): 224.8 nm (287
nm); IR (KBr pellet): viem™ 3304.4, 2932.1, 2858.7, 1631.9, 1531.6, 1331.0, 694 .4,
663.5; 'H NMR (dg-DMSO): &/ppm = 1.29 (m, 2H), 1.5 (m, 2H), 1.75 (m, 2H), 1.92
(m,2H), 3.36 (s, 2H), 3.94 (m, 2H), 7.43 (m, 4H), 7.70 (m, 4H), 8.28 (m, 2H); "*C NMR
(d-DMSO): 6/ppm = 24.9, 31.8, 53.3, 117.3, 128.7, 131.1, 135.1, 166.7.

-----------------------------------------------------------------------------------------------------------------------
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Scheme 4.2
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BNBDC, BFBDC, BMBDC and BINDC : General synthesis procedure

2 mmol of the aroyl chloride and 2.4 mmol of triethylamine were dissolved in
chloroform and stirred for 10 min. 1 mmol of (I1R,2R)-diaminocyclohexane in
chloroform was slowly added to the resulting solution (Scheme 4.2). Addition was
carried out slowly due to the exothermic nature of the reaction. A white precipitate was
obtained. The reaction mixture was heated at reflux for 14 h. The solution was then
cooled to room temperature and the solid was filtered. In some cases, the solvent was
evaporated to recover the solid. The resulting off-white solid was washed with water,
saturated sodium bicarbonate solution and then again water. The product was vacuum
dried and purified by recrystallization from methanol solution.

N,N’-bis(4-nitrobenzoyl)-(1R,2R)-diaminocyclohexane (BNBDC). Yield: 95%; M. P:
339°C (dec); UV-Vis (methanol solution) Amax (Acurofr) : 263.6 nm (352 nm); IR (KBr
pellet): viem™ :3288.9,2930.1, 2856.8, 1637.7, 1597.2, 1537.4, 1516.2, 1340.6, 869.9,
846.8, 692.5; 'H NMR (de-DMSO): &/ppm = 1.28 (m, 2H), 1.57 (m, 2H), 1.78 (m, 2H),
1.91 (m, 2H), 3.99 (m, 2H), 7.93 (d, 4H), 8.26 (d, 4H), 8.68 (d, 2H); "*C NMR (d¢-
DMSO): 8/ppm = 24.9, 31.6, 53.3, 123.6, 128.8, 140.8, 149.0, 164.9.

N,N’-bis(4-flurobenzoyl)-(1R,2R)-diaminocyclohexane (BFBDC). Yield : 90%. M. P:
268°C; UV-Vis (methanol solution) Amax (Acuiofr): 225.6 nm (279.4 nm); IR (KBr pellet)
colem’ @ 3304.3,2941.7, 2858.7, 1631.9, 1606.8, 1541.2, 1502.7, 1332.9, 846.8, 765.8,
665.5; 'H NMR (de-DMSO): &/ppm = 1.43-1.48 (m, 4H), 1.87 (m, 2H), 2.22 (m, 2H),
4.04 (m, 2H), 6.9 (d, 4H), 6.96 (m, 2H), 7.68 (d, 4H); 13C NMR (d¢-DMSO): 8/ppm =
24.8,32.2, 54.6,115.2, 115.6,129.1, 129.3, 130.2, 165.2.

N,N’-bis(4-methoxybenzoyl)-(1R,2R)-diaminocyclohexane (BMBDC). Yield: 90%;
M. P: 269°C; UV-Vis (methanol solution) Amax (Acut-off): 251.2 nm (289.8 nm); IR (KBr
pellet): v/em™ :3310.1, 2934.0, 2852.9, 1628.1, 1606.8, 1537.4, 1504.6,1329.1, 1253.8,
1176.1, 1024.1, 839.1, 767.7, 665.5; 'H NMR (d¢-DMSO): &/ppm = 1.28 (m, 2H), 1.50
(m, 2H), 1.72 (m, 2H), 1.93 (m, 2H), 3.76 (s, 6H), 3.88 (m, 2H), 6.92 (d, 4H), 7.40 (d,
4H), 8.10 (m, 2H); *C NMR (dg-DMSO): 8/ppm = 19.9, 27.4, 49.5, 50.2, 108.6, 121.7,
123.7,157.1, 162.8.
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N,N’-bis(isonicotinoyl)-(1R,2R)-diaminocyclohexane (BINDC). Yield: 85%; M. P:
268-270°C; UV-Vis (methanol solution) Amax (Acurofr): 248.8 nm (304.6 nm); IR (KBr
pellet): v/em™ :3292.8,2941.7, 2858.7, 1639.6, 1597.2, 1537.4, 1408.2, 1329.1, 841.0,
758.1, 659.7; 'H NMR (d¢-DMSO): 8/ppm = 1.32-1.44 (m, 4H), 1.5 (m, 2H), 2.22 (m,
2H), 4.05 (m, 2H), 7.26 (m, 2H), 7.53 (d, 4H), 8.6 (d, 4H); "*C NMR (ds-DMSO): 8/ppm
=24.7,32.1,54.78,120.7, 141.1, 150.5, 166.3.

N,N’-bis(4-aminobenzoyl)-(1R,2R)-diaminocyclohexane (BABDC)

BNBDC (0.5 g, 1.2 mmol) was dissolved in dry methanol and catalytic amount of
Pd/C (0.075g) was added and stirred for 15 min at room temperature. NaBH4 (0.5 g, 13.2
mmol) was slowly added over 1 h (Scheme 4.3). The reaction mixture was further stirred
for 3 h at room temperature. The progress of the reaction was monitored by TLC. After
the completion of the reaction, the Pd/C was removed by filtration. The colorless
methanol solution was completely evaporated under reduced pressure and water was
added to the resulting semisolid to yield a white precipitate. The precipitate was filtered
and washed with sodium bicarbonate solution and excess of water; it was then dried
under vacuum. The product was purified by recrystallization from methanol. Yield: 0.38

ocC

o Methanol ocC co
+ NaBH; + PdIC ———2»

-,
-----------------------------------------------------------------------------------------------------------------------

Scheme 4.3
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g, 90%; M. P: 288-290°C (dec); UV-Vis (methanol solution) Amax (heuo): 295.5 nm
(327.5 nm); IR (KBr pellet): viem™ : 3468.3, 3356.4, 3288.9, 2932.1, 2854.9, 1612.6,
1537.4, 1506.5, 1323.3, 1184.4, 839.1, 767.7, 574.8; 'H NMR (de-DMSO): d/ppm =
1.26- 1.38 (m, 4H), 1.70 (m, 2H), 1.92 (m, 2H), 3.74 (s, 2H), 5.55 (s, 4H), 6.47 (d, 4H),

7.46 (d, 4H). 7.81 (s, 2H); "C NMR (dg-DMSO) : /ppm = 24.8, 32.07. 53.6. 112.7.
121.4,128.8, 151.7, 163.6.

(N,N’-bis(isonicotinoyl)-(1R,2R)-diaminocyclohexane)zinc chloride (Zn(BINDC)Cl,)

BINDC (0.3 g, 0.92 mmol) dissolved in methanol was added to the aqueous
solution of zinc chloride (0.12 g, 0.92 mmol). The resulting solution was kept at room
temperature. Slow evaporation led to the formation colorless crystals of the complex.
The crystalline product was filtered and washed with water and methanol, and dried
under vacuum. Yield: 0.33 g, 80%; M. P: 373°C (dec); UV-Vis (aqueous solution) Amax
(Acurofr) © 262, 238 nm (302 nm); IR (KBr pellet): v/em™ 3317.8, 3287.0, 2920.5,
2858.7, 1647.7, 1618.4, 1537.4, 1423.6, 1332.9, 1221.1, 1089.9, 1062.8, 1026.2, 858.4,
640.4.

(N,N’-bis(isonicotinoyl)-(1R,2R)-diaminocyclohexane)zinc bromide (Zn(BINDC)Br)

Similar procedure was followed as used in the preparation of ZnCly(BINDC)
complex with ZnBr; (0.2 g, 0.92 mmol) in place of ZnCl,. Yield: 0.43 g, 85%; M. P:
410°C (dec); UV-Vis (aqueous solution) Amax (Acuiof): 260.6, 236.6 nm (306.8 nm); IR
(KBr pellet): v/em™ : 3323.6, 3288.9, 2922.4, 2854.9, 1647.7, 1614.5, 1537.4, 1421.8,
1024.3, 858.4, 763.9.

(N,N’-bis(isonicotinoyl)-(1R,2R)-diaminocyclohexane)silver nitrate
(Ag(BINDC)NO;)

0.3 g (0.92 mmol) of BINDC dissolved in methanol was carefully layered on top
of a solution of 0.16 g (0.92 mmol) of AgNO; in water and the solution was allowed to
stand at room temperature without disturbing. Even though the solvents by themselves
are miscible, the two solutions do not mix unless agitated. Colorless crystals were
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formed in about 3 days. The solution was decanted and the crystals were washed with
methanol and dried. Yield: 0.32 g, 70%; M.P: 310°C (dec); UV-Vis (aqueous solution)
Amax (Acutoff): 258, 235.4 nm (379.8 nm); IR (KBr pellet): vlem” : 3337.1, 3051.7,
2935.9, 2854.9, 1645.4, 1606.8, 1531.6, 1338.7, 1068.6, 842.9, 758.1.

43 POLAR / HELICAL ASSEMBLIES OF CHIRAL VICINAL BIS(AMIDE)
MOLECULES : MOLECULAR AND CRYSTAL STRUCTURE
INVESTIGATIONS

BBDC and BINDC posses closely related molecular structures. The only
difference is the presence of the nitrogen atom in the pyridine rings of BINDC in place of
the carbon atoms in BBDC. However the molecular organization in the two crystals
turns out to be very different. The structures of this pair of vicinal bis(amide) molecules
provide a fine illustration of the influence of subtle molecular structural features on

supramolecular organization.

Figure 4.1 Molecular structure of BBDC from single crystal analysis. 95% probability
thermal ellipsoids are indicated; H atoms are omitted for clarity.
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Table 4.1. Crystallographic data for BBDC and BINDC

Identification code BBDC BINDC
Empirical formula CoH2:N>0, C1sH20N40,
Formula weight 322.40 324.38
Crystal system Monoclinic Orthorhombic
Space group P2, (No. 4) P2,2,2) (No. 19)
AlA 9.2636(9) 5.1328(4)
b/A 9.7900(9) 17.2924(14)
c/A 10.7319(10) 18.9976(15)
B~ 115.0250(10) 90.0
V/A® 881.91(14) 1686.2(2)
Z 2 4

Pealc. / g cm™ 1.214 1.278

i/ mm’ 0.079 0.086
LA 0.71073 0.71073
20 range / deg. 2.09 -28.23° 1.59 - 28.25°
Unique reflections 4044 3904
Reflection with [ 2 20 3120 2183
No. of parameters 217 217
GOF 0.928 0.880

R [for I = 20] 0.0407 0.0440
wR’[for I 2 2a] 0.0801 0.0788

141

Crystals of BBDC were grown from methanol solution by slow evaporation,

They are found to belong to the monoclinic P2; space group with one molecule in the

asymmetric unit. The basic crystallographic data are presented in Table 4.1.
molecular structure is shown in Fig. 4.1. The molecule possesses unusual syn orientation

The
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of the bis(amide) groups. The short intermolecular N-H...O bonds (rng..01 =2.793 A, Oy,
na. o1 = 153.6% rng.02 = 2.959 A, Ongns.02 = 164.1°) lead to extended polar chains along
the b direction (Fig. 4.2). The screw rotation being the only symmetry element present,
all the chains in the crystal are oriented in the same direction. No recognizable strong

------------------------------------------------------------------

Figure 4.2. Polar chains in crystals of BBDC; C (grey), N (blue), O (red), H (white) and
H-bonds (broken cyan lines) are shown; H of amide groups alone are shown for clarity.

Table 4.2. Computed enthalpies of formation / energies of BBDC and BINDC

conformers.

Conformation of AH{ (AMT1) / l‘;(?;iéf)[/’/
¢ 2
Structure the bis(amide) keal mol” Hartrees
group

syn - %
BBDC | 33.8 1035.377
anti -39.4 -1035.389
BINDC syn -11.8 -1067.446
anti -15.9 -1067.459
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intermolecular interactions are observed along the @ and ¢ directions. Cyclohexane ring
of adjacent molecules along b are in opposite directions. but all the carbonyl groups are

oriented in the same direction, leading to polar organization in the three-dimensional
lattice structure.

The syn conformation of BBDC in the solid state is unique. We have carried out
semiemprical computations using the AM1 method;*” molecular structure from crystal
structure and the alternate conformer obtained by rotating one of the amide groups were
used as initial geometries for the full optimization calculations. Ab initio*® computations
were also carried out in which the AMI optimized structures were used as the initial
geometry for the full optimization calculations. The computations show that the anti
conformer is stabler than the syn conformer by 6 — 8 kcal/mol (Table 4.2). The CD
spectrum of BBDC in methanol solution (Fig. 4.3) is consistent with an earlier report **
and suggests anti conformation and negative helicity in solution. This is confirmed by
the similar CD spectra of the various derivatives of BBDC discussed in Sec. 4.4, which
show anti conformation in the solid state as well. From the computational results and CD
spectra, we infer that the syn conformer in the crystals of BBDC results from solid state
effects alone, making the polar assembly through amide H-bonds possible.

10 4 -
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=204

220 240 260 280 300 320 340
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Figure 4.3 CD spectrum of BBDC in methanol solution.
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Crystals of BINDC grown by slow evaporation of methanol solution are found to
belong to the orthorhombic P2,2,2, space group with one molecule in the asymmetric
unit. The basic crystallographic data are presented in Table 4.1. The molecular structure

Figure 4.4 Molecular structure of BINDC from single crystal analysis. 95% probability

thermal ellipsoids are indicated; H atoms are omitted for clarity.

Figure 4.5 Complementary amide hydrogen bonding interactions in crystals of BINDC
C (grey), N (blue), O (red), H (white) and H-bonds (broken cyan lines) are shown; H 0

amide groups alone are shown for clarity.
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Figure 4.6 (a) N-H...O and C-H...N intermolecular interactions in crystals of BINDC
and (b) the helical motif arising from the latter interactions (the relevant pyridine ring
and hydrogen atom alone are shown). C (grey), N (blue), O (red), H (white) and

intermolecular contacts (broken cyan lines) are shown. Most H atoms are omitted for

clarity.
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is given in Fig. 4.4. The amide groups in BINDC are disposed in the normal anti
conformation. This is as expected for a free molecule as well (Table 4.2). As in BBDC,
the amide groups enter into strong H-bond interactions (rna. o2 = 2.972 A, Onana 02 =
160.2°% rn3 o1 = 3.033 A, Onas o1 = 162.4°) leading to an extended structure along the @
axis (Fig. 4.5). In addition, there are relatively short intermolecular contacts involving
the pyridine nitrogen atom and one of the hydrogen atoms ortho 1o it (rcaz. ne = 3.453 A,
Oc22-122. N6 = 149.8%). These interactions lead to a helical motif extending along the a
direction (Fig. 4.6). The intermolecular hydrogen bonding interactions involving the
amide groups and one of the pyridine units lead to the formation of one-dimensional
extended network structure. The second pyridine ring is not involved in any recognizable
intermolecular interactions. The subtle variation in the molecular structure from BBDC
to BINDC and the introduction of intermolecular contacts through the ring nitrogen in
latter changes the molecular assembly pattern completely with the conformation reverting
back to anri. Semiempirical’’” and ab initio* computations show that the anti conformer
is stabler than the syn conformer (Table 4.2); therefore the solid state interactions do not

have any special role in this case of stabilizing an alternate conformation. The CD

10 - “

Ag

10 -

<220/ 4

220 240 260 280 300 320 340
Wavelength (nm)

Figure 4.7 CD spectrum of BINDC in methanol solution.
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spectrum of BINDC in methanol solution shows positive helicity (Fig. 4.7). Based on the
synthesis we know that the stereochemistry of BINDC is (R,R): the helicity reversal
compared to BBDC may be attributed to the reorientation of the transition dipoles in the
amide-pyridine combination with respect to that in the amide group of BBDC.

44  DERIVATIVES OF BBDC : MOLECULAR AND CRYSTAL STRUCTURE
INVESTIGATIONS

The carbonyl moiety attached to the phenyl groups in BBDC acts as potential
electron sink, although the amino group tend to reduce the electron withdrawing effect.
Therefore, the molecular hyperpolarizability of BBDC can be influenced by the nature of
the substituents in the para position of the phenyl ring. We have synthesized two
derivatives with electron withdrawing groups (fluoro and nitro) and two with electron
donating groups (methoxy and amino). In this section, we describe the assembly of these

molecules in their crystals.

BFBDC

Crystals were grown by slow evaporation of methanol solution. X-ray analysis
showed that the crystals belong to the orthorhombic space group P2,2,2, with one
molecule in the asymmetric unit. The basic crystallographic data are presented in Table
4.3 and the molecular structure is depicted in Fig. 4.8. The bis(amide) group in BFBDC
adopts the anti conformation. The amide groups are involved in strong H-bond
interactions (rns_o3 = 3.026 A, Ona.ta_02 = 163.5°% tne..04 = 2.937 A, Onzz_ o1 = 158.39)
in the crystal lattice and lead to an extended network structure along the a axis (Fig. 4.9).
Intermolecular close contacts involving fluorine atoms are observed in the crystal lattice.
Fluorine atom on one of the phenyl rings (F1) is involved in such intermolecular F...F
interactions * with two neighboring molecules (rp1_r1 = 2.862 A); it may be noted that
the sum of the van der Waals radii is 2.94 A. The F...F contacts leads to an extended
one-dimensional chain along the a direction (Fig. 4.10a). The fluorine atom in the
second phenyl ring (F2) is involved in weak intermolecular interactions with one of the
hydrogen atoms ortho to F (rcis.r2 = 3.506 A, Ocigs 2 = 133.9°). Interestingly these
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interactions result in the formation of a helical motif along the a direction (Fig. 4.10b).
The amide hydrogen bonds coupled with the intermolecular interactions involving the
fluorine atoms lead to the formation of a two-dimensional extended network structure.
The CD spectrum of BFBDC in methanol solution (Fig. 4.11) has similar pattern as that
reported for BBDC.*

Table 4.3. Crystallographic data for BFBDC and BNBDC

Identification code BFBDC BNBDC
Empirical formula CypH»0F3N>0; Ca0H20N4Og
Formula weight 358.38 412.40
Crystal system Orthorhombic Orthorhombic
Space group P2,2,2, (No. 19) P2,2,2; (No. 19)
a/A 5.0889(3) 5.0133(9)
b/A 18.8303(11) 17.922(3)
c/A 18.8509(11) 22.016(4)
V/A® 1806.40(18) 1978.1(6)
Z 4 4

Pealc. / g cm™ 1.318 1.385

i/ mm’ 0.100 0.104
AA 0.71073 0.71073
20 range / deg. 1.53 -28.26 1.47 -28.23
Unique reflections 4321 4273
Reflection with I 2 20 2290 2267

No. of parameters 236 272
GOF 1.009 0.980

R [for 1= 20] 0.0615 0.0580
wR?[for I > 267] 0.0952 0.0837
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Figure 4.8 Molecular structure of BFBDC from single crystal analysis. 95% probability

thermal ellipsoids are indicated; H atoms are omitted for clarity.

Figure 4.9. Complementary amide hydrogen bonding interactions in crystals of
BFBDC:; C (grey), N (blue), O (red), H (white), F (light cyan) and H-bonds (broken cyan

lines) are shown; H of amide groups alone are shown for clarity.
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Figure 4.10 (a) N-H...O, C-H...F and F...F intermolecular interactions in crystals oj
BFBDC and (b) the helical motif arising from the CH...F contacts (the relevani
fluorophenyl ring and hydrogen alone are shown). C (grey), N (blue), O (red), H (white),
F (light cyan) and intermolecular contacts (broken cyan lines) are shown. Most H atoms

are omitted for clarity.
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Figure 4.11 CD spectra of BFBDC, BNBDC, BMBDC and BABDC in methanol

solution.

BNBDC

Crystals grown by slow evaporation of methanol solution belong to the
orthorhombic space group P2,2,2, with one molecule in the asymmetric unit. The basic
crystallographic data are provided in Table 4.3. The molecular structure is shown in Fig.
4.12. The amide groups in BNBDC are in the anti conformation. Once again, the amide
groups forms strong intermolecular H-bond interactions (rn7 o1 = 2.852 A, ON7H7.01 =
159.6% g o2 = 2.975 A, Ongns o2 = 150.4°) leading to an extended structure along the a
axis (Fig. 4.13). The nitro group provides another H-bonding option and leads to
interactions between one oxygen atom of one of the nitro groups and hydrogen atoms of
the phenyl ring meta to the nitro group (rc2s_os = 3.579 A, Ocasais 04 = 152.4°) (Fig.
4.14). The CD spectrum of BNBDC molecules in methanol solution (Fig. 4.11) again

follows the general pattern.*
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Figure 4.12 Molecular structure of BNBDC from single crystal analysis. 95%

probability thermal ellipsoids are indicated; H atoms are omitted for clarity.
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Figure 4.13 Complementary amide hydrogen bonding interactions in crystals of
BNBDC; C (grey), N (blue), O (red), H (white) and H-bonds (broken cyan lines) are
shown; H of amide groups alone are shown for clarity.
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Figure 4.14 Helical assembly through C-H...O interactions in crystals of BNBDC,; C
(grey), N (blue), O (red), H (white) and H-bonds (broken cyan lines) are shown; relevant

hydrogen atoms alone are shown for clarity.

BMBDC

Crystals were grown by slow evaporation of methanol solution. X-ray analysis
revealed that the crystals belong to the orthorhombic space group P2;2,2;, with one
molecule in the asymmetric unit. The basic crystallographic data are presented in Table
4.4. The molecular structure is shown in Fig. 4.15. The bis(amide) group in BMBDC
also occurs in anti conformation. Strong complementary H-bond interactions (rns.o1 =
2934 A, Onss.or = 157.0% rne.02 = 2.953 A, Onene.02 = 158.3°) are observed in the a
direction (Fig. 4.16). Weak intermolecular C-H...O interactions between the methoxy
groups of neighboring molecules (rcas.03 = 3.397 A, Ocagnse.03 = 157.8°) lead to the
formation of left handed helical assembly along the ¢ axis (Fig. 4.17a). Another
intermolecular interaction between the oxygen atom of a carbonyl group and hydrogen
atom of the methoxy group (rczs..02 = 3.515 A, Bcas.nzsc..04 = 167.0°) lead to right handed
helical structure formation along the a axis (Fig. 4.17b). The CD spectrum of BMBDC
molecules in methanol solution shows negative helicity of the amide groups and

resembles that of the earlier derivatives (Fig. 4.11).
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Table 4.4. Crystallographic data for BMBDC and BABDC

Chapter 4

Identification code BMBDC BABDC. 2H,0
Empirical formula C25H26N204 CaoHasN4Oy4
Formula weight 382.45 388.43
Crystal system Orthorhombic Monoclinic
Space group P2,2,2; (No. 19) P2, (No. 4)
alA 5.0789(5) 5.1297(4)
b/A 19.1500(18) 21.2093(17)
c/A 20.9714(19) 9.4739(8)
B/° 90.0 99.158(2)
v/A 2039.7(3) 1017.60(14)
Z 4 2

Peale. / g cm™ 1.245 1.150
p/ mm’” 0.086 0.076

A A 0.71073 0.71073
20 range / deg. 1.44 — 28.27 1.92 -28.31
Unique reflections 4778 4722
Reflection with [ = 20 2388 3615
No. of parameters 255 269
GOF 0.859 1.066

R [for | 2 2ay] 0.0443 0.0592
WR?[for | 2 2] 0.0681 0.1122
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Figure 4.15 Molecular structure of BMBDC from single crystal analysis. 95%

probability thermal ellipsoids are indicated. H atoms are omitted for clarity.

Figure 4.16 Complementary amide hydrogen bonding interactions in crystals of

BMBDC:; C (grey), N (blue), O (red), H (white) and H-bonds (broken cyan lines) are

shown; H of amide and methoxy groups alone are shown for clarity.
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Figure 4.17 Helical assembly in crystals of BMBDC formed through C-H...O

interactions between (a) methoxy groups and (b) methoxy-carbonyl groups.

BABDC

Crystals of BABDC were grown from methanol solution by slow evaporation. X

ray analysis revealed that the crystals belong to the monoclinic space group P2, with on:

molecule in the asymmetric unit. Two water molecule are also included in the lattice
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The basic crystallographic data are presented in Table 4.4. The molecular structure of
BABDC.2H,0 is shown in Fig. 4.18. The amide groups in BABDC are disposed in the
usual anti conformation. There is a large number of strong intermolecular H-bonds in the
crystal.  The geometric features of these H-bonds are summarized in Table 4.5.
Complementary H-bonds occur between amide groups. Further there are strong
interactions between the amide groups and water molecules (Fig. 4.19). Extended H-
bonds involving amino group, water molecules and amide group leads to helical
structures extending along the a axis (Fig. 4.20). The CD spectrum of BABDC in
methanol solution (Fig. 4.11) also conforms to those of other molecules in the family.
The collection of CD spectrum of the BBDC derivatives (Fig. 4.3 and Fig. 4.11) indicates
that all molecules have similar conformation in solution. Since anti conformation is seen
in the crystal structure of all the derivatives and is shown to be stabler energetically, we
conclude that the conformation is anti.

Table 4.5 Strong intermolecular H-bonds in BABDC. D and A are the H-bond donor

and accepler atoms respectively in the D-H...A bond; r and 0 are the relevant distance

and angle.

D-H A rp...a (A) Op11.. (°)
NS5-HS Ol 2.978 133.3
N6-H6 02 2.976 162.2

O3-H3A Ol 2.820 168.5
04-H4A 02 2.868 170.7
N7-H7A 03 2.981 139.6
N8-H8A 03 3.097 163.8
N7-H7B 04 3.195 157.0
N8-H8B 04 2.999 154.7
03-H3B N8 2.983 163.3
04-H4B N7 3.039 168.7
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Figure 4.18 Molecular structure of BABDC.2H ;0 from single crystal analysis. 95%

probability thermal ellipsoids are indicated; H atoms are omitted for clarity.

Figure 4.19 Complementary hydrogen bonding interactions involving amide and water
in crystals of BABDC.2H;0; C (grey), N (blue), O (red), H (white) and H-bonds (broken
cyan lines) are shown; H atoms involved in H-bonds alone are shown for clarity.
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Figure 4.20 Helical motif in crystals of BABDC arising through hydrogen bonding
interactions between water, amide and amino groups; only one 4-aminobenzamide unit

from each BABDC molecule is shown for clarity.

Figure 4.21 H-bonding interactions in the BABDC molecules in the bc plane; H of

amide, water and amino groups alone are shown for clarity.
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45  COORDINATION POLYMERS BASED ON BINDC LIGAND : CRYSTAL
STRUCTURE INVESTIGATIONS

As described in Sec. 4.2, crystals of Zn(BINDC)Cl, and Zn(BINDC)Br, were
grown by slow evaporation of methanol-water solution, whereas Ag(BINDC)NO;
crystals were grown at the interface of methanol-water solution by layering a methanol
solution of BINDC on top of an aqueous solution of silver nitrate. X-ray analysis showed
that all the three crystals belong to the orthorhombic space group P2,2,2 with one
molecule in the unit cell. The basic crystallographic data of the three compounds are
presented in Table 4.6.

The molecular structures of Zn(BINDC)Cl, and Zn(BINDC)Br; are shown in Fig.
4.22. Zn(Il) is tetrahedrally coordinated to the two halogen atoms and two pyridine
nitrogens from different BINDC molecules. This coordination leads to the formation of
extended one-dimensional polymers in Zn(BINDC)Cl, and Zn(BINDC)Br,;. The strong
complementary hydrogen bonding interaction observed between the amide groups in the
BINDC ligand is intact in the coordination polymer as well. In Zn(BINDC)Cl,, N-H...O
interactions (fns. os = 3.075 A, Onet6.08 = 176.7% tng._os = 2.893 A, On7u7_os = 160.8°)
along ¢ directs the one-dimensional coordination polymer to self assemble into a two-
dimensional corrugated sheet like structure (Fig. 4.23). Moreover the chlorine atoms
form close contacts with the hydrogen atoms of the pyridyl groups; the hydrogen atoms
ortho (rcio.crz = 3.563 A, Ocio.19. cro = 149.7) and meta (rca7 e = 3.759 A, 0car.m21._cn
= 165.0°) to the nitrogen of the pyridyl ring are involved (Fig. 4.24). The coordinate
bond, amide H-bonds and chlorine-hydrogen interactions lead to the formation of a three-
dimensional network structure. In Zn(BINDC)Br,, the amide groups enter into strong
intermolecular interactions (rng_os = 3.098 A, Onere 04 = 175.2% rnv7_os = 2.900 A, On7.
u7.0s = 148.0°) and assemble the zig-zag coordination polymer chains into two-
dimensional corrugated network structure (Fig. 4.25).

The molecular structure of Ag(BINDC)NO; is shown in Fig. 4.26. Ag(l) is
coordinated tetrahedrally to two oxygen atoms from different nitro groups and two
pyridine nitrogens from different BINDC molecules leading to the formation of a two-
dimensional network polymer. The amide hydrogen bond interactions (rne._os = 3.046 A,
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One-ne 04 = 157.0°) appear within this network structure and probably enhance its
stability (Fig. 4.27). The anionic nitro group acts as a bidentate ligand and coordinates
two silver metal centers in the formation of the extended network structure. Weak
intermolecular interactions between the oxygen atoms of the nitro group and hydrogen
atom meta to pyridine nitrogen (rcie_02 = 3.554 A, Ocy6-116 02 =161.6%) are also observed

in the crystal lattice (Fig.4.28).

Table 4.6.  Crystallographic data for Zn(BINDC)Cl,, Zn(BINDC)Br; — and
Ag(BINDC)NO;
Identification _
code Zn(BINDC)Cl, Zn(BINDC)Br, | Ag(BINDC)NO;
Empirical formula | CgH20CIlhN402Zn CisH20BraNg4 O2 Zn CisH20N4Os5Ag
Formula weight 460.65 549.57 480.25
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group P2,2,2 (No. 18) P2,2,2 (No. 18) P2,2,2 (No. 18)
a/A 15.0824(9) 15.1119(18) 5.1990(4)
b/A 25.3484(15) 25.855(3) 12.6951(9)
c/A 5.0566(3) 5.0689(4) 14.4281(10)
V/A® 1933.2(2) 1980.5(4) 952.28(12)
Z 4 4 2
Peatc. / g cm”™ 1.583 1.843 1.675
u/mm’ 1.568 5.296 1.096
j LI (- 0.737,0.921 0.617,0.948 0.720, 0.898
AlA 0.71073 0.71073 0.71073
20 range / deg. 1.57-28.25 1.56 —28.33 1.41 - 28.26
Unique reflections 4588 4736 2261
Reflection with | 2913 4021 2175
2 20
No. of parameters 245 244 133
GOF 0.873 0.979 1.113
R [for I = 26] 0.0469 0.0355 0.0341
wR?[for | > 267] 0.0666 0.0739 0.0816
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Figure 4.22 Structure of the asymmetric unit in the coordination polymers, (a)
Zn(BINDC)CI; and (b) Zn(BINDC)Br; from single crystal analysis. 95% probability

thermal ellipsoids are indicated; H atoms are omitted for clarity.

Figure 4.23  Metal coordination and N-H...O interactions in the crystal of
Zn(BINDC)Cl;; C (grey), N (blue), O (red), H (white), CI (green), Zn (slate gray) and H-
bonds (broken cyan lines) are shown; H of amide groups alone are shown for clarity.
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Figure 4.24 C-H...Cl interactions in the crystal of Zn(BINDC)Cly; C (grey), N (blue),
O (red), H (white), CI (green), Zn (slate gray) and H-bonds (broken cyan lines) are
shown; H of amide and phenyl groups alone are shown for clarity.

Figure 4.25 Metal coordination and N-H..O interactions in the crystal of
Zn(BINDC)Br;; C (grey), N (blue), O (red), H (white), Br (wine), Zn (slate gray) and H-

bonds (broken cyan lines) are shown; H of amide groups alone are shown for clarity.
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Figure 4.26  Structure of the asymmetric unit in the coordination polymer,
Ag(BINDC)NO; from single crystal analysis. 95% probability thermal ellipsoids are

indicated. . H atoms are omitted for clarity.

Figure 4.27  Metal coordination and N-H...O interactions in the crystal
Ag(BINDC)NO;; C (grey), N (blue), O (red), H (white), Ag (light steel blue) and I

bonds (broken cyan lines) are shown; H of amide groups alone are shown for clarity.
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Figure 4.28 C-H...O interactions in the crystal of AG(BINDC)NO;; C (grey), N (blue),
O (red), H (white), Ag (light steel blue) and H-bonds (broken cyan lines) are shown; H of

amide and phenyl groups alone are shown for clarity.

4.6 OPTICAL SECOND HARMONIC GENERATION STUDY AND
THERMAL STABILITY

The molecular structure of BBDC and BINDC do not possess any special features
that enhance hyperpolarizabilities. The B values were estimated using AMI/TDHF™
computations on AM1 optimized structure. The results are collected in Table 4.7.
BBDC and BINDC possess small hyperpolarizabilities, irrespective of the conformation,
However, the methoxy and amino substituted BBDC show higher values as suggested
earlier. Since the BBDC and BINDC families of molecules assemble in interesting
noncentrosymmetric structures, SHG from microcrystalline powders were examined
using the Kurtz-Perry technique.’’ Details of the experiment are provided in Appendix
C. The data for the different compounds discussed in the earlier sections are collected in
Table 4.8. The particle size dependence of SHG indicates phase-matchable behavior in
all the cases. BBDC shows no measurable SHG, but BINDC shows a moderate value of
0.8 U. This possibly owes its origin to the helical superstructure in BINDC; as noted in
Chapter 3, the significance of helical organization for quadratic NLO effects has been
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Table 4.7. AMI/TDHF computed hyperpolarizabilities, [ (static and at 1.17¢V) of
BBDC, its derivatives and BINDC

Structure {xﬂl(()l')s‘? Zs)u) 8‘(116_132 :s\;))
BBDC (syn) 0.86 1.22
BBDC (anti) 0.90 1.22
BINDC (anti) 0.87 1.24
BINDC (syn) 0.90 1,27

BFBDC 1.44 2.11
BNBDC 1.81 2.83
BMBDC 4.02 6.37
BABDC 6.47 11.29

Table 4.8. SHG data for BMBDC, BABDC, BINDC, Zn(BINDC)Cl,, Zn(BINDC)Br;
and Ag(BINDC)NQO; (1U = SHG of urea with average particle size of 150 um)

SHG (U)

Particle size (um) Average

Compound 100-150 | 150-200 | 200-250 | 250-300 | Valueat

saturation
BMBDC 0.87 0.89 0.87 0.90 0.9
BABDC 1.79 1.81 1.87 1.80 1.82
BINDC 0.79 0.78 0.81 0.83 0.80
Zn(BINDC)CI, 0.37 0.35 0.39 0.37 0.38
Zn(BINDC)Br, 0.34 0.36 0.37 0.36 0.37
Ag(BINDC)NO; 0.36 0.34 0.37 0.37 0.37

highlighted in several investigations from our laboratory and elsewhere.”>*> While the
derivatives of BBDC with electron withdrawing groups produce no SHG, the methoxy
and amino substituted ones show SHG of 0.9 and 1.8 U respectively. Since the general
crystal packing are similar, the SHG of the bulk materials reflect the trends in molecular
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nonlinearity. The SHG from all the coordination polymers of BINDC are ~ 0.4 U: the
reduction from that of BINDC appears to result from the electron withdrawing effect of
the coordinated metal and the extended structure formation. The observed impacts of the
electron rich groups connected to the amide functionality in improving the solid state
SHG and that of the electron withdrawing groups or metal complexation in reducing it
are consistent with the classical ‘push-pull’ concepts.'

High thermal stability is an important attribute of the various materials developed
in this investigation. As noted in Sec. 4.2, the new organic materials show melting
temperatures above 250°C. The metal coordination polymers decompose above 300°C.
The thermal stability of the compounds was investigated by differential scanning
calorimetry; the melting transition temperatures are provided in Table 4.9. The extended
intermolecular interactions ranging from weak H-bonds to strong ones and metal
coordination lay the basis for the thermal robustness of these materials. This important
characteristic coupled with high transparency of all these materials in the visible range

should make them important candidates to develop quadratic nonlinear optical materials.

Table 4.9 The melting transition temperatures of organic bis(amides) and coordination

polymers.

Onset temperature Phase transition

Compennd ("C) temperature (°C)
BBDC 257.5 265.6
BFBDC 265.0 270.0
BNBDC 338.2 340.0
BMBDC 264.7 269.0
BABDC 285.5 290.0
BINDC 267.8 270.0
Zn(BINDC)Cl, 369.3 373.4
Zn(BINDC)Br; 406.0 411.3
Ag(BINDC)NO; 307.3 310.4
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4.7 SUMMARY

We have developed a series of bis(amide) compounds based on axially chiral
diaminocyclohexane. The molecule incorporating pyridine moiety is shown to be a
versatile new ligand to build coordination polymers based on Zn(II) and Ag(I) ions. In
Sec. 4.3, we presented the crystal structure of the simplest member of this family, BBDC
in which, the rare syn conformer of the bis(amide) group is observed. The CD studies
however, suggest that the amide groups orient in anti conformation in solution.*!
Interestingly, the molecule exhibits polar molecular organization with all the carbonyl
groups oriented in the same direction in the crystal lattice. This crystal adds a new
dimension to our investigation of perfectly polar crystals presented in Chapter 2. In the
case BINDC, the subtle molecular structure variation causes complete change in the
crystal lattice leading to helical motifs formed through weak intermolecular H-bonds.
Strong intermolecular hydrogen bonding interactions between the amide groups are
observed in the crystal lattice of all the compounds.

In Sec. 4.4, we described a family of derivatives of BBDC and structural network
formation through various intermolecular interactions. In BFBDC, in addition to the
complementary amide hydrogen bond interactions, F...F and H...F interactions are
observed leading to helical assembly. Similarly, a range of weak intermolecular
interactions lead to helical superstructures in the different derivatives involving nitro,
methoxy and amino substituents. In Sec.4.5, we demonstrated the utility of the amide
functionality to assemble the coordination polymer chains or networks through hydrogen
bonding. The different coordination polymers are assembled into two-dimensional
networks with interesting topologies.

We have investigated the optical second harmonic generation capability of the
new family of organic crystals and coordination polymers in Sec. 4.6. Even though all
the bis(amide) compounds form noncentrosymmetric crystal lattices, only those
possessing electron donating group in the para position of the aromatic ring exhibit solid
state SHG. Further, the SHG depends on the strength of the donor substituent in the
phenyl group. In the case of the metal coordination polymers of BINDC, the electron
withdrawing nature of the metal ions appears to affect the SHG capability of the free
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ligand adversely. We have demonstrated that the strong hydrogen bonding interactions in
his(amide) molecules coupled with coordinate bond in coordination polymers make these
materials thermally very stable and the right choice of metal ion leads to good optical
transparency. The current study establishes these new series of organic and metal-

organic compounds as viable systems to develop stable NLO materials.
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- | OVERVIEW OF THE WORK PRESENTED IN THE THESIS

Molecular materials afford great flexibility in their design and fabrication. This
has led to the realization of a wide range of materials attributes in them. These materials
therefore, are promising candidates for several technological applications. Development
of novel molecular materials requires the knowledge and control of the structure at the
molecular level and organization at the bulk level. The organization of molecular
materials is critical since the bulk properties are often sensitively dependent on the
orientation and mutual disposition of the molecules. Intermolecular interactions which
play the crucial role in this event, continue to be a challenging phenomenon to understand
and control. Even though molecular materials afford many advantages over the
traditional materials in terms of fine-tuning the materials properties through molecular
design, their thermal and mechanical stabilities are still limited and in many instances
unsatisfactory for device applications. Currently, in addition to searching for novel ways
to organize the molecules in the bulk materials to achieve desired properties, considerable
attention 1s being paid to the development of more efficient and thermally and
mechanically robust materials. Thus the search for new optimized molecular materials
has become more fascinating and challenging a task. Careful investigation of the
structural and materials attributes of each new class of materials provides important
insights into structure-property correlations and helps in the development of more

advanced materials with enhanced possibilities of real world applications.

We have presented in this thesis, the development of several new classes of
molecular materials, the building blocks of which are easily synthesized metal-organic
compounds. Uncommon assemblies such as single component perfectly polar crystals
and uniaxially oriented thin films as well as extended network structures of coordination
polymers are fabricated. Optical second harmonic generation capability of all the new
materials is investigated. Based on the structural and SHG investigations and
computational modeling studies, we have been able to propose some empirical structure-
property correlations in the novel materials. We have tried to focus throughout, on the
thermal stability and optical transparency attributes of the novel materials by careful
selection of metal ions, ligand design and the incorporation of relevant intermolecular

interactions.
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In Sec. 2.3, we have presented the synthesis of novel ‘screw’ shaped molecules
based on zinc complexes and discussed the perfectly polar assembly of molecular dipoles
observed in their crystals. Examination of the crystal structure revealed that the hierarchy
in the strength of intermolecular interactions in the crystal lattice plays a significant role
in the assembly of the dipolar molecules into a three-dimensionally polar motif. The
achievement of the perfectly polar molecular arrangement in crystals without the
involvement of a supporting structure based on a framework lattice, counterion or
cocrystallization partner can be described as a case of self-poling. In Sec. 2.4, we have
described an interesting case of polymorphism involving extreme molecular orientation
of dipoles in the crystal structures. The role of solvent polarity and rate of crystallization
on the formation of perfectly polar and centric molecular assembly is discussed. The
delicate balance of energetics involved in the polar and centric supramolecular assembly
is addressed through a simple semiempirical computational approach. The unusual
formation of multidomain crystals involving the dimorphic structures is a fascinating
observation with these new molecules. The perfectly polar molecules are ideally suited
for electro-optic applications. Due to limitation of experimental capabilities, we have
opted to investigate only the quadratic NLO property of second harmonic generation.
These studies are presented in Sec. 2.5. It may be noted that the SHG capabilities
observed in our systems are comparable to that of typical metal-organic compounds of
this type. Sec. 2.6 describes the physical vapor deposition technique for the fabrication
of thin films of the new metal complexes. Optimization of the substrate position with
respect to the sublimation boat is demonstrated to be a simple method to effect crystallite
orientation control in the thin film. The uniaxial orientational ordering of the perfectly
polar crystallites is demonstrated through x-ray diffraction and microscopy studies of the
morphology as well as the polarization dependence of SHG.

The utilization of a novel multidentate C,-symmetric ligand, BCDC with ‘push-
pull” framework, for the fabrication of a series of coordination polymers is presented in
Sec. 3.3. The chirality coupled with the multiple ligation sites of the ligand allowed us to
develop noncentrosymmetric one, two and three-dimensional coordination network
structures.  The mode of metal coordination and the one-dimensional helical
superstructure formation in the silver(I) coordination polymer is shown to lead to
enhanced SHG capability over the pure ligand. We have also observed, the impact of the
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solvent of crystallization on the formation of different structures of the copper(l)
coordination polymer in two-dimensional network and three-dimensional interwoven
diamondoid lattice. The consequence of the mode of ligation and the conformation of the
ligand on the bulk SHG capability of these novel coordination polymers is discussed in
Sec. 3.4. The impact of the conformation of the ligand as well as the mode of metal
coordination on the hyperpolarizability is discussed using a simple computational
approach presented in Sec. 3.5. The coordination polymers based on BCDC, extending
into structures of different dimensionalities allowed us to propose a correlation between

the dimensionality of the network and the bulk SHG in this class of materials.

Thermally stable materials with good optical transparency have special
significance for the development of materials for NLO applications. In this context, we
have investigated a series of compounds based on the bis(amide) moiety and networked
through metal coordinate bonds. In Sec. 4.3, we highlighted the unusual syn
conformation of the bis(amide) group in the chiral compound BBDC leading to polar
structure in the solid state. Subtle variation in the molecular structure reverts the
bis(amide) group into the normal anti conformation in the other derivatives studied (Sec.
4.4). Solution CD studies and computational modeling suggest that all the bis(amide)
molecules posses anti conformation in solution and the syn conformation in BBDC is a
solid state effect. The fabrication of coordination polymers based on the chiral vicinal
bis(amide) molecule, BINDC is described in Sec. 4.5. The BBDC derivatives and
coordination polymers exhibit a variety of helical assemblies in the crystals, mediated by
intermolecular H-bonds as well as metal coordination. The thermal stability of these
materials is cmllsiderably enhanced by the extended interactions in the lattice. These
materials also show appreciable transparency in the visible range. The SHG studies on
the large family of organic crystals and metal coordination polymers are presented in Sec.
4.6. The SHG trends follow classical push-pull concepts as demonstrated through

structural arguments and semiemprical computational modeling.

This thesis highlights the development of several families of metal-organic
compounds exhibiting a range of fascinating molecular assemblies. It is significant to

note that the building blocks of these materials are extremely simple. The molecular

organization in crystals and thin films support the realization of SHG capability and in
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most of the cases simple structure-property correlations could be delineated.
Involvement of the specific metals, ligands and intermolecular interactions ensured that
the new materials have good optical transparency and thermal stability. Thus, while
demonstrating several structural organizations, these systems also hold appreciable
application potential.

5.2 FUTURE PROSPECTS

Perfectly polar organization of molecular dipoles in crystals and thin films is not
easily achieved through spontaneous self-assembly. Such molecular assemblies can have
profound influence on the materials attributes. The single component perfectly polar
crystals we have developed are based on simple metal complexes of pyridine ligands. It
would be of great interest to incorporate ligands based on derivatives of pyridine with
extended conjugation, such as stilbazole; such systems are expected to posses larger
hyperpolarizability and if similar bulk organization is achieved, should give rise to
enhanced bulk nonlinearities. This opens up the question of how general the role of the
‘screw-shaped’ molecules is, in the generation of perfectly polar materials. Several more
related molecular structures need to be synthesized and structurally characterized to
verify the generality of the current observations. The polar organization of molecular
dipoles in bulk materials is very important for technologically useful solid state properties
such as piezoelectricity, pyroelectricity and electro-optic effects; so it would be
interesting to investigate the potential utility of the present systems as well as further
derivatives in this context.

The investigation of the multidomain crystals we have presented, suggests the
possibility of obtaining different polarity orientations in cogrowth domains of monolithic
crystals. The domain structure built up of SHG active and inactive regions can be
mapped using techniques such as second harmonic microscopy. The formation of twin
polar domains (180° twinned structure) in the metal-organic crystals can be investigated
using phase sensitive second harmonic or scanning pyroelectric microscopy. If one can
control the orientational and spatial attributes of the domains, it would be of considerable
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interest in developing crystals which simulate periodically poled structures for

applications such as quasi phase-matched SHG.

The physical vapor deposition technique provides a convenient method to
fabricate thin films of molecular materials. We have fabricated homogeneous thin films
of metal-organic compounds and achieved uniaxial orientational ordering of polar
crystallites through the optimization of the distance between the sublimation boat and
substrate. Fabrication of thin films of orientationally ordered dipoles without special
substrate functionalization or use of external fields or rubbing methods, but through
chemical control of molecular structure, is an attractive proposition from fundamental
materials chemistry as well as application perspectives. Since these films consist of
perfectly polar crystallites with uniaxial orientation perpendicular to the substrate but
random azimuthal orientations, it is important to investigate the influence of an external
electric field imposed during the film fabrication. Electro-optic properties of the thin
films also need to be investigated. It would also be of interest to control the crystallite

sizes to still smaller, nanoscopic dimensions and observe the impact on the nonlinear

optical phenomena.

Our current investigations of the C,-symmetric ligands and their coordination
polymers suggested that the impact of the conformation of the ligand and the mode of
metal coordination, rather than the type of metal ions involved are the dominant factors
controlling the SHG capability. It would be of fundamental interest to explore more
systems to probe the generality of these concepts. The enhancement of solid state SHG
in one-dimensional helical superstructures, the case presented in this thesis as well as
reported earlier from our laboratory, point to the importance of helical assembly for
quadratic nonlinear optical properties of the materials. Our current examples also suggest
that the increase in the dimensionality of the network affect adversely, the solid state
second harmonic generation capability. Several more families of coordination polymers
need to be investigated to see if this correlation of dimensionality with the solid state

second harmonic generation can be implemented as a general design strategy.

The bis(amide) molecules we have developed, provide a good starting point to
generate H-bond networked coordination polymers with appreciable optical transparency,
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thermal stability and SHG capability. The SHG from these materials are however rather
weak. The several strategies known to enhance molecular hyperpolarizabilities can be
deployed to get around this limitation. Such a strategy should hopefully lead to materials
that are thermally robust, transparent and strongly SHG active.

The studies presented in this thesis have thrown up several possibilities for further
exploration of metal-organic systems for nonlinear optical applications. Questions
related to materials fabrication, molecular organization and structure-property
correlations have been addressed. Continued efforts along the new directions proposed
here, should culminate in new materials which will be of both academic and applications

interest.
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APPENDIX A

Instrumentation for Characterization of New Materials

Melting temperatures of solids were determined using capillary melting point
apparatus (Superfit, India); values reported are uncorrected. Boiling points refer to the
temperature measured using short path distillation units and are uncorrected. Infra red
spectra were recorded on a Jasco5300 FTIR spectrometer. All the spectra were calibrated
against polystyrene absorption at 1601 cm™. Solid samples were recorded as KBr pellets
and liquid samples as thin films between NaCl plates. Electronic absorption (UV-Vis)
spectra were recorded on a Shimadzu UV 3101 PC spectrophotometer. Optical rotations
were measured on a Jasco Digital Polarimeter (Model: DIP — 370) using sodium D-light
as the source. Specular reflectance (8° incidence) or diffuse reflectance spectra of solid
pellets were recorded on the same spectrometer using the integrating sphere (ISR 3100)
attachment. Circular dichroism spectra were recorded on a Jasco Spectropolarimeter
Model J-810. The melting transition temperatures were recorded on a DSC 2010
differential scanning calorimeter. 'H and 13C NMR spectra were recorded on Bruker 200
MHz or 400 MHz NMR spectrometer. Sartorius BP211D balance was used for high

precision weighing.

Morphology of films coated on glass substrates by the physical vapor deposition
technique was examined using a Philips XL 30 ESEM Scanning Electron Microscope.
Gold coating was provided on the films prior to examination. Thickness of the films was
measured using an Ambios Technology XP-1 profilometer. X-ray diffraction pattern of
the thin films as well as powder x-ray patterns of microcrystalline materials were
recorded on a Philips Model PW 1830 Powder X-ray Diffractometer. CuK,, radiation
was used. The powder pattern was simulated using the atom coordinates from single

crystal x-ray study, using the PowderCell program.'

ks W. Kraus, G. Nolze, G. PowderCell for Windows, Version 2.3.
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APPENDIX B

X-ray Crystallography

Several of the x-ray diffraction data were collected on an Enraf-Nonius MACH3
diffractometer. All were collected at 293K. MoK, radiation (A = 0.71073 A) with a
graphite crystal monochromator in the incident beam. Standard CAD4 centering,
indexing and data collection programs were used. The general routine used for the data
collection is as follows; minor variations in settings were done in specific cases. The unit
cell dimensions were obtained by a least square fit of 24 centered reflections in the
neighborhood of 0 = 10°. Intensity data were collected using the » scan method at a scan
speed of 4.12°/min to a maximum 26 of 50°. The scan width A8, for each reflection was
0.80 + 0.35 tan®. During data collection the intensities of three standard reflections were
monitored every 1.5 h of x-ray exposure. In all the cases we have studied, no decay was
observed. In addition three orientation standards were monitored every 250 reflections to
check the effects of crystal movement. Data was reduced using Xtal 3.4;' Lorentz and
polarization corrections were included. All non-hydrogen atoms were found using the
direct method analysis in SHELX-97° and after several cycles of refinement the positions
of the hydrogen atoms were calculated and added to the refinement process. Empirical
absorption correction was applied in the relevant cases, using y scan data. Refinement
proceeded to convergence by minimizing the function Zw ( F;?‘ - F‘:2 ). A final

difference Fourier synthesis map showed the largest difference peak and hole to be
acceptably small. The R indices were calculated as R=Z|(|F0]-|Fc )| /Z‘FOI and

wR’ =[Z w(F; -F2 ) /> (F )*|"*.  Graphics were handled using ORTEX6a,

Platon® and Materials Studio.

The X-ray intensity data for some of the crystals were measured on a Bruker
SMART APEX CCD area detector system equipped with a graphite monochromator and
a MoK, fine-focus sealed tube (A = 0.71073 A) operated at 1750 W power (50 kV, 35
mA). All data were collected at 293K. The detector was placed at a distance of 6.003 cm
from the crystal. Required number of frames were collected depending upon the crystal
systems with a scan width of 0.3° in ®; exposure time was set based on the data quality.
The frames were integrated with the Bruker SAINT software package’ using a narrow-
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frame integration algorithm. Analysis of the data showed negligible decay during data
collection. Data were corrected for absorption effects using the multi-scan technique
(SADABS). The structure was solved and refined using the Bruker SHELXTL (Version
6.14) Software Package.’

Table B.1 lists the space groups and REFCODE (Cambridge Crystallographic
Database) or deposition number from Cambridge Crystallographic Data Centre’ for the
new crystal structures presented in this thesis. The crystal structure of BBDC, BINDC,
BFBDC, BNBDC, BMBDC, BABDC, Zn(BINDC)Cl,,  Zn(BINDC)Br, and
Ag(BINDC)NO; described in Chapter 4 are not yet deposited in CCDC. The fractional
atomic coordinates (x 10*) and isotropic displacement parameters, Ueq (A% X 10) of these
crystals are provided in Tables B.2-B.11. Ueq is defined as one third of the trace of the

orthogonal Ujj tensor. Estimated standard deviations (¢.s.d) are given in parenthesis.

Table B.1 Space groups and the REFCODE / deposition number from CSD and the

reference in the thesis.

REFCODE /

Compound Space Group DegositionNa, Page no.
ZNDA Fdd2 QOLWUJ 57
ZNMPA Cm 253976 62
ZNPPAI C2/c ULAVUYOI 67
ZNPPA2 Fdd2 ULAVUY 67
BCDC.H;O P2,2,2, 228200 106
SBP P2,2,2, 228201 108
CBPT P22,2, 228202 113
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Table B.2 CBP

Atom X y z U(eq)
Cu(1) 9477(1) 5684(1) 11528(1) 57(1)
C(36) 10240(3) 696(2) 9655(1) 56(1)
N(8) 2003(3) 6997(2) 8459(1) 62(1)
C(20) 5421(3) 6951(2) 9277(1) 50(1)
C(41) 4374(3) 6760(2) 8373(1) 51(1)
N(1) 9458(3) 4648(2) 11293(1) 65(1)
N(2) 8411(3) 6171(2) 10962(1) 61(1)
C(17) 7029(3) 6547(2) 10142(1) 54(1)
N(6) 4630(3) 7167(2) 8863(1) 55(1)
N(3) 11295(3) 6099(2) 11554(2) 83(1)
C(26) 11153(3) 983(2) 10576(1) 58(1)
C(34) -465(4) 8383(2) 8072(2) 68(1)
N(5) 8422(3) 1519(2) 9952(1) 61(1)
C(16) 7806(4) 6341(2) 10592(1) 58(1)
C(22) 6787(4) 6059(2) 9724(2) 64(1)
N(7) 11182(3) 1014(2) 10033(1) 63(1)
C(33) 714(4) 7995(2) 8083(2) 64(1)
C(24) 10149(4) 612(2) 11411(1) 63(1)
C(21) 5995(4) 6263(2) 9301(1) 60(1)
N(4) 8850(4) 5825(2) 12275(1) 83(1)
C(29) -1511(3) 8188(2) 8406(2) 66(1)
C(13) 8706(3) 2142(2) 10221(1) SI(L)
C(42) 3134(3) 7059(2) 8104(1) 54(1)
C(35) 9147(4) 1231(2) 9487(1) 58(1)
C(14) 9580(4) 2683(2) 10033(1) 61(1)
C(19) 5713(4) 7453(2) 9686(1) 60(1)
C(10) 9130(4) 3430(2) 10798(2) 60(1)
C(32) 857(3) 7389(2) 8413(1) 56(1)
C(25) 10116(4) 645(2) 10857(1) 62(1)
C(23) 11188(4) 913(2) 11696(1) 71(1)
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C(15)  9774(4) 3316(2) 10311(2) 62(1)
C(9) 9314(4) 4107(2) 11082(2) 62(1)
C(11)  8278(4) 2894(2) 10995(2) 65(1)
C(46)  5564(4) 6800(2) 7995(1) 69(1)
C(30)  -1360(4) 7586(2) 8739(2) 75(1)
C(12)  8052(4) 2273(2) 10715(2) 62(1)
C(18)  6502(4) 7254(2) 10109(1) 62(1)
C(28)  12210(5) 1242(4) 11415(2) 103(2)
CQ7)  12187(5) 1284(3) 10872(2) 95(2)
C(37)  10973(5) 425(3) 9160(2) 77(1)
C(44)  4078(5) 6736(4) 7192(2) 102(2)
C(43)  2893(4) 6682(3) 7562(2) 83(1)
C(40)  8193(5) 869(3) 9090(2) 85(1)
C(31)  -229(4) 7194(2) 8738(2) 72(1)
C(38)  10014(6) 68(3) 8766(2) 99(2)
C(45)  5294(5) 6394(3) 7465(2) 94(2)
C(39)  8901(6) 577(3) 8607(2) 99(2)
C(47)  12281(4) 6408(2) 11574(2) 76(1)
C(48)  8803(5) 5868(2) 12731(2) 76(1)
P(49)  6052(2) 9876(1) 664(1) 159(1)
F(52)  7038(8) 10124(5) 266(4) 277(5)
F(50)  6185(12) 10656(3) 842(4) 295(5)
F(55)  5010(7) 9710(4) 1094(4) 251(4)
F(54)  7132(7) 9656(4) 1057(3) 231(3)
F(51)  5946(9) 9066(3) 464(3) 242(4)
F(53)  4938(8) 10081(4) 278(4) 289(5)

Table B.3 BBDC
Atom X y z U(eq)

o(1) 1474(1) 2875(1) 7444(1) S7(1)
0(2) -677(2) 2789(1) 3547(1) 59(1)
C(18) -489(2) 1604(2) 3242(2) 44(1)
c(11)  1737(2) 1664(2) 7305(2) 39(1)
N(4) -1038(2) 513(1) 3646(1) 43(1)
N(3) 564(1) 804(1) 6577(1) 43(1)
C(19)  376(2) 1312(2) 2371(2) 44(;)
C(5) -1072(2) 1277(2) 5845(2) :i( ])
C(6) -1922(2) 498(2) 4495(2) ( 1)
C(12)  3405(2) 1134(2) 7991(2) g’(l )
c(17)  3870(2) -136(2) 7747(2) 53(13
C(10)  -2014(2) 1154(2) 6714(2) 52( | )
C(20)  1133Q2) 79(2) 2422(2) 5751;
C(7) -3626(2) 1013(2) 3714(2) Lt
C(13) 4538(2) 1983(2) 8929(2) L
C(23) 1152(2) 2038(2) 601(2)
C(15)  6543(2) 295(2) 9378(2) 6(1)
C@8)  -4553(2) 963(2) 4586(2) ggﬁ;
C(24) 414(2) 2297(2) 1457(2) pho
C(14)  6095(2) 1564(2) 96182)
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C(22) 1886(2) 811(2) 670(2) 71(1)
C(9) -3688(2) 1710(2) 5937(2) 64(1)
C(21) 1894(2) -160(2) 1586(2) 65(1)
C(16) 5436(2) -551(2) 8434(2) 70(1)

Table B.4 BINDC
Atom X y z U(eq)
N(3) 6142(3) 9448(1) 8258(1) 52(1)
N(4) 7275(3) 9417(1) 6778(1) 50(1)
C(8) 7528(3) 8731(1) 7214(1) 48(1)
C(12) 5748(4) 8030(1) 8266(1) 67(1)
C(7) 5642(3) 8769(1) 7831(1) 48(1)
C(14) 4998(4) 10522(1) 9007(1) 53(1)
C(20) 8648(4) 10462(1) 6031(1) 48(1)
C(17) 7549(5) 11615(1) 9304(2) 87(1)
C(9) 7063(5) 8006(1) 6776(1) 68(1)
0(2) 11556(3) 9632(1) 6633(1) 77(1)
N(5) 6078(5) 11818(1) 9839(1) 89(1)
C(10) T178(5) 7274(1) 7218(1) 75(1)
C(18) 7114(4) 10979(1) 8879(1) 70(1)
N(6) 7704(5) 11676(1) 5095(1) 84(1)
C(11) 5256(5) 7321(1) 7816(1) 73(1)
C(13) 4234(4) 9835(1) 8577(1) 53(1)
C(16) 4054(6) 11376(2) 9957(1) 87(1)
C(23) 6257(6) 11060(2) 5115(1) 98(1)
C(19) 9288(4) 9803(1) 6510(1) 50(1)
C(15) 3437(5) 10730(1) 9560(1) 70(1)
C(22) 9635(7) 11691(1) 5542(2) 100(1)
C(21) 10196(5) 11099(1) 6004(1) 85(1)
C(24) 6618(5) 10447(1) 5575(1) 83(1)
O(1) 1928(3) 9640(1) 8532(1) 75(1)

Table B.5 BFBDC
Atom X y z U(eq)
N(5) 301(4) =751(1) 6685(1) S51(1)
N(6) 1337(4) 728(1) 6752(1) 52(1)
C(7) 56(4) -311(1) 6058(1) 45(1)
C(8) 1869(5) 331(1) 6110(1) 45(1)
C(13) -1729(5) -973(1) 7079(1) 49(1)
O(4) 5546(4) 1036(1) 6947(1) 74(1)
C(12) 581(6) =725(1) 5383(1) 61(1)
0(3) -3999(3) -835(1) 6918(1) 82(1)
C(20) 3219(5) 1032(1) 7139(2) 53(1)
C9) 1670(6) 793(1) 5452(1) 62(1)
Czln) 2421(5) 1375(1) 7816(1) 51(1)
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F(1) 375(4) -2516(1) 9538(1

c4)  -0s5) %) 7780 -
CUEL) 411(6) -261(2) 4726(1) 66(1)
C(7)  -131(7) -2147(2) 8937(2) 64(1)
C(26) 3856(6) 1940(2) 8071(2) 73(1)
C(24) 1148(7) 2035(2) 9064(2) 75(1)
C(10) 2224(6) 371(2) 4783(2) 67(1)
C(22) 319(6) 1148(2) 8213(2) 72(1)
C(18) -2117(8) -1678(2) 8930(2) 90(1)
C(23) -301(7) 1477(2) 8846(2) 83(1)
C(19) -2605(6) -1298(2) 8321(2) 80(1)
C(15) 889(7) -1861(2) 7757(2) 78(1)
C(16) 1356(7) -2260(2) 8365(2) 80(1)
C(25) 3205(8) 2279(2) 8695(2) 81(1)

Table B.6 BNBDC

Atom X y z U(eq)
O(1) 13275(4) 4145(1) 1467(1) 63(1)
cQ7) 10958(6) 3942(2) 1416(1) 42(1)
Cc(18) 10335(5) 3175(1) 1176(1) 37(1)
C(23) 12041(5) 2875(2) 747(1) 48(1)
C(19) 8234(5) 2749(2) 1390(1) 47(1)
N(8) 7996(4) 5802(1) 975(1) 45(1)
C(22) 11660(6) 2162(2) 528(1) 53(1)
0(2) 3743(4) 6104(1) 745(1) 68(1)
C(20) 7845(6) 2032(2) 1176(1) 53(1)
C(11) 9141(5) 5069(1) 1891(1) 42(1)
C(13) 7766(6) 6398(2) 1970(1) 61(1)
C(25) 6937(5) 6199(2) -44(1) 45(1)
C(24) 6104(6) 6024(2) 592(1) 48(1)
C(15) 8640(7) 5675(2) 2923(1) 73(1)
C(12) 7424(5) 5675(1) 1617(1) 41(1)
N(7) 8891(4) 4362(1) 1573(1) 45(1)
C(14) 7048(7) 6300(2) 2636(2) 75(1)
N(9) 9110(8) 992(2) 515(2) 76(1)
0(3) 7299(7) 640(1) 727(1) 127(1)
C(28) 8389(7) 6573(2) -1205(1) 54(1)
0(4) 10604(7) 762(1) 120(1) 111(1)
C(16) 8417(6) 4963(2) 2556(1) 61(1)
C(27) 9714(6) 6003(2) -921(1) 60(1)
c(21) 9556(6) 1755(2) 744(1) 52(1)
C(26) 8986(6) 5828(2) -334(1) 54(1)
C(30) 5649(6) 6766(2) -353(2) 62(1)
C(29) 6356(7) 6959(2) -933(2) 69(1)
N(10) 9165(8) 6778(2) -1831(1) 72(1)
0(6) 7769(6) 7206(2) -2112(1) 104(1)
0(5) 11189(7) 6509(2) -2037(1) 101(1)
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Table B.7 BMBDC

Atom X y z U(eq)
N(6) 825(3) 3785(1) 1854(1) 51(1)
N(5) 2060(3) 3798(1) 3168(1) 51(1)
C(7) 2368(4) 4430(1) 2786(1) 47(1)
C(8) 461(3) 4418(1) 2225(1) 46(1)
O(1) 6360(3) 3556(1) 3220(1) 75(1)
0(2) -3462(3) 3654(1) 1621(1) 71(1)
C(13) 4073(4) 3395(1) 3337(1) 51(1)
C(9) 763(4) 5072(1) 1821(1) 62(1)
C(21) -1191(4) 3435(1) 1596(1) 51(1)
C(22) -535(4) 2766(1) 1268(1) S1(1)
C(10) 402(4) 5729(1) 2218(1) 68(1)
0(4) 942(4) 895(1) 334(1) 88(1)
C(12) 2031(4) 5090(1) 3179(1) 65(1)
C(14) 3457(4) 2738(1) 3685(1) 48(1)
C(17) 2686(5) 1508(1) 4364(1) 60(1)
C(11) 2327(4) 5741(1) 2773(1) 70(1)
C(23) 1565(4) 2338(1) 1433(1) 62(1)
C(25) 345(5) 1516(1) 626(1) 64(1)
0(3) 2526(4) 885(1) 4671(1) 89(1)
C(19) 5060(5) 2168(1) 3593(1) 67(1)
c2zn -2167(4) 2550(1) 782(1) 61(1)
c(15) 1454(4) 2675(1) 4122(1) 63(1)
C(16) 1074(5) 2067(1) 4467(1) 66(1)
C(24) 1970(5) 1720(1) 1118(1) 68(1)
C(18) 4666(5) 1561(1) 3919(1) 79(1)
C(26) -1728(5) 1934(1) 455(1) 67(1)
C(20) 669(6) 806(1) 5163(1) 103(1)
C(28) -743(6) 660(1) -168(1) 112(1)
Table B.8 BABDC
Atom X y z U(eq)
o(1) -521(3) 6796(1) 2729(2) 46(1)
C(9) 3063(4) 7395(1) 1266(2) 35(1)
N(5) 3706(4) 7018(1) 2562(2) 38(1)
CLIS) 1868(4) 6760(1) 3230(3) 36(1)
C(10) 5064(4) 7927(1) 1285(2) 34(1)
N(6) 5106(4) 8303(1) 2577(2) 37(1)
C(22) 7322(4) 8527(1) 3340(3) 36(1)
0(2) 9485(3) 8453(1) 2945(2) 50(1)
C(16) 2778(5) 6414(1) 4584(3) 37(1)
C(11) 4467(6) 8329(1) -64(3) 47(1)
C(13) 2316(5) 7406(2) -1422(3) 52(1)
C(23) 7078(4) 8875(1) 4675(3) 37(1)
N(8) 6984(5) 9935(1) 8396(2) 56(1)
C(18) 1918(5) 5590(1) 6188(3) 50(1)
N(7) 5010(5) 5354(1) 8320(2) 56(1)

Appendix



Appendix

C(14) 2936(6) 7001(1) -94(3) 51(1)
C@21) 5111(5) 6542(1) 5496(3) 46(1)
C(17) 1204(5) 5933(1) 4962(3) 47(1)
CQ25)  4966(5) 9626(1) 6019(3) 49(1)
C(19) 4253(5) 5722(1) 7100(3) 44(1)
C27)  8993(6) 9147(2) 7074(3) 54(1)
C(24) 5019(5) 9278(1) 4798(3) 47(1)
C(20) 5816(5) 6208(1) 6735(3) 47(1)
C(28) 9062(5) 8817(1) 5848(3) 50(1)
C(26) 6952(5) 9568(1) 7178(3) 41(1)
C(12) 4347(6) 7924(2) -1401(3) 53(1)
0(4) 40(5) 9543(1) 1226(2) 62(1)
0(3) 8024(5) 5681(1) 1181(3) 67(1)
Table B.9 Zn(BINDC)Cl,
Atom X y z U(eq)
C(12) 12294(2) 6972(1) 1305(8) 41(1)
C(13) 13132(2) 7303(2) 1406(9) 45(1)
C(14) 13013(3) 7755(2) 3330(9) 48(1)
N(7) 4294(2) 11945(1) -764(6) 29(1)
C(20) 9196(2) 9468(2) -706(8) 34(1)
C(16) 10142(3) 8361(1) 3419(8) 32(1)
C(18) 8685(3) 8831(1) 3264(8) 38(1)
C(17) 9529(2) 8776(1) 2284(7) 29(1)
C(10) 11366(2) 7758(1) 2447(7) 27(1)
C(19) 8118(3) 9199(2) 2160(8) 39(1)
Cc@1) 9797(3) 9107(1) 282(8) 35(1)
c(l) 11469(2) 7289(1) 626(7) 26(1)
C(23) 5342(2) 11297(1) 704(7) 27(1)
C(15) 12212(2) 8084(1) 2595(8) 40(1)
C(24) 5937(2) 11366(2) -1338(8) 32(1)
C(27) 5434(3) 10850(1) 2251(8) 35(1)
C(26) 6094(3) 10492(2) 1645(8) 38(1)
0(5) 4395(2) 11770(1) 3606(5) 45(1)
C(22) 4627(2) 11692(1) 1319(8) 28(1)
0(4) 10175(2) 8283(1) 5822(5) 47(1)
N(8) 8371(2) 9515(1) 167(6) 32(1)
N(6) 10633(2) 8100(1) 1656(7) 32(1)
C(25) 6587(2) 11000(1) -1760(8) 34(1)
N(9) 6674(2) 10563(1) -316(6) 32(1)
Zn(l)  7490(1) 9984(1) -1806(1) 36(1)
Cl2) 6436(1) 9410(1) -3010(2) 47(1)
CI(3) 8326(1) 10421(1) -4750(2) 48(1)
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Table B.10 Zn(BINDC)Br,

Atom X y z U(eq)
C(24) 3957(2) -1387(1) 3685(8) 34(1)
Br(2) 1546(1) -438(1) 29(1) 42(1)
Br(3) 3628(1) 577(1) 1971(1) 45(1)
Zn(1) 2459(1) 1(1) 3149(1) 33(1)
C(21) 1364(2) 1168(1) 8153(8) 37(1)
c(1l)  -1380(2) 2720(1) 5589(7) 27(1)
C(18)  220(2) 925(1) 5220(8) 34(1)
C(20) 1891(2) 804(1) 7028(8) 36(1)
C(22)  5267(2) -1701(1) 6328(7) 28(1)
N(6) -559(2) 1921(1) 6627(6) 32(1)
N(8) 1613(2) 495(1) 5066(6) 31(1)
c(16)  -73(2) 1659(1) 8374(7) 31(1)
04) -89(2) 1739(1) 10751(5) 44(1)
C(13) -3040(3) 2720(2) 6390(8) 42(1)
C(10) -1283(2) 2262(1) 7431(7) 28(1)
N(9) 3244(2) -586(1) 4629(6) 32(1)
C(26)  3820(2) -515(1) 6591(8) 38(1)
CR7) 447702 -867(1) 7210(8) 35(1)
C(25) 3315(2) -1023(1) 3227(8) 36(1)
C(14) -2930(3) 2278(2) 8309(9) 46(1)
C(17)  512(2) 1249(1) 7224(7) 30(1)
C(23) 4552(2) -1315(1) 5704(7) 29(1)
C(19) 780(2) 554(1) 4226(8) 35(1)
N(7) 5605(2) -1946(1) 4257(6) 29(1)
o(5) 5494(2) -1777(1) 8612(5) 47(1)
C(12)  -2199(2) 3036(1) 6260(9) 40(1)
C(15) -2134(2) 1946(2) 7562(9) 42(1)
Table B.11 Ag(BINDC)NO,
Atom X y z U(eq)
Ag(1) 10000 0 5144(1) 47(1)
N(5) 5000 0 6154(2) 42(1)
0(Q2) 7032(5) 179(2) 6564(2) 62(1)
0(4) 5166(5) 3542(2) 1583(2) 47(1)
C(11) 7397(5) 3453(2) 1829(2) 33(1)
C(8) 9066(5) 4539(2) 564(2) 32(1)
N(6) 9397(4) 3903(2) 1397(2) 36(1)
C(12) 8094(6) 2760(2) 2638(2) 35(1)
C(10)  9145(7) 4517(3) -1184(2) 51(1)
C(9) 9470(7) 3872(2) -302(2) 47(1)
c(15)  7157(7) 2016(3) 4109(2) 47(1)
c(16)  6527(7) 2712(3) 3409(2) 43(1)
N(7) 9202(5) 1372(2) 4089(2) 44(1)
0(3) 5000 0 5295(3) 84(1)
C(14) 10671(6) 1430(3) 3342(3) 52(1)
C(13) 10228(9) 2113(3) 2608(2) 50(1)
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APPENDIX C

Powder Second Harmonic Generation Measurement

We have measured the second harmonic generation from microcrystalline
powders of the various compounds using the Kurtz and Perry' method with minor
modifications of the original layout. Particle sizes were graded using standard sieves;
sizes ranging from 50 — 420 pm were studied. Samples were loaded in glass capillaries
having an inner diameter of 600 pm. Fundamental beam (1064 nm) of a Q-switched ns-
pulsed (6 ns, 10 Hz) Nd:YAG laser (Spectra Physics, Model INDI 40) was used. The
beam was split and approximately 10% was passed through a 200 pm thick powder
sample of N-4-nitrophenyl-(S)-prolinol, NPP (average particle size ~ 175 um) to monitor
pulse to pulse fluctuation of the beam. The main beam was split further into two halves
and focused onto the sample from opposite directions. The scattered SHG signal was
collected using a concave mirror and lens combination with a 45” disposition to the
incident beams (Fig. C.1). The second harmonic signal from reference and the sample
were collected using appropriate optics and detected using a monochromator (Jobin-Yvon
Model HRS-2), PMT (Hamamatsu, Model C956-06/131) and oscilloscope (Tektronix,
Model TDS 210, 60MHz). Calibrated neutral density filters were used when needed, so
that the signal measured on the oscilloscope was in the same range for all samples and the
reference; this ensures that readings are taken in a linear regime of the PMT.
Microcrystalline urea having particle sizes 150 - 350 um was used as the reference in all
SHG measurements. The measured SHG signal from the sample is first corrected for the
background noise and the fluctuation in reference before comparing with similarly
corrected signal of the standard, urea. Measurements for the sample and the standard
were carried out for different particle sizes. Our setup is calibrated by measurements on
urea and NPP. The SHG measured for NPP is 138 U (1U = SHG of urea) at saturation.

The errors in the measurements are ~ 10 — 15 %.

The compounds we have studied showed good stability under laser irradiation and
no sign of decomposition was detected, even on continuous irradiation with a laser power
of 1 GW cm™. Each measurement was repeated at least three times over a period of time
and the value of SHG reported is the average of such measurements. In all cases we have
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studied, the SHG saturated at higher particle sizes, indicating phase matchable behavior

of the materials.

---------------------------------------------------------------------------------- -
.

Oscilloscope

Nd:YAG Laser
1064 nm, 6 ns, 10Hz

-----------------------------------------------------------------------------------

A: Aperture, BD: Beam Dump, BS,, BS;: Beam Splitters, CL1, CL2: Collecting Lenses,
CM: Concave Mirror, FL,: Focussing Lenses, GF: Green Filter, IRF: IR Filter, M,:
Mirrors, MC: Monochromator, NDF: Neutral Density Filters, PBP: Pellin-Broca prism,
PMT: Photomultiplier Tube, RAP: Right angle prism, S: Sample, Sg: Reference Sample.

Figure C.1 Setup for measurements of SHG from microcrystalline powders

Reference

1. Kurtz, S. K.; Perry, T. T. J. Appl. Phys. 1968, 39, 3798.
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APPENDIX D

Thin Film Second Harmonic Generation Measurement

SHG from the thin films on glass substrates was examined in transmission mode.
Fundamental beam (1064 nm) of a Q-switched, ns-pulsed (6 ns, 10 Hz) Nd:YAG laser
(Spectra Physics Model INDI-40) was used. The SHG signal was collected using
appropriate optics and detected using a monochromator, PMT and boxcar averager

................................................................................................................

PMY
Oscilloscope MC
: ——t—Polarizer (Visible)
———te IR I Nd:YAG
FL, Laser
: CL 1064
P P
Thin films on glass substrate 6 ns, 10Hz
FL,
= A/2 plate ,
Polarizer (Infra Red) n /7 BD
MJ, M,

s m § 1

sassssssssssanaannns csssnessessning ,.....................-..........--......--..-.....-u..----.c..-u--
e . LR e -

A: Aperture, BD: Beam Dump, CL: Collecting Lense, FL,: Focussing Lenses, GF: Green
Filter, IRF: IR Filter, M,,: Mirrors, MC: Monochromator, PBP: Pellin-Broca prism,
PMT: Photomultiplier Tube, RAP: Right angle prism.

Figure D.1 Setup for measurement of SHG from thin films
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(Stanford Research Systems Model SR250). The fundamental beam was plane polarized
and the plane of polarization was rotated through 360° using a half-wave plate. The
transmitted SHG was detected in p- and s-polarizations, the so-called q-p and g-s

geometries.' It was ascertained that the glass substrate alone produces no detectable
SHG.

Reference

l. R. Vallée, P. Damman, M. Dosiére, E. Toussaere, J. Zyss, J. Chem. Phys. 2000,
112, 10556.
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