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Preface

The thesis pertains to investigations on several organic crystal systems employing
X-ray diffraction, photophysical measurements as well as the experimental charge
density method. It consists of six chapters. Chapter 1 provides an overview on
supramolecular assemblies in relation to the solid state properties with few examples
from experimental charge density.

Chapter 2 deals with the supramolecular assemblies formed by pyrimidine bases,
uracil and cytosine with various hydrogen bond donor and acceptor compounds. Another
related molecule, 5-nitrouracil forms supramolecular assemblies with variety of
compounds including solvents. The study brings out various hydrogen bonded
architectures and patterns including the proton transfer interactions in these assemblies.
Understanding the weak interactions present in 1,4-bis(phenylethynyl)-2,5-bis(n-
dialkyloxy)benzenes and their influence on molecular geometry, packing as well as on
the solid state fluorescence properties is the subject matter of Chapter 3. The molecule in
the crystal structure becomes increasingly planar with longer alkyl chains. The molecules
pack to form J-aggregates and the band position is observed to vary linearly with the
distance between the interacting molecules in the aggregate. The quantum yield lies in the
range, 0.3 — 0.8. Interestingly, the fluorescence behavior of the methoxy substituted
molecule depends crucially on the method of crystallization. Melt cooled films of this
molecule fluoresce in the blue region with four distinct bands, the relative intensities
depending on the rate of cooling. The crystallites formed show preferred orientations
sensitive to the wetting behavior of the substrate.

The experimental charge density analysis of two phenyleneethynylene prototypes-
1,2-diphenylacetylene and 1,4-diphenylbutadiyne, and the use of various charge density
descriptors such as density, Laplacian and ellipticity in describing the conjugation in
these molecules is the content of Chapter 4. The non-zero ellipticity value associated
with the triple bond in 1,2-diphenylacetylene is a clear indication of the extent of
conjugation present in the molecule. For 1,4-diphenylbutadiyne, the deviation from the
ideal value is small. Chapter 5 presents the results of the experimental charge density
analysis of two proton transfer complexes- melaminum L-tartrate monohydrate and L-
asparginium picrate. The study brings out the role of hydrogen bonding in proton transfer
and also the enhancement dipole moments in the non-centrosymmetric crystal field.
Experimental charge density analysis on antiepileptic drugs- carbamazepine and
oxcarbazepine, is presented in Chapter 6. Of the two, oxcarbazepine exhibits a higher
dipole moment. The study gives some insight into the improved bioavailability and
specificity of oxcarbazepine over carbamazepine.
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Chapter 1

ORGANIC SUPRAMOLECULAR ASSEMBLIES, SOLID STATE
PROPERTIES AND EXPERIMENTAL CHARGE DENSITY: AN
OVERVIEW

The structure and property of a molecule depends on its physical state and the
environment. In the gaseous state, the molecule exhibits single molecular property while
in the liquid state, the property and structure of the molecule may show concentration
dependence. In the solid state, the interaction between the molecules becomes much
stronger where the geometrical structure may itself undergo changes with respect to that
in gaseous state.' This is because in the solid state, the molecules have to close pack
satisfying the steric requirements. In addition to packing, the intermolecular interactions
influence and determine the properties in the solid state.” These are typically nonbonding
interactions including various types of hydrogen bonds and weak van der Waals
interactions. These interactions give rise to molecular assemblies with interesting
architectures and physical properties which are different from single molecular
properties. The analysis of electron density distribution of molecules in crystals opens up
a scope for understanding the intermolecular interactions, structure and the in-crystal
properties often in a quantitative manner.” This chapter provides an overview on the

above aspects.

1.1 Hydrogen Bonded Supramolecular Architectures

Supramolecular assembly or ‘supermolecule’ is a well-defined complex of
molecules held together by non-covalent interactions.* The best example for such an
assembly can be procured from nature, where self-assembly plays a major role in the
functioning of most of the biological systems. The self assembly of molecules can be
demonstrated with the help of a double stranded DNA, where a molecular assembly is
formed with minimum number of molecules.” In a double stranded DNA, two single

strands form a helical structure through non-covalent bonds to give a self assembly as
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shown in Figure 1.1. However the word supramolecular assembly is more often used to
denote larger complexes of molecules that form 1D (linear chains), 2D (sheets) and

various 3-dimensional architectures by infinite number of molecules.’

Figure 1.1: DNA double helix formed by noncovalent interactions.”

It is a well known fact that the property of organic molecules, organometallic
compounds or coordination complexes in a supramolecular assembly depends on the
molecular structure as well as the three dimensional architecture adopted in the

crystalline form. In a crystalline environment, all these molecules undergo a modification

SRR

e

Scheme 1.1: Photoactive (o and f3) and photostable (y) forms of trans-cinnamic acids.”

2



Supramolecular assemblies and weak interactions — An overview

of its single molecular properties and give rise to new materials and properties. The
interest in these materials stems from the potential to manipulate the solid state properties
by systematically varying the structure of the molecular sub-units. The pioneering work
by Schmidt,” on #rans-cinnamic acid has shown the link between the structures of
molecular assembly and the solid state reactivity. This study demonstrated different
packing arrangements (ie, polymorphs o, B and y forms) of trans-cinnamic acid and led
to distinctly different photodimerization behaviors (Scheme 1.1). In conjunction with his
interesting discovery, Schmidt suggested the term ‘crystal engineering’, which has since
been used to describe the design and synthetic strategies of molecules of functional

.18
materials.

1.1.1 Intermolecular interactions

The intermolecular interactions are the gluing factors of supramolecular
assembly; hence crystal engineering is a study of balance and interaction.” The chemistry
of covalent bond is not much concerned with subtle equilibria because the energy barriers
between the reactants and the products are many orders of magnitude larger than those of
the individual, for instance, formation of hydrogen-bonded pairs from free acids. In order
to understand and predict the structures of molecular solids, it is necessary to have a good
knowledge on the relative strength of various intermolecular interactions. Noncovalent
(or non-bonding) interactions are responsible for the bulk of the information that passes
through living systems. These forces are the fundamental cause for the crystallization and
dissolution of organic molecules as well. The various interactions present in the solid
state are destroyed on dissolution; hence the detailed understanding of these interactions
in the solid state becomes important. Crystallization of a pure substance is accompanied
by a reduction in the translational freedom, which leads to a decrease in entropy and a
gain in the enthalpy.’ The balance in these thermodynamic factors arises from the balance
between the interacting forces such as attraction and repulsion in the crystalline state.
Dispersion interactions are attractive, but weak and non-directional. Electrostatic
interactions have a markedly directional character, notable among these are hydrogen
bonding and charge transfer interactions. There are long-range forces that are effective

within the distances of 10 nm ~ 0.2 nm. There are the weak van der Waals forces (< 8 kJ
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mol™) which are non-directional, although they are responsible for bringing nonpolar
molecules together and aligning them.

The basis of the crystal engineering lies in the molecular recognition, in which the
molecules identify the fragments to build an interaction to reach in a balance between the
attractive and repulsive forces and there by the optimizing the thermodynamic factors.
The distance and direction dependence of non-bonding interactions discussed above give
rise to an overall stabilizing arrangement, hence leading to close-packing of molecules in
a molecular crystal. Kitaigorodskii'® described this concept as the close-packing model.
Thus, it has been shown that for molecules of arbitrary shapes, close packing is possible
only in a limited number of space groups: a prediction that proved to be in agreement

with the analysis based on the data from the Cambridge Structural Database (CSD).

1.1.2 Hydrogen bond

Hydrogen bonding is considered to be the strongest and directional interaction of
all the non-covalent and weak intermolecular interactions.''> Since the discovery of
hydrogen bond till the day, study of hydrogen bonding is a realm of active research. The
long lasting interest in this area is attributed to the importance of hydrogen bonding in the
structure, function and dynamics of a large number molecular systems of chemical and
biological relevance.”’ Traditionally, it has been thought that hydrogen bonding is
essentially an electrostatic interaction between a proton and a highly electronegative
acceptor atom such as oxygen or nitrogen, the latter usually possessing a lone pair of
electrons. It is now well established that the high electron density regions in ethylenic and
acetylenic bonds'* as well as the m-face of aromatic or heteroaromatic rings'> can
virtually act as acceptors. The other known hydrogen bond acceptors include sulfur'® and
halogen atoms.'” The O-H, N-H and F-H groups are some examples of hydrogen bond
donors. Less electronegative groups such as C-H and S-H also act as proton donors."® The
basic geometrical criteria for a hydrogen bond, D-H---A-X (D:donor, A:acceptor) require
that the hydrogen bonding distance (dy...a) should be less than the sum of the van der
Waals radii of the H and A atoms with a donor- hydrogen- acceptor angle (0) close to
180° as well as a nearly planar DHAX system (Figure 1.2a). The actual ranges of these

parameters vary depending on the donor and acceptor groups. Hydrogen bonds cover a
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wide energy spectrum (Figure 1.2b), ranging from a covalent-type of bond to a weak

dipolar attraction.

(a) (b)
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Figure 1.2: (a) Geometrical attributes of a hydrogen bond, (b) Bond energies for a range
of common o-bonds compared with a number of strong hydrogen bonds."®

The various possible hydrogen bonds are broadly classified into strong, moderate
and weak interactions. To estimate the strength of the interactions, in addition to the
purely geometric criteria based on structural crystallographic techniques,' various
spectroscopic techniques such as Infra red,”> NMR,?' potential functions'' and isotope
effects? have been widely used. The studies by Jeffrey” put forward some of the basic
criteria for these classifications (see Table 1.1). In last two decades, the statistical survey
of the hydrogen bond geometries using Cambridge Crystallographic Data” have resulted
in a number of publications.”” The hydrogen bond plays a vital role in determining the
shapes and biological properties of macromolecules such as proteins and the nucleic

1226 and they aid in molecular recognition in forming large assemblies. Etter®’

acids.
carried out extensive studies on hydrogen bonds and proposed a set of guidelines based
on graph theory, for encoding hydrogen bond patterns in organic solids. The four basic
hydrogen bond motifs (D: dimer, C: chain, S: intramolecular bond, R: ring) are illustrated

through some examples in Scheme 1.2.
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Table 1.1 Strong, moderate, and weak hydrogen bonds following the classification of
Jeffrey.”

Strong Moderate Weak
Interaction type Strongly Mostly Electrostat./dispers.
covalent electrostatic
Bond lengths [A] 1.2-1.5 1.5-22 >2.2
H--A
Lengthening of D-H [A] 0.08 - 0.25 0.02 -0.08 <0.02
D-H versus H---A X-H~H--A X-H<H-+A X-H << H--A
Directionality Strong Moderate Weak
Bond angles 170 - 180 >170 >90
Bond energy [kcal mol'] 15-40 4-15 <4
Relat. IR shift AvXH [cm™] 25% 25% - 10% 10%
'H downfield shift 14-22 <14

D R
Ci{a) Si6)
z
-
OH --1.[]% H H
OO e
[ RN N
HO H"“"T’H
2
R;i8)
Rilﬂ)

Scheme 1.2: Graph set notations for some hydrogen-bonded motifs.”’

Recent development in theoretical and computational facilities provided a better
understanding of nature and properties of various hydrogen bonds in detail. The very first
study towards the understanding of hydrogen bonds started by Pauling who used
electrostatic model®™ to show the trends in the observed hydrogen bond energies.”’
Another study by Tsubomura and Coulson® using perturbation theory had given an
insight into the contribution of various components of hydrogen bond energy. Bader
131

rationalized the observed shifts in the D-H force constants using an electrostatic mode

Such early theoretical studies on hydrogen bond, especially using molecular orbital or

6
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semi-empirical calculations have been reviewed by many authors.”* Morokuma et al.*®
developed an energy partitioning method based on Hartree-Fock SCF formalism to study
the nature of hydrogen bonding. Rao et al.** have reviewed results of semi-empirical and

ab-initio studies of hydrogen-bonded complexes.

1.1.3 Supramolecular synthon and designer crystals

In analogy with the synthesis of molecules with covalent bonding (1-100 A length
scales), Lehn**® and Whitesides*® describe the synthesis of molecular assemblies (with
much larger length scales of 10-1000 A) employing noncovalent interactions as
noncovalent synthesis. This new methodology has indeed started to bridge the gap
between molecular and macromolecular structures’’ and gave birth to a new highly
interdisciplinary field called supramolecular chemistry. Lehn describes supramolecular
chemistry as follows® “Just as there is a field of molecular chemistry based on the
covalent bond, there is a field of supramolecular chemistry, the chemistry of molecular
assemblies and of the intermolecular bond.” Following Lehn’s analogy,” if molecules
formed by covalent bonds are the targets in organic synthesis, crystals assembled via
intermolecular interactions may be considered as targets in supramolecular synthesis.
Among the various intermolecular interactions known, the hydrogen bondings such as O-
H---O, N-H---O and C-H---O have been generally used for the noncovalent synthesis of
supramolecular architectures. This is because the nature, strength and directionality of
these bonds are well understood both experimentally and theoretically. In addition to
hydrogen bonding, there are reports on design and synthesis of supramolecular
assemblies using non hydrogen bonding interactions. The non hydrogen bonding

interactions include various interactions involving halogen atoms such as CI---O, Br---O,

[..-O, I---1, O---1, N---Cl etc. and are also known to play important role in the design and

synthesis of supramolecular architectures. The 1:1 supramolecular assembly between

OO GO O

Scheme 1.3: Supramolecular assembly between 1,4-dinitrobenzene and 1,4-

. 39
diiodobenzene
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1,4-dinitrobenzene and 1,4-diiodobenzene® is one of the examples of non hydrogen

bonding interactions (scheme 1.3).

The word ‘synthon’ is very popular in synthetic organic chemistry and was
introduced by E. J. Corey who defined it as ‘structural units within molecules which can
be formed and/or assembled by known or conceivable synthetic operations.** The word
synthon has been traditionally used to represent key structural features in target molecule
in organic synthesis. The use of this term has been extended by Desiraju to define

supramolecular structural subunits. According to him *supramolecular synthons'*® are
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Scheme 1.4: Representative supramolecular sythons. 136

structural subunits within supramolecules which can be formed and/or assembled by
known or conceivable synthetic operations involving intermolecular interactions’. So
supramolecular synthons are spatial arrangements of intermolecular interactions and play
the directing role in formation of supramolecular assembly which is similar to that in

conventional synthon approach in organic synthesis. Some of the important synthons that

8
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are generally used for the design of various supramolecular architectures with varying

dimensionality are shown in scheme 1.4.

1.1.4 Engineering strategies based on strong hydrogen bonds

The strongest and most directional hydrogen bonds are those formed between
hydrogen atoms and highly electronegative acceptors such as F, O and N. The strength

41-46 .- .
This section

and directionality of these bonds have been reviewed by various authors.
discusses the utilization of various strong hydrogen bonds such as O-H:--O, N-H-:--O, O-
H---N and N-H:--N bonds to design and synthesize various multidimensional

supramolecular architectures.
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Figure 1.3: The carboxylic acid dimer coupling utilized in (a) benzoic acid,”” (b)
terpthalic acid, ** (c) isopthalic acid, ¥ (d) trimesic acid, *° (e) adamantane-1,3,5,7-
tetracarboxylic acid, >’

Carboxylic acid is one of the well-utilized functionality to build various
supramolecular architectures and is well known for its strong and directional nature. In
most of the cases, carboxylic acid groups form strong dimeric O-H---O interactions and

extent to various directions with the organization of carboxylic acid functionality in the

basic molecular framework. The carboxylic acid dimer synthon (A in Scheme 1.4) is

9
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utilized in the arrangement of aromatic carboxylic acids like benzoic,"” terephthalic,
isophthalic,49 trimesic*® and adamantane-1,3,5,7-tetracarboxylic acid®! to produce zero-
dimensional dimers, one-dimensional linear tapes, two-dimensional sheets and three-
dimensional diamondoid structures, respectively as shown in Figure 1.3. There are
extensive and pioneering studies on hydrogen-bonded structures formed by the

carboxylic acid synthon by Leiserowitz and Etter.””?

7 0 HO O A
Sufo 98 d Mo o5
‘-O'ﬂw?/*OH e ot
00 00
Mo 14 Al
0.0 0.0

Figure 1.4: The chicken-wire network of trimesic acid where all the donors and

acceptors are utilized in the formation of O-H---O hydrogen bonds. The holes are filled

by extensive interpenetration of independent networks.”*

As explained earlier, trimesic acid contains an infinite O-H---O bonded chicken-
wire motif formed by the dimerization of the COOH groups. The two-dimensional sheets
interlace one another filling the voids. Herbstein et al.”> have reported the first non-
interlaced trimesic acid structures (again containing O-H:--O dimers) containing
disordered alkane guests. Later, Kolotuchin et al.”* synthesized a series of trimesic acid
inclusion complexes with pyrene and ethanol molecules residing as guests in the cavities.

One of such cavities formed by trimesic acid is depicted in Figure 1.4.

10
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An X-ray structural study of the high-energy cyclic form of water hexamer

trapped in an organic supramolecular complex with bimesityl dicarboxylic acid, through

O-H---O bonds has been carried out> (see Figure 1.5). The formation of catemeric

Figure 1.5: (a) bimesityl dicarboxylic acid, (b) The crystal packing of bimesityl
dicarboxylic acid H,O, (c) The water hexamer with the acid molecules (only —COOH are
shown for clarity).”

(single) O-H---O hydrogen-bonded motifs in this complex is contrary to the ubiquitous
centrosymmetric dimer motifs. A recent CSD analysis has shown that the dimer motif is

found in 90% of the crystal structures reported for acids, while the catemer is found only
in 4%. Very short O-H---O bonds occur in monobasic salts of diacids.”® These bonds are
usually formed between an acid and its conjugate base (O-H:--O") or in the hydrates of
strong acids (O'-H---O). They have a quasi-covalent character with H---O distances in
the range 1.2 to 1.5 A (O---O, 2.2 — 2.5 A) and 0 in the range of 170° to 180°, with
energy of ~ 63 to 170 kJ mol™ in contrast to strong hydrogen bonds (H---O, 1.5 - 2.2 A,
0---0,25-32A,E=17-63KkJ mol'l). The O-H--- O bonds formed by resonance
assistance through © bonds (RAHB) are unusually short.”” A cooperative network of O-

H---O and O-H-:--N hydrogen-bonded synthons appear in the crystal structure of 2,3,5,7-

pyrazinetetracaboxylic acid.”

Another motif which can form highly directional and predictable hydrogen bond,
compared to the COOH functionality is the amide unit (CONH;). The crystal structure of

benzamide contains centrosymmetric N-H---O dimers linked into o networks™ (Figure

11
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Figure 1.6: Centrosymmetric N-H---O dimers in benzamide - a-network.”’

1.6). Combination of such a networks can be used to generate B networks, one such
example being the B network formed by 3,3'-ureylenedipropionic acid, where there is a
co-existence of O-H:--O and N-H---O bonds. Another interesting example where the o
networks are linked into 3 networks by O-H---N hydrogen bonds is in the co-crystal of an

oxalamide derivative with 1,2-(bis-4,4"-bipyridyl) ethylene.®’

Figure 1.7: Three-dimensional arrangement of the sheets of 1:1 adduct formed by
melamine and cyanuric acid giving rise to rosette and channel structures.*”

" have studied the complexes formed between

Whitesides and co-workers®
substituted melamine and substituted cyanuric acid. Three antiparallel N-H---O and N-

H---N bonds stabilize the structure forming linear and crinkled tapes. They also proposed

12
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the possibility of the formation of melamine and cyanuric acid complex. Rao and co-
workers® have synthesized the melamine cyanuric acid (1:1) complex (see Figure 1.7)
forming similar antiparallal combination of hydrogen bonds to give rise a rosette and
chamnel structures. This is one of the best examples for the designed synthesis of
supramolecular architectures utilizing strong hydrogen bonds and their directional

properties.
1.1.5 Engineering strategies based on weak hydrogen bonds

The weak hydrogen bonds are intermolecular interactions in which the hydrogen
atom is bound to less electronegative atom, and are weaker compared to the strength of

the previously discussed classical hydrogen bonds. The weak interactions include various
C-H---O, N-H---N and interactions involving sulfur as the acceptor. Many of the studies
have shown that C-H---O interactions share various characteristics of strong hydrogen

bonds such as N-H---O and O-H---O hydrogen bonds.'®* Generally non-classical
hydrogen bonds in which the C-H act as the donor and the n-face of the aromatic ring,
acetylene or ethylene act as acceptor are referred as soft hydrogen bonds. The statistical
studies using crystallographic data have cleared the mist around the existence and nature
of such type of weak interactions. There are a lot of ambiguities regarding the
electrostatic and directional nature of these interactions in comparison to strong

interactions.** The statistical study of the crystallographic data by Taylor and Kennard®

Figure 1.8: Part of the crystal structure of diarylsulfone showing a (4,4) net of R (24)

6T
rings.
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and Thalladi®® et al. have shown the directional nature of C-H-- ‘N, C-H---Cl and C-H---F
hydrogen bonds. Glidewell et al.” has demonstrated the supramolecular structure
formation in various diarylsulfones solely by C-H---O hydrogen bonds. In these
supramolecular aggregates the aromatic C-H act as the hydrogen bond donor and the
oxygen atoms of the SO, act as the hydrogen bond acceptor. The C-H---O interactions

present in these systems lead to the formation of the multi dimensional assembly. Figure

1.8 depicts a two dimensional assembly formed by diarylsulfone with a (4,4) net of

R} (2,4) ring.
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Figure 1.9: (a) Bifurcated C-H---O coupling in 1,4-diethynylbenzene with 1,2-
dinitrobenzene, which is structurally analogous to the dimer coupling in carboxylic acid.

(b) The co-crystal of 1,4-diethynylbenzene with 1,2-dinitrobenzene viewed along the b

. . 68
direction .

Among the weak hydrogen bonds, interactions formed by the terminal alkynes
with oxygen acceptors deserve a special mention. Robison et al.®® used the terminal
hydrogen of the alkynes such as those in 1,4-diethynylbenzene to form a linear molecular
tape like structures (see Figure 1.9). In this study the authors present the interaction of
1,4-diethynylbenzene with 1,2-dinitrobenzene where the terminal hydrogen of the alkyne
form a bifurcated interaction with the nitro group of the 1,2-dinitrobenzene. The dimeric
interaction (synthon A) in the terpthalic acid is replaced with the bifurcated hydrogen

formed between the terminal alkyne and the nitro group.

Similar to C-H---O hydrogen bonds, design and synthesis of supramolecular

architectures utilizing C-H:--N hydrogen bonds also deserves equal importance. The
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solid proof for the directional nature and applicability of these interactions for the
formation of interesting hydrogen bonded net work has been demonstrated by Reddy et
al.®’ using the structure formed by 1,3,5-tricynobenzene in its 1:1 cocrystal with

hexamethylbenzene. The 1,3,5-tricynobenzene forms a hexagonal network using linear

(a) i (b)
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Figure 1.10: The C-H---N network of 1,3,5-tricynobenzene molecules in the crystal
structure of the 1:1 complex formed with hexamethylbenzene.” (b) Packing arrangement

of 4- (45) -Ethynyl phenyl)ethynylpyridine in the crystal. C(sp)-H---N bonds shown by dotted
lines.”

C-H---N hydrogen bond as shown in Figure 1.10a. Similar to C-H---O hydrogen bonding
observed in the case of 1:1 complex of 1,4-diethynylbenzene and 1,4-dinitrobenzene,® a
linear C-H:--N interaction is formed in the crystal structure of the 4-(4-Ethynyl
phenyl)ethynyl pyridine. 4-(4-Ethynyl phenyl)ethynyl pyridine crystallizes in the form of

polar crystals in which the molecules are directed in straight hydrogen-bonded tapes

through C(sp)-H---N hydrogen bonds (see Figure 1.10b)."

Among the non-conventional weak interactions the C-H---m bond’' plays a
crucial role in controlling the crystal packing of many organic compounds. A recent
article by Nishio highlights the nature and characteristics of these interactions in
comparison with other weak interactions. One of the best examples which demonstrate

the importance of such weak interactions is reported by Thalladi et al.”’ on the octupolar
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Figure 1.11: Octupolar trigonal network structure in 2,4,6-tris-(4-methoxyphenoxy)-
1,3,5-triazine. The 3-fold, 3;- and 3,-axes are depicted. 72

trigonel network formed by 2.4,6- tris-(4-methoxyphenoxy)-1,3,5-triazine (see Figure
1.11). The C-H:--& interactions have been used to achieve third dimensional control of

the crystal structure and have led to octupolar NLO activity. Other than C-H---m
interactions, the interactions that are of special relevance in conjunction with the
biological systems are N-H:--m type. The various conformationally rigid substrates
complexed with the receptor have shown that amide-aromatic hydrogen bonds can have a
vital effect on the recognition properties of host-guest complexes in a non-polar

medium.”

1.1.6 Co-existence of strong and weak hydrogen bonds

Most of the crystals structures in literature are formed by both strong and weak
interactions, where the balance between these interactions results in stable structures. In
many of the cases, either strong or weak hydrogen bond acts as the structure directing
interaction. In order to design a stable supramolecular assembly with preconceived
geometry the understanding of both the weak and strong interactions and their suitable
manipulation is necessary. There are some examples of weak hydrogen bonds functioning

as the organizing forces in spite of the possibility for strong hydrogen bonds.

The study by Ranganathan et al.”* on cocrystals formed by adipic acid with 2,4,6-
triaminopyrimidine depicts an example where the weak N-H---O interactions dominate
over the strong carboxylic acid dimer synthon interactions. The molecules of 2,4,6-

triaminopyrimidine penetrate in to assembly of the adipic acid and form a two
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dimensional planar architecture, where the possibility of formation of dimeric O-H---O

interaction is annihilated (see Figure 1.12).

Figure 1.12: Arrangement of molecules of adipic acid and 2,4,6-triaminopyrimidine in a
two-dimensional planar sheet of the complex.”

Figure 1.13: Structure of the adduct trimesic acid with phloroglucinol. One planar
lamella (top right) and an enlarged rosette (bottom right) are depicted: Note the
utilization of all the O-H donor and acceptor groups on fluroglucinol.”
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The coexistence of both weak and strong interactions with equal importance is
demonstrated in the example of 1,3,5-trihydroxybenzene, (phloroglucinol) with trimesic
acid complex.” In this adduct, both the O-H---O and C-H---O interactions play equal role
in directing the crystal structure. The interactions shown in Figure 1.13 illustrate the
rosette shaped repeating structures with fully hydrogen bonded donor and acceptors in

phloroglucinol.

1.1.7 Other types of intermolecular interactions

The previous sections discussed various crystal engineering strategies using
hydrogen bonding interactions. Despite of the large number of reports on hydrogen
bonded supramolecular architecture; there are some interesting reports on other weak
interactions, which play a structure-directing role. These interactions include halogen-
halogen, halogen-nitro, nitro-nitro, aromatic (n-t) and even gold (I)-gold (I) interactions.
Halogen-halogen contacts have been known and are used for design and synthesis of
supramolecular architectures by Schmidt as early as the 1970s.® The report on 1:1 adduct
of 1,4-dinitrobenzene and 4-iodobenzoic acid (see Figure 1.14) exemplify the structure
directing role of I---O contacts in spite of the possibility of strong dimeric O-H---O

hydrogen bond formation within the carboxylic acid groups.”®

L.
O gf\f O
-<}COQH + oZN@—

Figure 1.14: Retro-synthetic analysis for the linear ribbon patterns.”

Bachman et al.”” have analyzed the weak aurophilic interaction which are capable
of controlling the supramolecular structure formation in the complexes of n-
alkylisonitrile with AuCl. Aurophilicity or aurophilic bonding are attractive interactions
that exists between closed-shell gold (I) centres. This interaction has been estimated to
have strength similar to hydrogen bonding (29 - 46 kJmol™).” It is also distinctly
directional like hydrogen bonding.”
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1.2  Effect of Weak Interactions and Molecular Packing on Solid
State Properties of Organic Supramolecular Assemblies

The weak intermolecular interactions not only give rise to interesting
supramolecular architectures but also affect the existing molecular properties and bring
about new properties. Most of these newly generated properties are the aftereffects of the
arrangement of molecules in the solid state. There are numerous reports in literature on
interesting properties generated by the three dimensional arrangement of molecules in the
crystal lattice. Some of these properties include molecular selectivity in porous
structures,” electronic and photo physical properties,”’ magnetism etc.** As these
properties in the solid state are due to molecular packing and weak intermolecular
interactions, it is appropriate to look into the molecular assembling and solid state
properties in some representative systems.
1.2.1 Organic Porous Solids

The natural and synthetic inorganic zeolites® with pore sizes of 10 to 20 A are the
classic examples of microporous materials with widespread industrial uses. Analogous
microporous solids based on organic building blocks have the potential for a precise
rational design, through the control of the shape and size of the pores.**™ Host
frameworks with an organic core offer some advantages: (1) The target network can be
controlled by suitable manipulation of the functional groups and supramolecular
synthons. (2) The nature, size and shape of pores and cavities in organic three-
dimensional host frameworks can be altered with hydrogen bonding and hydrophobic
interactions; (3) Inclusion and release of guest species is much more facile in organic

hosts than in inorganic zeolites.

Yaghi et al.****%" have designed many metal-organic frameworks that selectively
bind aromatic guest molecules. Most often, Yaghi's group has employed hydrothermal
method as one of the synthetic routes. Moore and co-workers™ have made porous
materials from ring-shaped units that stack themselves by hydrogen bonding. Each ring is
made up of six rigid rod-like units and six corner pieces to form a regular hexagon.
Acetylenic groups, however, gave rods; the corner pieces with benzene rings carry
hydroxy groups to provide connections needed to make hexagons. The benzenes in

neighboring sheets interact in a way that encourages the rings to stack on top of one
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another, creating parallel channels about 9A in diameter. A slightly different approach
has been developed by Wuest and co-workers.*” They used building blocks that create
channels as they assemble themselves into a network. Wuest, in fact introduced the
concept of tectons into supramolecular chemistry. Tectons are molecules with sticky ends
that can participate in intermolecular interactions that are strong, specific and directional.
The geometry of the tectons in turn determines the geometry of the network into which
they assemble. A diamondoid network can be synthesized from tectons with four sticky
hydrogen bonding sites in a tetrahedral orientation. Such self-assembly often results in

the formation of channel structures, which are being filled by solvent molecules.

Recent studies by Ranganathan et al.”’ to incorporate solvent molecules such as
benzene, toluene and xylenes in the porous channels formed by the adduct of
trithiocynuric acid and 4,4’-bipyridyl demonstrate the ability of the organic porous
material to accommodate the incoming guest molecules. This work also shows the
flexibility of organic porous materials to change the structure and interactions with
respect to the structure of the incoming guest molecules. Figure 1.15 depict one of the
representative examples of the host-guest channel formed by trithiocyanuric acid and

4,4’-bipyridyl where benzene molecules are accommodated in the channel.

Figure 1.15:Three-dimensional structure of the 2:1 trithiocyanuric acid-4,4 -bipyridyl
adduct, containing benzene in the channels.”

1.2.2 Electronic properties of supramolecular assemblies

Recent literature covers a number of studies on electronic properties of organic

91-94

molecules while they assemble to form super structures. These studies have

demonstrated the possibility of incorporating molecular crystal based light emitting
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diodes (LED) and organic field effect transistors (OFET) into display devices and
electronic circuitry. The electronic properties shown by these crystalline solids are highly
dependent on the molecular packing and weak intermolecular interactions involved in the
formation of the supramolecular assemblies.”” Some of the representative systems which
show rectification and field effect transistor behavior are polynuclear aromatic

compounds **’

(pentacene, rubrene etc.) and well known electron donor and acceptor
systems like TTF and TCNQ and their derivatives.”®” In addition to these systems, there
are reports on organic field effect transistors based on conjugated thiophene based

100191 1t §g interesting to

molecular crystals and other polymer based self-assembled films.
note that the electronic property of the single crystalline FETs varies with respect to the
crystallographic orientation of the crystals, hence the molecular packing. Various studies
have shown that in order to obtain better electronic properties, it is preferable to have the
mixing of n-density of two neighboring molecules.'® It is clear from the crystal structure
of various organic electronic systems that the prevalent and preferred interactions in these
systems are n-m stacking. A comparison made by Reese et al.'”® on various mobility data
obtained from literature on rubrene crystals have shown that the mobility varies with

92b,95, 104-106

crystallographic orientation. Figure 1.16 depicts the conclusion made by them

where the mobility clearly depends on the crystallographic orientation and in turn the
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Figure 1.16: Field effect mobility in rubrene crystals with respect to crystallographic
orientation of the molecules.*?> 104106
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molecular packing and weak interactions. Recent studies by Naraso et al.”® have shown
that the various halogen substituted tetrathiafulvalne derivatives show interesting change
in their electronic properties when brought into single crystal FETs. The halogen
substitution not only brings about change in electronic structure of the molecules but also
affects in molecular packing and weak intermolecular interactions. This study shows that
these tetrathiafulvalene derivatives based FETs can be modified from p-channel to n-

channel semiconductor by suitable halogen substitution.

1.2.3 Photophysical and optical properties of organic supramolecular assemblies

It is well known that when the molecules get into an assembly, the electronic
states of the molecules undergo reorganization and give rise to new electronic states due
to the formation of new molecular aggregates. The formation of new energy states solely
depends on the arrangements of molecules in the solid state and the weak interactions
holding the aggregates."'”” The molecular arrangements in solid state and the various
non-bonding interactions give rise to new photophysical properties such as absorption

108-110

and emission, that are quite different from the single molecular properties. In

addition to these properties, there exist quite a number of reports on nonlinear optical

properties such as second harmonic generation (SHG),''"'"

and higher order optical
activities''* arising from the molecular packing and the non-bonding interactions

involved in the solid state.

Crystal 1 Crystal 2 Crystal 3 Crystal 4 Crystal 5

Figure 1.17: Molecular packing with N-H---N hydrogen bonding and emission from the
crystals of 3(5)-(9-anthryl)pyrazole on excitation under UV light (3=365nm)""°
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There are many studies on the tuning of absorption and emission properties of
molecular systems by introducing suitable substitutions.''>''® However the absorption
and emission properties of molecules in solid state are highly dependent on the molecular
packing and weak intermolecular interactions like hydrogen bonding, C-H---x interactions

and m-m stacking.®'"

By suitably changing the molecular orientation and the
intermolecular interactions, one can tune photophysical properties in the solid state.''” A
recent study by Mutai et al,'” have shown the switching of florescence by controlling the
molecular packing in solid state using the two crystalline forms of 2,2°:6”,2”’-terpyridine.
Zhang et al.''® have shown the effect of changes in molecular packing and weak
interactions on the emission properties of 3(5)-(9-anthryl)pyrazole. Figure 1.17 shows the
weak interactions and emission from the polymorphic crystal forms. It is clear from the

figure that the N-H--N hydrogen bonding in these forms show drastic changes and

thereby molecular packing.

Another highly active research area related to supramolecular chemistry is organic
optical materials, in particular nonlinear optical (NLO) materials. Organic
supramolecular assemblies and crystal engineering based on various non-bonding
interactions offer a better possibility of obtaining desirable optical properties.''” Recent
literature covers a number of reports on the second harmonic generation (SHG) activity

120-121

of various organic supramolecular assemblies. The uniqueness of organic based

SHG active materials over traditional inorganic materials such as potassium dihydrogen

tartrate (KDP) stems from the unlimited molecular engineering capability and their high

(b) % ‘WL

@

st

Figure 1.18: (a) Anti parallel molecular packing in p-nitroaniline crystal. (b) Hydrogen
bonding in urea crystals along with dipole direction.””"**
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laser threshold.'” A very stringent requirement for a material to exhibit non-zero SHG
activity is that the crystal has to be in a non-centrosymmetric point group. In fact, most
molecules (like paranitroaniline) which show very large polarizations at molecular level
due to a large charge transfer from the donor to the acceptor (NH; to NO,) crystallize in a
centrosymmetric fashion arising from predominating anti-parallel n-stacking between the

'2 Hence, it is clear that the molecular packing in the

aromatic rings (Figure 1.18 a).
crystals determine the non-zero SHG activity of a molecular system. There are some
examples like urea where the dipolar interactions are overtaken by hydrogen bonding and
exhibit large SHG activity.'** In urea small molecular dipoles orient through N-H--O
hydrogen bonding and align as shown in Figure 1.18b giving rise to higher SHG activity.
There are number of systems in literature which show hydrogen bond mediated proton
transfer and higher SHG activity.'” It has been shown that in these systems various
hydrogen bonding interaction play a major role in charge redistribution and charge
transfer. A dipolar system need not be highly SHG active in solid state since the non-
centrosymmetry determines the SHG activity. The supramolecular chemistry provides a

scope to obtain non-centrosymmetric crystals by forming complexes with chiral

molecular species.'?

The studies by Thalladi et al.'”” have demonstrated the role of crystal engineering
to obtain supramolecular architectures with properties such as octupolar nonlinear optical
activity. Their studies on tribenzyl isocyanurate have shown the role of weak C-H:-O
hydrogen bonding in directing the molecule to arrange in a herringbone packing with

trigonel symmetry hence the octupolar activity (Figure 1.19). In another report, Zyss

Figure 1.19: Crystal structure of tribenzyl isocyanurate down [010] to show the trigonal
network structure.””’
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et al.'"™ have shown a crystal engineering approach towards the generation of quadratic
nonlinear optical activity from an acentric cocrystalline template made of two different
bi-dimensional octupolar molecules: trinitrobenzene (TNB) and triphenylene (TP). The
crystal structure analysis has evidenced parallel stacks with alternating vertically
overlapping TNB and TP units, leading to a significant intermolecular charge transfer

mediated by n-m interaction.

1.2.4 Organic ferroelectric and magnetic materials

Ferroelectricity is one of the prominent phenomena constituting an important
research field in condensed matter science alongside with conductivity, superconductivity
and magnetism.'” In addition to academic interests, ferroelectrics find greater attention
in technological applications from electronics to optics.' Ferroelectrics are polar
crystals that exhibit spontaneous electric polarization, mostly belonging to the inorganic
or hybrid organic-inorganic systems. Historically, the first organic based ferroelectric
compound is ‘Rochelle salt’ [NaOOCCH(OH)CH(OH)COOK]."® The very first
initiative towards generating low molecular weight organic based ferroelectrics was
based on charge transfer complexes composed of electron donor (D) and acceptor (A)
molecules such as tetrathiadulvalene (TTF) and p-chloranil (qu4).131 In TTF-qCly4 based
systems, the - stacking between the donor and acceptor molecules has been exploited
in gaining electric dipole along the m-molecular stack where strong electron-lattice
interactions bring about the displacement of molecules with donor-acceptor dimerization.
Recent literature covers a number of examples on proton transfer based ferroelectric

130,131
7" Recent

materials where the hydrogen bonding and proton transfer play crucial role.
studies by Horiuchi et al."** have demonstrated the use of crystal engineering towards the
formation of displacive-type ferroelectrics using neutral co-crystals. In this study, they
used the cocrystal formed from phenazine as base (acceptor) and 2,5-dihalo-3,6-
dihydroxy-p-benzoquinones as acid (donor). The hydrogen bonded complex crystallizes

in non-polar space group P2;/n and undergo a phase transition at low temperature to a

polar space group P2; with the loss of n-glide plane.

Similar to ferroelectric properties, organic molecules based magnets also take up
. . . 1321 .
greater importance in the recent research scenario.”>'** There are quite a number of

reports on organic radical based magnetic systems and these materials provide excellent
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examples for the quasi one dimensional (1D) magnets because of the 1D stacking of the

13 Recent report by Mandal et al.** have

anisotropic m-orbitals in their crystals.
demonstrated the effect of molecular packing and weak intermolecular interactions on
properties of aminophenalenyl-based neutral radical molecular conductors. A recent
report by Maspoch et al."*> has shown the modulation of magnetic properties of organic
porous structures formed by tricarboxylic substituted triphenylmethane radicals by
selective inclusion of solvent molecules. On inclusion, the ferromagnetic behavior of a-
phase of the tricaboxylic substituted triphenylmethane radical change to antiferro
magnetic nature due to the changes in molecular packing and hydrogen bonding. It is

interesting that the magnetic properties are reversible with the removal of the solvents

from the crystal lattice.

1.3  Experimental Charge Density Understanding of Bonding and
Non-bonding Interactions and Properties

Previous sections covered the role of various non-bonding interactions in forming
supramolecular architectures and determining their solid-state properties. All the studies
enumerated here had given a qualitative idea about the structure, bonding and weak
interactions. The strength of various chemical bonds and weak interactions have been

generally expressed in terms of bond lengths and bond angles using crystallographic
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methods'*® or by spectroscopic techniques such as infra red, Raman'*’or NMR."*® The

recent developments in the theoretical and experimental facilities have provided a new
way of understanding the chemical bonding, weak interactions and various properties of

molecular systems from the perspective of topology of charge density.”**'** One can

140a

obtain charge density distribution in a molecule experimentally "™ or theoretically. A

high resolution X-ray diffraction on good quality crystals can give the charge density

distribution in a molecular system experimentally'*'

42

while it can be obtained theoretically

from high level ab initio calculation.'

Since the first X-ray diffraction experiments on crystals in 1912 by von Laue,'*
X-ray crystallography has been widely applied with the purpose of determining the
positions of atoms in the crystals and hence the geometrical structures of crystals and

molecules. All these studies are aimed at structural information and pay little attention, if
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any, to the details of the electron distribution. But both are inseparably linked in practice.
The description of charge distribution in crystalline lattices has come a long way since
the first quantum model of the atom. It was known from early days that a quantitative
account of the chemical bonds in molecules and crystals would require the calculation of
the probability density of the electron cloud between atoms. The possibility of measuring
the charge density in a crystal from its X-ray diffraction pattern was envisioned many
years ago when Debye and Scherrer discussed the possibility that the halos on a powder

144

photograph were images of the electron orbits around the atoms. ™ This is evident from

Debye’s statement in 1915.

“It seems to me that experimental study of scattered radiation,
in particular from light atoms, should get more attention, since
along this way it should be possible to determine the

arrangement of electrons in the atoms.”

Convinced that X-rays were scattered by electrons, Debye joined by Scherrer,
turned his attention to chemical bonding and thereby initiated the field of X-ray charge
density studies. Debye and Scherrer wondered how the valency dashes, used by chemists
to describe the bond between atoms, could be replaced by an electron model that was
consistent with their results from newly discovered powder diffraction method and also

Bragg’s ionization counter measurements.

Present day techniques for studying charge density distributions by diffraction
methods originated in the 1960s with the interests of theoretical chemists’ in calculating
charge distributions to reproduce observed diffraction intensities for certain covalent
crystals such as those of diamond and silicon. For these crystals, so-called space group-

. . 145
forbidden reflections are observed. Dawson

studied structure of diamond (see Figure
1.20) in 1967 using X-ray diffraction. The space group of diamond is Fd-3m. Carbon
atoms are linked tetrahedrally to four equivalent neighbors, each having point symmetry
4-3m (Ty), lacking a centre of symmetry. The space group allowed reflections are h+k+1
= 4n. However, the (222) reflection is observed for which h+k+l = 4n+2. In the

conventional representation of X-ray structure factors, atoms are taken to be spherically

symmetrical. Dawson generalized the treatment to recognize non-centrosymmetry in the
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Figure 1.20: The diamond structure

electron charge distribution about each nuclear position. Dawson’s "generalized structure
factor formulation" reproduces the observed diffraction intensities, in particular for the
space group-forbidden (222) reflections. The formalism showed for the first time, that it
was possible to measure experimentally the aspherical features in covalent charge

distributions arising from chemical bond formation.
1.3.1 The electron density

Electron or charge density in an N-electron system is the probability density of
finding any of the N electrons in an infinitesimally small volume of space, the phase

space, dt.

p(r) = Nfy*y dr (D

where y is the stationary state function; t denotes the spin coordinates of all the
electrons and the cartesian coordinates of all electrons but one. It is expressed in eA™ or
atomic units, au (1 au = 6.7483 eA™). The description of electronic structure of a
molecule in real space therefore relates to the charge density distribution around the

constituent atoms.
1.3.2 Charge density from theoretical calculations

Charge density distribution in a molecule or a crystal may be obtained by ab initio

Hartree-Fock calculations.'*?

In this method, electrons are assumed to move in a
symmetric field generated by nuclei and the other electrons. Since the wave function and
the potential are correlated, one obtains the wave function using an iterative procedure till
the change in the potential does not produce any significant change in the wave function.

Once the wave function is obtained, the electron density distribution can be readily
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determined. Commercial programs such as Gaussian'*® and Gamess'*’ are used regularly
for this purpose. Calculations for crystals can be performed using the periodic Hartree-
Fock method employing the density functional theory. Both of these options have been
incorporated in the CRYSTAL program of Dovesi and co-workers.'* The Kohn-Sham
Density Functional approach has also been used for crystals. Within the density
functional formalism, calculations can be done either at local density approximation
(LDA) or using Generalized Gradient Approximation (GGA). Either of the methods is
known to yield good results. R. F. W. Bader has initiated and made significant
contributions in the last four decades to the understanding of the topology of charge
density distribution in molecular crystals. In his book ‘Quantum Theory of Atoms in
Molecules’ (AIM),® information well beyond classical atomic connectivity has been
obtained from analysis of the charge distribution. By the AIM approach, Bader has
defined bond properties in terms of various topological entities. The theory of Atoms in
Molecules is an interpretative theory that uses the electron density p as the information
source. Transferability of the topological properties derived from an electron density
distribution between molecules containing different functional groups is one of the
important features of AIM. Bader has also defined the reactivity and stability of bonds in

terms of the charge distribution.

1.3.3 Charge density from experiments

Experimental determination of charge density mostly relies on X-ray diffraction.
Owing to the periodical nature of the atomic distribution in crystals and the interaction
of the X-ray radiation with the electrons in it, it is possible to deduce the distribution of
electron density in crystals from the intensities of the diffracted beams. What we
actually measure in a crystallographic experiment are the structure factors F(H) where H
are indices denoting a particular scattering direction corresponding to a crystal plane.

The fundamental equations are:

I(H) o [F(H)

o| Z £ (H)exp(2miH.r)|? (2)

F(H) = j p(nexp(2miH.r)dr ..(3)

Vv
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where I is a position vector in direct space, H is a reciprocal lattice vector, I the intensity
of the diffracted beam, F the structure factor, fi(H) is the atomic scattering factor of the
i™ atom in the unit cell, p(r) is the electron density and V is the unit cell volume. The

electron density is obtained from these structure factors via the following equation,
p(r) =% D" F (H)exp(-2miH.r) (4
H

In the final stage of data processing, non-linear least-square refinements are used
to fit a model electron density to the measured one. This is equivalent to minimizing the
difference density Ap, which is defined as Pobserved - Pealculated- 1N routine molecular
geometry determinations, Pealculated 1S just a superposition of spherically symmetrical
atomic densities. The density in a molecule can be conveniently modeled by partitioning
it into core, spherical valence and deformation valence around each atom (the

deformation being caused by the interatomic bonding).'*’

patom(r) = pcore(r) + pvalence(r) + pdeformation(r;e’d)) .. (5)

Atomic
scattering
factor 84
f(H)

T v T —

0.0 I 0.5 0
sin(0/4) (A™)

Figure 1.21: Variations of the scattering factor with sin@A for different atoms. Above
0.5 A", the scattering due to valence electrons decreases gradually and the atom-core

becomes visible. The scattering factors were obtained from the International Tables for
Crystallography, Vol. IV, page 71 (1974).

For a complete description of bonding, accurate modeling of fi(H) becomes necessary.

In parallel to p(r) (see equation 5),
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f(H) :ﬁtore(H) +fvalence(H) +fdeformation(H) .. (6)

Such a partitioning of f{H) is justifiable in X-ray diffraction since one can select regions
of reciprocal space where core scattering is predominant. In Figure 1.21, a variation of
f(H) with scattering angle 6 for various elements are shown. Each curve is composed of
two regions. At low angles, the Bragg vector (H=2sin6/A), f(H) decreases sharply and
above ~ 0.5A”, the fall is gradual. The first part has contributions from both the atom-

core and the valence density, while the second arises mainly due to the core.

One major requirement for an experimental charge density data is to have a
resolution better than 0.5 A. For small unit cells with dimensions ~ 30 A, data collection
up to moderately high resolution (1.25 A™) can be achieved using short wavelength
radiation such as MoK, (0.7107A). Moreover, data collection strategy typically depends
on the type of the diffractometer. Fortunately, an increasing number of affordable and
high-quality diffraction apparatus are now available, such as a low temperature rotating
anode or even a dedicated synchrotron facility with state-of-the-art area detector. These
powerful devices yield an experimental electron density (Pobserved) Which contains much
more information than required merely to find atomic coordinates. In 1998, it was
reported that a very high resolution picture of an amino acid could be obtained within
one day,"” whereas in the past this could be a matter of several months. The Atoms in
Molecules (AIM) analysis is equally valid for p retrieved from an X-ray diffraction

experiment.
1.3.4 Representation of the charge density and deformation densities

The charge density can be represented either as a two-dimensional contour map,
a three-dimensional contour map or as a relief map. Figure 1.22a shows the 2D contour
map of p evaluated in the symmetry plane of formaldehyde. The outer contour line
(corresponding to p = 0.001 au or 0.0067 eA™) can be taken as the boundary of the
molecule. Inside this contour line, lies a set of non-intersecting contour lines of higher
electron density, each completely enclosing the next one (of higher p value). Figure
1.22b is termed a relief map, which utilizes the third dimension to depict the value of p.
From these figures, it looks as if p is quite featureless except for indicating the positions

of the nuclei. The relief map also show the density centered around the atoms with huge
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(a) (b)

Figure 1.22: (a) A contour plot of the electron density in the symmetry plane of
formaldehyde. The outer contour line corresponds to 0.0067 edA”, and the electron
density increases exponentially toward the innermost contour. (b) A relief map of the
electron density in the symmetry plane of formaldehyde. The nuclei are marked under
the relief map, oxygen (left), carbon (middle) and hydrogen atoms (right).”’

peaks which is overall featureless. In order to obtain the chemistry behind the charge
density a new concept of deformation density has been introduced which give the
eliminated density over the contributions from the nucleus. The experimental
deformation density is the reminder of the subtracted promolecular density from the total
density. The promolecule is a superposition of spherical atoms centered at the nuclear
positions. The role of deformation density in a charge density analysis can be made
clearer from the example of oxalic acid given in the Figure 1.23. The deformation
density shown in the figure depicts the features of the bonding and lone-pair regions.
From the figure it is clear that one can extract out the bonding density and non-bonding
density like lone-pair density from the total density which include contribution from the

nucleus.
Pdeformation — Ptotal = Ppromolecule . (7)

The pgeformation T€Veals the asphericity of the valence electron density due to chemical
bonding and intra/intermolecular interactions in the crystal. Experimental charge density
can be analyzed in two ways. In the first method, both the atomic positions and

deformation density were obtained from the X-ray diffraction whereas in the second
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Figure 1.23: 4 standard deformation density in the molecular plane of the oxalic acid
molecule at 15 K. Zero and negative lines are dashed. >’

method the atomic positions are determined by a neutron diffraction data and the
deformation density is obtained by X-ray diffraction data. The latter method is rather
costly and laborious besides it requires a big crystal. In recent years the extraction of
experimental charge density from the data, which is completely obtained from X-ray
diffraction, is more popular and the work presented in this thesis is also based on this

methods.

1.3.5 The multipole model and computer codes

152

The general analytical description of atomic density by R. F. Stewart °~ was the

stepping-stone for the present day models, which is used for experimental charge

density. The further improvements by Hansen and Coppens149’ 153

implemented a core
contribution, a valence contribution, and a deformation term representing the deviation

of the valence density from spherical symmetry:

i

patom(r) = pcore(r) + PVK3 pvalence(Kr) +Z K,3 R](K'&I‘) Z lelemp(e,(P) .. (8)
I m=-1
The Figure 1.24 depicts a spherical polar coordinate system of an atom. The
deformation is expressed in terms of a radial function Ry(r) modulated by angular
functions Yim(0, ¢), defined on local axes centered on the atoms. The angular functions

are the same spherical harmonic functions, which are used to describe atomic orbitals,
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Figure 1.24: Local coordination system.

but normalized for charge density rather than for wavefunctions. The functions with / =
1 are called dipoles, / = 2 quadrupoles, / = 3 octopoles and / = 4 hexadecapoles. The
population parameters Py, P, and expansion-contraction coefficients k and «' are
refinable parameters, together with the coordinates and temperature factors. The
multipoles on the first row atoms are generally refined up to octapole moments, while
for the heavier ones, moments up to hexadecapole are used. Hydrogen atoms are
restricted to dipole. Kappa values greater than unity indicate contraction while lesser
than unity indicate expansion. As the core is not affected by chemical bonding, there is
no kappa on core, while on the valence shell, various types of kappa’s namely, spherical,
deformation, monopole, dipole, quadrupole, octopole and hexadecapoles are applied. As
hydrogen has only one electron, the kappa value for hydrogen is quite high (close to
being 1.2) compared to other atoms, which are close to 1. The above formalism is well
adopted in the recently developed user-friendly program package — XD.">* Older codes
such as MOLLY, VALRAY, LSEXP, POP are also still in use. The quality of a refined
model can be monitored based on the residuals and the goodness-of-fit parameter,

besides closely inspecting the deformation density maps.

Ri =2 (|F |- [Fyz |F,| .9
wR, = [Ew(F,” — FA)*T/ £ w(Fo2)]"? ...(10)
S = ([Zw(F,’ — E&)*)/(n-p)) " (1D

where n refers to the number of reflections and p is the total number of parameters

refined.
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1.3.6 Criteria for the use of the multipole model

The aim of electron density distribution is to analyze the finer details of charge
distribution by comparing the chemically related molecules. A rigidity test of the
molecule is important since anisotropic displacement parameters are known to
compensate both for systematic errors in the data and also for inadequacies of the model.
The rigid body libration analysis proposed by Hirshfeld'** has reasoned out that the
relative vibrational motion of a pair of bonded atoms has an effectively vanishing
component in the direction of the bond. If 2% g denotes the mean square displacement
amplitude of atom A in the direction of atom B, then for every covalently bonded pair of

atoms A and B,
— 2 2 _
AA,B_ZA,B —ZBA =0 (12)

The deviation of any bond in a molecule from this postulate indicate insufficient
structural model. Hirshfeld estimated that for atoms at least as heavy as carbon, A4z
should normally be smaller than 0.001 A% Verification of the model and the anisotropic
displacement parameters by this test strengthens confidence in the experimentally
determined electron density distribution. In addition, for a precise multipolar modeling
of the fitted data, very accurate intensity measurements, chemical suitability and crystal
suitability (ordered structure, appropriate size and a well-characterized morphology) are

essential.
1.3.7 Topology of the charge density

The topology of charge distribution has many valuable features like maxima,
minima, saddles and nodes. They help to characterize the fundamental elements of the
structure such as atoms, bonds and lone-pair electrons etc. These are analyzed in terms
of critical points, the points where the electron density exhibit a maximum or minimum.
As an example, the charge density distribution in water molecule’ is depicted in Figure
1.25 in the form of contours as well as relief map. The density is maximum at the
oxygen core position and it decreases sharply toward the region in between oxygen and
hydrogen reaching the minimum value at the critical point (CP at which Vp = 0). This
point carries maximum densities from the other two perpendicular directions. For

example, the density in the xy-plane (normal to O-H bond) appears as a local maximum
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Figure 1.25: Water: charge density in the molecular plane, (a) the contour map. The
outermost contour has the value 0.0067 eA™. The density increases almost exponentially
for inner contours. The bond paths, the interatomic surfaces and the bond critical points
are also indicated. (b) The relief map: atom-cores are seen as peaks.’

at the critical point lying between the oxygen and hydrogen nuclei, while in the other
dimension, it appears as saddle. In other words moving x or y axes towards the critical
point (CP) we reach maximum in p(r) [6°p(r.)/ 0x> < 0 and &°p(re)/ 8y* < 0]. But if we
move along the z-axis towards CP, then a minimum in p(r) is reached [82p(rc)/ 8y2 > 0].
A quantitative description of charge density thus turns out to be the careful examination

of the number and the nature of such critical point in and around the molecule.

A critical point (CP) is characterized not only by its density but also by
curvatures and associated signs.” These vital parameters are used to ascertain the nature
of bonds in molecules. For an arbitrary choice of coordinate axes, one encounters nine
second derivatives of the form &”p/dxdy in the determination of the curvatures of p at a
point in space. Their ordered 3 x 3 array is called the Hessian matrix of the charge

density. Thus,
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Oplox*  Oploxdy  ploxdz
Hessian, H= | &p/oyox  &*ploy* O*ployoz
&plozox  O*plozdy  O°plort
is a real, symmetric matrix and can be diagonalized. The new axes about which the
Hessian is diagonalized is called the principal axes of curvature, so termed because the

magnitude of the three second derivatives of p calculated with respect to these axes are

extremized.
plox*  O°ploxdy  &ploxoz M0 00
ployox pleyt dployezl T——— |0 a0
&plozox  Fplozdy  0%ploz’ 0 0 A

The trace of the Hessian matrix, that is, the sum of the diagonal elements, is invariant to
the rotation of the coordinate system. Thus, the curvature of charge density Vp, called
the Laplacian, obtained as the sum of eigenvalues - A;, A2, A3 of the Hessian matrix, is
invariant to the choice of the coordinate system.
Trace = A; + A, + A3 = Laplacian of the charge density

The rank and the signature of Hessain matrix uniquely define the nature of critical
points. The rank (r) of the critical points refers to the number of non-zero eigenvalues of
the Hessain matrix, while the signature (s) refers to the sum of their signs as given in

Table 1.2 and 1.3. The critical point can be characterized in a quantitative way by

Table 1.2 Various critical points and meaning.

Critical Meaning

3,-3) All curvatures are negative and p is a local maximum at r..

(3,-1)  Two curvatures are negative and p is a maximum at r. in the plane defined
by their corresponding axes. p is a minimum at r, along the third axis,
perpendicular to this plane.

(3,+1)  Two curvatures are positive and p is a minimum at r. in the plane defined
by their corresponding axes. p is a maximum at r, along the third axis,
perpendicular to this plane.

(3,+3)  All curvatures are positive and p is a local minimum at r..
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evaluating properties at them. Covalent bonds are usually associated with high charge
densities (1.5 to 3 ¢ A”) and negative Laplacians, while lower densities characterize
ionic bonds and positive Laplacians.'”> Compared to these two bonds, hydrogen bonds

are associated with even lower densities and Laplacians.

Table 1.3 Chemical entity defined in terms of critical points.

Chemical entity Property Critical point  Acronym
Atom-cores (or nuclear attractors)  p (local maximum) (3,-3) NA
Bonds p (first order saddle) (3,-1) BCP
Rings p (second order (3, +1) RCP
Cages p (local minimum) (3, +3) CCP
Lone-pair V2 (3,+3) LP

1.3.8 Other topological parameters
Bond path

The vector that points in the direction of greatest increase in the electron density
is called the gradient vector and the trajectory of tiny segments of gradient vectors is
known as gradient path. The pairs of gradient paths which originate at each (3,-1) critical
point and terminate at the nuclei define a line through the charge distribution linking the
neighboring nuclei. This line (atomic interaction line) is called a bond path (BP).? Along
BP p(r) is maximum with respect any other neighboring line The critical point on the

bond path (BCP) is the topological definition of a chemical bond, formalizing the

Figure 1. 26: Planar projection of the molecular graph of [1.1.1] propellane generated

from a theoretical electron density. The small black dots denote the bond critical
. 156

points.
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theoretically predicted and experimentally observed (from deformation maps)
accumulation of charge between bonded nuclei.'”® Figure 1.26 shows the collection of
bond paths in [1.1.1] propellane.' It is clear from the figure that the bond paths are not
always straight lines. These curved bond paths are consistent with the bond strain. The
deviation of bond paths from straight line can be quantified by measuring the bond path
length Rb, the distance between two nuclei measured along the bond path. The bond path
is always greater than or equal to the bond length R., which is simply the distance

between the bonded nuclei measured along a straight line.

Bond order

The value of electron density at the bond critical point, p (BCP), is a measure of
the extent of charge accumulation along the bond path and can be related to the bond
order. Creamer and Kraka obtained an exponential relationship between the bond order'>

and the electron density, p (BCP). The exponential relationship is given by,
n(A,B) = exp {a. [p (BCP)-b]} ...(13)

where n (A,B) is the bind order, A and B are the atoms forming the bond, pBCP is the

electron density at the BCP and a and b are the constants for the bond order relation.

Bond ellipticity

The charge density along the bond path reaches a minimum value at the BCP and
the associated curvature of p is therefore positive. But the density along the plane normal
to the bond path has maximum value at the BCP with a negative curvature. If the bond is
not cylindrically symmetric (as for a bond with nt-character) then charge is preferentially
accumulated in a particular plane along the bond path. Thus, the bond ellipticity gives a
quantitative measure of the bond ellipticity (g). Values of ¢ provide a measure of the
extent to which the charge density is asymmetrically concentrated at the plane
perpendicular to the bond path.

e=Mh\W;-1 ... (14)
where A; and A, are the negative Hessain eigenvalues, A, being the curvature of smaller
magnitude. The corresponding eigenvector is the major axis of curvature, defining the

orientation of the plane in which the charge is smeared.
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Bond polarization

An estimate of bond polarization'> can be obtained from the location of the bond

CP with respect to the internuclear vector,

d

_RAR

A R B

Ascp % =100 x (R —R;)/Rin ...(15)

Where Ry, = (R; + Ry)/2. The A value used to describe relative electronegativities of
atoms forming the bond. The strain involved in the bond can be estimated '*° in terms of

the vertical displacement, dcp of the bond path form the internuclear vector
dep= 2x[sx(s—R)x(s—R)x(s—R)")IR ...(16)
where s = (R;+R,+R)/2

The above topological and charge density properties in combination with pseudoatomic
charges describe a bond quantitatively.
The other quantity of interest is the kinetic energy density at the critical point,

Gep'™’ which is obtained by
Gep = (3/10) 3n°)?” pep +V2pep/6 ..(17)

It has been used in some cases for the calculation of hydrogen bond energies '*® and their
classification.'
Ring properties

When nuclei are topologically connected to form a ring structure such as in
benzene, a ring critical point (RCP) arises, which lies somewhere close to the geometric
centroid of the ring. In the case of benzene, the ring consists of a set of six C-C bond
paths. The spectrum of curvatures (A1, A, and A3) give rise to a (3, +1) critical point. This
is because, along the ring surface, in two dimensions, the electron density is a minimum
at the RCP and the associated curvatures are positive (A, and A3). And perpendicular to
the ring surface, the electron density is a maximum at the RCP with the associated

curvature (A;) being negative. Therefore, at the RCP, the Hessian possesses two positive
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Figure 1.27: The upper half of the figure illustrates the molecular graph of benzene with
BPs and BCPs. The lower half'is a perspective diagram of the calculated electron density

of benzene with respect to the plane containing the 12 nuclei. The position of the bond

(BCP) and the ring critical point (RCP) are marked by black circles and arrows.'®

and one negative eigenvalues and the signature equals (+1) + (+1) + (-1) = +1. Figure

1.27 shows the position of the RCP in the charge density distribution of benzene.'®
1.3.9 Understanding of molecular properties

Dipole moment

As mentioned earlier, many chemical properties can be obtained from an analysis
charge density. It is customary to evaluate molecular dipole moments from charge
density using the multipole populations or using the direct integration method.'®" In the
multipolear method, the population coefficients P' can be used to estimate the pseudo

atomic charges on different atoms according to the equation,
gi=n-P ...(18)

where, n; is the total number of electrons of atom i. The molecular dipole moment is

given by,

P =3 2R+ |rp(r)dr ..(19)
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Where R; refers to the nuclear position vector and ri = r-R;. In the direct integration

method, the corresponding equation is,
u= jrp(r)dr ...(20)

Molecular dipole moment obtained from experimental charge density can be

conveniently compared with that obtained using semi-empirical and ab-initio methods.'®*

The dipole moment obtained can be used to evaluate many molecular properties
such as interactions with various molecules and non-linear optical properties such as
SHG activity.'® The studies on dipole moment derived from charge density analysis have
shown that the in-crystal dipole moment has been shown an increment in it values due to

the weak interactions and the crystalline environment.'®’

Electrostatic potential

One of the important applications of charge density analysis is to obtain the
electrostatic potential caused or generated by the charge distribution in the molecular
species. The electrostatic potential (esp) generated by a molecule containing nuclear

charge z;, placed at Ri, with a charge distribution p(r), is given by'®*

Zi P s
V(r):ZV_Ri'— lry_ﬂdr ..(21)
As the electrostatic forces are relatively long range forces, they determine the path along
which an approaching reactant will travel towards a molecule. A nucleophilic reagent
will be first attracted to the regions where the potential is positive while an electrophile
will approach the negative regions of the molecules.'® Hence, the multipole derived
electrostatic potential provides an exact idea about the intermolecular interactions such as
hydrogen bonding and the possible interaction sites in various reactions in addition to the
properties of the reactants.'®® An accurate experimental charge density derived from a X-
ray diffraction experiment can provide a very good and reliable estimate of the
electrostatic potential in the molecules.'”” Recently various groups have been used the
electrostatic potential to understanding of the molecular properties and binding regions

especially in drug receptor interactions.'®® Recent, studies by Koritszansky et al.'®® on
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tdel s (&) 200C Christian B. Hibachle

Figure 1.28: Molecular electrostatic potential of thymidine mapped on the charge
density iso-surface at 0.5 ed . The colour legend refers to units of ed”'. Mollso
representations are used. '’

pencilin derivatives have shown that the electrostatic potential can be used as a better tool
for the understanding of various binding regions in a molecule. Recent development in
the computer graphics provided the three dimensional visualization of the electrostatic
potential using various colour codes. Figure 1.28 shows a three dimensional
representation of electrostatic potential by Hubschle et al.'” in thymidine molecules,
which depict the positive (blue) and negative (red) regions over neutral (green) regions
using an isosurface. The most relevant application such isosufaces are the 3D QSAR

models which generally used in drug designing for the drug-receptor interactions.'”'

Aromaticity

The concept of conjugation and aromaticity in various molecular systems has
been widely studied employing a multitude of experimental and theoretical methods.
Experimental methods include spectroscopic techniques such as NMR,'? X-ray

crystallography and magnetic measurements,'”

while theoretical approaches mainly
pertain to resonance energy calculations'”* and graph-topological evaluations.'” Recently
literature on charge density covers some studies on various aromatic molecules including

poly nuclear hydrocarbons and other linear molecules. Various studies in these regard
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® and in an annulene derivative!”’ has been

include electron delocalization in citrinin'’
analyzed in terms of the critical point parameters. There has been an effort to obtain
information on the extent of conjugation in N-containing compounds such as

7 and pyrimidine derivatives,'”® based on the bond properties.

imidazole,178 triazole,
Though the electron densities at the bond critical points were found to be intermediate to
those of single and double bonds akin to aromatic rings, the Laplacian and the ellipticity

180 in their

values hardly showed any systematic trend. Howard and Krygowski,
theoretical study of benzenoid hydrocarbons, emphasized the importance of the charge
density parameters evaluated at the ring critical point (RCP) in describing the aromatic
character of a molecule. The recent studies by Ranganathan et al.'"®' on squarate and
croconate anion have shown that the ring critical point density can be used as a measure

of the aromaticity.

1.3.10 Intermolecular regions - hydrogen bonds

The characterization of hydrogen bonds on the basis of the topological analysis of
the electron density at the hydrogen bond critical point has been received considerable

182 Koch and Popelier proposed a set of criteria,'™ based

attention over the past decade.
on the AIM [Atoms in Molecules] theory, recognizing the H---A interactions as hydrogen
bond. The criteria are, [1] A well defined topology {bond critical point BCP and bond
path BP}for each hydrogen bond.[2] A low value of p{rgcp} which correlates with bond
energy, [3] Positive [Laplacian of density V*p{rgcp}[4] Mutual penetration of the donor
and acceptor atoms, measured by the difference between the non-bonded and bonded
atomic radii of the participating atoms, [5] loss of charge at hydrogen atoms, [6] decrease
of dipolar polarization of hydrogen atom, and [7] decrease of the volume of the atomic
basin associated with hydrogen atom. Early topological analysis of theoretically obtained
electron densities'® for a hydrogen bonded complexes between nitrile and halides have
shown a linear correlation between the bond energy and density at the hydrogen bond
critical point, p {rgcp}of the H-"N bonds for internuclear separation greater than 2 A.

The atoms in molecules, AIM theory is the ideal tool for the detection and
classification of hydrogen bonds. Lecomte and co-workers'™® related structural

parameters and the topological properties at the bond critical points such as the electron

density, p{rscp}, the Laplacian of the electron density, V?p{rgcp}, and the positive
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curvature of the ppcp, along the internuclear axis, As;. These researchers have shown a
better correlation between hydrogen bond distances to positive curvature of the electron
density {A3}. Furthermore, a study by Espinosa et al.'*® have shown that for closed shell
interactions, the kinetic energy, Gycp; and the potential energy density, Vywp;, at the
critical point depend exponentially on the H--O distance. These workers have also
described relationship between the kinetic and potential energy densities and the

187 . 188
Wozniak et al.”*® have

curvatures of the electron density at the critical point {CP}.
analyzed the charge density distribution in the N-H--O and C-H--O bonds of dipicryl
amine and have shown that the linear relationship between the charge density at the CPs
and the N---O contact distance. A recent study by Rangnathan et al.'® have employed
experimental charge density method to provide a detailed description of the hydrogen
bond in terms of the location of the bond critical point and the geometry of the lone par of
electron. On the basis of the of a study of 7 different O-H--O hydrogen bonded systems
with 19 hydrogen bonds covering a wide range of hydrogen bond distances and angles,
and arrived at a generalization of topological descriptors. This study provided a useful
classification of hydrogen bonds in terms of new descriptors such as interaction line and
nearness parameter. Besides enabling a complete charge density description of the
hydrogen bond, this study provides new insights with respect to the location of the
critical point and its relationship to the lone pairs involved in the formation of the
hydrogen bond.

In addition to the experimental analysis of charge density at the hydrogen bond
region there are also theoretical efforts to relate distances and the electron density
parameters at the bond critical point. An example to illustrate the calculated electron
density distribution in hydrogen bonds: Vorobyov et al.'”® have carried out ab initio
calculations on the complexes of water with ethane, propene and allyl alchohol. The
authors have analyzed the energetics and electron density redistribution associated with
hydrogen bonding interactions in these clusters. Topological analysis of the electron
density performed using Bader’s AIM theory confirmed the closed shell, hydrogen-
bonding nature of O-H-+O(p ~ 0.13 eA> V?p ~ 2.30 eA™) and O-H-r interactions (p ~
0.13 eA”, V?p ~ 0.92 eA™). High ellipticity values (~ 0.6) at the H-w BCPs of these
complexes indicate their additional floppiness compared to the classical type of hydrogen

bonds. Properties of H:-n BCPs place O- H-m interactions with in the spectrum of
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values proposed by Koch and Popelier for hydrogen bonds. The Laplacian maps are
depicted in the Figure 1.29.

oH

Figure 1.29: Contour plots of the negative of the Laplacian (-V’p) for the complex of
ethene with the water dimer in the plane of (a) O-H---O and (b) O-H---x bonded atoms.
Solid contours denote positive values of -V’p, regions of charge concentration, and
dashed contours denote -V p < 0, regions of charge depletion. BCPs are shown as solid
squares. Bond paths: solid lines connecting nuclei. Maxima and minima in - V'p are
denoted by solid and open triangles, respectively.””’

! studied various types of hydrogen bonds including

Alkorta and co-workers'’
dihydrogen bonds, bifurcated hydrogen bonds, H---m interactions, inverse hydrogen bonds

involving carbene and silylenes as acceptors. Charge density studies on some systems

192 .
1.”"< carried out

that exhibit dihydrogen bonds (H--H) have also been studied. Zhang et a
theoretical studies on hydrogen bonded complexes, with strained organic systems like
tetrahedrane acting as pseudo m-acceptors. Recent studies on charge density analysis
cover interesting reports on various other interactions such as hydrogen bonds with
halogen atoms'”® and halogen-halogen interactions,'” such as C-H---F and F---F

contacts.
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1.4 Experimental and Related Aspects

1.4.1 Synthesis and crystallization of the compounds

The crystallizations of all the compounds studied in this thesis are carried out
using slow evaporation or solvothermal techniques. A detailed description of synthetic
methods and crystallization are provided under the experimental section of respective

chapters.
1.4.2 Single crystal X-ray diffraction

Single crystal data sets were collected using a SIEMENS 3-circle X-ray
diffractometer or Bruker-Nonious Kappa diffactometer. In SIEMENS 3-circle X-ray
diffractometer y-axis fixed at 54.74° in which the positive and the negative limits for 20
and (»-20) axes are 30° and -85°; 26° and -208°, respectively. The ¢-axis on the other
hand could be moved in the whole range of 0 to 360°. A photograph of the X-ray
diffractometer is shown in Figure 1.30. The MoK, radiation generated from a sealed X-

ray tube (50 kV, 40

Figure 1.30: Single crystal X-ray diffractometer

mA) is monochromatised using a graphite monochromator held at 6°. The beam is then

passed through a 0.5 mm collimator before falling on the crystal. The direct beam from
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the collimator is stopped using a beam-stop, which is placed beyond the crystal. A charge
coupled device (CCD) serves as the detector. It has a 1024 x 1024 pixeled phosphor
screen protected by a beryllium window. At each pixel point on the screen, the X-ray

photons are converted to optical photons, which are then carried to the CCD chip. The
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Figure 1.31: Components of the Siemens SMART/CCD system.

charge build-up is a measure of the diffracted intensity. Before data collection, dark
current measurement is done without opening the shutter in order to estimate the
background. The dark frames (16 frames) are collected for the same exposure time as the
data and are averaged to obtain the background. The components of the SMART system

are indicated in Figure 1.31.
Data collection for structural analysis

A polarizing microscope, LEICA MZ8 was used to examine the crystals. Crystals
with dimensions in the range of ~ 0.1 to 0.4 mm were chosen for investigations. The
crystal was mounted on a glass fiber attached to a cooper pip. The copper pip with a
crystal on top is mounted on the goniometer-head and the sleds on the goniometer head
are adjusted to centre the crystal with respect to the cross-hairs of the optical microscope
attached to the diffractometer. The data collection/reduction was done on a Pentium-DOS

machine connected to the diffractometer using the SMART software.'”” Initially, the
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orientation of the crystal with respect to the diffractometer was determined by collecting
over a range of ~ 7° in ® in ~ 45 frames, each frame being read for about 10 seconds. The
width of each frame was 0.3°. By this method, the cell parameters and the orientation of
the crystal could be obtained. For extended data, a separate SGI workstation connected to
the Pentium PC over the Local Area Network (100 Mbps) was used. A room temperature
hemisphere data was usually recorded to check the quality of the data at various
resolution levels. Depending upon the intensity of diffraction, the data is collected for 20
to 40 seconds per frame. The data reduction was carried out using the SAINT software in
the SGI workstation. This computer also houses SHELXTL'®® for structure solution and
other programs like PLATON."’ The values of 26, ¢ and o used for the hemisphere data
are listed below in Table 1.4. For a routine structural determination, a hemisphere of data,

collected at low-angle is sufficient.

Table 1.4 Optimal 26, ® and ¢ for hemispherical data at low resolution.

Run No. 26 ® ) Width No. of frames
0 -28 -26 0 -0.3 606
1 -28 21 88 -0.3 435
2 -28 -23 180 -0.3 230

The structure can be solved with a partial data set while the data collection is
going on. This arrangement provided means of monitoring the data, so that any problems
encountered during the experiment could be identified and corrected immediately. The
total data and the refined matrix were used as input in the program, XPREP. The centric
or the noncentric nature of the crystal was determined based on the normalized structure
factor, E; Mean |E? - 1 |being 0.968 (for centric) and 0.736 for non-centric crystal

198
structures.

The exact space group was determined from the systematic absences. The
graphic routine XP was used for the visualization purposes. All the structures were solved
using direct methods of the XS routine of SHELXTL.'”® The XL routine of SHELXTL
was used for the structure refinement over F>. All the non-hydrogen atoms were refined
anisotropically. The fractional atomic coordinates of the various molecular crystals

investigated are given in Appendix Al. Intermolecular bonds were calculated using the

program PLATON."’
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Data collection for experimental charge density analysis

For low temperature charge density studies, the cold nitrogen gas from the dewar
was made to shower on the crystal. The temperature of the stream could be recorded

using a Chromel-Alumel (K-type) thermocouple. The temperature of the crystal could be
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Figure 1.32: Diagram of the low temperature setup on the SMART 3-circle goniometer.

maintained within * 1° using the thermocontroller. The temperature was chosen such that
the consumption of liquid nitrogen was optimal (~ 5 L/h). In order to circumvent ice
formation on the crystal, copper pips specially designed for this purpose were used. A
thin glass fiber at the end of the pip carried the crystal under measurement. With this kind
of an arrangement, the data collection could be carried out without any interruption for a
period of two to three days. All the charge density experiments presented in this thesis
were carried out at 130 K. A diagram of the low temperature setup, on the SMART 3-

circle goniometer is shown in Figure 1.32.
1.4.3 Data collection strategy

All the low temperature data sets presented in this thesis were collected on
SIEMENS 3-circle X-ray diffractometer are at 130 K. A hemisphere (for centric

crystals) or a full sphere (for non-centric or triclinic crystals) data was collected, both at
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low and high resolution (20 = 28°, 75°), the maximum resolution achievable being ~ 0.45

A. The values of 20, ¢ and o used for the hemisphere and the full sphere data are listed in

Table 1.5 and Table 1.6, respectively. During the data reduction, the original orientation

matrix along with the lattice parameters was refined every 40 frames and the orientation

matrix and lattice parameters obtained using the total data is used for structure refinement

and charge density.

Table 1.5 Optimal 20, ® and ¢ for hemispherical data at low and high resolutions®

Run No. 20 ) ) Width No. of frames
0 -28 -26 0 -0.3 606
1 -28 21 88 -0.3 435
2 -28 -23 180 -0.3 230
3 =75 -75 0 -0.3 606
4 =75 -75 88 -0.3 435
5 =75 -75 180 -0.3 230

*Note that two complete hemisphere of data are collected, in comparison to only a low
order data for a routine structure determination

Table 1.6 Optimal 26, ® and ¢ for full-spherical data at low and high resolutions

Run # 20 ® ) Width No. of frames
0 -28 -26 0 -0.3 636
1 -28 -21 88 -0.3 465
2 -28 -23 180 -0.3 636
3 =75 =75 270 -0.3 465
4 =75 =75 0 -0.3 636
5 -75 =75 88 -0.3 465
6 =75 =75 180 -0.3 636
7 =75 =75 270 -0.3 465

Data collection on Bruker-Nonius Kappa-CCD-diffractometer.

The Bruker-Nonius diffactometer attached with an APEX-II-CCD area detector

which has been used for the data collection of the crystal structures presented in chapter 4

and 6 is a 4-circle diffractometer. This goiniometer configuration is called kappa

geometry where this uses a horizontally oriented kappa goiniometer with 2-theta, omega,
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kappa and phi drives and motorized DX track for setting the detector distance. With the
kappa angle, the crystal can be oriented at chi from -92° to 92°. Kappa can be positioned
so that the phi drive, which has unlimited rotation, can be swung under the incident beam
collimator, allowing the free rotation in omega. In this system both the ® scan and ¢
scans are possible for extracting more data with 100% completeness and high
redundancy. In this diffractometer the cell determination is carried out similar to that
mentioned in the case of Siemens-SMART diffractometer. The data collection strategy
for this system is prepared by using program COSMO by maximizing the completeness
and redundancy to a given resolution and exposure time for a particular crystal system in
a given data collection period (This procedure is similar for both room temperature and
low temperature data collection). Figure 1.33 show a Bruker-Nonious diffactometer

attached with an APEX-II-CCD area detector.

Bruker-Nonious diffractometer is equipped with additional accessories of low
temperature device where the temperature varies by +0.05°. The air compressor and air
drier mounted on this system ensure the supply of moisture free liquid nitrogen
throughout the experiment. In this system the liquid nitrogen supply controller and
heating elements are out inside the diffractometer and is interfaced to a Windows-XP

based server computer on which the data collection is carried out. Unlike the data sets

Timing ; Beamstop
Shutter IBn:::ﬁm
Collimator Goniometer
Sealed X-ray gﬁ:ﬁgr
Tube

| APEX I
Detector

Monochromator

Kappa
Goniometer

Figure 1.33: Bruker-Nonious diffactometer attached with an APEX-II-CCD area

detector.
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with SIEMENS 3-circle X-ray diffractometer all the low temperature high resolution data
sets collected on Bruker-Nonious diffractometer were at 100 K. Data reduction and
structure solution was carried out on a client computer (Windows-XP) which is similar to

that described for Siemens-SMART-3 circle diffractometer.
1.4.4  Structure and multipole refinement

The crystal structure determination was carried out by routine structure solution
and refinement. In all the cases, the non-hydrogen atoms were first located and refined
anisotropically. The hydrogen atoms were located using the difference Fourier technique
and refined isotropically. In some instances, extinction corrections were needed. The
weights w; and w, were adjusted in order to obtain the goodness-of-fit close to unity. A
high order refinement was performed on the structure so obtained, using the high-
resolution reflections, sinb/A > 0.6 A”. During this refinement, the hydrogens were
moved to average neutron diffraction distances (C(ar)-H, 1.085; C(sp’)-H, 1.06; C(sp”)-
H, 1.075; O-H, 0.96; N-H, 1.01 A)."® The positional and thermal parameters of hydrogen
atoms were kept fixed thereafter. The resultant file of the high order refinement served as

the initial input to the charge density analysis.

The multipole refinement is done using a full-matrix least squares refinement

routine, XDLSM of XD.** The details of the multipole refinement are listed below.

1. Coordinates and thermal parameters from high angle refinement (sinf/A > 0.6 A™) is
taken as the input to charge density analysis.

Scaling refinement.

Poo refined.

Pim (1, m > 0) refined.

Spherical kappa (k) refined on all atoms.

P refined.

Pim (I, m>0).

Deformation kappa (k') refined on all non-hydrogen atoms.

o © =N kWD

Po() refined.
10. Pim (1, m > 0).

11. Atom positions of non-hydrogen atoms refined.
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12. Pyg refined.
13. Py (I, m > 0) refined.
14. Py and Py, refined.

Each step is repeated till the shift/esd values become small. The quality of the
refinement was constantly monitored through goodness-of-fit (S), R; and wR,. For a
reliable electron density calculation, caution was exercised to maintain N..¢/Ny greater

than ten.

The electronic properties like dipole, electron density, Laplacian etc are calculated
using XDPROP. The experimental deformation map is obtained using the calculated

multipole phases with the observed structure factors F,.
50701 = — |, (DJe ™ ~|F,, (ke k27" s
p V H ? sph e

Fopn(H) 1s computed with atomic positions and thermal parameters obtained from the
multipole refinement. The dynamic model map is obtained from the calculated multipole

factors, that is, the Fourier coefficients are the difference of the two values of F..

—|F (D™ ]e-z’”'H-" ...(19)

1 4
Spdyn(r) - ; z ﬂqul (H)|el¢mu1
H

The use of multipole phases makes the maps slightly model dependent. To check that all
the significant density features of the experimental data are included in the model, one
computes the residual density. This is defined as the difference between the total electron

density and that obtained by the multipole model.

50" (r) = %Z |E, (E)| = |, (B Je e 20 ...(20)

H

This is obtained using the XDFOUR routine and plotted using XDGRAPH. A featureless,
flat residual density means a good modeling of the electron density by the multipole

model.
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Chapter 2

A STUDY OF THE SUPRAMOLECULAR ASSEMBLIES
INVOLVING PYRIMIDINE BASES AND 5-NITROURACIL*

Summary

This chapter discusses the hydrogen bonding interactions and patterns found in
cocrystals and solvates of pyrimidine bases, cytosine and uracil with various hydrogen
bond donor-acceptor compounds. Another related compound 5-nitrouracil forms
supramolecular assemblies with variety of compounds including solvents. A molecular
complex of uracil with melamine, (1:1), protons-transfer complexes (1:1) of cytosine
with trimesic and pyromellitic acids as well as the solvates of 5-nitrouracil with solvent
molecules, dioxane, pyridine, DMSO, formamide, ethanol and cocrystals with piperazine,
N, N'-dimethylpiperazine, 3-aminopyridine and diazabicyclo [2.2.2] octane have been
examined by X-ray crystallography. The crystal structures of a 1:1 complex of uracil and
melamine involves hydrogen bonded layers with apertures stacked along the a and b
directions giving rise to channels. The complexes of cytosine with trimesic and
pyromellitic acids exhibit layered structures, each layer containing a plethora of N-H...O
and O-H...O hydrogen bonds between the proton-transfer duplets. The cytosine-trimesic
acid complex exhibits a bilayered structure (2.87 A) in contrast to the layered structure
seen in the cytosine-pyromellitic acid complex (3.98 A). The hydrogen bonded
complexes of 5-nitrouracil with various partner molecules show interesting hydrogen
bonding patterns. The tape structure found in the parent centric form of nitrouracil is
retained with some modifications in the cocrystals with dioxane, piperazine, diazabicyclo
[2.2.2] octane, N,N'-dimethylpiperazine, pyridine and DMSO, with the guest molecules
forming alternate tapes. In cocrystals involving formamide, ethanol and 3-aminopyridine,

* Papers based on above studies have appeared in Beil. J. Org. Chem. (2005), Beil. J.
Org. Chem. (2007), J. Mol. Struct. (2008)
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the molecular tapes exhibit mixed compositions. The observed bonding patterns have
been classified into six types. In the cocrystal containing diazabicyclo [2.2.2] octane and
water, a dodecameric ring structure have been found within in the network formed by

water molecules where the tetrahedral pentamers of water serve as the corners.

2.1 Introduction

Molecular recognition and templating are key components of the supramolecular
chemistry, while the basis of molecular recognition is the presence of information in the
interacting components.! Molecular recognition thus implies the storage and read out of
the molecular informations.? In supramolecular assemblies, information expressed
depends on the potential of a component to enter non-covalent bonding relationships with
its partners by satisfying the steric requirements. For the designed synthesis of
supramolecular architectures, large number of variables have to be addressed, that is, the
magnitude and direction of non-covalent interactions involved, makes this a non-trivial
task in multicomponent systems.® Last several decades, considerable effort has been
made to understand the relationship between molecular recognition process and
formation of supramolecular assembles, in terms of the prevalent hydrogen bonding
patterns.*® There exist numerous examples of organic molecules functionalized with
hydrogen bond donor-acceptor groups, which upon recognition of complementary
functional moieties give rise to supramolecular architectures, often exotic.® Hydrogen
bonds like O-H---O, N-H--O, O-H:-:N, N-H--:N (the classical hydrogen bonds) are being
extensively used in the analysis and design of novel supramolecular assemblies which has
opened up a new realm in the synthesis of advanced functional material with tailor made
properties. Some of the applications of these supramolecular assemblies include
catalysis, separation science, optical activity, sensors, electronic materials, conducting
and magnetic materials, polymorphism, crystal growth, supramolecular devices,

surfactants.

In addition to the fascinating properties shown by the supramolecular assemblies,
the study of molecular recognition and non-covalent interactions are of greater
importance in an academic point of view to understand the chemical binding processes
involved in chemical and biological reactions. There exists large number of reports in the
literature towards the understanding of weak interactions and also on modification of
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functionalities for the designing of biological mimics.*? The peptide nanotube is example
for such a biological mimic where the interactions, functionality and structure of the
interacting molecules play a major role.*® The designing and fabrication of molecular
level machines and motors™ (rotaxanes and catenanes) also call for a sound knowledge of

structure, interaction possibilities of various molecules and functional groups.

Besides the interesting physical properties, a study on various non-bonding
interactions and molecular recognition processes shown by various supra molecular
assemblies provides insight into the drug designing and their binding with proteins and
other such functional moieties.™ The reports on peptide nucleic acids show the relevance

of these studies for the synthesis and design of molecules of biological importance.*

2.2 Scope of the Present Investigation

The biological systems such as DNA and RNA depict wonderful example for the
formation supramolecular assembles where the purine and pyrimidine bases interact each
other to give a beautiful organization.!” However, it is rather surprising that utilization of
the native nucleobases in molecular recognition studies for the creation of adducts or
assemblies is rare, except for a few studies reported by Sasada and co-workers'®
conducted as part of their study on the interactions of nucleic acids with amino acids. A

recent report by Perumalla et al '

on supramolecular assembles of nucleobases with
mono and dicarboxylic acids, where this study point out that in spite of the
cocrystallization partner molecules the nucleobases form dimeric interactions among
themselves. In this perspective, it is found interesting to look on to the details of
molecular recognition process and hydrogen bond formation in the molecular complexes

of nucleobase with other molecules and solvents. (see Table 2.1).

2.2.1 A hydrogen-bonded channel structure formed by a complex of uracil
and melamine

Of the many interesting hydrogen bonded supramolecular architectures, those

formed by cyanuric acid and melamine® are specially interesting as it involves a rosette

type structure wherein each molecule of cyanuric acid and melamine forms three

hydrogen bonds on either side. Such a structure of the 1:1 molecular complex between

cyanuric acid and melamine first proposed by Whitesides, > was synthesized under
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hydrothermal conditions.?’ Cyanuric acid also forms hydrogen bonded adducts with
melamine,®® 4,4’-bipyridyl”* and 4,4"-bipyridylethene.?® Although hydrogen bonding
aspects of cyanuric acid have been studied in detail, similar structures formed by uracil
possessing two imide groups has not been studied adequately, except for its hydrogen
bonding with adenine in RNA.?* In view of the above, it was the interest of present study
to understand the hydrogen bonding and structure in the cocrystal formed by uracil and

melamine.

2.2.2 Hydrogen bonding in proton-transfer complexes of cytosine with
trimesic and pyromellitic acids

Carboxylic acids are one of the most utilized functionality in the formation of the
various supramolecular assemblies due to its ability to form robust hydrogen bonding
interactions with various donor and acceptor functional groups also for its property of
proton transfer.”> Proton transfer in various molecular complexes leads to strong and
directional interactions 2° sometimes giving rise to interesting properties such as non-
linear optical behavior.?” Moreover, proton transfer is considered relevant in chemical
and biological processes involving reaction intermediates. In this context a study aimed
to understand structure and self-assembling nature of higher aromatic carboxylic acids
such as 1,3,5-benzene tricarboxylic acid (trimesic acid) and 1,2,4,5-benzene
tetracaboxylic acid (pyromellitic acid) with nucleobase cytosine involving proton transfer

and various strong hydrogen bonding interactions have been carried out.

2.2.3 Hydrogen bonding patterns in the cocrystals of 5-nitrouracil with
hydrogen bond donor and acceptor molecules

5-nitrouracil, 5NU, is an interesting molecule which can be crystallized in centric
and non-centric structures.?® ?° The previous study have shown that the two polymorphic
forms of this molecule show distinctly different interaction and property such as dipole-
moments in the solid state. The centro-symmetric structure of 5NU obtained by
crystallizing 5NU from water, exhibits tapes of nitrouracil molecules, each of which
forms on either side, linear N-H...O hydrogen bonds in cyclic R,%(8) arrangement™®
(H...O distance, 1.81-1.86 A). It also forms C-H...O linear bonds with neighbouring tape

engaging oxygen of the nitro group. Present study on this molecule investigates how the
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Table 2.1 Molecules used for various co-crystallization experiments.

Nucleo bases ) NH, NO,
(pyrimidines) H H H H 0o
and j\ | )N\/ | =z
derivatives N N
0Z >N H 07 N7 H “YH
[ I
H H o
Uracil Cytosine 5-nitrouracil, 5NU
COOH N
NH, E j
N SN N
I HoOC COOH Piperazine
H N N _ NH, 1,3,5, benzene tricarboxylic
Melamine acid, Trimesic acid, TMA
HOOC COOH
Crystallization HOOC COOH N. N’
partner 1,2,4,5, benzene ; iverazi
2y, dimethylpiperazine
molecules tetracarboxylic acid, ypip
Pyromellitic acid, PMA
N NH,
I p”
N
3-aminopyridine
D
LN
Diazabicyclo [2.2.2]
octane, DABCO

)

Dioxane

X

Solvates I N/

Pyridine

H
HZN—<
(e}
Formamide
Ethanol +H;0

hydrogen-bonded structure of 5NU is affected when it is cocrystallized with different

molecules and scope of the new interactions and patterns. For this purpose, solvates of
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5NU with different solvents such as dioxane, pyridine, dimethylsulfoxide (DMSO),
formamide and aqueous ethanol were prepared, of which the first three are clearly
electron donors. In addition, crystallizations of 5NU with other electron donor
compounds such as piperazine, N,N'-dimethylpiperazine, 3-aminopyridine and

diazabicyclo[2.2.2]octane have also been carried out.

2.3 Experimental Section
Table 2.1 presents a summary of various cocrystallizations carried out with

molecules uracil, cytosine and 5-nitrouracil with various compounds and solvents. All the
chemicals used in the present studies, were used directly as obtained from commercial
sources and the solvents used for the crystallization have been distilled prior to the

experiments and collected over molecular sieves.

2.3.1 Preparation of the various molecular complexes and solvates

Crystallization of uracil with melamine

Cocrystals of the 1:1 molecular complex of melamine and uracil was obtained by
the slow evaporation of an equimolar solution of the two compounds in methanol at room
temperature. The rod shaped crystals formed in the walls of the test tubes were separated
by filtration and characterized by single crystal X-ray diffraction method (see general

experimental and related aspects in Chapter 1).

Crystallization of cytosine with 1,3,5-tricarboxylic acid (trimesic acid), TMA and
1,2,4,5-tetracarboxylic acid (pyromellitic acid), PMA

Crystals of the 1:1 cytosine complexes with 1,3,5-benzene tricaboxylic acid
(trimesic acid, TMA) and 1,2,4,5-benzene tetracarboxylic acid (pyromellitic acid, PMA)
were synthesized by hydrothermal methods. The reactants were taken in 1:1 molar ratio
and mixed thoroughly by stirring in 3 ml of water for 2 hours. The reactions were carried
out in a PTFE-lined autoclave of 7 ml capacity for 24 hours at 125 and 150 °C
respectively. Good quality single crystals were obtained on cooling the autoclave to room
temperature. The crystals were separated from the mother liquor by filtration, washed

with water and dried under ambient conditions.

Preparation of solvates and cocrystals of 5-nitrouracil
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Solvates of 5-nitrouracil, 5NU with DMSO, formamide, pyridine, dioxane and
ethanol were obtained by slow evaporation of a solution of 5NU in respective solvents.
Cocrystals of 5NU with non-solvent guests - piperazine, N,N'-dimethylpiperazine, 3-
aminopyridine and diazabicyclo[2.2.2]octane (DABCO)- were made by solvothermal
method. In all the cases, the compound 5NU and the guest molecule were taken in 1:1
ratio in aqueous methanol and stirred for 1 hour at ambient temperature. The final
suspension was placed inside a Teflon-lined autoclave (21 cm?®, 70% filling). The reaction
was carried out at 145° C under autogenous pressure for 24 hours. The autoclave was
removed and left at ambient temperature for 12 h before opening. The crystals obtained
were examined under an optical microscope and those suitable for single-crystal

diffraction were separated out.

2.3.2 Crystal data collection

The crystals were analyzed under a polarizing microscope and good quality single
crystals were separated for X-ray structure determination. The crystal data were collected
on a Simens SMART diffractometer attached with CCD area detector and a graphite
monochromator for the Mo Ka radiation (50 kV, 40 mA) at room temperature (298 K).
The data collection and structure solution were carried out using the procedure describes

in the general experimental and related aspects section.

2.4 Results and Discussion

2.4.1 A hydrogen-bonded channel structure formed by a complex of uracil
and melamine, 1

The crystal structure determination of the cocrystal formed by uracil with melamine gave
the asymmetric unit as shown in Figure 2.1. The molecular complex crystallizes in C2/c
space group with single molecules of melamine and uracil in the asymmetric unit. The
crystallographic and refinement parameters are given in the Table 2.2. The aromatic C-N
bond lengths in melamine molecule are in the range of 1.335(2) - 1.355(2) A while the C-
N distances of which formed with -NH, group is given by the range 1.319(1) - 1.349(2 )
A. The C-N bond distances in uracil molecule is given by the range of 1.365(2) —
1.377(2) A whereas the average carbonyl group bond length is given by 1.228(2) A. The
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complete list of bond lengths and bond angles for this molecular complex, 1, is provided
in Appendix Table A2.1. In this 1:1 complex, both melamine and uracil offer several

Figure 2.1: ORTEP drawing of the asymmetric unit of the 1:1 molecular complex of
uracil and melamine.

Figure 2.2: Unique hydrogen bonds present in the 1:1 molecular complex of uracil and

melamine, 1.
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Table 2.2 Crystal structure data for adduct of uracil with melamine.

Empirical formula C3HsNs.C4H4N20O2
Formula wt 238.23

Cell setting Monoclinic
Space group C2lc

a(A) 14.3618(10)

b (A) 7.5472(6)

c(A) 18.9922(14)

a (°) 90

B (°) 91.838(4)

v (° 90

Cell volume (A3 2057.5(3)

Z 8

F (000) 992

p (Mg/m®) 1.538

MA) 0.7107

Crystal size (mm) 0.27 x0.22 x 0.15

Diffractometer

Bruker-Nonius
- 4-circle diffractometer

Crystal detector distance(cm) 5.0
Radiation type MoKao
Temperature (K) 298 (2)
No. of measured reflections 4727
No. of independent reflections 1861
Range for data collection 6 (°) 1-25
Range of h, k, | -17to 17
-9to7
-22 to0 22
Ry 0.0373
WR; 0.1053
S 1.043
No. of parameters refined 195
Max. eA” 0.160

donor-acceptor sites for hydrogen bonding and each melamine molecule engages in
hydrogen bonding via N-H...O and N-H...N bonds with three uracil and two melamine
molecules, as shown in Figure 2.2 (see Table 2.3). It is clear that the amino groups of the
melamine molecule act as hydrogen bond donors and ring nitrogens as acceptors. Unlike
with adenine, uracil forms two N-H...O bonds (H9....02, 2.08 A; H7...01, 2.03 A) on
either side of the N-H...N bond (H2...N6, 1.98 A). All the three hydrogen bonds are
strong, with the hydrogen bond angles in the range of 172 - 179°. These hydrogen-
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Table 2.3 List of intermolecular interactions in melamine-uracil molecular complex

H-bond H...A (A) D...A(A) D-H...A(®)
N1-H1...N7 1.93(2) 2.833(2) 174.3(1)
N2-H2...N6 1.98(2) 2.876(2) 178.7(2)
N4-H5...02 2.19(2) 3.004(2) 165.4(1)
N4-H6...N8 2.27(2) 3.079(2) 169.2(2)
N3-H7...01 2.03(2) 2.941(2) 177.3(2)
N3-H8...N8 2.50(2) 3.328(2) 153.6(1)
N5-H9...02 2.08(2) 2.937(2) 172.3(2)
N5-H10...01 2.02(2) 2.860(2) 164.2(2)

bonded pairs are interconnected through a N-H...O hydrogen bond to form a molecular
chain as shown in the Figure 2.3a. The triply bonded melamine-uracil pairs are stacked
parallely and the chains run along both a and b axes. Such an arrangement of the chains

gives rise to an aperture structure as shown in Figure 2.3b.

Figure 2.3: (a) Molecular chain formed by melamine and uracil molecules, (b) the
aperture formed by the triply hydrogen-bonded melamine-uracil pairs.

Four melamine and two uracil molecules thus enclose the aperture. The apertures are
connected through N-H...O (H10...01, 2.02A) bonds giving rise to infinite channels
along both a and b directions. One perspective in Figure 2.4 show the channels run along

the a-direction. It is interesting to note that melamine engages in hydrogen bonding
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Figure 2.4: Three-dimensional packing of melamine and uracil molecules.

utilizing all the donor-acceptor sites, much the same way it does in the cyanuric acid
adduct.?® However, the channel structure is somewhat different, in shape and dimension.
This clearly indicates the role of the uracil molecule in directing the shape of the channel

structure.

2.4.2 Hydrogen bonding in proton-transfer complexes of cytosine with
trimesic and pyromellitic acids

The asymmetric units of the complexes of cytosine with 1,3,5-tricarboxylic acid (trimesic
acid, TMA) and 1,2,4,5-tetracarboxylic acid (pyromellitic acid, PMA) are shown in
Figure 2.5. Both complexes carry water of crystallization. In the asymmetric unit of the
1:1 trimesic acid -cytosine complex (Figure 2.5a), the, two molecules lie in a plane along
with a water molecule. The 1:2 pyromellitic acid-cytosine molecular complex crystallizes
in a non-centric space group Pc with a large asymmetric unit (Figure 2.5b) consisting of
two molecules of pyromellitic acid and four molecules of cytosine along with two
molecules of lattice water. Intermolecular proton transfer is observed in both the systems.
The crystallographic and refinement details of the compounds are given in the Table 2.4.
For trimesic acid — cytosine complex, the proton transfer (H7) occurs from a carboxylic
acid group of trimesic acid (O5-C9-06) to the ring-nitrogen of the cytosine (N2) (Figure
2.5a). In the case of pyromellitic acid -cytosine, each pyromellitic acid transfers two of
the carboxylic acid protons to two cytosine molecules. As a result, neighboring
carboxylic acid groups form strong intramolecular hydrogen bonds (O...H, 1.25-1.47 A)
as shown in the inset of Figure 2.5b. The C-N bond lengths in cytosine molecules in both
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Figure 2.5: ORTEP plot (50% probability) of the molecular entities in the asymmetric
unit of (a) cytosine and 1,3,5,-tricarbocxylic acid (TMA),2a. (b) cytosine and 1,2,4,5-
tetracarboxylic acid (PMA), 2b, hydrogen atoms are removed for clarity. A proton
transfer between PMA and cytosine is shown in the inset along with the intramolecular
hydrogen bonds.

the complexes are in the range of 1.350(2) — 1.380(5) A, whereas the bond lengths for the
C-O bonds in carboxylate groups in both the complexes are ~ 1.255 A. The detailed list

of the bond lengths and bond angles are given in the Appendix Tables A2.4 and A2.6.

The trimesic acid —cytosine complex contains hydrogen bonded layers of the type
shown in Figure 2.6a, wherein the trimesic acid molecules are arranged in a row forming
mixed C-H...O and O-H...O hydrogen bonds (see 3 and 10 in Table 2.5) representing a
R,%(9) cyclic pattern (see Scheme 1.2 in Chapter 1 for Etter notations). Each trimesic acid
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molecule is linked to cytosine molecules on either side via two R,%(8) type interactions,
one being mixed O-H...O and N-H...O (4,8) and the other, purely N-H...O, (6,7). In the

Table 2.4 Crystal structure data for molecular complexes of cytosine with 1,3,5-
benzene tricarboxylic acid (trimesic acid), 2a and 1,2,4,5-benzene tetracarboxylic acid

(trimesic acid), 2b.

Complexes

2a

2b

Empirical formula

Formula wt

Cell setting

Space group
a(A)

b (A)

c(A)

a (%)

B ()

o

v (°)
Cell volume (A3

Z

F (000)

p (ma/m®)

MA)

Crystal size (mm)

Crystal detector distance(cm)
Radiation type

Temperature (K)

No. of measured reflections

No. of independent reflections
Range for data collection 6 (°)

Range of h, k, |

Ry

WR>

S

No. of parameters refined
Max. eA™

C4 N3 O1 Hs. Cg Og Hs.

H,O
339.26
Triclinic
P-1
7.6722(2)
8.6710(2)
10.6740(3)
91.060(2)
92.263(2)
100.662(2)
697.05(3)
2

352

1.616
0.7107
0.1x0.1x0.05
5.0

Mo Ka
298(2)
7823

2638
1-26
-9to 9
-10 to10
-12t0 12
0.0375
0.0989
1.033
269
0.305

4 C4 N3 O1 Hg. 2 C16 OgHa.
2H,0
985.74
Monoclinic
Pc
12.3975(3)
13.7484(3)
12.9425(3)
90.00
113.3230(10)
90.00
2025.74(8)

2

1018

1.616
0.7107
0.1x0.1x0.05
5.0

Mo Ko
298(2)
14517

6607
1-26
-15t0 14
-16t0 16
-15t0 15
0.0394
0.0867
1.071
695
0.278
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Table 2.5 Unique set of hydrogen bonds in molecular complexes of cytosine with 1,3,5-
benzene tricarboxylic acid, (TMA)

SI. No H-bond H...A (A D-A (A) D-H...A (9
1 0(8)-H(1)...0(2) 1.97(1) 2.849(3) 155.7(1)
2 0(8)-H(2)...0(7) 2.30(2) 3.012(1) 145.3(2)
3 0(1)-H(4)...0(5) 1.72(2) 2.602(1) 154.8(2)
4 0O(3)-H(6)...0(7) 1.90(2) 2.789(4) 178.5(2)
5 N(3)-H(3)...0(8) 2.00(1) 2.831(4) 159.0(5)
6 N(2)-H(7)...0(6) 1.67(1) 2.657(1) 174.2(1)
7 N(3)-H(9)...0(5) 1.84(2) 2.773(1) 175.1(1)
8 N(1)-H(10)...0(4) 1.80(4) 2.701(1) 170.4(1)
9 C(6)-H(12)...0(8) 2.90(4) 3.802(3) 159.1(1)
10  C(4)-H(13)...0(2) 2.85(1) 3.757(1) 172.1(2)

Cyclic patterns: R,2(8)-{(4,8), (6,7)}, R.%(9)-{(3,10)}, : R:*(11)-{(2,6,9)}, Rs*(11)-
{35,7)}

Figure 2.6: (a) Hydrogen bonded layer formed by cytosine, 1,3,5-tricarboxylic acid and
water molecules. (b) Packing of molecular bilayers.

latter, both the donors originate from the cytosine molecule the amino group (N3-H9) and

the ring nitrogen (N2-H7) respectively. Accordingly, N2 exists as an iminium ion, with
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remarkable increment (~0.1 A) in the N-C bond lengths compared to that in cytosine®"*?

(see Appendix Tables A2.4 and A2.6). From Figure 2.6a, we see that the cytosine
molecules are arranged in rows with the intervening water molecule linking them through
0O-H...0 (2) and N-H...O (5) interactions. There is an additional C-H...O (9) interaction
involving the ring C-H group of the trimesic acid and one of the lone pairs on water. This
gives rise to large hydrogen bonded cyclic systems, viz. R:3(11) and R4%(11) (see Table
2.5). Water molecules play a strategic role of packing molecular layers via O-H...O (1)
interactions from the carboxylate oxygens of the neighbouring layer. As a result, water
molecules assume a distorted tetrahedral geometry with internal angles of 95°, 131.8°,
95.3%and 114.9°. As shown in Figure 2.6b, there is reciprocating hydrogen bonding from
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Figure 2.7: (a) Molecular layer formed by hydrogen bonded cytosine, 1,2,4,5-benzene
tetracarboxylic acid and water molecules. (b) Packing molecular layers.
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Table 2.6 Unique set of hydrogen bonds in molecular complexes of cytosine with
1,2,4,5-benzene tetracarboxylic acid (PMA)

SI. No H-bond H..AA) D-A(A) D-H...A (®)
1 N(1)-H(1A)...0(11) 1.9746 2.7990 160.24
2 N(1)-H(1B)...0(13) 22211 3.0575 164.15
3 N(1)-H(1B)...0(14) 2.3619 3.0620 138.83
4 N(#)-H@A) ...07) 2.0645 2.9120 168.32
5  N(4)-H(4B)...0(15) 2.0521 2.9099 175.11
6  N(4)-H(4B) ...0(16) 2.4217 2.9210 117.57
7 N(7)-H(7A)...0(17) 2.0511 2.8993 168.72
8  N(7)-H(7B)...0(5) 2.0416 2.9012 178.05
9  N(7)-H(7B)...0(6) 2.3591 2.8750 118.90
10 N(10)-H(10A)...0(19) 2.0125 2.8630 169.80
11 N(10)-H(10B)...0(9) 1.9923 2.7893 153.67
12 N(3)-H(100)...0(2) 1.8057 2.7255 169.07
13 N(5)-H(101)...0(8) 1.6861 2.6627 158.96
14 N(6)-H(102).. 0(4) 1.7826 2.6970 164.85
15  N(11)-H(103)...0(20) 2.0326 2.8415 174.32
16 N(8)-H(105)...0(18) 1.9037 2.6805 166.97
17 N(9)-H(106).. O(14) 1.8778 2.7416 172.23
18  N(2)- H(107).. 0(22) 1.9422 2.7731 168.90
19  N(12)-H(300)...0(21) 1.7302 2.7269 168.70
20  0(22)-H(201).. O(18) 2.5247 3.2947 153.90
21  0(22)-H(201)...0(11) 2.4575 2.9933 122.83
22 0(22)-H(202)...0(19) 2.0426 2.9491 160.27
23 0(21)-H(203)...0(1) 1.9796 2.8249 174.14
24 0(21)-H(204)...0(8) 2.4048 3.2601 148.16
25  0(21)-H(204)...0(10) 2.4260 3.0708 124.26
26 0O(2)-H(66)...0(3) 1.2536 2.372 174.00
27  0(20)-H(67)...0(13) 1.3660 2.3810 178.97
28  O(7)-H(68)...0(6) 1.4601 2.3908 173.14
29  0O(16)-H(69)...0(17) 1.4720 2.3908 174.85
30  C(21)-H(21)...0(12) 2.6525 3.2886 126.21
31 C(21)-H(21)...0(1) 2.7303 3.3701 126.75
32 C(27)-H(27)...0(5) 2.7954 3.7202 172.91
33 C(29)-H(29)...0(15) 2.8232 3.7343 166.69
34  C(35)-H(35)...0(10) 2.5910 2.3967 145.25
35  C(33)-H(33)...0(3) 2.3552 3.2312 156.89

Cyclic patterns: R,'(4) - (2,3), (5,6), (8,9); R,*(6) - (16,20,21), (13,24,25); R,(8) - (10,15), (7,16),
(4,13), (12,31)}; R5%(7) - (19,25,34); R&*(8) - (1,3,17), (1,18,21); R:*(8) - (19,23,30,31), R5*(11) -
(14,34,35); R,3(10) - (10,11,18,22) ; R,3(12) — (11,12,26,35); R¢"(12) — (4,6,7,9,28,29)
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the neighboring layer, giving rise to a hydrogen-bonded bilayer. The interlayer distance is
found to be 2.87 A. Such bilayers are stacked parallely and the distance between the

neighbouring bilayers is surprisingly somewhat less, 2.71 A (see Figure 2.6b).

The molecular stacking diagram of PMA-cytosine complex shown in Figure 2.7
reveals how the molecules are arranged in hydrogen-bonded layers. The interlayer
distance is 3.98 A (Figure 2.7b). This system is rich in hydrogen bonding interactions as
shown in Figure 2.7a and listed in Table 2.6. It can be clearly seen that rows of molecules
roughly along the b-direction, where for every four consecutive cytosine molecules there
exist two PMA molecules (not shown). As a result, every PMA molecule is surrounded
by five cytosine molecules from the neighboring rows (see dashed lines in Figure 2.7a),
producing a number of cyclic patterns of hydrogen bonding interactions. The molecular
arrangement enclosed by the dashed lines carry an apparent inversion symmetry in the
middle of the Re*(12) (4,6,7,9,28,29 of Table 2.6) cyclic pattern, which is covered by two
R,'(4) and two R,*(8) interactions. The R,'(4) pattern comprises of bifurcated N-H...O
interactions involving carboxylate oxygens of PMA and an amino hydrogen of cytosine.
The two patterns (5,6) and (8,9) exhibit only small differences in the hydrogen bond
parameters and are similar to another R,*(4) pattern seen at the bottom, labeled (2,3).
Likewise, the R,%(8) interactions are formed by a pair of N-H...O hydrogen bonds, (4,13)
and (16,17). A R,4(8) is also seen at the bottom of the figure involving the (10,15) set. In
addition, the presence of a R,%(8) pattern at the top, but in this case the interactions are N-
H...0(12) and C-H...O(31) in nature. The R,%(6) pattern in the two segments carry
similar hydrogen bonds, one N-H...O and two O-H...O, (16,20,21) and (13,24,25)
respectively. In the bottom arrangement, there are two R;%(8) interactions, one
comprising N-H...O interactions (1,3,17) and the other pattern is formed by two N-H...O
(1,18) and one O-H...O (21) hydrogen bonds. Along the bottom line, there exists a
R,3(10) interaction formed by three N-H...O (10,11,18) and one O-H...O0 (22)
interactions involving two cytosine molecules, one water and one PMA molecule. Other
important interactions present in the upper line are R3*(7) pattern formed by C-H...O
(34), O-H...O (25) and N-H...O (19) hydrogen bonding, where the carbonyl oxygen
participates in bifurcated interaction using its both the lone pairs. In addition, there is
Rs*(8) interaction involving a pair of bifurcated C-H...O (30,31), N-H...O (19) and O-
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H...O (23) hydrogen bonds. There is a Rs*(11) interaction formed by two C-H...O
(34,35) and one N-H...O (14) hydrogen bonds and this is the only pattern where cytosine
uses both of the C-H hydrogens. The biggest cyclic pattern R4*(12)-(11,12,26,35), along
the upper ring involves an intramolecular O-H...O (26) hydrogen bond. The arrangement
of the cytosine and water molecules around the PMA molecule as discussed above, is
shown vividly in Figure 2.8 with a space-filling model. It is noteworthy that the cytosine
and water molecules form a half-ring structure. Two such ring structures come face-to-
face, where the interactions are purely hydrophobic in nature and the resulting cavities
are filled by the PMA molecules (Figure 2.8). The presence of such cavities is clear from

Figure 2.8b, where the PMA molecules have been removed.

.r- PSS A p\ R‘
-\" -
ﬂA-—- ' r'l“n-‘
r-ﬂa\

1"\. 'F“\ ‘\"i“
ﬁ \\’(!

Y A Sl "'W‘A

Figure 2.8: Space filling model of the molecular packing in a single layer of 1,2,4,5-
benzene tetracarboxylic acid-cytosine molecular complex, 2b (a) The ring structures
formed by cytosine and water filled by two 1,2,4,5-tetracarboxylic acid molecules. (b)
Ring structures on removal of PMA molecules.

2.4.3 Hydrogen bonding patterns in the cocrystals and solvates of 5-
nitrouracil

In order to understand hydrogen bonded patterns in the cocrystals of 5-nitrouracil,

5NU, it would be instructive to examine interactions that 5NU itself can have in such
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cocrystals. Molecule 5NU is nearly symmetric and has several hydrogen bond donor and
acceptor sites, which provide a number of possibilities for hydrogen bonding (see Figure
2.9). While the two-ring carbonyl oxygens and nitro-oxygens act as acceptors, the two N-

H groups along with the C-H groups are donors. Figure 2.10 present six hydrogen

Figure 2.9: 5-nitrouracil, 5NU with the acceptor sites in the molecules are marked.

bonding possibilities in the all the cocrystals and solvates presented in study. Figure
2.10a, where 5NU involves two N-H...O cyclic bonds (R,%(8)) on either side, is similar
to that found in centric nitrouracil structure.**3 Here it is designate the two dimeric
bonds as D; and D, based on the participating carbonyl oxygens. Thus, D; and D, are
seen alternating along the molecular tape. Neighboring tapes interact through C-H...O
interactions from the nitro-oxygens. A slight variation to this type is one where only one
cyclic dimer, either D; or D, is present (Figure 2.10b and c, respectively), alternating
with cyclic C-H...O bonds (Ds). The other structure in the figure contains bifurcated
hydrogen bonds involving NH and CO groups of neighboring molecules forming a zig-
zag arrangement (Figure 2.10d). Another case is one where C-H...O and N- H...O
interactions form a cyclic arrangement, R3%(9), involving the acceptor sites of the solvent
molecules present in the cocrystal (Figures 2.10e and f). The two patterns differ slightly

in that e is linear while f appears staggered.
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Figure 2.10: Hydrogen bonding patterns of 5-nitrouracil, 5SNU, commonly found in its cocrystals with other molecules. Cyclic
N-H...O (D; and D;) and C-H...O (D3) dimeric bonds are marked.
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Table 2.7 Crystal data for the cocrystals and solvates of 5-nitrouracil

Complexes 3a 3b 3c 3d 3e 3f 39 3h

Empirical formula C4H3; N3 Oy C4H3N3; Oy C4H;3N; O C4H;3 N; Oy 2C4H3 N3 Oy 2C4H3 N3 Oy C4H;3 N; Oy 2C4H3 N3 O,
C,H404 2C, Hs N C3H7 Ny Cs Hs Ny 4 Cy HyN; Oy 2C, Hs O'H,O0  CsH7 N, 2 CgHoN, 5H,0

Formula wt 201.15 243.23 214.19 236.19 494.36 424.34 252.22 628.62

Cell setting Monoclinic Triclinic Triclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

Space group P 2(1)/n P-1 P-1 P2(1)/c P2(1)/c P2(1)/c P 2(1)/c P2(1)/c

a(A) 8.3535 (1) 4.3579 (1)) 7.1052 (1) 7.5173 (1) 14.1865 (1) 11.8264 (1) 8.2825 (1) 9.2323 (1)

b (A) 6.4277 (1) 9.8014 (1) 7.6010 (2) 12.7817 (1) 11.5840 (7) 11.8738 (1) 4.9546 (1) 9.6598 (1)

c(A) 15.7030 (2) 12.7310 (2) 10.150 (2) 10.8938 (1) 12.7907 (1) 12.6511 (1) 25.6080 (2) 32.2899 (1)

a (9) 90 94.7120 (2) 93.023 (1) 90 90 90 90 90

B (°) 101.810 (3) 99.4520 (2) 106.631 (1) 97.780 (5) 94.775 (1) 98.696 (1) 98.293 (1) 90.801 (1)

v (®) 90 97.603 (1) 117.689 (1) 90 90 90 90 90

Cell volume (A% 825.3 (1) 528.7 (1) 453.8(2) 1037.1 (1) 2094.7 (2) 1756.1 (2) 1039.9 (2) 2879.4 (1)

z 4 2 2 4 4 4 4 4

F (000) 416 256 224 488 1024 888 524 1024

p (glcm®) 1.619 1.528 1.567 1.513 1.568 1.605 1.611 1.45

Crystal size (mm) 0.45x0.25x0.25  0.35x0.3x0.2  0.35x0.32x0.10  0.35x0.20x0.20  0.50x0.40x0.15  0.35x0.30x0.20  0.50x0.50x0.45 0.50x0.35x0.25

Temperature (K) 298(2) 298 (2) 298 (2) 298 (2) 298 (2) 298 (2) 298 (2) 298 (2)

No. of measured 3318 2242 1537 4241 8395 7210 3311 11716

reflections

No. of independent 1190 1495 1274 1485 2998 2004 1502 4148

reflections

Range for data 3-23 21024 2-23 2-24 2-24 2-24 2-24 1-24

Range of h, k, | -9to7 -4to 4 -7to7 -7t0 8 -15t0 14 -13t0 8 -9t09 -10to0 10
-7to7 -9to 10 -4t0 8 -14 10 10 -9to 12 -13t0 12 -5t05 -10to 9
-17to 17 -13t0 14 -11to 11 -10to 12 -14to 14 -14to 14 -281t018 -29t0 35

Ry 0.0688 0.0636 0.7107 0.0474 0.0439 0.0754 0.1235 0.0584

wR; 0.1561 0.1674 0.3522 0.1315 0.1244 0.2280 0.3196 0.1680

S 1.170 1.152 1.054 1.123 1.205 1.103 0.974 1.049

No. of parameters 155 155 137 155 380 2524 163 428

Max. eA’ 0.238 0.535 0.914 0.201 0.165 0.725 0.695 0.475
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Solvate of 5-nitrouracil with dioxane, 3a
The asymmetric unit of a 2:1 solvate, 3a, of 5-nitrouracil, with dioxane is shown
in Figure 2.11. The asymmetric unit comprises of a full molecule of 5-nitrouracil along

with a half molecule of dioxane. This solvate crystallizes in a monoclinic space group

Figure 2.11: ORTEP plot of 5-nitrouracil-dioxane 3a. Thermal ellipsoids are given at
50% probability.

P2:/n. The crystallographic data and experimental details are given in Table 2.7. The C-O
distance in dioxane molecule is given by 1.425(6) and 1.436(6) A whereas the C-C bond
length is 1.505(7) A. The —C=0 bond length in 5- nitrouracil is given by 1219(5)A while
the average C-N bond lengths are in the range of 1.348(5)- 1.391(6) A. A complete list of
bond lengths and bond angles are provided in Table A2.7 (see Appendix A2) and the

atomic coordinates and isotropic displacement parameters are provided in Table A2.8.

In this adduct, dioxane molecule serve as both hydrogen bond donor and acceptor
through its C-H bond and oxygen atoms (see table 2.8). In the solvate 3a, the hydrogen-
bonded tapes of SNU are retained (Figure 2.12) as in the parent structure®*34. Cyclic N-

Table 2.8 Unique set of hydrogen bonds in solvate of 5-nitrouracil, 5SNU with dioxane.

H-bond H...A (A D-A (A) D-H...A (®)
N(12) -- H(12) .. O(12) 1.84(4) 2.836(5) 171.0(4)
C(14) -- H(14) .. 0(21) 2.18(4) 3.200(6) 156.0(4)
C(22) -- H(22A).. 0(11) 2.38(3) 3.301(6) 145.0(3)
N(11) -- H(11) .. O(11) 1.79(3) 2.788(5) 170.0(3)
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dioxane

Figure 2.12: Dioxane molecules held between the zig-zag rows of 5-nitrouracil, 5NU,
viewed (a) perpendicular and (b) parallel to the molecular layer. Cyclic arrangements of
bonds are marked using Etter’s notation.*

H...O dimers of both types, D; and D; are present with H...O distances of 1.79 and 1.84
A respectively. This structure belongs to Figure 2.10a. The dioxane molecule is
accommodated between the tapes of 5NU giving rise to new C-H...O interactions (see
Table 2.8) in a R3%(8) arrangement (see Figure 2.10a). It is as though the neighboring
rows of 5-nitrouracil molecules slide against each other by approximately the size of a
molecule thereby creating a cavity for the guest molecule. The molecular layers appear as
a set of parallel planes as shown in Figure 2.12b.

Hydrogen-bonded cocrystal of 5-nitrouracil with piperazine, 3b
The (1:1) molecular complex (3b) of 5-nitrouracil, SNU with piperazine

crystallize in triclinic space group P(-1) with two half molecules of piperazine and a full
molecule of 5NU in the asymmetric unit. (see Figure 2.13) Crystallographic and
refinement details are given in Table 2.7. The average C-C and C-N bond lengths in
piperazine are given by 1.510(5) A and 1.476 (5) A respectively. A detailed list of bond
lengths and bond angles are given in Appendix Table A2.9. Atom coordinates and

isotropic displacement parameters are given in the Table A2.10 (see Appendix A2).

Unlike the case of dioxane solvate, cocrystallization of 5SNU with piperazine,
destroys the hydrogen-bonded tape structure involving D; and D», and instead giving rise
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Figure 2.13: ORTEP plot of (1:1) molecular complex of 5-nitrouracil, 5SNU —piperazine
(3b). Thermal ellipsoids are given at 50% probability.

%
(a) Haond N2
- 4, 02 Y
et be
TNl
l T
Piperazine N]\[ L /\ j/\i/’ ;i;\/"«- ~
; = H11CKE

IRz[

. RAOP— —-( j

5NU \_?w :é—{ D!H#A/ ] D,
N )
3 a:;r

Figure 2.14: Cocrystal of 5-nitrouracil and piperazine, 3b: (a) A molecular layer
showing alternating tapes of 5SNU and piperazine. Inset shows a cyclic N-H...O dimer
formed between adjacent tapes. (b) A packing view of layers formed by 5NU- piperazine.
(c) hydrogen bonding between the layers.
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Table 2.9 Unique set of hydrogen bonds in molecular complexes of 5-nitrouracil, 5NU
with piperazine.

H-bond H...A A D-A (A) D-H...A (%)
N(1) -- H(1A) .. N(22) 2.046(4) 3.008(4) 158.6(3)
N(2) -- H(2A) .. O(2) 1.942(4) 2.945(4) 172.5(3)
N(11) -- H(11C).. O(1) 2.338(4) 2.828(4) 108.7(3)
N(11) -- H(11C).. N(11) 2.304(4) 2.771(4) 106.9(3)
N(22) -- H(22A).. N(1) 2.487(4) 3.008(4) 111.6(3)
N(22) -- H(22A).. N(22) 2.359(5) 2.808(5) 105.9(3)
C(4) -- H(4A) .. 0(4) 2.384(5) 3.267(5) 138.3(4)
C(11) -- H(11B).. O(3) 2.536(5) 3.569(5) 164.7(4)
C(12) -- H(12A).. 0(2) 2.453(5) 3.472(5) 160.9(4)
C(12) -- H(12A).. O(3) 2.446(5) 3.198(5) 127.0(3)
C(12) -- H(12B).. O(2) 2.594(5) 3.172(5) 113.7(3)
C(22) -- H(22C).. O(4) 2.540(5) 3.495(5) 149.4(4)

to a new structure with alternating rows of 5NU and piperazine (Figure 2.14). Within the
tape formed by 5NU, only D; type of N- H...O dimeric bonds are seen in addition to C-
H...O type of interactions (H...O, 2.38 A) involving the nitro groups. This situation is
similar to the one shown in Figure 2.10b where D; and D3 dimeric bonds alternate along
the molecular tape. The tapes of 5SNU are held in place by the hydrogen bonds from the
neighboring tape of piperazine molecules, which do not interact among themselves
(Figure 2.14a). There are two sets of C-H...O (H...0, 2.54 A) and dimeric N-H...N
(H...N, 2.05 and 2.49 A) bonds (see inset of Figure 2.14a) originating from the
piperazine molecules that appear rotated in the given perspective. Alternating molecules
make linear N-H...O contacts (H...O, 1.94 A) in addition to bifurcated C-H...O contacts
(H...0, 2.45 A) involving acceptor oxygens from 5NU (see Table 2.9). The 5-
nitrouracil-piperazine layers are connected by dimeric N-H...N bonds as well as by C-
H...O bonds, which are considerably weak due to unfavorable bond angles (~ 108°, see
Figure 2.14c).

Hydrogen-bonded cocrystal of 5-nitrouracil with N,N'-dimethylpiperazine, 3c

The cocrystal formed between 5-nitrouracil, 5NU and N,N'-dimethylpiperazine
(3c), show 2:1 composition comprising a full molecule of 5NU and a half molecule of

where the latter carry the centre of inversion at its geometric centre. Similar to the
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Figure 2.15: ORTEP plot of 5-nitrouracil, 5NU-N,N’-dimethylpiperazine, 3c. Thermal
ellipsoids are given at 50% probability.

complex 3b the complex 3c also crystallize in triclinic P (-1) space group. The
asymmetric unit with numbering scheme is shown in Figure 2.15 and the crystallographic
and refinement details are given in the Table 2.7. The C-N single bond lengths in
piperazine is given by 1.499(12) A. A complete list of bond lengths and bond angles
(Table A2.11) along with the atomic coordinates and isotropic displacement parameters
(Table A2.12) are provided in the Appendix A2.

The cocrystal of 5SNU with N,N'-dimethylpiperazine (2:1), contains alternating

rows of 5SNU and dimethylpiperazine (Figure 2.16), an architecture similar to that in the

Table 2.10 Unique set of hydrogen bonds in molecular complexes of 5-nitrouracil, SNU
with N, N’-dimethylpiperazine.

H-bond H...A (A D-A (A) D-H...A (%)
N(1) -- H(1A) .. N(11) 1.754(11) 2.754(11) 169.7(11)
N(2) -- H(2A) .. O(1) 1.885(11) 2.857(10) 160.4(12)
C(4) --H(4A) .. 0(4) 2.340(14) 3.290(13) 145.3(12)
C(11) -- H(11A).. 0(2) 2.332(13) 3.368(14) 165.2(10)
C(11) -- H(11B).. O(3) 2.504(15) 2.999(14) 107.5(10)
C(12) -- H(12A).. 0(2) 2.333(13) 3.355(14) 161.7(10)
C(12) -- H(12B).. O(3) 2.500(16) 2.958(15) 105.0(10)
C(12) -- H(12B).. O(1) 2.504(13) 3.465(12) 150.3(11)
C(13) -- H(13B).. O(2) 2.393(12) 3.409(12) 160.1(9)
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cocrystal of 5SNU with piperazine (see Figure 2.14). The main difference is that in the
present case, the hydrogen-bonded tape of 5NU is formed by D2 type of N-H...O
dimmers (H(2A)...O(1), 1.885(11) A), alternating with the C-H...O dimers (D3). This
bonding pattern may be referred to Figure 2.10c. The central region of the molecule N,
N’-dimethylpiperazine makes mixed dimeric N-H...N, (H(1A)...N(11), 1.754(11) A) and
C-H...O (H(12B)...0(1), 2.504(13) A) bonds with 5NU on either side. In addition, there
exists C-H...O interactions from the methyl groups (see Table 2.10). The 5NU-
dimethylpiperazine layers are held by N-H...N and C-H...O bonds similar to the case in
Figure 2.14b.

Figure 2.16: Cocrystal of 5-nitrouracil and N,N'-dimethylpiperazine, 3c: (a) A molecular
layer showing alternating tapes of 5NU and N,N'-dimethylpiperazine, (b) A packing of
alternating 5NU and N,N’-dimethylpiperazine layers in the crystal.

Solvate of 5-nitrouracil with pyridine, 3d

The crystallization of 5-nitrouracil, 5SNU with pyridine had given a 1:1 solvate, 3d
containing a full molecules of both the molecules as shown in the Figure 2.17. The
molecules crystallize in monoclinic P2(1)/c space group. Crystallographic and refinement
details of the solvate are given in the Table 2.7. The C-C bond lengths in the molecule
pyridine are in the range of 1.358(5) - 1.390(5) A with the average bond angles ~118.6 °
whereas the average C-N bond lengths are given by 1.325A where the C-N-C bond
angles is 117.6°. Other important bond lengths and bond angles in the molecules are
given in the appendix A2 (Table A2.13) and the atom coordinates and isotropic

displacement parameters are given in Table A2.14.
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Figure 2.17: ORTEP plot of 5-nitrouracil, 5SNU-pyridine solvate, 3d, Thermal ellipsoids
are given at 50% probability.

In the cocrystal of 5SNU with pyridine, there are no cyclic dimeric bonds although
the alternating tape structure is retained (Figure 2.18). Thus, the tapes of 5NU are
stabilized by bifurcated N-H...O and C-H...O bonds as shown in Figure 2.10d. The
corresponding H...O distances are 2.05 and 2.19 A for N-H...O and 2.4 A for C-H...O
bonds. The pyridine molecules in the adjacent tape make linear N-H...N (H...N, 1.81 A)
(see Table 2.11) and C-H...O (H...O, 2.22 A) bonds with the 5-nitrouracil molecules.
Pyridine being a strong electron donor, it is not surprising that the characteristic
hydrogen-bonded dimeric structure present in the parent crystal (centric form of 5NU,
Ref. 33,34) is destroyed in this cocrystal. Such hydrogen bond breaking ability of good
electron donors becomes more evident when we examine the structure of the molecular
tapes in the solvate of 5NU with DMSO?® (also see CCDC - 267379). In this case, the

Table 2.11 Unique set of hydrogen bonds in molecular complexes of 5-nitrouracil with
pyridine.

H-bond H...A (A D-A (A) D-H...A (%)
N(11) - H(11A).. 0(12)  2.048(3) 2.786(3) 128.0(2)
N(11) - H(11A).. O(13)  2.188(3) 3.107(3) 150.4(2)
N(12) - H(12A)..N(21)  1.810(3) 2.812(3) 171.0(2)
C(14) -- H(14A).. 0(12)  2.400(3) 2.956(3) 111.3(2)
C(23) -- H(23A).. 0(11)  2.216(4) 3.251(4) 164.9(3)
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Figure 2.18: Solvate of 5SNU with pyridine, 3d: A molecular layer showing alternating
tapes of 5SNU and pyridine.

rows of 5NU are stabilized by C-H...O contacts (H...O, 2.49 A) along the tape and
bifurcated N-H...O bonds originating from the sulfoxide oxygens of DMSQO giving rise
to a cyclic arrangement, R3%(9), similar to Figure 2.10e. The other signature of this
bonding pattern is a C-H...O interaction (parallel to N-H...0O), involving one of the
carbonyl oxygens and a methyl hydrogen. In addition, the sulfur atom of the DMSO
seems to interact through a N-H...S contact (H...S, 2.66 A). The 5-nitrouracil-DMSO
layers arrange in a zig-zag manner with the methyl groups of DMSO sticking out in the

interlayer region.

Solvate of 5-nitrouracil with formamide, 3e

Figure 2.19 depicts the asymmetric unit of 1:2 solvate, 3e of 5-nitrouracil, 5SNU
with formamide. Crystallographic and refinement details of the solvate are given in the
Table 2.7 and a complete list of bond lengths and bond angles present this adduct is given
in the Appendix A2 (Table A2.15). The average C-N and C=0 bond lengths in the
formamide molecule is given by 1.298(3) A and 1.227(3) A. This solvate 3e, crystallize
in monoclinic P2(1)/c space group. Atomic coordinates along with isotropic displacement
parameters for the solvate are given in the Appendix A2 (Table A2.16).

All the cocrystals discussed so far, have essentially a layered structure with

alternating tapes of 5NU, the guest molecule being stabilized by different modes of
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Hi14) HiM
) £

Figure 2.19: ORTEP plot of formamide solvate of 5-nitrouracil, 5NU, 3e, Thermal
ellipsoids are given at 50% probability.

hydrogen bonding (Figures 2.10a to e). In the solvate 3e, the layered structure is retained
but the tapes have a mixed composition, comprising both 5SNU and formamide molecules
in alternating positions enclosed on either side by rows of formamide molecules (Figure
2.20). The nitrouracil molecules in a tape are rotated with respect to their cousins by 120°

C: ( : {;31
formamide ; S:?,— ?{‘: ; : :QH

SNU +
formamide

Figure 2.20: formamide solvate of 5-nitrouracil, 3, A molecular layer showing tapes of
mixed composition, 5SNU and formamide, alternating with formamide tapes.
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Table 2.12 Unique set of hydrogen bonds in molecular complexes of 5-nitrouracil, 5SNU
with formamide, 3e.

H-bond H...A A D-A (A) D-H...A (%)
N(1) -- H(1) .. O(51) 1.741(17) 2.742(2) 170.8(17)
N(2) -- H(2) .. O(51) 1.719(4) 2.728(2) 176(2)
N(11) -- H(11) .. O(41) 1.714(15) 2.724(2) 178.4(18)
N(12) -- H(12) .. O(41) 1.735(5) 2.744(2) 177(2)
N(21) -- H(21A).. O(3) 2.47(2) 3.319(3) 141.4(17)
N(21) -- H(21A).. O(4) 2.40(2) 3.387(3) 166.2(18)
N(21) -- H(21B).. O(12) 2.035(19) 2.923(2) 145.3(19)
N(21) -- H(21B).. O(13) 2.40(2) 3.228(3) 139.0(17)
N(31) -- H(31A).. O(13) 2.38(2) 3.293(3) 149.8(16)
N(31) -- H(31A).. O(14) 2.471(19) 3.429(2) 158.0(17)
N(31) -- H(31B).. O(2) 1.995(18) 2.887(2) 146.0(19)
N(31) -- H(31B).. O(3) 2.29(2) 3.085(3) 135.2(16)
N(41) -- H(41A).. O(11) 2.06(2) 3.059(2) 171.6(19)
N(41) -- H(41B).. O(31) 1.891(19) 2.783(3) 145.4(19)
N(41) -- H(41B).. O(14) 2.49(2) 2.976(3) 108.7(14)
N(51) -- H(51A).. O(1) 2.12(2) 3.082(3) 159(2)
N(51) -- H(51B).. O(21) 1.888(17) 2.771(3) 144.3(19)
C(4) --H(4) ..0(1) 2.334(13) 3.333(3) 152.2(17)
C(14) -- H(14) .. O(11) 2.222(11) 3.247(3) 156.9(16)

and do not have any direct interaction except for a C-H...O contact (H...O, 2.22 and2.3
A). The nitrouracil molecule is bonded to formamide through a cyclic N-H...O dimer
(H...O, 1.71 and 2.06 A), which resembles closely D, in Figure 2.10a. It is asthough
formamide mimics a portion of the nitrouracil molecule. This leads to a highly optimized
hydrogen bond pattern with several possible cyclic arrangements, as marked in the figure
and illustrated by Figure 2.10f. From the crystal structure, it appears that both DMSO and
formamide, which exhibit high dielectric constants can significantly influence the
hydrogen bonding pattern in the cocrystal with 5-nitrouracil. Tables 2.12 gives a

complete listing of hydrogen bonding present in the solvate 3e.

Solvate of 5-nitrouracil with ethanol and water, 3f
Figure 2.21 shows the asymmetric unit of the solvate formed on crystallization of

5-nitrouracil, 5NU, from a solvent mixture of ethanol and water (3f). The solvate
incorporates water molecule along with ethanol molecules in the crystal lattice and

crystallize in monoclinic P2(1)/c space group with a 2:2:1 molecular composition. The
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Figure 2.21: ORTEP plot of 5-nitrouracil-ethanol, 5NU and water, 3f, Thermal
ellipsoids are given at 50% probability.

crystallographic and refinement detail for the solvate is provided in the Table 2.7. The
average C-C bond lengths for the ethanol molecule in this adduct is given by 1.297(7) A
and whereas that for C-O bond is 1.269 (6) A. The detailed list of bond lengths and bond
angle is provided in Appendix A2 (Table A2.17) and atomic coordinates along with
isotropic displacement parameters are given in Table A2.18.

The molecular packing in the solvate of 5SNU with ethanol and water bears some
resemblance to the structures described earlier. It forms a layered structure, with each
layer containing alternating molecular tapes of 5NU -ethanol and 5NU-ethanol-water
(Figure 2.22). The molecular arrangement in the 5SNU -ethanol tape is similar to that of
5NU - formamide in Figure 2.20 (Figure 2.10f). The bonding in the 5SNU-ethanol-water
tape is, however, different. Here, pairs of nitrouracils molecules are bonded through
dimeric N-H...O bonds (D;) besides four O-H...O bonds (H...0, 1.86-2.32 A) induced
by two water molecules from strategic positions, thus forming a set of parallel-
antiparallel bonding arrangement. A similar bonding pattern has been observed for a
monohydrate of 5-nitrouracil.** This is also similar to quadruple hydrogen bond pattern
found usually in copolymer and peptide structures.>*” The two tape structures alternate

in a layer with C- H...O bonds from the methyl group connecting them. Interlayer
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SNU +
ethanol

052 HE2A i
013 HES'Z.««k
81
_. o HSUA 51
SNU + ethanol %

H12 i
+ water D ; E\ﬁm : i :m ;j :a

Figure 2.22: Solvate of 5SNU with ethanol and water, 3f, (a) A molecular layer showing
tapes of mixed compositions- tapes containing 5SNU and ethanol alternating with those
containing 5NU, ethanol and water (b) Hydrogen bonding between the layers.

contacts are of the type, C-H...O and C-H...N (H...0, 2.32 A; H...N, 251 and 2.61 A).
Table 2.13 provides a complete list of hydrogen bonding interactions present in this

solvate of 5-nitrouracil.

Table 2.13 Unique set of hydrogen bonds in molecular complexes of 5-nitrouracil with
ethanol and water.

H-bond H..A(A) D-A (A) D-H...A (%)
N(1)-H(1)...0(41) 1.740(5) 2.748(5) 174.3(4)
N(2)-H(2)...0(41) 1.963(5) 2.821(5) 175.0(4)
N(12)-H(12)...0(12) 1.861(5) 2.871(5) 178.5(4)
0(41)-H(41)...N(2) 2.045(5) 2.821(5) 157.9(4)
0(50)-H(50A)...0(12)  2.32(11) 2.732(5) 113(8)
0(50)-H(50A)...0(13)  2.26(10) 2.962(6) 148(8)
0(50)-H(50B)...0(11)  1.92(7) 2.835(6) 160(5)
0(61)-H(61)...0(50) 1.864(6) 2.775(5) 157.6(4)
C(4)-H(4)...0(1) 2.196(6) 3.247(6) 162.2(5)
C(14)-H(14)...0(3) 2.445(6) 3.226(6) 127.8(4)
C(41)-H(41A)...N(11)  2.353(6) 3.168(6) 132.6(5)
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Table 2.13 (continued)

C(41)-H(41B)...N(11)  2.614(6) 3.418(6) 132.2(4)
C(42)-H(42A)...0(14)  2.45(2) 3.037(6) 113.9(17)
C(42)-H(42B)...N(11)  2.509(7) 3.383(5) 139.1(5)
C(42)-H(42C)...0(1) 2.123(12) 3.108(6) 153.6(18)
C(61)-H(61A)...0(4) 2.317(6) 3.231(6) 143.5(5)
C(61)-H(61B)...0(2) 2.324(6) 3.215(6) 140.7(5)
C(62)-H(62A)...N(11)  2.627(17) 3.009(6) 100.6(10)
C(62)-H(62B)...0(2) 1.852(9) 2.883(5) 163.4(6)
C(62)-H(62C)...N(11)  2.492(17) 3.009(6) 109.0(13)

Hydrogen-bonded cocrystal of 5-nitrouracil with 3-aminopyridine, 3g

Figure 2.23 shows the asymmetric unit of the 1:1 molecular complex formed by
5-nitrouracil with 3-aminopyridine. This complex crystallizes in a monoclinic P2(1)/c
space group with two complete molecules. In this complex the 3-aminopyridine exists in
a protonated form at the ring nitrogen atom N(11). The average C-N bond lengths with
aromatic ring and -NH; in 3-aminopyridine is 1.362(8) A. The average C-C (aromatic)
lengths in 3-aminopyridine is 1.368 (7) A. All the bond lengths and bond angles present
complex 3g are provided in the Appendix Table 1.19. Atomic coordinates and isotropic

displacement parameters for the cocrystal are given in Table A2.20.

O)
HI2A)

Figure 2.23: ORTEP plot of cocrystal (1:1) of 5-nitrouracil with 3-aminopyridine, 3g,
Thermal ellipsoids are given at 50% probability.

Figure 2.24 shows the packing in the cocrystal of 5SNU with 3-aminopyridine,
where it can be readily identified the bonding motif of Figure 2.22, albeit with a
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difference. Due to the presence of the amino group from 3-aminopyridine, the bonds
belonging to the parallel-antiparallel arrangement are of N-H...O type (H...O, 1.91 and
1.92 A), involving the D; motif. It can be also noticed that bifurcated N-H...O and C-
H...O bonds connect adjacent 5NU and 3-aminopyridine, much like in the 5SNU-pyridine

solvate (Figure 2.18 and Figure 2.10d). Unlike the cocrystal structures discussed so far,

Figure 2.24: Cocrystal of 5-nitrouracil and 3-aminopyridine, 3g: Stacks of molecular
tapes arranged in alternating parallel and perpendicular orientations.

the molecular tapes in this structure do not extend sidewise into infinite layers but instead
allow similar tapes to stack perpendicularly as depicted in the figure. The two systems of
tapes are bonded though C-H...O interactions (H...O, 2.51 A).

Table 2.14 Unique set of hydrogen bonds in molecular complexes of 5-nitrouracil, SNU
with 3-aminopyridine.

H-bond H...A (A D-A (A) D-H...A (%)
N(2) -- H(2A) ..0(2) 1.919(7) 2.922(7) 172.1(6)
N(12) -- H(12A)..0(1) 1.908(7) 2.894(7) 164.4(6)
N(12) -- H(12B).. O(2) 2.172(7) 2.979(8) 135.7(5)
N(12) -- H(12B).. O(3) 2.268(8) 3.160(8) 146.5(5)
C(4) --H(4A) .. 0(4) 2.509(8) 3.536(8) 157.4(6)
C(11) -- H(11A).. 0(3) 2.182(9) 3.137(9) 145.6(5)
C(14) -- H(14A).. 0(1) 2.418(9) 3.310(9) 138.6(7)
C(14) -- H(14A).. N(1) 1.774(8) 2.804(8) 156.9(7)
C(15) -- H(15A).. O(4) 2.345(9) 3.402(9) 164.4(7)
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Hydrogen-bonded cocrystal of 5-nitrouracil with Diaza [2.2.2.] bicyclooctane,
(DABCO), 3h

The cocrystal formed between 5-nitrouracil and Diaza [2.2.2.] bicyclooctane,
DABCO and water (2:2:5) fall in different group compared to the previously cocrystals
of 5-nitrouracil with other molecules and solvates. This is because of the structural
difference of this cocrystal with a three dimensional architecture. Figure 2.25 depicts the

asymmetric unit of the cocrystal with its components 5-nitrouracil, DABCO and water of

(a)

HIS3B)

Hi424) ‘B’

HI34B) Hi438)
3 HiM () Hasa

HI334)
Q

@,
H31A)

Figure 2.25: (a) ORTEP plot of 5-nitrouracil- DABCO, 3h (b) labeling scheme for
DABCO molecules. Thermal ellipsoids are given at 50% probability.
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crystallization. The average bond lengths for C-N and C-C bonds in DABCO are
1.479(4) A and 1.525(5) A respectively. The average C-N-C bond angles in DABCO are
109.2 (3)°. The average C=0 bond lengths in molecule 5NU are given by 1.231A
whereas that for that for the C-N bonds are 1.364 (4) A. A detailed list of bond lengths
and bond lengths are given in the Appendix (Table A2.21) along with the atomic
coordinates and isotropic displacement parameters (Table A2.21).

Another example for 3D-stacking of molecules is the cocrystal of 5SNU with
diazabicyclo [2.2.2] octane, DABCO and water (molar composition, 2:2:5), as shown in
Figure 2.26. The structure contains cyclic dimers of nitrouracil (see inset of Figure 2.26)
formed through N-H...O interactions (H...O, 1.88 and 2.19 A), arranged in the form of

parallel set of tapes. The nitrouracil tapes are held between sheets of the DABCO

) oA —‘]N"Ka\/
053 : N31 '

Figure 2.26: Cocrystal of 5SNU and DABCO, 3h: A view along the diagonal of the ab
plane showing the supramolecular assembly. Insets show a 5-nitrouracil dimer and
hydrogen bonding between water with DABCO and 5NU.
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molecules, which in turn are covered by layers of water molecules. These supramolecular
assemblies get rotated along the a axis by 90° alternately. There is extensive hydrogen
bonding between DABCO and nitrouracil (N-H...N, 1.94 A, C-H...N, 2.42 and 2.52 A,
C-H...0, 2.45 — 2,57 A), water and DABCO (O-H...N, 1.98 A) as well as water and
nitrouracil (O-H...O, 2.06 and 2.11 A). The donor-H-acceptor angles are generally
favorable, N-H...N (153°), O-H...N (162°-163°), O-H...O (161°-178°) and C-H...N
(145°). There are also some C-H...O interactions, with the angle in the 118°-152° range.

Table 2.15 Unique set of hydrogen bonds in molecular complexes of 5-nitrouracil, 5NU
with diazabicyclo [2.2.2] octane and water.

H-bond H..A(A) D-A (A) D-H...A (%)
N(11) -- H(11A).. N(32) 1.940(4) 2.881(4) 153.9(3)
N(12) -- H(12A).. 0(22) 2.189(3) 3.189(3) 170.6(2)
N(22) -- H(22A).. O(12) 1.878(3) 2.885(3) 174.6(3)
0(50) -- H(50A).. O(54) 1.81(7) 2.778(5) 170(6)
O(50) -- H(50B).. O(13) 2.06(6) 2.884(5) 161(7)
O(51) -- H(51A).. N(41) 1.98(6) 2.856(5) 162(5)
0(51) -- H(51B).. O(50) 1.98(6) 2.826(5) 171(5)
0(52) -- H(52A).. O(54) 1.97(6) 2.831(5) 164(5)
0(52) -- H(52B).. O(21) 2.11(5) 2.883(4) 172(5)
0(53) -- H(53A).. N(31) 1.98(6) 2.849(4) 163(6)
0(53) -- H(53B).. O(52) 1.85(5) 2.851(5) 178(5)
0(54) - H(54A).. O(53) 1.94(6) 2.752(5) 172(5)
0(54) -- H(54B).. O(51) 1.86(6) 2.732(5) 170(5)
C(34) -- H(34A).. 0(12) 2.511(4) 3.175(4) 118.1(3)
C(34) -- H(34A).. 0(13) 2.566(5) 3.531(5) 146.9(3)
C(34) -- H(34B).. 0(24) 2.535(4) 3.537(4) 121.9(3)
C(35) -- H(35B).. N(21) 2.523(5) 3.472(5) 144.6(3)
C(42) -- H(42A).. N(21) 2.427(4) 3.380(5) 145.0(3)
C(42) -- H(42B).. O(11) 2.448(5) 3.273(4) 131.3(3)
C(42) -- H(42B).. O(14) 2.495(4) 3.160(4) 118.2(3)
C(46) -- H(46A).. O(11) 2.464(5) 3.292(5) 131.6(3)
C(46) -- H(46B).. 0(12) 2.495(4) 3.167(4) 118.6(3)

The significant aspect of this supramolecular system is the structure of the water
layer, consisting of a well-defined, isolated network of hydrogen-bonded acyclic
pentamers as shown in Figure 2.27. This is yet another example of a supramolecular
assembly hosting acyclic pentamer clusters of water.®*? The tetrahedral pentameric unit

43,44 :

corresponds exactly to that described by Walrafen, involving a central H,O molecule
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Figure 2.27: (a) Tetrahedral pentamers of water in the ab-plane forming a nearly square
arrangement (b) Hydrogen bonded network in the water layer.

%53
H53B

\

1
A}

052%7
H52A

Figure 2.28: A tetrahedron pentamer of water. The O...O distances and H-OH angles are
indicated in the inset.

where the two hydrogen donors of the central molecule engage two water molecules,
while the two lone-pairs of the oxygen act as acceptors bringing in two more water
molecules (Figure 2.28). The O...0 distances are in the 2.73 — 2.83 A range, comparable
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to the values obtained by abinitio calculations on water oligomers.*”> *® Three of the H-O-
H angles involving the central molecule are within 0.4° of the average value of 102.6°,
while the other H-O-H angle, extended from the outer proton donors, is 107.2° due to
lone-pair lone-pair repulsion. Besides the hydrogen bonds with the central molecule, the
hydrogens of the molecules at the tetrahedral corners bond alternatively to DABCO and
nitrouracil molecules above and below the water layer. It appears as though the
tetrahedral pentamers are formed to stabilize the water molecules bonded to DABCO and
5-nitrouracil molecules. The tetrahedral pentamers in the water layer are arranged in a
nearly square lattice in the ab plane, with basis vectors of 6.58 and 6.78 A, rotated with
respect to the parent lattice by ~45° (Figure 2.26b). The tetrahedral units are connected to
one another through a O-H...O bonds with O...O distances of 2.83 and 2.85 A in the two
directions, which are slightly longer than those found inside the tetrahedra (see Figure
2.28). The array of water molecules in Figure 2.27b can be described as a network of
cyclic dodecameric species sharing the four edges.

2.5 Conclusions

This study brings out the results of hydrogen bonding possibilities of molecules
uracil, cytosine and 5-nitroracil with various solvents and other compounds by deliberate
inclusion. The structural analysis of the adduct formed by melamine with uracil illustrates
the molecular recognition process of nucleobase uracil and also establishes the presence
of channels, in the three-dimensional supramolecularly hydrogen-bonded structure. The
study on 1:1 complexes of cytosine with trimesic and pyromellitic acids has clearly
brought out a molecular recognition process facilitated by proton-transfer interactions.
Both complexes possess layered structures with various N-H...O and O-H...O hydrogen
bonding interactions, involving several cyclic patterns. The interlayer distance is
uniformly 3.98 A in cytosine-pyromellitic acid complex, while in cytosine-trimesic acid

complex, there exists a bilayer structure with 2.87 A separation.

The study of the cocrystals of 5-nitrouracil, 5NU, brings out clearly the high
propensity of the molecule in forming interesting hydrogen bond patterns. Of the several
cocrystals investigated in this category, all except those involving 3-aminopyridine
exhibit layered structures with layers comprising two different compositions. In the
cocrystals of 5SNU with piperazine, N,N'-dimethylpiperazine, diazabicyclo[2.2.2]octane,
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pyridine and DMSO, tapes of 5NU alternating with rows of the partner molecule occur,
while in other cocrystals with formamide and ethanol, the molecular tapes exhibit mixed
compositions. In the cocrystal of 5SNU with dioxane, the hydrogen bonding pattern of
5NU is somewhat modified compared to the parent centric structure, where instead of
tapes, dimers of 5NU are present. Here, cyclic N-H...O dimeric bonds (alternating D;
and D) are seen on either side of the molecule (Figure 2.10a). In some cases, dimeric C-
H...O bonds (D3) are seen alternating with D; (5NU - piperazine) or D, (5NU - N,N’-
dimethylpiperazine) as in Figure2.10b and c. A new type of bonding pattern is seen in the
cocrystal of 5SNU with pyridine involving zig-zag arrangement of a linear C-H...O and
bifurcated N-H...O bonds (Figure 2.10d). Cocrystals with DMSO and formamide exhibit
tapes of 5SNU where bonding between adjacent nitrouracil molecules involves acceptor
oxygen from the partner molecule (Figure 2.10e and f). Another interesting feature of
these cocrystals is the presence of a quadruple-like hydrogen bonding pattern involving
either O-H...O (5NU -ethanol-water) or N-H...O (5NU -3-aminopyridine) bonds. The
presence of a network of acyclic tetrahedral pentamers of water in the cocrystal of 5SNU

with diazabicyclo[2.2.2]octane is also a novel finding.
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Chapter 3

UNDERSTANDING THE WEAK INTERACTIONS IN ALKYLOXY
SUBSTITUTED OLIGO(PHENYLENE-ETHYNYLENE)S AND
THEIR EFFECT ON THE SOLID STATE FLUORESCENCE
PROPERTIES*

Summary

This chapter deals with synthesis, structure and analysis of weak supramolecular
interactions in dialkyloxy substituted oligo(phenyleneethynylene)s. In addition, this study
investigates the dependence of solid state fluorescence properties of these molecules with
change in molecular packing in crystals and cooling rate during the formation of thin
films from the melt. The intermolecular interactions present in these compounds are weak
in nature and include C-H--'x interactions with the aromatic rings or with the triple bonds
as well as the chain-chain interactions involving the alkyl chains. These molecules show
change in planarity of the phenyleneethynylene back bone depending on the alkyl chain
length. The highest twist from the planarity is observed in the molecule with methoxy
substitution. The deviation from planarity in the molecules improves the ability of the
triple bond to participate in various C-H---m interactions by diminishing the conjugation in
the molecules. In addition to the variation from the molecular planarity, these molecules
exhibit in-plane lifting and out of plane bending of the phenyleneethynylene backbone
which is an after effect of their involvement in C-H--O interactions with the alkyloxy
oxygen atom. In the solution phase, all the molecules exhibit fluorescence with maximum
intensity around 400 nm. Their solid state emission properties are however varied being
dependent on the length of the alkyloxy chain. In the solid state, the presence of
electronic coupling between the molecules leads to a red- shifted emission, the shift being

proportional to the distance between the interacting molecules (J-aggregate). All the

*Manuscripts based on these studies are under preparation
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molecules show a high fluorescence quantum yield in the solid state, range from 0.3 to
0.8, with a maximum error of 3% in reproducibility. A melt cooling study in methoxy
substituted oligo(phenyleneethynylene) have shown a cooling rate dependence on the
solid state emission properties of this molecule. This study has established a close
relation between fluorescence emission and the preferred orientation of the crystallites on

the glass substrate.

3.1 Introduction

Conjugated oligomers and polymers are of great interest in current research
scenario due to their interesting electronic and photophysical properties.' Recent
literature covers numerous reports on synthesis and property studies of different types of
oligomers and polymers having conjugated backbone, based on p-phenylenevinylenes,”
p-phenyleneethynylenes,” p-phenylenes* and thiophenes® etc. The electronic properties
exhibited by these systems have made them important in single molecular electronics®
and display applications’ such as light emitting diode (LED) and flat panel display. In
addition to the electronic applications conjugated oligomers and polymers have been
tested for solar cell applications® and also for nonlinear optical applications such as
second and third harmonic generations (SHG and THG).” The uniqueness of these
systems over their inorganic counterparts is the tunability of the properties which is

offered by structural and functional group modifications."

Among the various conjugated oligomers and polymers mentioned above, p-
phenyleneethynylenes take the central stage owing to the possibility of tuning the
properties by way of substituting functional groups and introducing the changes in
molecular geometry.'! Last decade witnessed tremendous effort from both experimental
and theoretical side towards the designing and understanding of the properties of various
single molecular conductors particularly oligio(phenyleneethynylene)s. A major portion
of such studies on oligio(phenyleneethynylene)s focus on the effect of the functional
groups effects (donor-acceptors) on the conducting properties of the phenyleneethynylene
back bone.'''? Among them, the molecule carrying nitro-amino functionality is
interesting is that it showed a negative differential resistance (NDR) behavior, a protype

switch action.” In addition to the substitution effects, structural attributes such as the
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planarity of the phenyleneethynylene backbone also seems to have a large impact on the

electronic and the photophysical properties of the p-phenylenethynylenes.>®'*

Towards this end a number of studies have been carried out during last decade,
especially that to study how in the solid state the molecular structure and packing play a
major role in deciding the photophysical properties.*®"> Accordingly, the weak
interactions responsible for molecular packing have come under focus in many studies.'®
Reports by Bunz on phenyleneethynylene based polymers and oligomers cover the effect
of the molecular geometry especially the planarization of the phenyleneethynylene
backbone on various photophysical properties.'” The experimental efforts to understand
the solid state structure and packing of the molecules are mainly based on scanning probe
microscopic techniques and are modeled with the help of various theoretical methods."®
These studies mainly deal with the two dimensional arrangement of the conjugated chains
on the surfaces and also could bring about a correlation between the property and the

structure in the solid state.

3.2 Scope of the Present Investigation

Untill now there has been no systematic study on phenyleneethynylnes, relating
functional group substitution, molecular geometry, crystal packing involving weak
interactions and photophysical properties. The present study is an effort in this direction.
It deals with dialkyloxy substituted phenyleneethynylene oligomers with varying
hydrocarbon chain lengths (methoxy to dodecyloxy) as model crystal systems. These are
2,5-bis(phenylethynyl)benzene, named briefly as CO; 1,4-bis(phenylethynyl)-2,5-
bis(methoxy)benzene, C1; 1,4-bis(phenylethynyl)-2,5-bis(ethoxy)benzene, C2; 1,4-
bis(phenylethynyl)-2,5-bis(n-propoxy)benzene, C3; 1,4-bis(phenylethynyl)-2,5-bis(n-
butyloxy)benzene, C4; 1,4-bis (phenylethynyl)-2,5-bis(n-pentyloxy)benzene, C5; 1,4-
bis(phenylethynyl)-2,5-bis (n-hexyloxy)benzene, C6 and 1,4-bis(phenylethynyl)-2,5-
bis(n-dodecyloxy) benzene, C12. The main objective of the study is to see how
increasing alkyl chain length influences molecular geometry and the interactions
prevalent in the crystal structure. These in turn are responsible for the photophysical

properties.
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3.3 Experimental Section

All the compounds were synthesized following reported procedures with slight
modifications.'”? All the chemicals for the synthesis have been purchased from Aldrich
chemical company and used as obtained. All the solvents used for synthesis and

spectroscopic studies were distilled and dried using general procedures.”’

3.3.1 General method of synthesis

1,4-dialkyloxybenzene (1): A procedure analogous to that of Tour et al,”” was followed
(see Scheme 3.1). To a 100 mL two necked round bottom flask fitted with condenser and
an addition funnel, 1,4-dihydroxybenzene (30 mmol), was dissolved in 50 mL dry
ethanol. To this solution, KOH (65 mmol) was added and refluxed for 20 minutes and
added respective alkyl bromide (65 mmol) in 20 minutes. The reaction mixture was
refluxed for 2 hours and cooled to room temperature. Ethanol was removed on a
rotavapor and the solid was dissolved in dichoromethane and washed with water (3x).
The organic layer was separated and dried over Na,SO4. The resultant products were
purified over silica gel column chromatography using hexanes. Desired products where
obtained with ~ 87-93% yield. All the compounds were obtained as colorless crystals
from hexanes and characterized using single crystal X-ray diffraction.
2,5-dibromo-1,4-dialkyloxybenzene (2): In a 100 mL round bottom flask, 1,4-dialkyloxy
benzene (20 mmol) was dissolved in glacial acetic acid (6 mL). A solution of bromine
(40 mmol) in acetic acid (3 mL) was added dropwise over 40 minutes. The resulting
mixture was allowed to stir for 2 hours. The reaction mixture was poured into ice cold
water. The precipitate was filtered and column chromatographed over silica gel using
hexanes as the eluent. All the brominated compounds formed with a yield ranging form
75-78 %. All the compounds were yielded colorless crystals and are characterized using
single crystal X-ray diffraction.

2,5-bis(phenylethynyl)-1,4-bis(alkyloxy)benzene (C1-C12): To an oven dried 100 mL
two necked round bottom flask, 2,5-dibromo-1,4-dialkyloxybenzene (6 mmol) was
dissolved in THF (7 ml). To the solution bis(triphenylphospine)palladium(IT)dichloride
(0.12 mmol) was added and stirred for 15 minutes. To the reaction mixture

triphenylphosphine (0.24mmol), diisopropylethylamine (24 mmol) and copper(I)iodode
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(0.24) were added and the atmosphere replaced with argon (3x). To this reaction mixture

phenylacetylene (14.2 mmol) was added

H R R
i i Br
Br
OH OR OR
1 2

OR

Br I
y . iii @ _ Q _ @

OR OR

Cl:R=CH, C2:R=CH, C3:R=CjH,
C4:R=CH, C5:R=C,H,, C6:R=CiH,,

I || C12:R:C12H25
N = N
@ ¥ — ( O—=A )=
| co

Scheme 3.1: Reagents and conditions: i) NaOH, RBr, ii) Br,, AcOH iii) PdCI,(PPhs3),,
Cul, Diisopropylethylamine (DIEA), PPhs;, THF,65°C, 24 hours

and once again the argon atmosphere maintained and the round bottom flask was sealed.
The reaction mixture was heated at 65 °C for 24 hours and filtered over celite to remove
the inorganic products. The organic portion was extracted using dichloromethane and
purified using flash column chromatography (silica gel and using hexanes as the eluent).
The dialkyloxy substituted oligo(phenyleneethynylene)s yielded 80 to 90% and were
characterized using NMR ("H and °C) spectroscopy (Appendix for chapter 3, page:A-31)
in addition to the single crystal X-ray diffraction.

1,4-bis(phenylethynyl)benzene (C0): Compound CO was prepared by following pervious

procedure by replacing 2,5-dibromo-1,4-dialkyloxybenzene with 1,4-diiodobenzene (see

Scheme 3.1)

3.3.2 Photophysical studies

The absorption spectra were recorded on a Shimadzu UV-3101PC UV-vis-NIR

spectrophotometer and excitation and emission spectra were recorded on a SPEX
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Fluorolog F112X spectrofluorimeter. All the commercially obtained spectrometric grade
solvents were dried using standard procedures®’ before preparation of the solutions for
the various studies in the solution state. Fluorescence quantum yields, with an estimated
reproducibility around 2%, were determined by comparison with diphenylanthracene,

DPA ( ®¢= 0.9) which was used as the fluorescence standard.

In order to study fluorescence with sample C1 cooled at different rates, the
compound was held between two glass cover slips by heating above its melting points on
hot stage attached to a digital temperature controller (Linkam). The melt formed by this
method have been cooled at different rates to room temperature. Measurements of solid
state photoluminescence were carried out using front face emission scan mode on a
SPEX Fluorolg F112X spectrofluorimeter. Solid state quantum efficiency was measured
using a calibrated integrating sphere in a SPEX Fluorolog spectrofluorimeter.”> A Xe-arc
lamp was used to excite the thin film sample placed in the sphere, with 360 nm excitation
wavelength.. The quantum yield of solid state fluorescence was determined by comparing
the spectral intensities of the lamp and sample emission using a reported procedure.
Using this experimental system and integrating sphere system, the solid state quantum
yield of thin film of the standard green OLED material tris-8-hydroxyquinolinolato
aluminium (Alg3) was determined to be 0.19, which is consistent with previously

reported values.”

3.3.3 Crystal data collection

Crystals of the compounds C1 to C12 were obtained by the slow evaporation of
their saturated solution in toluene and the crystals were separated from the mother liquor.
However, good quality crystals of CO could not be obtained. The crystals were analyzed
under a polarizing microscope and good quality single crystals were separated for X-ray
structure determination. The crystal data were collected on a Bruker-Nonius
diffractometer with Kappa geometry attached with an APEX - [I-CCD area detector and a
graphite monochromator for the Mo Ka radiation (50 kV, 40 mA) at room temperature
(298 K). The data collection and structure solution were carried out using the procedure

described in the general experimental and related aspects section.
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3.4 Results and Discussion
3.4.1 Structure and weak interactions in oligo(phenyleneethynylene)s

In order to understand the effect of varying chain length and the resulting weak
interactions, a systematic analysis of the molecular crystallographic structure in 8 oligo-
(phenyleneethynylene)s systems have been carried out. Scheme 3.2 represents the

molecules presented in this study.

Scheme 3.2: Molecules presented under this study CO : 2,5-bis(phenylethynyl)benzene;”*
R = Cl: 1,4-bis(phenylethynyl)-2,5-bis(methoxy)benzene; C2: 1,4-bis(phenylethynyl)-
2,5-bis(ethoxy) benzene; C3: 1,4-bis(phenylethynyl)-2,5-bis(n-propoxy)benzene; C4: 1,4-
bis(phenylethynyl)-2,5-bis(n-butyloxy)benzene; C5: 1,4-bis(phenylethynyl)-2,5-bis (n-
pentyloxy)benzene; C6: 1,4-bis(phenylethynyl)-2,5-bis(n-hexyloxy)benzene; C12: 1,4-
bis(phenylethynyl)-2, 5-bis(n-dodecyloxy)benzene.'*”

Figures 3.1 and 3.2 depict the ORTEP plots and atom numbering schemes for all
the oligo(phenyleneethynylene)s presented in this study. All the dialkyloxy substituted
oligo(phenyleneethynylene)s (C1 to C12) crystallize in monoclinic space group with half
molecule in the asymmetric unit. The crystal structures of compounds C0O, C6 and C12
are previously known in the literature and the structure solution obtained in this study
match closely with the reported.”*'®® From the literature it is also known that the
molecule 2,5-bis(phenylethynyl)benzene, CO, crystallizes in triclinic P(-1) space group
with two half molecules in the asymmetric unit. Table 3.1 provides the complete
crystallographic data and refinement parameters for the molecules Cl to Cl2. A
complete list of bond lengths and bond angles for all the molecules along with the atom
coordinates and isotropic displacement parameters (C1l to C12) are provided in the

Appendix for Chapter 3 (Appendix Tables A3.1 to A3.16). The aromatic carbon-carbon
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(d)

Figure 3.1: ORTEP plot of the molecules (a) 2,5-bis(phenylethynyl)benzene, CO (ref. #
24), (b) 1,4-bis(phenylethynyl)-2,5-bis(methoxy)benzene, C1, (c) 1,4-bis(phenylethynyl)-
2,5-bis(ethoxy) benzene, C2 and (d) 1,4-bis(phenylethynyl)-2,5-bis(n-propyloxy)benzene,
C3 where the asymmetric units are labeled.
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Figure 3.2: ORTEP plot of the molecules (a) 1,4-bis(phenylethynyl)-2,5-bis(n-
butyloxy)benzene, C4, (b) 1,4-bis (phenylethynyl)-2,5-bis(n-pentyloxy)benzene, C5, (c)
1,4-bis(phenylethynyl)-2,5-bis (n-hexyloxy)benzene, C6 and (d) 1,4-bis(phenylethynyl)-
2,5-bis(n-dodecyloxy) benzene, C12 (ref- # 26b) where the asymmetric units are labeled.
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Table 3.1 Crystal structure data for adduct of 2,5-bis(phenylethynyl)-1,4-bis(alkyloxy)benzenes.*

Compound C1 (074 C3 C4 C5 C6 C12
Empirical formula Coy Hig O, Cas Hay Oy Cyg Hys O C30 H3p O, Cs; H3y Oy C34 Hys O, Ca46 He2 Oz
Formula wt 338.38 366.44 394 .48 422.54 450.60 478.64 646.96
Cell setting Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c P2(1)/c P2(1)/n P2(1)/n P2(1)/n P2(1)/c
a(A) 15.4950(5) 13.0543(5) 5.78560(10) 6.2637(2) 6.2298(2) 6.2970(2) 25.7045(9)
b (A) 11.0758(4) 11.0691(4) 14.9764(4) 21.4804(6) 22.1029(6) 22.7824(8) 5.0710(3)
c(Ad) 10.6108(3) 15.2735(5) 13.3619(3) 9.2590(2) 10.0247(3) 10.6411(2) 16.4935(6)
a (°) 90 90 90 90 90 90 90

B(°) 102.3920(10) 109.434(2 90.1120(10) 93.187(1) 99.168(2) 105.493(1) 107.729(4)
Y (°) 90 90 90 90 90 90 90

Cell volume (A’) 1778.59(10) 2081.27(13) 1157.77(5) 1243.84(6) 1362.73(7) 1471.11(7) 2047.8(2)
z 4 4 2 2 2 2 2

F (000) 712 776 420 452 484 516 708

p (g/em?) 1.264 1.169 1.132 1.128 1.098 1.081 1.049

Crystal size (mm)

Crystal detector
distance(cm)

No. of measured

No. of independent
reflections

Range for data
collection 6 (°)

Range of h, k, 1

R,
WR2
S

No. of parameters refined

Max. eA”

0.35x0.30x0.30
5.0

6893
1684

2.28-25.68

-18t0 18
-12t0 13
-12t0 11
0.0364
0.0914
1.103
154
0.256

0.35x0.30x 0.25
5.0

12036
1965

2.56 - 25.69

-15to 15
-13to0 13
-18to 16
0.0432
0.1097
1.026
171
0.120

0.35x0.30x 0.30
5.0

15485
2191

2.04 - 25.69

-7to 6
-18 to 18
-16to 16
0.0424
0.1120
1.016
188
0.105

0.35x0.25x0.25
5.0

12331
2323

2.91-25.65

-7to 6
-26 10 26
-11to 11
0.0387
0.0985
1.026
205
0.122

0.35x0.35x0.20
5.0

14626
2586

1.84 - 25.68

-6to7
-26 to 26
-12to 12
0.0515
0.1532
1.113
222
0.254

0.30x0.25x0.25
5.0

5968
2087

1.79-23.24

-6to 6
25 to 25,
-6to 11
0.0448
0.1151
0.952
239
0.167

0.35x0.30x 0.20
0.50

31015
3869

0.83-25.67

-31to 31
-6 to 6
-20to 20
0.0994
0.3122
1.078
322
0.417

*Crystal data for CO is not shown as good quality crystals could not be obtained. The residual factors being high for C12 in the present study, the

reported structure (ref. #16b) has been used in the discussion.
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bond lengths are in the range of 1.353(3) - 1.404(2) A and the single bond connectors
between the aromatic ring and the triple bond are in the range of 1.428(2) - 1.451(2) A.
However, no systematic variation observed. The lengths of the triple bonds in all the
molecules vary within the range 1.182(2) - 1.205(2) A, whereas the C-O bond lengths
between the aromatic ring and the oxygen atom range from 1.363 to 1.376(3) A.

A comparative study of molecular geometries and packing of dialkyloxy
substituted oligo(phenyleneethynylne)s

The possible chemical effect in alkyloxy substituted oligo(phenyleneethynylene)s
are electronic effects such as +M (mesomeric) and -I (inductive) effects on the central
phenyl ring from the alkyloxy group.” The possible variation in -I (inductive) effect can
extend upto second carbon atom in the alkyl chain while it becomes negligible from the
third carbon onwards. Since the chemical effect is more or less similar in higher alkyloxy
substitutions, the possible difference in the properties of these molecules can be attributed
to the geometry induced electronic effects. This is due to the fact that, phenyl rings being
connected though the triple bond, posses enough freedom to rotate along the molecular
axis to get rid of the steric repulsion between the end phenyl rings and the alkyloxy

groups.

A detailed analysis of the molecular geometry of the dialkyloxy substituted
oligo(phenyleneethynylene)s shows the presence of various kinds of distortions in their
phenyleneethynylene backbone. The distortions in the molecules are classified into three
types (i) Angular deviation (a) between the middle and terminal phenyl rings, (ii) In-
plane lifting (L) of phenyl ring, (iii) out of plane bending of single-triple bond linker
defined by angle (8). Graphical representations of the above mentioned deviations in
these molecules are shown in Figure 3.3. In these systems, the most important
deformation is the deviation from the planarity (o) created by the rotation of the phenyl

rings.

Figure 3.4 shows a paddle wheel representation of all the molecules with their
asymmetric units. This figure shows the out of plane movements in each molecule

keeping the middle phenyl ring in the plane. It is clear from this figure that on dialkyloxy



Chapter 3

substitution the phenyleneethynylne backbone undergoes different types of geometric

variations.

Figure 3.3: Conformational variations present in the alkyloxy substituted oligo
(phenyleneethynylene)s (a) Angular deviation (@) between the middle and terminal
phenyl rings (b) In-plane lifting (L) of phenyl ring (c) out of plane bending of single-
triple bond linker (6).

Figure 3.4: A paddle wheel representation oligo(phenyleneethynylene)s which shows
various deformation from the planarity (asymmetric units where alkyloxy groups and

hydrogen are removed for clarity)
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In order to obtain a quantitative picture on the various distortions in dialkyloxy
substituted molecules, various deformation parameters o, L and 6 were plotted against
the increasing chain length, n. Figure 3.5a shows a sharp increase in deviation from
planarity (o = 80°) on methoxy substitution. Further increment in the alkyloxy chain
length (ethoxy substitution) brings about a sharp decrease in the angle indicating the
building up of a restoring force towards planarization. On increasing the side chain length
further with propyloxy substitution, the value of a decreases further to 5.5°. This can be
attributed to the decrease in the strain in phenyleneethynylene backbone by introducing a
gauche conformation in the alkyloxy chain. Butyloxy substitution brings about a small
increase in o by ~16° but the chain is in #rans conformation. Further increase in alkyloxy
chain length (C5 and C6) brings down the deviation from planarity. Almost complete
planarization (o ~0.5°) of the phenyleneethynylene backbone occurs with dodecyloxy

Ci2.

(b)
(a) 1.0
80 10
60 8
o e
40 + 6 ~
/\
20 4 v V/V
0 2 v 1 1 1 " 1 1
0 2 4 Sn 8 10 12

Figure 3.5: The deformations in the phenyleneethynylene back bone with respect to
variations in alkyoxy chain lengths (a) Angular deviation (&) between the middle and
terminal phenyl rings (solid) and in-plane lifting (L) of phenyl ring (dotted) (b) out plane
bending of single-triple bond linker(6).

In addition to the deviation from planarity, the variations in L and 0 with
increasing alkyloxy chain length are also analyzed. The plot of in-plane lifting of
phenyleneethynylene backbone, L, versus chain length n, (see Figure 3.5a dotted lines)

shows a maximum value with butyloxy substitution among various alkyloxy substitutions
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with value of 0.688 A. Similar to in-plane lifting, the backbone bending @ also shows a

maximum with butyloxy substitution (see Figure 3.5b).

The molecular packing analysis of all the phenyleneethynylene systems has
shown that all the molecules adopt a herringbone packing pattern along different
molecular axes. Figure 3.6a shows the packing of molecule CO, which forms a
herringbone packing along its short axis. Molecule C1 also packs in a herringbone pattern
through its long axis, where the individual layers form a herringbone layer (see Figure
3.6b) and each such layer stacks over, with a slip of half molecular length to give slipped
herringbone pattern as shown in the inset of the Figure 3.6b. The molecules from C2 to
C12 also follow herringbone packing along their molecular long axis as shown in Figure
3.7. There are variations in the interpenetration of the herringbone layers, and these
interpenetration is maximum in the case of C3 (see Figure 3.7b). The molecule C12 also
shows a somewhat different kind herringbone packing with a slip in the molecules in

each molecular stack.

Figure 3.6: Herringbone packing of (a) 2,5-bis(phenylethynyl)benzene, CO and (b) 1,4-
bis(phenylethynyl)-2,5-bis(methoxy)benzene, C1.
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Figure 3.7: Herringbone packing of (a) 1,4-bis(phenylethynyl)-2,5-bis(ethoxy) benzene,
C2, (b)  1,4-bis(phenylethynyl)-2,5-bis(n-propyloxy)benzene, C3, (c) 1,4-
bis(phenylethynyl)-2,5-bis(n-butyloxy) benzene, C4, (d) 1,4-bis(phenylethynyl)-2,5-bis(n-
pentyloxy)benzene, C5, (e) 1,4-bis (phenylethynyl)-2,5-bis(n-hexyloxy)benzene, C6 and
(f) 1,4-bis(phenylethynyl)-2,5-bis(n-dodecyloxy) benzene. C12 (in molecules C6 and C12
alkyl chains are removed for clarity).
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In order to understand the forces operating for the molecular planarization and
also to account for the role played by the triple bonds in these molecules, a detailed
analysis of weak interactions has been carried out. It is interesting to note that the major
interactions in all these molecules are C-H...n in nature. All interactions with H...n
distance < 3.05 A and angle >130° are considered in accordance with the previous
literature.”® Based on the molecular structure one may speculate that there are two types
of donors, aromatic ring and alkyl C-H groups and two types of acceptors namely
aromatic ring and the triple bond. Figure 3.8 shows the interactions present in CO where
the molecules pack through various C-H...m interactions which are originating from
aromatic C-H groups and the acceptors being aromatic rings (see Table 3.2). Thus, in this

system, the aromatic ring acts as acceptor for various C-H...r interactions.

—_———3 =<

c10 ic3
> 2.82(2) A 2.74(2) A
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ic14 i ]
12.97(2) A { i2.89(1) A ! {2.0a(1) A

> j E

Figure 3.8: Unique hydrogen bonding interactions in molecule 2,5-
bis(phenylethynyl)benzene CO.

Unlike molecule CO, molecule C1 shows a different set of interactions, where in
spite of the presence of phenyl ring acceptors, here the triple bond plays a major role as
an acceptor. (see Figure 3.9a). Out of seven C-H...w interactions present in this molecule,
four interactions are directed towards the triple bond n-density as indicated by Figure
3.9b. This is a clear evidence for the localization of electron density at the triple bond

region due to the reduced conjugation (see Chapter 4 for detailed discussions).

127



Alkyloxy substituted oligo(phenyleneethynylene)s

Table 3.2 Unique non-bonding interactions observed in various phenylencethynylenes
presented in this study.

compound Interactions H...A (A) D-H...A (°)
C(16) -H(11) ...t C(10) 2.82(2) 142.4(2)
C(21) -H(13) ..t C(3) 2.74(2) 145.2(1)
o C(11) -H(7) ...n C(22) 2.89(1) 137.1(1)
C(2) -H(2)..nC(14) 2.97(2) 136.3(1)
C(5) -H@4)..nC(17) 2.94(1) 137.0(1)
C(12) -H(12A)...n(Cg(1)) 2.86(1) 143.3(3)
C1 C(5) -H(5) ...t C(10) 3.04(2) 130.7(2)
C(10) -H(10)...n( C(5) 2.88(2) 154.8 (1)
C4) -H4) ...n C(7) 2.82(1) 133.4(1)
C@3 -H(3) ..mC(7) 2.95(1) 136.7(1)
C(6) -H(6) ...n C(8) 3.00(2) 174.4(4)
C(2) -H(Q2) ...nC(7) 2.78(2) 155.8(2)
C2 C4) -H(4) ...nC(8) 2.81(1) 145.7(2)
C(12) -H(12A)...n(Cg(1)) 3.07(1) 132.7(1)
C3 C(12) -H(12A) ...n(Cyl) 2.73(2) 140.6(1)
(12) -H(12B) ...n(Cg(1)) 3.02(2) 135.0(1)
C4 C(13)-H(13B)...n Cg(2) 2.95(1) 145.0(2)
C(12) -H(12A) ...nC(8) 2.79(1) 152.6(2)
C4) -H(4)..0(1) 2.70(1) 144.5(2)
C5 C(12) -H(12A) ...nC(8) 2.84(2) 156.2(2)
C(13)-H(13A)...n Cg(2) 2.88(2) 140.6(1)
C6 C(13)-H(13B)...t Cg(2) 2.72(2) 141.6(1)
C(12)-H(12B)...nt C(9) 2.86 (1) 132.1(1)
C(12)-H(12B)...mt C(8) 2.88(1) 160.0(1)
C10-H10...n C3 2.82(1) 164.5(2)
C10-H10...mt C2 2.89(2) 138.5(2)
C12 C12-H12B...n C5 2.87(2) 146.7(1)
m(Cyl)... Cg(1) 3.37(2), 3.37(1)
n(Cyl)...n Cg(2) 3.33(2), 3.35(2)
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Figure 3.9: Unique hydrogen bonding interactions in molecule 1,4-bis(phenylethynyl)-
2,5-bis(methoxy)benzene, Cl (a) and (b) triple bond as acceptor.

The ethoxy (C2) substituted molecule shows only two interactions of C-H...n
type which originate from the alkyl chain and the aromatic rings (see Figure 3.10a). In
these systems, the aromatic rings as well as the triple bond participate equally as
acceptors. The C-H...r interaction formed between the aromatic ring and the triple bond

serves to bring together two stacks of molecules in the herringbone packing.
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(@)

(b)

Figure 3.10: Unique C-H...w interactions in molecule (a) 1,4-bis(phenylethynyl)-2,5-
bis(ethoxy)benzene, C2 and (b) 1,4-bis(phenylethynyl)-2,5-bis(propyloxy)benzene, C3.

A further increment in the alkyl chain length from C2 to C3 results in an
important structural change by forming a gauche conformation in the alkyl chain with a
torsion angle of 66.72° (see Figure 10b). It is noteworthy that in C3, all the C-H...n
interactions originate from alkyl group, while both triple bond and phenyl rings act as
acceptors. In this system the interaction between the alkyl C-H and aromatic m-density

acts as the connector between two molecular stacks.
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Figure 3.11: Unique hydrogen bonding interactions in molecule 1,4-bis(phenylethynyl)-
2,5-bis(butyloxy)benzene, CA4.

Similar to the C-H...n interactions observed in C3, in molecules C4 to C6 the
only C-H donors are methylene hydrogens, and both the aromatic rings and the triple
bond form the acceptors (see Figure 3.11). It is clear from the Figures 3.12 and 3.13 that
in molecules C4 and C5, contribution of triple bond and aromatic rings towards C-H...n
interactions are equal. Among molecules presented in this study, the uniqueness of the
molecule C4 is due to the presence of a weak C-H...O interaction (see Table 3.2). This
C-H...O interaction acts as a connector between the molecules in two different stacks.
Figure 3.13 shows the weak interactions present in molecule C6. This is in clear contrast
to the molecules C3 to C5, for C6, the acceptor contribution is mainly from the aromatic

ring.
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‘H13A
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Figure 3.12: Unique hydrogen bonding interactions in molecule 1,4-bis(phenylethynyl)-
2,5-bis(pentyloxy)benzene, C5.
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Figure 3.13: Unique hydrogen bonding interactions in molecule 1,4-bis(phenylethynyl)-
2,5-bis(hexyloxy)benzene, C6.

The weak interactions present in the molecule C12 are quite different from those
present in other molecules. In C12, in addition to the C-H...n interactions (see Figure
3.14), the n-n stacking between the triple bond and the aromatic rings (see Figure 3.14b)
also play a major role in the molecular packing. The =...n stacking interactions function
as linker between successive molecular layers while the C-H...n interactions link the
nearest molecular stacks to give a herringbone pattern. The ... stacking distances are in
the range of 3.33(2) - 3.37 (2) A, whereas the C-H...n interactions distances range from
2.82(1) to 2.87(2) A. It is interesting to see that the participation of triple bond n-density

in C-H...w interactions is completely absent in this molecule.
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(a)

(b)

3720A  3342) A

Figure 3.14: Unique interactions in molecule 1,4-bis(phenylethynyl)-2,5-bis(dodecyloxy)
benzene, C12.

In order to correlate the week interactions in alkyloxy substituted
oligo(phenyleneethynylene)s with molecular geometry, a comparative study of weak
interactions and deformation in molecular geometry has been carried out. Figure 3.15
shows the possible H...O interaction distances between the terminal hydrogen atom of
the end phenyl ring and the chain length, n. As clearly seen from the figure a sensible
H...O distance (2.7 A) occurs only in the molecule C4. In this context, a comparison of

the minimum H...O distance with the maximum in-plane lifting (L) and out of plane
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bending (0) observed in molecule C4 conclude that the possible C-H...O contact plays a

major role in determining the molecular geometry to a greater extent.
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Figure 3.16: Acceptor contribution from triple bond and donor contribution from alkyl
chains in alkyloxy substituted oligo(phenyleneethynylene)s.

This study also looks into the details of the participation of triple bond as well as
the alkyl C-H in various C-H...w interactions with varying alkyloxy chain length. Figure

3.16 shows a plot of the variation in acceptor contribution of triple bond (i.e., acceptor
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contribution of triple bond over sum of the acceptor contributions from phenyl ring and
the triple bond) with respect to alkyloxy chain length. It is interesting to see that the triple
bonds in highly planar molecules such as CO and C12 are not at all participating in C-
H...m interactions. The maximum acceptor contribution of the triple bond is observed in
C1, while in the molecules C2 to C5, the triple bond shows equal participation as that of
the phenyl rings. The alkyl chain contribution (i.e., donor contribution of alkyl group
hydrogens over sum of the donor contributions from phenyl ring and the alkyl group) as
C-H donors towards various C-H...w interactions with varying alkyloxy chain length, n is
shown in Figure 3.16 (open squares). As chain length increases, the contribution from the
alkyl chain increases to maximum. It is clear from the plot that the methylene hydrogen
participation in C-H...w interactions increases systematically from C1 to C3, maintained

hundred percent in molecules C3 to C6 and drops in molecule C12.
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Figure 3.17: Triple bond as an acceptor in C-H...r interactions. Its participation is
shown with respect to molecular planarity.

From the analysis of acceptor contribution of triple bond in C-H...w interactions
with variation in alkyloxy chain length, it can be seen that the maximum contribution is
in the molecule C1 and the minimum is in CO and C12. Figure 3.17 shows a plot of

acceptor contribution of the triple bond versus the deviation from planarity a. The plot
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shows a clear synergy between the acceptor contribution of the triple bond and the
deviation from planarity, where the triple bond has become good acceptor at higher
angles of deviation. This may be attributed to localization of electron density at the triple

bond region due to the reduced conjugation.

Previous studies on various conjugated oligomers and polymers have shown that
the chain-chain interaction can also play a major role in determining the property of these
compounds in solid state. To understand the role of such interactions, an analysis of weak

chain-chain interactions in these molecules has been carried out. In order to obtain a

(a)

Figure 3.18: (a) Non-interacting alkyl chains (b) interaction between alkyl chains on
increasing the chain length (eg. molecule C6). (c) Interaction of three alkyl chains in

molecule C12.

quantitative picture of these interactions, a parameter, d, is defined (see Figure 3.18)
which is the shortest distance between two mean lines passing though the carbon atoms
of the alkyl chains. It is interesting to note that the distance, d varies as 4.85, 4.31 and
3.88 A respectively for C4, C5 and C6 indicating that on increasing the chain length, an
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interaction between the alkyl chain builds up. Unlike these molecules, C12 shows a
different kind of interaction with a mean distance of 4.1 A, where crowding of three alkyl

chains gives rise to a strong interaction as shown in Figure 3.18c.

3.4.2 Solution phase and solid state fluorescence properties of 1,4-bis

(phenylethynyl) -2,5 -bis(alkyloxy) benzenes

This section deals with the photophysical properties exhibited by dialkyloxy
substituted oligo(phenyleneethynylne)s, both in solution phase and solid state. The
molecule, CO, has been used as a reference molecule for understanding the chemical
effect of the alkyloxy substitution on the phenyleneethynylene backbone. Figure 3.19
shows the photophysical properties of the molecule CO in toluene (15 uM). The UV-vis
absorption spectrum shows maximum intensity at 325 nm with shoulders at 310 and 345
nm. The emission spectrum for the solution of CO shows two maxima at 355 and 375 nm
with various shoulders. The excitation spectrum recoded by collecting emission at 375
nm shows similar spectral features to that of the absorption spectrum with differences in
the peak intensities (see Figure 3.19). The spectral characteristics from the solution
resemble the previous reports in the literature.'®™ Figure 3.20 shows the normalized

fluorescence emission spectra for the compounds C1 to C12 recorded from their dilute

Intensity (a. u.)

300 350 400 450 500
Wavelength (nm)

Figure 3.19: Solution state photophysical properties of compound CO. Absorption (red,
fluorescence emission (blue) recorded by exciting with 330 nm and excitation spectra
(green) recorded by collecting emission at 375 nm.
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toluene solutions (15 uM). All the compounds show almost similar fluorescence spectral
features with maxima centered around 401 nm along with a shoulder at 420 nm. The
molecules C1 and C6 are blue and red shifted respectively by ~4 nm. In dilute solutions,
the emission behavior of the different molecules is similar which indicates that alkyloxy

chain length induced chemical effects have minimal role.

Fl. Intensity (a. u.)

E

375 400 425 450 475 500 525 550
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Figure 3.20:  Fluorescence in dilute solutions (15uM in toluene) of
oligo(phenylenethynylene)s recorded by exciting with 360 nm.

The solution phase absorption spectra and excitation spectra for C1 to C12 are
shown in Figure 3.21. The absorption spectra (Figure 3.30a) shows two intensity maxima
centered around 307 and 367 nm. The presence of the two absorption maxima is
understandable. A theoretical study on C6 has shown that in solution,”’ the molecule
exists in the planar form and the alkyloxy substituent modifies the center arene ring n-
orbitals through the resonance interaction with the oxygen lone pairs. This leads to the
development of very similar orbital features for HOMO and HOMO-1 resulting in
electronic transitions from both HOMO and HOMO-1 to LUMO. The scenario is
expected to be similar in other molecules as well. The excitation spectra in Figure 3.21b
also shows similar features to that of the absorption spectra with maxima at 310 and 367

nm indicating that the absorbing and the emitting species are similar.
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Figure 3.21: (a) Absorption in dilute solutions (15uM in toluene) of
oligo(phenyleneethynylene)s.(b) Excitation spectra (emission collected at 425 nm).

Table 3.3 Absorption and emission properties of phenyleneethynylenes in toluene
(15pM)

Compound Amax (abs.) & M'cm’! Amax T (ns) X2 Q. yield
Co 321 5.288x10" 350 0.97 1.032 0.91
C1l 365 3.198x10* 397 1.23 1.016 0.90
C2 365 2.964x10" 401 1.32 1.013 0.92
C3 366 3.001x10* 401 1.37 1.069 0.91
C4 366 3.209x10* 401 1.45 1.047 0.91
C5 366 3.186x10* 402 1.45 1.022 0.89
C6 367 3.093x10* 403 1.35 1.099 0.91
C12 366 3.108x10* 401 1.33 1.052 0.89

Table 3.3 lists the details of the absorption and emission characteristics of all the
molecules (in solution). The fluorescence lifetimes were determined using time-
correlated single photon counting (TCSPC) technique.” In all the cases, the emission
decay exhibited monoexponential decay confirming the presence of a single emitting
species. Molecule CO shows singlet excited state lifetime of 0.97 ns, in good agreement
with the value previously reported in the literature.'™ Singlet excited state lifetimes of C1
to C12 lie within a narrow range of 1.23 to 1.45 ns with no systematic dependence on the
chain length. The fluorescence quantum yield in toluene solutions were recorded using

diphenylanthracene in cyclohexane as an internal standard (® = 0.9). All the molecules
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show high quantum yield of ~0.9. Thus, it is clear that the chain length of dialkyloxy
substitution does not have a significant effect on the photophysical properties of
phenyleneethynylenes.

The solid state behavior of these molecules is quite different. Figure 3.22 shows
the fluorescence emission spectra of C1-C12 from crystalline samples. The crystals were
obtained by slow evaporation of the solvent, toluene. The emission maxima of the
crystals lie within the range, 444 to 515 nm with various shoulders. However, there is no
systematic variation with respect to the chain length. It may be observed from Figures
3.20 and 3.22 that the main peak in C1 showed a minimal red shift between the solution

phase and the crystalline state, while C2, the maximum shift.
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Figure 3.22: Fluorescence emission (excitation 360 nm) spectra for the crystals of
oligo(phenyleneethynylene)s.

Figure 3.23 contains the excitation spectra of the crystalline samples. A number of
intensity maxima are observed in each case indicating the presence of various emitting
levels in the crystalline samples. The emission colors from the crystalline samples are
represented with the help of chromaticity diagram CIE 1931 standard (see Figure 3.24).
The C1 system lies in the extreme blue region while C2 is in the green region (see also

Figure 3.22) and the rest of the molecules exhibit intermediate colors.
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Figure 3.23: Excitation spectra (emission collected at 480 nm) for the crystals of

oligo(phenyleneethynylene)s C2 to C12, Excitation spectrum for molecule C1 is recorded
by collecting emission at 440 nm.
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Figure 3.24: Chromaticity diagram (CIE 1931) showing the fluorescence emission
colours from alkyloxy substituted oligo(phenyleneethynylene)s.

The solid state fluorescence quantum yields have been obtained using the

integrating sphere.”> All the crystals exhibited quantum yields (up to 0.8) but these are
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less compared to the values from the solution phase (compare Tables 3.3 and 3.4). Also,
there is a spread in the values (0.28 - 0.82) in the crystalline state which is absent in

solution. No systematic trend is observed with respect to the alkyl chain length.

Table 3.4 Solid state fluorescence quantum yield for various dialkyloxy substituted
oligo(phenyleneethynylene)s.

Compound d(solid)
C1 0.51(2)
C2 0.53(3)
C3 0.82(2)
C4 0.73(3)
C5 0.74(3)
C6 0.78(3)
C12 0.28(3)

In order to gain an insight into the fluorescence behavior of the various molecules
(C1 to C12), it is suggestive to study the underlying packing in the crystalline state. A
detailed analysis of molecular packing revealed that for each molecule, there exist two
neighbors. Thus, one finds two kinds of molecular pairs. Figure 3.25 shows the molecular
pairs in the case of C1. In Figure 3.25a, the partner molecule extends an angle of 78.5°

while in Figure 3.25b, they are parallel with spacing of 4.65A. It is reasonable to consider

Figure 3.25: Intermolecular interaction possibility in molecule C2 (a) a tilted pair of
molecule and (b) a J-aggregate pair.
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that first pair turns to be a non-interacting or weakly interacting, while the second as is an
interacting pair. Such pairs are seen in Figures 3.26 and 3.27 taking C2 and C3 as
examples. The molecular packing being similar (see Figures 3.6 and 3.7) such pairs may
be expected in all the cases. The only differences will be in the values of the angle in
non-interacting pairs and the molecular plane spacing in the interacting pairs. These

values are listed in Table 3.5.
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Figure 3.26. Intermolecular interaction possibility in molecule C2 (a) a tilted pair of
molecule and (b) a J-aggregate pair.
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Figure 3.27: Intermolecular interaction possibility in molecule C3 (a) a tilted pair of
molecule and (b) a J-aggregate pair.
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Table 3.5 The spacing between the mean molecular planes (interacting pair) and the
angle  (non-interacting  pairs)  between  various  dialkyloxy  substituted
oligo(phenyleneethynylene)s.

Compound Molecular plane spacing (A) Angle between the molecules (°)

C1 4.65 78.5
C2 3.48 64.5
C3 3.90 85.1
C4 3.59 83.2
C5 3.67 79.1
C6 3.71 72.4
C12 3.47 67.2

Figure 3.28 shows a plot of spacing between the interacting molecules versus
corresponding emission maxima. The observed red shift in the emission of crystalline
samples shows a linear dependence with the decreasing spacing distance between the
interacting pairs indicating that it plays a major role in determining the electronic
coupling between the molecules. This is also a clear indication of the presence of J-
aggregates in the crystalline samples. The molecule C12 shows a deviation from
planarity and this can be attributed to the slightly different molecular packing, with -7t

stacking between the molecular pairs.
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Figure 3.28: Variation of the emission maximum with the spacing between the
interacting molecules in various crystals, C1 to C12 (excitation 360 nm)
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Since the molecules in crystals exhibit interactions akin to J- aggregate where the
distance between the interacting pair is different, the red shift in observed fluorescence
emission in the solid state can be explained on the basis of exciton coupling theory
developed by Kasha and coworkers.”” According to this theory, the excited state energy
levels of the monomeric compound splits in to two energy levels upon aggregation such
that one level is lower in energy and the other, higher in energy than the monomer
excited state. When the molecules are arranged in ‘head to tail” fashion, it comprises a ‘J-
aggregate’ where the transition moments align as shown in Figure 3.29. Hence, the
allowed transition to the lowest excited state energy level gives rise to red shifted
absorption and emission. On the other hand, when the molecules are arranged in a card
pack type of arrangement the transition moments align parallel to form H-aggregate,
where the transition to highest excited state energy level is allowed and this aggregate

gives rise to a blue shifted absorption or emission.

"Head to Tail" " Card Pack"

ES = :
T 1 1
GS — - s
Monomer J-aggregate H-aggregate
=< 00

Figure 3.29: A representation of the allowed excited-state transitions for J-aggregated
and H-aggregated molecules relative to that of the monomer.

In order to prove the presence of J-aggregate in the crystalline samples, KBr
(potassium bromide) dilution of the crystalline samples of molecule C6 has been carried
out (see Figure 3.30). The dotted curve represents the emission spectrum from the
crystalline sample of the molecule C6. On diluting with KBr (14.4 uM of C6 in 100 mg
of KBr), the spectrum shows a blue shift compared to that of the crystalline sample with
similar spectral features, but with varying intensity which is attributed to the emission
from the microcrystalline form of the compound C6. It is clear from the figure that on
further dilution, red shifted peak disappears with the formation of a new blue shifted

peak, which is comparable to the of the monomer fluorescence (see Figure 3.20) with an

145



Alkyloxy substituted oligo(phenyleneethynylene)s

isosbestic point. This clearly indicates that the red shifted emission in the crystalline
samples of the dialkyloxy substituted oligo(phenyleneethynylene)s is due to the

formation of the J-aggregate.

. ——14.4 ug/100mg KBr
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Figure 3.30: Fluorescence emission spectra (excitation 360 nm) for molecule 1,4-
bis(phenylethynyl)-2,5-bis(hexyloxy)benzene, C6, recorded on dilution with KBr at
different concentrations.

Table 3.6 Fluorescence lifetimes of dialkyloxy substituted oligo(phenyleneethynylene)s
in the solid state.

Compound Lifetime
T1(ns) Fi1 % To(ns) F2% T3 (ns) F3% o
C1 2.83 61 4.59 25 0.72 14 1.0
C2 3.10 55 4.68 42 0.35 3 1.01
C3 2.24 84 0.24 4 4.13 12 1.06
C4 0.22 3 2.63 97 - - 1.07
C5 222 66 0.27 3 3.35 31 1.01
C6 0.20 2 2.55 95 5.29 3 1.00
C12 2.57 8 5.32 90 0.35 2 1.04
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To further confirm that the red shifted emission in dialkyloxy substituted
oligo(phenyleneethynylene)s is because of aggregation, a detailed fluorescence lifetime
studies in the crystalline samples have been carried out. Table 3.6 shows the summary of
the fluorescence lifetime measurements. All the compounds show tri-exponential decay
except the molecule C4, which shows a bi-exponential decay with the longest lifetime
species as the major one. Molecule C2 shows two lifetimes with comparable relative
abundance, whereas for molecules C1, C3, C5 and C6, species with intermediate lifetime
are the major components. For molecule C12, the major species was the one with the

longest lifetime indicating the formation of the long lived excitons in the crystals.

3.4.3 Dependence of the fluorescence emission property on the cooling rate
of the melt of 1,4-bis(phenylethynyl)-2,5-bis(methoxy)benzene, C1

Film between coverslips
Heating above melting point{>178 °C) Torcom temperature at different

coolingrates

Figure 3.31: Cartoon showing the different steps cooling rate dependent experiments

Figure 3.31 shows the cartoon of the melt cooling experiments carried out on the
crystalline samples of 1,4-bis(phenylethynyl)-2,5-bis(methoxy)benzene, C1. The melt of
the compound C1 was formed by heating the crystals of C1 on clean glass cover slip by
heating above its melting point (>178°) on a thermally isolated hot stage attached with
digital temperature controller (Linkam stage) . The melt was covered with a another glass
cover slip and brought back to room temperature at different cooling rates varying from 1

to 13°C/min. The accuracy in temperature control was + 0.1 °C.

Figure 3.32 shows the fluorescence emission spectra recorded for the films cooled
from the melt at a cooling rate of 1 to 13 °C/min. The emission spectrum for 1°C/min
cooled film shows a maxima centered around 480 nm with a slight broadening towards
higher wavelengths. On increasing the cooling rate to 2 °C/min the fluorescence emission
spectrum shows a quite different emission behavior i.e., a blue shift in the emission
maximum. The emission from 2 °C/min cooled film consists of two maxima centered at
390 and 444 nm with a shoulder at 425 nm indicating the coexistence of various emitting

species. The fluorescence maxima at 425 and 444 nm are similar to the emissions
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observed in the case of single crystalline sample of the compound C1 (see Figure 3.22).

Similarly, the emission spectra were recorded for films obtained with the cooling rates of
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Figure 3.32: Cooling rate dependent emission behavior of molecule C1: cooling rate
varies from 1 tol3°C/min.

3,5, 10, 12 and 13° C/min and normalized with respect to the emission maximum at 444
nm (Figure 3.32). It is interesting to note that the peak centered at 390 nm shows a
successive reduction in the intensity with increasing cooling rate and becomes a small
shoulder for a cooling rate of 13 °C/min. The spectrum of the 13 °C/min cooled film
resembles that of the crystals grown from solution (see Figure 3.22). The observed
emission color is bluish-green 1 °C/min film which gradually shifts to blue as shown in

the Figure 3.32.

Figure 3.33 shows the excitation spectra recorded for the films formed by cooling
the melt at different cooling rates. Similar to that in the emission spectra, the difference in
the spectral features is obvious in the excitation spectra as well. The excitation spectrum
is recorded for the film formed by 1 °C/min cooling by collecting the emission at 490 nm.
It shows the excitation maxima around 415 nm with a shoulder at 430 nm. In addition to
this, a peak at lower wavelength region (335 nm) is also present which corresponds to the

peak observed in the spectrum of the crystals grown from solution.
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The excitation spectra are recorded for the films with cooling rates from 2-13
°C/min by collecting the emission at 440 nm. They show a maxima centered on the 335
nm along with two other shoulders at 365 nm and 415 nm; these shoulders show small
variations in intensity with the cooling rates. The excitation spectra for the films collected
at different cooling rates indicate that the nature of the emitting species are clearly

different in the 1 °C/min cooled film as against other films with higher cooling rates.
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Figure 3.33: Excitation spectra recorded for the films formed with different cooling rate
dependent emission behavior of molecule C1: cooling rate varies from 1 tol3°C/min.
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Figure 3.34: X-ray diffraction patterns for the film of molecule C1 formed at different
cooling rate from its melt (a) 1 °C/min (b) 2 to 13 °C/min. The patterns in (b) have been
normalized with respect to the intensity of the (220) plane.
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In order to understand the nature of the films of molecule C1 formed at different
cooling rates and also to investigate the reason for the fluorescence behavior, a detailed
analysis of X-ray (XRD) diffraction patterns was carried out. Figure 3.34 shows the
XRD pattern recorded for the 1 °C/min film. The pattern shows (see Figure 3.34a) three
major peaks with varying d-values with ratios of 1:2:3 indicating the formation of a

lamellar structure on the glass cover slip. Figure 3.34b shows the XRD patterns recorded
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Figure 3.35: 4 simulated powder X-ray diffraction pattern from the single crystal data of
molecule C1. (For details on single crystal data see section 3.4.1)

for the films with different cooling rates, 2 to 13 °C/min. These patterns are quite
different from observed for the 1 °C/min film. The detailed analysis of that patterns
revealed that all the peaks present could be indexed using a simulated powder pattern,
obtained from the single crystal XRD data of C1 grown from solution (see Figure 3.35).
From Figure 3.34b, the peak corresponding to the (200) plane shows a decrease in
intensity with increase in the cooling rate. Figure 3.36 depicts a plot of the fluorescence
intensity at 390 nm as well as the XRD peak intensity (corresponding to the peak (200)
plane) with respect to the cooling rate. The fluorescence intensity at the 390 nm peak is
normalized with respect to the 444 nm peak whereas the XRD peak corresponding to
(200) plane is normalized with respect to the intensity of the (220) plane. From the plot, it
is clear that both the intensities show a systematic decrease with increase in the cooling

rate. Figure 3.37 shows a plot where the fluorescence intensity at 390 nm is plotted
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Figure 3.36: Variation in fluorescence intensity at 390 nm (filled squares) and the (200)
peak intensity normalized with respect to that of (220) (open squares) for films obtained
with different cooling rates.
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Figure 3.37: Variation in fluorescence intensity at 390 nm and the (200) peak intensity
normalized with respect to that of (220) for films obtained with different cooling rates.

against the XRD intensity corresponding to the (200) plane. The plot shows a linear
variation up to the cooling rate 12 °C/ min, indicating a dependence of the fluorescence
emission on the preferred orientation of the film on the glass surface. The preferred
orientation is along (200) planes at slower cooling rates while the orientation is along

(220) plane at higher cooling rates.
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Figure 3.38: Packing of molecule C1 in crystallographic planes (220) and (200).

In order to understand the variation in the fluorescence intensity with the
preferred orientation, an insight into the molecular packing along (200) and (220) planes
is desirable. In the projection of the (220) plane, the molecules arrange in such a way that
they form J-aggregate pairs as in the case of the crystals grown from solution, whereas
along (200), the molecules form comprise a non-interacting pairs (see Figure 3.38).
Hence, the emission peaks at 425 and 444 nm originate from the (220) oriented regions,
whereas that observed at 390 nm arises due to crystallites oriented along the (200) plane.
It is interesting to note that the 390 nm peak is even lower than what was seen in the case
of solution phase spectrum (401 nm) (see Figure 3.20). The non planar conformation of
molecule in crystals can be the reason for the blue shifted emission in the (200) oriented

crystallites with respect to the monomeric emission in the solutions.

Figure 3.39: Scanning electron microscope image showing features on the films formed
at different cooling rate (a) 3°C/min. (b) 10°C/min. (c) 13°C/min.

In order to understand the film morphology with different cooling rates, a
scanning electron microscopy (SEM) was carried out. Figure 3.39 shows film the

morphology at three different cooling rates. The film formed at a cooling rate of 3 °C/min
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shows flakes, while that at 10 °C/min shows the presence of domain structures. On
further increase in the cooling rate to13°C/min, a reduction in the domain size is observed
as shown in the Figure 3.39c. The difference in the observed film morphology with
respect to the change in the cooling rates of the melt can be attributed to the cooling rate

dependent preferential wetting of the surface.

Investigations have also been carried out to understand the nature of the film formed
by cooling the melt rapidly. The rapid cooled film (>15°C/min) shows a broad
fluorescence emission centered on 465 nm along with various shoulders and the film is
transparent as shown in Figure 3.40. The broad emission of the rapid cooled film can be
attributed to the presence of molecules in various orientations in the melt. On leaving the
film for 12 hours at room temperature, the emission spectrum shows a shoulder at 500 nm
with maximum retained at 465 nm. When the same film was annecaled at 70 °C, the

emission spectrum exhibited a blue shift resembling the emission of crystals grown from

solution.
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Figure 3.40: Fluorescence emission (excitation 360 nm) for a rapid cooled film.

The excitation spectra (see Figure 3.41) of the rapid cooled film show maxima at
405 nm with two more peaks at 369 and 335 nm. When the film is left for 12 hours at
room temperature, it shows a change in the spectral features with maxima at 418 nm
along with lower wavelength peak at 340 nm and a broad absorption at higher

wavelength side. The excitation spectrum recorded after annealing the film at 70 °C
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shows the maxima on 369 nm along with blue shifted and red shifted peaks centered on
330 and 405 nm respectively. The variations in the excitation spectra of the film clearly

indicate that the nature of the absorbing species changes with annealing.
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Figure 3.41: Excitation spectra recorded for a rapid cooled film (emission collected at
480 nm).
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Figure 3.42: (a) Powder XRD patterns collected for (a) rapid cooled film a. Immediately
after film formation, (b) After 12 hours and (c) on heat annealing after 12 hours

In order to understand the crytalline nature of the rapid cooled film, XRD patterns
have been recorded (see Figure 3.42). A rapidly cooled film does not show any peak in

XRD indicating that it is amorphous in nature. The pattern recorded after 12 hours
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contained various peaks due to evolution of crystallinity but the XRD pattern does not
show any similarity with the simulated powder pattern of the single crystal XRD data of
C1 (see Figure 3.35). On annelaing the film at 70 °C, the XRD patten shows a large
difference with that recorded for the film left for 12 hours in the room tempeature as well
as with that of the simulated pattern.

To elucidate the structure of the molecules in the film formed by rapid cooling of
the melt, detailed analysis has been carried out using IR-spectroscopy. Figure 3.43 shows
the carbon-carbon triple bond stretching frequency for the films left for 12 hours (curve
‘a’) at room temperature and that for the thermal annealed (70 °C) film (curve ‘b’). The
spectrum ‘a’ shows two peaks at 2195 and 2214 c¢m™', of which the former corresponds to
the molecules in the planar form. In planar form, the molecule is more cojugated which
inturn gives rise to lower stretching frequency. The same film after annealing at 70 °C
shows a single peak at 2217 cm™ indicating that all the molecules go back to the

thermodynamically stable phace from the kinetically trapped state.
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Figure 3.43: IR spectra showing C-C triple bond stretching: (a) Fast cooled film after
12 hours and (b) after heat annealing upto 70°C.

The melt cooling experiments of the molecules can be summarized as given in the
Table 3.7. The observed photophysical property of C1 is clearly born out of the structure
of the film as seen by X-ray diffraction. At very small cooling rate i.e., less than 1°C/min,

the melt would solidify on the substrate with molecules lying flat in extended lamellar
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structures. This way low cooling rate allows complete wetting of the substrate surface by
the molecules. The emission is broad and is red shifted, clearly due to possible strong
aggregate formation. At slightly increased cooling rate such as 2°C/min, the
crystallization process sets in, overriding the wetting property. Thus, we find large flaky
domains with preferred (200) ordering. The aggregate interaction is, however, weak
giving rise to predominant peak at 390 nm accompanied by 425 and 444 nm peaks. As
the cooling rate increases further (3°C/min and above), there is increased dewetting of the
film and a higher tendency to show the polycrystalline nature. Thus, small sized domains
are seen with the (220) preferred orientation. This effect is more pronounced at higher

cooling rates (upto 13°C/min), where only polycrystalline phase gets formed. An even

Table 3.7 Summary of the melt cooling experiments for the molecule 1,4-
bis(phenylethynyl)-2,5-bis(methoxy)benzene, C1.

Rate of cooling

(in equilibrium)

(semi1 equilibrium)

No interactions

Cooling rate 1°C/min. 2to 12 °C/min 13 to 14 °C/min >15 °C/min
Structure Lamellar Preferred orientation Polycrystalline Glassy
Polymorph I (200) Plane Polymorph Il

.(—
_—
(220) Plane
Wetting Complete Dewetting No wetting Complete
_

(non equilibrium)

Fluorescence

Highly red shifted

Blue emission

390 nm peak
————
425 nm

444 nm 5

Crystal emission

Red shifted

Aggregate

Cofacial

78.1° tilted dimer

and J-aggregate

J-aggregate etc.

Cofacial

70 °C

higher cooling rate takes the system into a glassy state which exhibits an extremely slow
reversal to the crystalline phase. Accordingly, maximum aggregate interaction and hence
highly red shifted peak may be expected in the glassy phase, which reverts to the
crystalline phase gradually upon annealing at room temperature with characteristic

emission at 444 nm. This reversal can be accelerated by holding the substrate at a slightly
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elevated temperature i.e., 70°C. This observation unequivocally proves the glassy nature

of the fast cooled melt.

3.5 Conclusions

This study presents the structure, weak interactions and the solid state
photophysical properties of 1,4-bis(phenylethynyl)-2,5-bis(alkyloxy)benzenes. The
structural analysis of the molecules using single crystal X-ray diffraction has shown that
all the molecules show various types of deformation in the geometry. The structural
deformations in the molecules are classified into mainly three types. These are rotation of
the phenyl rings, in-plane lifting of the phenyleneethynylene backbone and the bending
of the single-triple bond linker between the two phenyl rings. The molecule with methoxy
substitution (C1), shows maximum deviation from planarity (~ 80°) while the molecule
with dodecyloxy substitution (C12) shows a minimum deviation (~0.50°). On increasing
the alkyloxy chain length the molecules show a tendency for the planarization of the
phenyl rings which is attributed to the buildup of weak intermolecular interactions such
as C-H...m and chain-chain interactions involving the alkyloxy chains. Other differences
such as in-plane lifting of the phenyleneethynylene backbone and the bending of the
single-triple bond linker is maximum in molecule C4 (butyloxy substitution) due to a
unique C-H...O arising from terminal phenyl ring. Both the aromatic rings and the alkyl
chain hydrogens serve as donors while the triple bond and aromatic n-density are the
potential acceptors. Interestingly, the acceptor nature of the triple bond is best expressed
in molecules and with high deviation from planarity (C1, C2, C4) perhaps due to the

charge localization resulting from limited conjugation.

All the molecules showed interesting photophysical properties in both the solution
as well as in solid state. In the dilute solutions, the fluorescence peak positions (401 nm)
and quantum yields (~0.9) are similar in all cases. The fluorescence behavior is quite
different in the solid state. The fluorescence spectra showed varied peak maxima from
444 to 515 nm with hardly any noticeable trend with respect to the chain length. Further,
the quantum yields were also varied, 0.3 to 0.8. The packing analysis using single crystal
data showed that the molecules in the crystals form J-aggregate pairs, hence the red

shifted emission. Interestingly, the red shift in emission could be linearly related to the
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parallel spacing between the interacting pair of molecules in the J-aggregates. In another
study, the molecule C1 showed a cooling rate dependent emission behavior in the film
sandwiched between two glass cover slips. The dependence of the fluorescence emission
of the molecule C1 with the rate of cooling of the melt has been attributed to the
preferred orientation of the crystallites on the substrate and which in turn is related to the
temperature dependent wetting nature of the substrate. This behavior is unique to

molecule C1.
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Chapter 4

EXPERIMENTAL CHARGE DENSITY FOR DESCRIBING
CONJUGATION IN 1,2-PHENYLACETYLENE AND 1,4-
DIPHENYLBUTADIYNE*

Summary

This chapter deals with the analysis of experimental charge density in
phenyleneethynylene prototypes 1,2-diphenylacetylene and 1,4-diphenylbutadiyne
derived from high resolution X-ray diffraction data. The occurrence of two different
geometries of the molecule in the crystal structure of 1,2-diphenylacetylene, one being
planar and the other tilted by ~ 6°, has been investigated in relation to the nature of the
acetylene linker. 1,4-diphenylbutadiyne exists as a half molecule in the asymmetric unit.
The experimental charge density analysis shows that the acetylene linker exhibits a non-
cylindrical density reminiscent of the strong conjugation present in the 1,2-
diphenylacetylene molecule whereas, that in 1,4-diphenylbutadiyne have triple bond
character close to an ideal triple bond. This is in clear contrast to the situation 1,2-
diphenylacetylene, where the charge density parameters resemble more closely those of a
double bond due to extended conjugation. This is attributed to the mixed nature of the -
density in 1,4-diphenylbutadiyne thus diminishing the extended conjugation that was
present in 1,2-diphenylacetylene. The m-orbitals of the acetylenic linker in 1,2-
diphenylacetylene derived from DFT calculations, are found to sustain a variety of
conjugation lengths between the phenyl rings, thereby giving flexibility to the molecule
to arrange itself in various packing conformations in the crystal. It is interesting that the
energy involved for such distortions is only kzT, allowing several polymorphic forms of

the crystal structure as reported in the literature.

*A paper based on above studies has appeared in J. Phys. Chem. B (2005) and another
has been submitted to Pramana (2008)
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4.1 Introduction

Conjugated organic molecules have been well studied in literature in view of their
potential applications in electronic and photonic devices. These include molecular wire or
one-dimensional conductors,1 electronic controllers,2 logic gates,3 FET (field effect
transistors),’ photo-responsive systems” and liquid crystalline devices.® More often, these
molecules consist of either fused aromatic ring systems or phenyl rings linked by
ethylene or acetylene groups (phenylene vinylene systems and phenyl acetylene

1-6

systems),® or polyacetylenes.’

During the last decade, the phenyl-acetylene based molecular conductors have
raised a great deal of interest among researchers worldwide. This is primarily due to the
ability to tune their electronic properties by changing functional groups and in turn the
geometry. Various researchers have studied the electrical properties of these thiol
functionalized oligomers using different techniques such as self assembly,® mechanical
break junction,’ cross wire junction,'® or by binding to the nanoparticle.'' It is interesting
to note that when these molecules are functionalized with donor, acceptor or donor-
acceptor combinations give rise to fascinating properties such as rectification and
Negative Differential Resistance (NDR) effects.'? It has also been shown that, in addition
to functional group effects, the change in the molecular geometry may also influence the
electrical properties.”> The theoretical studies by Seminario et al,'* on thiotolane
sandwiched between two gold electrode have shown that the switching of electronic state
between conducting and non conducting by changing the angle between the phenyl ring.
The possibility for such a variation in conducting states by changing the molecular

geometry is offered by the cylindrical symmetry of triple bond.

Recently, there are some interesting reports on strength of conjugation and
hyperconjugation in molecules such as 1,3-butadiene and 1,3-butadiyne.”” Unlike these
molecules, in phenyleneethynylene based molecular conductors; the extent of conjugation
critically depends on the degree of the planarity across the molecular length which is
determined by the scope of phenyl ring rotation offered by the triple bond. Hence, triple
bonds in phenyleneethynylenes play a major role in determining the conjugation in the
molecules. In last few years, there have been a number of theoretical'® and experimental'’

(spectroscopic) studies on alkyne groups. However, the triple bonds in conjugated
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systems have received little attention, particularly in relation to the charge density
distribution and electrical transport. In this context the method of electronic charge
density analysis based on X-ray crystallography has to be well suited as it has been
applied to study diverse aspects of molecular systems.'®** The charge density p(r) is a
fundamental physical property which uniquely characterizes an electronic system.*
Charge density of a chemical entity can be obtained theoretically from high level ab initio
calculations and from high resolution X-ray diffraction experiments at low
temperatures.'® The topological analysis of p(r) based on Bader’s Atoms In Molecules
(AIM) allows a quantitative description of bonds, non-bonding interactions, electronic

structure and reactivity.**

4.2 Scope of the Present Investigation

There are a number of reports in the literature dealing with the charge transport in
phenyleneethynylenes and related compounds.® There are also theoretical studies
examining the frontier molecular orbitals and relating to the mechanism of the
transport.'* However there are no reports on the electronic charge density distribution in
this molecules in realtion to the transport properties. The only charge density study is on
cis-2,2'-ethynyldibenzoic acid”® does not deal specifically with the above aspect. The
present investigation is an attempt to understand the nature of charge distribution
especially around the acetylenic linker and its influence in the molecular conjugation. For
this purpose 1,2-diphenylacetylene and 1,4-diphenylbutadiyne were chosen. While 1,2-
diphenylacetylene carries a triple bond and phenyl rings are linked by a single-triple-
single bonds, the 1,4-diphenylbutadiyne carries an additional triple bond. This study also
presents the results of the analysis of Cambridge Structural Data (CSD) to reason out the
presence of two half molecule in the asymmetric unit of a highly symmetric molecule like
1,2-diphenylacetylene and which is supported by density functional (DFT) calculations.
In particular, this study exemplify the role of the additional triple bond in 1,4-
diphenylbutadiyne in the light of experimental charge density and ab-initio theoretical

analysis.
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4.3 Experimental Section

The title compounds 1,2-diphenylacetylene and 1,4-diphenylbutadiyne were
synthesized following reported procedures.”® Rod shaped crystals of these compounds
were obtained from their methanolic solutions on slow evaporation at 4 °C and room
temperature respectively. High quality crystals of the compounds were chosen after
examination under an optical microscope. X-ray diffraction intensities were measured by
o scan using a Siemens three circle diffractometer attached with a CCD area detector,
and graphite monochromator for the Mo Ka radiation (50 kV, 40 mA). The crystals were
cooled to 130 K on the diffractometer using a stream of cold nitrogen gas from vertical

nozzle and the temperature maintained within 1 K throughout the data collection.

The unit cell parameters and the orientation matrix of the crystals were initially
determined using ~80 reflections from 25 frames collected over a small ® scan of the
7.5° sliced at 0.3° intervals. A hemisphere data set of the reciprocal space was collected
with 20 settings of the detector at 28° and 70°. Data reduction was performed using the
SAINT program (Siemens, 1995)*” and the orientation matrix along with the detector and
cell parameters were refined over every 40 frames on all the measured reflections. The
experimental details were listed on the Table 4.1. Absorption corrections were applied
using the SADABS program (Siemens, 1995).® The crystal structure was first
determined with a low-resolution data up to sin6/A =0.56A"". The phase problem was
solved by direct methods and the non-hydrogen atoms were refined anisotropically, by
means of the full matrix least squares procedure using the SHELXTL program (Siemens,
1995).% All the hydrogen atom positions were located from difference Fourier map. The
bond lengths and bond angles are comparable with the previous structure reports of 1,2-
diphenylacetylene30 and 1,4-diphenylbutadiyne.’’ Detailed tables for bond lengths and
bond angles along with istrotpic displacement parameters are provided in Appendix

Tables A4.1 to A4.4.

The charge density analysis was carried out on the basis of multipole expansion of
the electron density centered at the nucleus of the atoms’ using XD package® A high-
order refinement of the data was performed using reflections with (sinf)/A > 0.4 A" and

Fo > 5c. All the hydrogens were held constant throughout the refinement along with their
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isotropic temperature factors. Multipolar refinement was carried out following the
procedure discussed in the General experimental and related aspects section of Chapter 1.
The parameters after the multipole refinement is provided in Table 4.1 (also see

Appendix Tables A 4.5 onwards and related Figures).

4.4 Results and Discussion

4.4.1 Analysis of structure and weak interactions
Figure 4.1 shows the ORTEP plots of 1,2-diphenylacetylene and 1,4-
diphenylbutadiyne with the asymmetric unit labeled. Crystal data and other experimental
details are listed in Table 4.1. 1,2-diphenylacetylene and 1,4-diphenylbutadiyne
crystallize in monoclinic space groups P2;/c and P2,/n respectively. The asymmetric unit

of 1,2-diphenylacetylene contains two half molecules, where the acetylenic bond carries

Figure 4.1: ORTEP plot at 50% probability (a) 1,2-diphenylacetylene (molecule | and
molecule 1) and (b) 1,4-diphenylbutadiyne: Schematic in the inset shows the deviation
from planarity in molecule | of 1,2-diphenylacetylene.
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Table 4.1 Crystal Structure data of 1,2-diphenylacetylene and 1,4-butadiyne

Chemical formula

Formula weight

Cell setting

Space group

a(A)

b (A)

c(A)

BC)

p (g/em’)

W, mm’

Cell volume (A%)

Crystal size (mm)

Z

F(000)

Radiation type
Crystal-detector distance (cm)
Temperature (K)

No. of measured reflections
No. of independent reflections
Rint

Omax(®)sind/A (A
Refinement

Refinement on F?

R

WR;

S

No. of reflections used in the
No. of parameters refined
After multipole refinement

Weighting scheme
R{F}

R{F*}

S

No. of variables
Nref/N v

CisHio
178.22
Monoclinic
P21/C
15.2816(2)
5.7161(1)
12.7546(2)
113.764(1)
1.161

0.066
1019.67(3)
0.35x0.3x0.3
4

376

Mo K, (0.71073 A)
5.0

130 (1)
15815

8839

0.0503

1.46 to 49.34

0.0711
0.1846
0.909
8839
167

0.0853,
0.037
0.0596
1.1447
246
16.89

CiHio
202.24
Monoclinic
P21/Il
6.5715(1)
6.0157 (1)
14.5092(3)
102.378(1)
1.199

0.068
560.25(2)
0.25x0.27 x0.40
2

212

Mo K, (0.71073 A)
5.0

130 (1)

9186

4771

0.0261

2.87 t0 49.36

0.0943
0.1345
1.188
4759
93

0.0952, 0.2146
0.0396

0.0535

1.003

208

22.5240

a centre of inversion in both the molecules of 1,2-diphenylacetylene. The 1,4-

diphenylbutadiyne consists of half a molecule with one triple bond where the inversion

center lies in the geometric centre of the molecule. Molecule Il in 1,2-diphenylacetylene

is perfectly planar while molecule | is distorted along the length characterized by 6, 2.1°

and 6, 3.2° with the phenyl rings being parallel (see schematic in Figure 4.1). In the
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representation shown in Figure 4.1, 6, is the solid angle made by the single bond with the
axis of the aromatic ring and & is that made by the triple bond with the single bond. The
molecules of 1,4-diphenylbutadiyne are perfectly planar. The single bond (sp°(aromatic)-
sp) in 1,4-diphenylbutadiyne is slightly elongated, 1.435(1) A as compared to 1.424(1) A
in 1,2-diphenylacetylene, while for triple (sp-sp) bonds, it is the other way (1.205(2) as
against 1.217(1) A), both however being higher than the neutron value (1.189 A).** (see
Appendix Table A4.1 also). Interestingly in 1,4- diphenylbutadiyne, the single (sp-sp)
bond connecting the two triple bonds is much shorter (1.363(2) A) . Thus, it is clear that
in phenyleneethnylene molecules, the single bonds are noticeably shortened and the triple
bonds are elongated compared to the ideal values, 1.54 A and 1.18 A respectively, but the
extent is varied among the molecules. While the hybridization around the linker bonds
present is similar in both the molecules, it is the degree of conjugation seems to be

responsible for the observed bond lengths differences.

c

Figure 4.2. Molecular packing of (a) 1,2-diphenylacetylene (b) 1,4-diphenylbutadiyne.

Figure 4.2 shows the molecular packing in 1,2-diphenylacetylene and 1,4-
diphenylbutadiyne molecules. Both 1,2-diphenylacetylene and 1,4-diphenylbutadiyne
molecules pack in herringbone fashion along b and a axis respectively. In 1,2-
diphenylacetylene each herringbone stack consist of alternating molecules | and Il (see
Figure 4.1) where the distance between mean plane passing through two parallel

molecules being 2.504 A.
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Molecule Il

(b)

Figure 4.3: C-H..m interactions between the molecules 1,2-diphenylacetylene (a)
molecule | (b) molecule || and (c)1,4-diphenylbutadiyne.

Molecules of 1,2-diphenylacetylene pack in crystal lattice through various C-
H...m interactions. It is interesting to note that these interactions are clearly between the
molecules present in the individual stack and there are no such interactions between the
successive molecular stacks. Importantly, individual herringbone stacks are build up of
different C-H...n interactions exclusively either between the molecules | or Il. The C-
H...nt interactions in the alternating stacks are clearly different in nature. Figure 4.3a
shows the C-H...m interactions present in the stacks of molecules | and Il. It is clearly
evident from the Figure 4.3a that only one stack of molecules form C-H...w interactions
where both the triple bond as well as phenyl ring act as acceptor for C-H...n interactions.
The H...A distance and D-H...A angle for the C-H...w interactions formed with the triple
bond are 2.89(1) A and 135.3(2) ° respectively while that formed with aromatic ring are
2.79(2) A and 1.45.5(1) °. The C-H...n interactions in the molecular stack formed by the

molecules of type Il clearly originates from the hydrogen atom H13 where the n-density
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at the C8, C12, C13 of the nearest molecule acts as an acceptor. The average distance and
angle for these interactions are 2.852(1) A and 155.24(2) ° respectively. The interactions
in 1,4-diphenylbutadiyne consists of a pair of C-H...n interactions with aromatic ring (C5-
H5...nC5) and triple bond (C2-H2...nC8) carbon atoms as acceptors with the distances
2.897(1) A and 2.883(1) A respectively. It is noteworthy that unlike 1,2-
diphenylacetylene, the herringbone stacks in 1,4-diphenylbutadiyne are connected

through C-H...x interaction C5-HS5...nC5 (see Figure 4.3b)

4.4.2 Analysis of Experimental Charge Density

The method of experimental charge density has been used to derive a quantitative
picture of the extent of conjugation in 1,2-diphenylacetylene and 1,4-diphenylbutadiyne.
The topology of the charge density in the bonding regions is usually quantified by the
critical point (CP) analysis.** The important bond parameters are the total density at the
critical point (pgcp) and its Laplacian, (V2pgcp), and the ellipticity, €. The value of pgcp is
a measure of the bond strength, where as the Laplacian signifies the extent of depletion or
concentration of the bonding density. The ellipticity, which is related to the ratio of the
curvatures along the minor and major principal axis perpendicular to the bond, measures
the extent of conjugation and the m-character of the bond. Ellipticity values of ideal
single, double and triple C-C bonds are 0.014, 0.298, 0.0 respectively.”

The deformation density maps depict the bonding regions in these molecules (see
Figures 4.4a and b). The contours show typical of covalent bonding present in the
molecules 1,2-diphenylacetylene and 1,4-diphenylbutadiyne respectively, which is also
clear from the Laplacian maps shown in Figure 4.5. Both deformation and Laplacian
maps show a typical density distribution in the phenyl ring region. A similar observation
can be made in the case of triple bond regions in 1,2-diphenylacetylene and 1,4-
diphenylbutadiyne which is shown in Figures 4.5b and c respectively. The C-C ring
bonds in the contours show a uniform distribution, where the atomic orbitals overlap give
rise to a covalent bonding in the benzene ring. The average values of BCP (bond critical
point) parameters, density and Laplacian in the aromatic ring regions for molecule 1,2-
diphenylacetylene | are 2.21 eA™ and —17.1 eA” respectively and for molecule 1, the
values are not very different (2.18 eA? and -16.4 eA”®), where as in the case 1,4-
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diphenylbtadiyne these values are 2.33(4) eA™ and 18.2(1) eA” indicating that the phenyl

ring region in both the molecules comparable. The ellipticity at the bond critical point for

Figure 4.4: Deformation density maps for (a) 1,2-diphenylacetylene and (b) 1,4-
diphenylbutadiyne.

the benzene ring bonds in the fragments are found to be 0.14 and 0.21 for molecules |
and Il respectively, which is less compared to the reported value (0.23) for a typical
benzene ring bonds.*® The ellipticity values for the aromatic carbon-carbon bonds in the
case of 1,4- diphenylbutadiyne is 0.25 which is comparable with previous report.*> Figure
4.5b shows the Laplacian map at the single and triple bond regions for a typical 1,2-
diphenylacetylene molecules. Evidently, the contours are more closely packed in the
triple bond regions of 1,2-diphenylacetylene compared to that of single bond region. The
triple bond in 1,2-diphenylacetylene has a density of 2.79 eA”, (see Table 4.2)
considerably lower than that of an ideal triple bond (2.82 eA™).° Concomitantly, the
Laplacian is also considerably reduced from the ideal value - 30.9 eA™ to -21.0 and -20.8
eA” respectively. It is interesting to see the contours in the region of the single bond (sp-

sp) in 1,4-diphenylbutadiyne showing densely packed contours (Figure 4.5¢), where this
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unique single bond carries a Laplacian value of -13.89(1) eA™ much like an ideal double
bond (11.99 eA™). *° The triple bonds in 1,4-diphenylbutadiyne show a density and
Laplacian values of 3.01(1) eA™ and 24.1 eA™ respectively. It is interesting to compare
the cross sectional view of Laplacian at the critical point of triple bonds in 1,2-

diphenylacetylene and 1,4- diphenylbutadiyne. Figure 4.5d, i and ii shows such a cross

- -

(i i) (i)

Figure 4.5: Laplacian maps (a) in the plane of a benzene ring. In the plane of the single
and triple bonds of (b) 1,2-diphenylacetylene (c) 1,4-diphenylbutadiyne; (d) Lapacian
map of the triple bond in the eigen plane spanned by eigen vectors Ui(minor) and Uy
(major axis), 1,2-diphenylacetylene (i) molecule I and (ii) molecule II (iii) 1,4-
diphenylbutadiyne.
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Table 4.2 Bond critical point parameters in 1, 2-diphenylacetylene and 1, 4 - diphenyl-
butadiyne.

Molecule Bond p(AY)  VPpeA  MeAd) MeAd) MeA e
C(1)-C(2) 231(4) -182(1) -17.83 -1588 1553 0.12
C(2)-C(3) 2.02(4) -13.3(1) -1485 -1322 1476 0.12
C(3)-C(4) 227(4) -17.7(1)  -19.18 -1643 17.85 0.17
C(4)-C(5) 2.38(4) -20.4(1) -18.86 -16.81 1526 0.12
C(5)-C(6) 2.07(4) -14.9(1) -16.04 -13.39 1453  0.20
C(6)-C(1) 2.24(4) -17.9(1) -18.11 -1598 16.17  0.13
C(1)-C(7) 1.93(3) -12.9(1) -1446 -13.63 1522  0.06
1,2-diphenyl- C(-C(HA  2.81(5) -21.0(1) -19.60 -15.71 1432 025
acetylene, C(2)-H(2) 1.95(8) -15.83) -19.9  -1928 2335  0.03
Molecule | C(3)-HQ3) 2.06(8) -16.7(4) -23.15 -22.30 28.76 0.04
C(4)-H(4) 1.82(7) -13.52) -1693 -1548 18.93  0.09
C(5)-H(5) 1.96(8) -15.2(4) -20.89 -20.04 2579  0.04
C(6)-H(6) 2.11(8) -18.7(4) -24.08 -22.58 -27.92 0.07
C(8)-C(9) 229(4) -172(1) -17.64 -1537 1585 0.15

C(9)-C(10)  1.99(4) -13.8(1) -1549 -12.28 1398  0.26
C(10)-C(11)  2.28(4) -19.9(1) -20.09 -16.00 1624  0.26
C1-C(12)  2.36(4) -19.1(1) -18.70 -1622 1582 0.15
C(12)-C(13)  1.97(4) -11.8(1) -1430 -11.73 1420 0.22

1,2-diphenyl- C(13)-C(8)  2.22(4) -16.4(1) -18.68 -14.65 1695 0.27
acetylene, C(14)-C(8) 1.84(4) -10.5(1) -13.54 -11.51 1459  0.18
Molecule 1 C(14)-C(14)A 2.78(5) -20.8(1) -19.57 -1631 1510 0.20

C(9)-H(9) 1.94(7) -15.6(2) -19.16 -18.30 21.84  0.05

C(10)-H(10)  2.00(8) -19.13) -22.47 -20.70 24.11  0.09
C(11)-H(11)  1.84(8) -15.6(3) -18.53 -18.03 20.93  0.03
C(12)-H(12)  2.02(8) -18.3(3) -21.35 -20.82 23.85 0.03
C(13)-H(13)  1.95(8) -13.2(4) -23.07 -2127 31.16 0.08

C(H)-C(2) 2.123) -153(1) -17.48 -1407 1624 024

C(2)-C(3) 2333) -193(1) -20.09 -16.10 16.88 025

C(3)-C(4) 233(4) -184(1) -19.89 -1554 1699 025

C(4)-C(5) 2.104) -148(1) -17.14 -13.57 1590 026

C(5)-C(6) 2223) -174(1) -1871 -1531 1658 022

C(6)-C(1) 228(4) -16.5(1) -19.05 -1515 1775 026

. C(1)-C(7) 2.04(3) -11.5(1) -1570 -13.77 18.00 0.14
]ift:gil;}:enyl' C(7)-C(8) 3.01(4) -24.1(1) -2145 -2020 17.53  0.06
C(8)-C®A  2298) -13.9(1) -1723 -1643 1978  0.05

C(2)-H(2) 1.91(6) -17.3(2) 2122 -1894 2286 0.12

C(3)-H(3) 1.756) -13.1(2) -1739 -16.56 20.85 0.05

C(4)-H(4) 1.94(6) -1602) -19.17 -17.72 20.85  0.08

C(5)-H(5) 1.85(6) -15.8(2) -2024 -17.96 2236 0.13

C(6)-H(6) 1.77(5) -13.02) -17.55 -16.08 20.71  0.09
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sectional view of Laplacian in 1,2-diphenylacetylene. It is interesting to see that the
contours in both i and ii are elliptical in nature indicating the deformation in the triple
bond density due to charge migration which is an after effect of the extended conjugation
present in the molecule. The Laplacian for the triple bond in 1,4-diphenylbutadiyne
(Figures 4.5d(iii)) is more symmetric. The nature of this Laplacian map clearly indicates
that the charge polarization is significantly less in 1,4-diphenylbutadiyne as compared to
that in 1,2-diphenylacetylene.

The delocalization of electron density from the triple bond is apparent from the
ellipticity values. The triple bonds in 1,4- diphenylbutadiyne exhibit values (0.06) that in
spite being close to the ideal value (0.0), are distinctly finite. Compare this situation with
that in 2,2'-ethynylenedibenzoic acid,”> where the two phenyl rings are twisted to an
extent of 20°; here the middle triple bond behaves like an ideal triple bond with ellipticity
of 0.01.> However, when compared to 1,2-diphenylacetylene (0.23), the value of 0.06
considerably less. Thus, the charge delocalization in 1,4-diphenylbutadiyne is limited
relative to that in 1,2-diphenylacetylene. It is clear that for effective delocalization,
besides molecular planarity, the triple bond is to be linked on both the sides by phenyl

rings, which is not the case in 1,4- diphenylbutadiyne and hence reduced conjugation.

4.4.3 Cambridge Crystallography Data (CSD) Analysis

Indeed, the presence of two non-identical geometries of 1,2-diphenylacetylene in
the crystal structure is not unusual. A search through Cambridge Structural Database
(CSD) provided 26 clear hits, out of which 8 are polymorphic forms,***’ while the
remaining 18 reports are cocrystals of 1,2-diphenylacetylene with either organic or metal
organic complexes.” Interestingly, all the 8 polymorphs crystallize in monoclinic P2,/a
or P2,/c space groups and their cell parameters vary in a narrow range (see Table 4.3).
This is clearly due to the flexibility in the nature of the chemical bonds in the 1,2-
diphenylacetylene molecule, as discussed in the theoretical section later. Earlier reports
have attributed this observation to an increase in libration about the longitudinal axis of
the molecule.’® Of the 26 hits, 2 are duplicates and 3 do not contain 3D coordinates.
Besides these, 1,2-diphenylacetylene in an orthorhombic lattice containing single planar
molecule (CCDC ref. No: 606397) is also included in current study. However, as the

crystal was unstable, it could not be used for charge density data collection. Including the
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polymorph presented in this charge density analysis, the total number of structures used

in CSD analysis will be 23.

Table 4.3 Cell parameters® of the various structural reports on 1,2-diphenylaetylene®®~’
Slno CCDC refcode a(A) b(A) c(A) B(°) Volume (A”)
1 DPHACT 15.67 5.73 12.75 115.2 1035.856
2 DPHACTO1 15.68 5.772 12.714  114.63  1045.989
3 DPHACTO02 15.508 5.764 12.778 11339  1048.34
4 DPHACTO03 15.488 5.754 12.766 11336  1044.426
5 DPHACTO04 15.509 5.762 12.782 1134 1048.292
6 DPHACTO05" 15.204 5.685 12.721 113.9 1005.255
7 DPHACTO06" 15.27 5.708 12.741 113.74  1016.55
8 DPHACTO07 15.495 5.754 12.762 11337  1044.492

*Cell settings have been made uniform for the purpose of comparison.
°Crystal data collected at low temperatures.

The observed distortions in the non-planar molecules | from all the crystal
structures in addition to the polymorph shown in the Figure 4.1a, are characterized in
terms of angular rotations € and 6 as defined earlier (see schematic in Figure 4.1a). The
analysis of geometric variations resulted in a range of &) and & values varying from 0.58°
to 2.24° and 1.11° to 3.73° for the polymorphs and 0.53°to 2.32° and 0.67°to 4° for the
cocrystals respectively. However, as shown in Table 4.4, there are 4 cocrystals with large
61 and @, values. Such large distortions in their molecular structure with unusual bond-
lengths are due to solid state effects, namely OH-n interactions as in CCDC refcode
GAWLEV,™ - interactions as in JOXLIR*™™ and regio constraints due to steric class of
repulsions as in BETDEJ ** and EBAWUA’® This study investigates how 1,2-
diphenylacetylene molecule can incorporate such small distortions. It is noteworthy that
even in the presence of the tilt in the molecular geometry; the single bond lengths in the
two molecules are comparable. This is suggestive of a high degree of conjugation present
in these molecules. On the other hand, the comparable bond lengths in the various
structures of 1,2-diphenylacetylene molecules reported in CCDC indicate that the 1,2-
diphenylacetylene molecules can accommodate smaller distortions on packing the

molecules in the crystal lattice without disrupting the conjugation.
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Table 4.4: Various reports on 1,2-diphenylacetylene in CCDC with varying geometry

defined by 6; and 6, 3E represents the energy change between the planar molecule.”®”">*

SI. No. CCDC Single Triple 01 (°) 0, (°) OE (eV)
refcode bond(A)  bond(A)

1 Asijer 1.439 1.190 1.75 1.75 0.01742
2 Cepnoa 1.455 1.255 0.53 2.63 0.00327
3 Cifwuj 1.437 1.199 1.4 1.17 0.00574
4 DphactOla* 1.416 1.223 2.23 3.73 0.01872
4 DphactO1b*  1.395 1.221 2.24 1.33 0.01461
5 Dphact02a*  1.437 1.199 0.92 1.55 0.00301
5 Dphact02b*  1.436 1.205 2.52 4.93 0.029
6 Dphact03a*  1.439 1.192 1.91 1.88 0.01135
6 Dphact03b*  1.435 1.191 1.4 1.11 0.00569
7 Dphact05a*  1.425 1.211 227 2.42 0.01649
7 Dphact05b*  1.425 1.211 0.58 1.74 0.00188
8 Dphact06a*  1.428 1.210 2.23 2.31 0.01580
8 Dphact06b*  1.433 1.205 0.66 1.7 0.00209
9 Dphact07a*  1.440 1.198 2.16 1.9 0.000526
9 Dphact07b*  1.435 1.197 0.93 2.04 0.00329
10 Hamhuy 1.415 1.216 227 2.51 0.01665
11 Ocayia 1.438 1.201 0.88 0.67 0.00207
12 Puzbiv 1.438 1.189 1.12 1.12 0.00014
13 Ukolip 1.435 1.199 1.14 1.81 0.00463
14 Xobyao 1.457 1.155 2.32 4.00 0.02052
15 Yalsot 1.437 1.198 1.17 1.71 0.004689
16 Zoqwux 1.444 1.178 1.20 2.53 0.00624
17 Joxlir" 1.420 1.240 3.36 5.84 0.064
18 Gawlev” 1.376 1.174 8.57 23.55
19 Silvue 1.425 1.186 1.6 0.36 0.0092
20 Betdej" 1.423 1.132 3.01 5.53 0.041
21 Ebawua” 1.593 1.787 23.64 6.65
22 CCDC606397 1.435 1.201 0.38 0.50 0.0010
23 CCDC606396 1.4348 1.206 2.1 3.2 0.019

*Polymorphs,

"The cocrystals with high 6 and & have large 8E and are left blank. Note the unusual
bond length in these cases. On the other hand, S1. Nos. 17 and 20 have 6,>5 and have 0E
little above kT (At room temperature).
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4.4.4 Theoretical Results

In order to understand the conformational variation in the solid state and the
existence of the two dissimilar molecules in the crystal structure of 1,2-diphenylacetylene
a detailed theoretical analysis have been carried out. Previous theoretical studies by
Seminario et al,'* on a,o- thiol functionalized 1,2-diphenylacetylene molecules showed
that the molecular conformation is crucial in determining their conducting properties.
This is primarily due to the localization brought about by the geometry change. However,
for a better understanding of the exact nature of this triple bond linker between the
aromatic rings at the molecular level, an optimization of 1,2-diphenylacetylene molecule
have been carried out using the hybrid Becke 3 Lee—Yang- Parr (B3LYP) gradient
corrected approximate density functional procedure at the 6-31G(d) basis set level
available in the Gaussian set of codes.”” The molecule was then distorted through
variation in the angles 6, and 6 (as described before). It is well known that for an
isolated triple bond, as in acetylene, sp-hybridization of carbon gives rise to the
degeneracy in the frontier bonding orbitals, the HOMO and HOMO-1, each representing
electrons in the degenerate 2p, and 2p, lobes. When this bond acts as a linker between
two aromatic rings, the conjugated nature of the rings affects the nature of these frontier
occupied orbitals. The planar nature of the rings ensures preference for electrons in one
bonding orbital over the other, depending on the nature of the p lobes in the conjugated
ring. The energy difference between these highest bonding orbitals is maximum when
both the rings are planar, and reduces with increase in &; and 6, as the preference for one
p orbital over the other is gradually evened out. From the theoretical calculations it can be
observed that for large values of 6 (>40°) and & (>50°), the energies of the HOMO and
HOMO-1 approach each other gradually resulting in degenerate frontier orbitals
resembling an ideal triple bond. Hence, with varying values of the distortion angle, the
highest bonding orbitals with contribution from the triple bond are the HOMO and
HOMO-n where n=3 for 0 <@, <40° and 0 <6, < 50° and n=1 for larger angles, as can be
seen in Figure 4.6. A detailed analysis of the frontier filled orbitals for a range of
distortion angles shows that for small distortion angles, the energy gap between these
frontier orbitals is so large that orbitals localized only on the aromatic rings appear in
between (HOMO-1 and HOMO-2), while the triple bond characteristic orbital is pushed

below.
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9 < 2
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Figure 4.6: Orbital plot: (a) HOMO and HOMO-3 plots of the molecule for the planar
molecule (b) HOMO and HOMO-1 plots of the molecule for 8; =40°and 6, -50°

A comparison with calculations performed at the MP2 level shows larger energy
differences as compared to DFT, but the qualitative nature of the orbitals do not change
much. In the case of the planar molecule, in fact, the energy difference becomes larger,
allowing a third bonding orbital to appear between the highest bonding orbitals with
contribution from the triple bond. The distorted molecule, on the other hand, shows
similar character in both cases. Also, analysis of an order parameter, like bond-order for
the triple bond shows that it increases with the 8, and & values, reflecting its tendency to
behave more and more like an isolated triple bond. Similarly, the charge density at the
carbon atoms neighboring the triple bond increases with increase in distortion angles.
These results confirm that while planarity increases m-conjugation, it in turn reduces the
triple bond formation probability. Only when the distortion increases to reduce the

conjugation that the triple bond approaches towards an ideal isolated triple bond.

As discussed, in the experimental section of 1,2-diphenylacetylene, there are two
types of molecules in the crystal, one perfectly planar while the other is slightly distorted
with respect to the planar conformation. Various other crystals of the same molecule are

30,37,38
=% In order to

also known in the literature, with varying deviations from planarity.
account for the diverse crystallographic structures in nature, a single point energy
calculations have been performed at the same level of theory mentioned before with
varying angles of &, and 6 (see schematic in Figure 4.1). Figure 4.7, shows a surface plot

of energy (in kcal/mol) against &) and & values. As can be seen, with increase in ) and
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Figure 4.7: Plot showing change in energy (kcal/mol) with various values of solid angles
0, and 6. The white dots stand for the energy values derived for various experimental
Structures.

6, values, the energy of the molecule increases due to increase in strain from its planar
minimum energy conformation. The calculated energies for all molecular geometries
retrieved from CCDC***"*® are shown as points in the same figure (Figure 4.7, white
dots). As can be clearly seen from the surface plot, all their energies fall within the
thermal activation energy, kp7, (0.58 kcal/mol at room temperature) available for the
molecule. Thus, the molecules are able to pack into crystals accommodating small

distortions.

4.5 Conclusions

This study reports the results of an experimental charge density study on 1,4-
diphenylbutadiyne in comparison to 1,2-diphenylacetylene. Unlike in 1,2-
diphenylacetylene where the triple bond is covered on either side by the n-density from
the phenyl rings, in 1,4-diphenylbutadiyne, it is linked to a phenyl ring only on one side
(the other side being linked to another triple bond). Accordingly, triple bonds in 1,4-
diphenylbutadiyne molecule shows density and Laplacian values more typical of an ideal
triple bond. The ellipticity value is 0.06 (ideal, 0.0) indicating a reduction in the
deformation of charge density of the triple bonds of 1,4-diphenylbutadiyne. The higher
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ellipticity values of the triple bonds in 1,2-diphenylacetylene (0.23) are due to the
extended conjugation present in this molecule, where the triple bonds are directly
connected to two phenyl rings. Theoretical calculations in 1,2-diphenylacetylene, in
conjunction with the experimental findings, have shown that the m-orbitals of the triple
bond can give enough scope to the molecule to sustain a range of conjugation lengths.
Such a variation in effective conjugation in turn gives some flexibility to the molecule to
be arranged in various packing conformations in the crystal with varying degrees of
distortion. Interestingly, this costs only kg7 energy as evidenced in diverse crystal
structures involving the molecule. This is an important outcome of this study, most
relevant to molecular electronics, particularly in the low-bias regime where various

molecular features can be probed.
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Chapter 5

CHARGE DENSITY ANALYSIS OF PROTON TRANSFER
COMPLEXES: UNDERSTANDING HYDROGEN BONDING AND
DETERMINATION OF IN-CRYSTAL DIPOLE MOMENTS*

Summary
This chapter describes the results of an experimental charge density study on two
proton-transfer complexes exhibiting nonlinear optical (NLO) properties - melaminium
L-tartrate monohydrate and L-asparaginium picrate, employing high-resolution X-ray
diffraction at 100 K. Both the complexes crystallize in noncentric space group P2; and
the structures exhibit interesting patterns of N-H...O and O-H...O hydrogen bonding.
Experimental determination of the dipole moment (u) for the asymmetric unit reveals that
for both the crystals, there is a large cooperative enhancement in the crystalline u arising
essentially due to hydrogen bond mediated charge transfer between the melaminium ion
and the L-tartrate in one case, and between the L-asparaginium ion and the picrate in the
other complex. In order to understand the effect of hydrogen bonding among the
molecules, an analysis of the charge density at the hydrogen-bond critical point has been
carried out. The analysis showed that in melaminium L-tartrate monohydrate the bonding
is stronger compared to that present in L-asparaginium picrate, where hydrogen bonding

resulted in the redistribution of the electron density.

*The paper based on this study has been accepted for publication in J. Chem. Sci. (2008).



Chapter 5

5.1 Introduction

Last few decades have witnessed a tremendous interest in molecular materials and
soft condensed matter. Such materials include organic solids,™* polymers,® thin-films,°
micelles’ and biomaterials® which occupy a central-stage for both basic and applied
research. These materials are being actively used for the design of smart devices such as
organic light emitting diodes,” hybrid organic-inorganic nanoporous materials' those are
important in gas-sensing, hydrogen storage and bio-mimetic applications.* However, the
optimization and fine-tuning of the properties of molecular materials is dually
challenging. It calls for a sound understanding of the properties at the molecular level,
which in turn demands an understanding of the intermolecular forces that glue the
molecules in a material. In most systems, the intermolecular interactions are the weak

12,13

supramolecular forces involving hydrogen bonding and n-stacking™®. Thus, a basic

understanding of the factors that control the intermolecular interactions in an aggregate is

of fundamental interest for the proper design and fabrication of smart materials.'>*°

An important class of organic materials is the nonlinear optically (NLO) active
molecular crystals.**° A very stringent requirement for a material to exhibit non-zero
second harmonic generation (SHG) is that the crystal has to exist in a non-
centrosymmetric point group. In fact, most molecules (like paranitroaniline) which show
very large SHG at the molecular scale due to charge transfer (CT) from the donor to the
acceptor (NH, to NO,), crystallize in a centrosymmetric lattice due to predominating
anti-parallel =-stacking between the aromatic rings as a consequence of dipolar
interactions.?>#* However, weak intermolecular forces like hydrogen bonding due to their
directional nature can orient molecules in a head-to-tail manner thereby avoiding

centrosymmetric packing and thus lead to enhanced SHG.?>%

The topological analysis of p(r) based on Baders atoms-in-molecule (AlIM) theory
allows a quantitative description of bonds, non-bonding interactions, electronic structure
and reactivity of a molecular system.?” Recent literature covers numerous experimental
charge density studies on NLO active crystals.”® The advantage with the experimental

charge density method is that it can provide complete estimation of the in-crystal
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molecular properties. This becomes particularly important when the said property such as
SHG arises only because of the crystal packing.

5.2 Scope of the Present Investigation

This study is intended for a proper understanding of the role of hydrogen bonding
in controlling molecular packing and inturn the SHG response of the molecular crystals.
Present study analyzes the distribution of experimental charge density (p(r)) in the crystal
lattices of two proton transfer complexes - melaminium-L-tartrate monohydrarte
(MELT) and L-asparaginium picrate (LASP) within the framework of Baders atoms-in-
molecule (AIM) theory.”® The complexes chosen for the present study are known to
exhibit SHG activities of 1.2 (MELT) ** and 66 (LASP) * times of KDP. In view of the
previous report on enhancement of the molecular dipole moment in the non-centric

crystal field in NLO systems,*?

this study is an effort to understand how the hydrogen
bond mediation in such complexes help to enhance the in-crystal dipole moments in a

noncentric crystal field.

5.3 Experimental Section

Crystals of MELT and LASP were grown respectively from aqueous and
acetone-aqueous solutions respectively by slow evaporation at room temperature. High
quality crystals were separated under an optical microscope. The crystal data were
collected on a Siemens three circle diffractometer attached with a CCD area detector and
a graphite monochromator for the Mo Ko radiation (50 kV, 40 mA). The crystals were
cooled to 100 K on the diffractometer using a stream of cold nitrogen gas from a vertical
nozzle and the temperature was maintained within 1 K throughout the data collection.

The experimental details of the system are listed in Table 5.1.

The unit cell parameters and the orientation matrix of the crystal were initially
determined using 45 and 53 reflections from 25 frames collected over a small o scan of
12.5° sliced at 0.5° interval MELT and LASP respectively. (see general experimental
and related aspects in Chapter 1) A hemisphere of data of the reciprocal space with
similar 26 settings was collected. Data reduction was performed using the SAINT

program®® (Bruker, 2002) matrix along the detector and the cell parameters were refined
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for every 40 frames on all the measured reflections. The experimental details for the
system are listed in Table 5.1. Absorption correction was applied on the data using the
SADABS program.® The crystal structure was first determined with the low-resolution

data up to sin(@/4) = 0.56 A™. The phase problem was solved by direct methods and the

Table 5.1 Refinement table for the complexes melaminium L-tatrate monohydrate
(MELT) and L-asparaginium picrate (LASP).

Compound MELT LASP
Chemical formula C7 His N6 Oy C10 H11 N5 Ogp
Formula weight 294.24 361.24

Cell setting Monoclinic Monoclinic
Space group P2, P2;

a(A) 4.9727(1) 10.2441(4)

b (A) 21.7273(1) 5.1147(2)

¢ (A) 5.5789(1) 13.0587(5)

B (°) 103.580(2) 94.129(1)

p (mg/m°) 1.668 1.758

u, mm*t 0.148 0.160

Cell volume (A3 585.92(2) 682.44(5)
Crystal size (mm) 0.30x0.20 x 0.20 0.25x0.20 x 0.20
z 2 2

F(000) 308 212

Radiation type Mo K, (0.71073 A) MoK, (0.71073 A)
Crystal-detector distance (cm) 5.0 5.0

No. of measd reflns 9711 31898

No. of ind reflns 7282 14978

No. of obsd reflns 5479 14968
Resolution (A) 0.35 0.35

Rmerge 0.0607 0.0354

Rint 0.0284 0.0297

R1 0.0461 0.0360

wR2 0.1106 0.0977

S 1.019 1.1070

No. of parameters refined 237 270

After multipole refinement
Weighting scheme

0.0459, 0.0869

0.0390, 0.0765

R{F} 0.0309 0.0277
R{F’} 0.0509 0.0382
S 1.180 1.1264
Nre/Ny 11.23 35.2212
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non-hydrogen atoms were refined anisotropically, by means of the full-matrix least-
squares procedure using the SHELXTL program.®* All the hydrogens were located using
the difference Fourier method. All bond lengths and bond angles along with atom
coordinates and isotropic displacement parameters for both the complexes are given in
Appendix Tables A5.1 to A5.4.

The charge density analysis was carried out on the basis of multipole expansion of
the electron density centered at the nucleus of the atoms® using XD package®® (see
Chapter 1 general experimental and related aspects). A high-order refinement of the data
was performed using reflections with sin(@ /1) > 0.5 A™ and F, > 56. All the hydrogens
were held constant throughout the refinement along with their isotropic temperature
factors. Multipolar refinement for the charge density analysis was carried out using the
XDLSM routine of the XD package, and the details are given in Table 5.1. The XDPROP
routine was used to calculate the total electron density, p(r), Laplacian, V?p and the
ellipticity, ¢, at the bond critical points (BCPs) as well as the electrostatic potential, ¢ (r)
profile. The deformation density maps have been plotted using the XDGRAPH routine.
The electrostatic potential surface was plotted using Mollso program.*” The multipole
populations, residual density maps and other related tables and figures for the complexes
MELT and LASP are given in the Appendix for the Chapter 5.

5.4 Results and Discussion

Figure 5.1 shows the asymmetric units of the molecular complexes MELT and
LASP with atom labeling scheme. The asymmetric unit of MELT contains one
diprotonated melaminium ion and one tartrate ion along with a molecule of water,
whereas that of LASP consists of a picrate ion and a monoprotonated L-asparaginium
ion. The refinement details of the complexes are given in Table 5.1. Both the molecular
complexes crystallize in a noncentric monoclinic space group P2;. In melaminium L-
tartrate monohydrate, the C-O bond lengths of bond indicate that the tartaric acid
molecule exists in a doubly ionized form with two carboxylate groups. The carboxylate
protons from the tartaric acid is transferred to the two nitrogens (N5 and N6) of the
melamine, hence the melamine ring exists in a doubly protonated form. In the case of

asparagium picrate, the carboxyl group of the asparagine is protonated by the proton
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transferred from the picric acid. The L-asparagine molecule lost its zwitter ionic nature
and exists as positively charged species. Complete list of bond lengths and bond angles

are provided in Appendix Table A5.1.

(a) H13

Figure 5.1: ORTEP representation of the molecular complexes (a) melaminium tartrate
monohydrate (MELT) (b) L-asparaginium picrate (LASP). Displacement ellipsoids are
drawn at a 50% probability level.

The molecular complex formed by melamine and tartaric acid displays a variety
of hydrogen bonds within the three molecules of the asymmetric unit. The hydrogen
bonds are either O-H...O or N-H...O type. The unique hydrogen-bonding patterns
observed in the crystal structures are shown in Figure 5.2. It is noteworthy that the water
molecule in the crystal of melaminium L-tartrate (Figure 5.2a) is located in between the
two highly ionic species and engaged in a tetrahedral hydrogen-bonding environment via
two N-H...O (N2-H4...01 and N3-H5...01) and two O-H...O (O1-H13...04 and O1-
H14...06) interactions (see Table 5.2). All the carboxylic acid and hydroxyl oxygen
atoms of the tartaric acid participate in various N-H...O and O-H...O interactions and

play an important role in directing the crystal structure. The interaction between the
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melaminium residue and the tartrate includes two pairs of N-H...O hydrogen bonds, (N5-
H8...02 and N3-H6...03; N2-H3...06 and N6-H7...07) which are formed between the
tartrate oxygens and hydrogens from melamine. In addition, the tartrate ion forms an
internal O-H...O interaction (O5-H12...06, not shown), involving the carboxylate

oxygen and one of the hydroxyl groups

(a)

Figure 5.2: Unique set of hydrogen bonds observed in the molecular complexes (a)
MELT (b) LASP.

The molecular complex of L-asparagine with picric acid also shows interesting
hydrogen bonding pattern (Figure 2b) and these interactions are mainly N-H...O type.
The N-H...O interactions originate from either the amide or the amino group of the L-
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Table 5.2 Unique hydrogen bond interactions in MELT and LASP.

Compounds  Bonds H...A(A) D..A(A) D-H..A(®)
N(1)-H(1)...0(5) 1.8902 2.8866 168.80
N(1)-H(2)...0(3) 1.9202 2.9289 178.82
N(2)-H(3)...0(6) 1.8801 2.8816 171.42
N(2)-H(4)...0(1) 1.8428 2.8346 166.90
N(3)-H(5)...0(1) 1.8879 28804  171.38

MELT N(3)-H(6)...0(3) 1.8345 2.8399 174.08
N(6)-H(7)...0(7) 15776 25869 164.26
N(5)-H(8)...0(2) 1.5673 25024  170.88
0(4)-H(10)...0(2) 1.9491 25726 120.01
0(5)-H(12)...0(6) 1.8125 2.7512 162.88
O(1)-H(13)...0(4) 2.1211 2.9915 142,61
O(1)-H(14)...0(6) 1.7647 2.7741 172.54
N(4)-H(@3)...0(1) 22052 3.0043 135.28
N(4)-H(3)...0(2) 2.3599 3.1552 135.05
N(4)-H(4)...0(2) 2.1329 3.0727 154.19
N(5)-H(7)...0(7) 2.1387 3.0691 148.83

LASP N(5)-H(8)...0(9) 1.7903 2.8144 170.81
N(5)-H(9)...0(8) 2.0121 2.8673 138.39
0(10)-H(11)...0(1) 15731 25611 163.16
C(9)-H(6)...0(8) 2.4935 3.2245 123.31

asparaginium ion. The N-H...O interactions are in the range of 1.790 - 2.360A with bond
angles 170.8 - 135.3° (see Table 5.2). In addition to this, there exists a strong O-H...O
(010-H11...01) hydrogen bond, which is formed by the phenolate oxygen of picrate and
the carboxylic group of the L-asparagine. A C-H...O interaction (C9-H6...08) is also

formed between two asparginium ions.

Analysis of experimental charge density

In order to correlate the structure and charge density distribution to property, a
detailed analysis of experimental charge density on both the crystals of molecular
complexes MELT and LASP have been carried out and the density and Laplacian values
are listed in Tables 5.3 and 5.4 respectively. In MELT, the bond critical point parameters
of melaminium ion indicate the variation in charge delocalization on protonation of the
ring nitrogen (see Table 5.3). A comparison of the bond critical point properties of the
protonated melamine ring with that of the previously reported melamine molecule has
been made.® The density at the bond critical point is slightly decreased and it is in the

range of 2.22(7) to 2.59(6) eA™ whereas in the prestine melamine ring, the values are in

194



Charge density in proton transfer complexes

the range, 2.4(2) to 2.62(2) eA®. The Laplacian of the density shows larger variations,
where these values are in the range, -18.2(2) to -32.0(3) eA™ and -21.1(2) to -25.5(3) eA”

for protonated and non-protonated

Figure 5.3: Static deformation density maps in the main molecular planes (a) melaminim
ion through the atoms N1, N2 and N3 (c) tartrate ion through atoms C(5), C(7) and
O(5). Inset shows the deformation density in the bonding regions of water molecules. (c)
picrate ion through ring atoms N(1), N(2) and N(3) (d) aspraginium ion through atoms
N(6), O(9) and O(10). Contour intervals at 0.1eA>; positive contours are represented as
solid lines while; zero and negative contours are represented dashed lines.
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rings respectively. The variation of the Laplacian is interesting in the case of the
protonated ring, where the values are higher for the bonds, which involve the protonated
nitrogen atoms. The density and Laplacian in the bonding regions of the carboxylate ion
of the tartrate are in the ranges, 3.08(8)- 2.65(9) eA™ and -51.9(4) - -17.10(2) eA”
respectively. In the case of LASP (see Table 5.4), the density and Laplacian for the C-C
bonds in picrate anion are typical of an aromatic system, 1.87(3) to 2.34(4) eA® and -
15.5(1) to -20.0(1) eA™, respectively and that for the C-N bonds are in the range, 1.79(4)
to 1.93(4) eA® and -11.8(1) to -13.0(1) eA™. In L-asparaginium ion, the C-C charge

Table 5.3 Bond critical point parameters of melaminium L-tartrate monohydrate.

Bond o(A®%  VPH(A® MeA® MeAd  AeAd) g
C(1) - N(5) 2.31(6) -22.7(2) -20.61 -16.60  14.52 0.24
N(5) - C(3) 2.45(7) -32.0(3) -2354 -19.44  10.99 0.21
C(3) - N(6) 2.32(6) -16.2(2)  -2151 -1349  18.77 0.60
N(6) - C(2) 2.22(7) -249(2)  -2098 -1551  11.63 0.35
C(2) - N(4) 241(7) -314(3) -22.46 -1855  9.56 0.21
N(4) - C(1) 2.46(6) -18.2(2)  -21.75 -16.05  19.64 0.36
C(1) -N(1) 2.29(9) -31.2(5) -22.93 -1820 9.1 0.26
C(2) - N(2) 2.59(6) -21.23(2) -24.43 -1547  18.67 0.58
C(3) - N(3) 259(7) -29.7(2)  -25.61 -18.02  13.95 0.42
C(4) - O(2) 2.65(9) -32.8(5) -29.83 -23.32  20.32 0.28
C(4) - O(3) 2.69(7) -17.10(2) -22.46 -19.46  24.82 0.15
C(5) - O(4) 1.62(8) -12.9(4)  -12.17 -1093  10.17 0.11
C(6) - O(5) 2.02(6) -12.7(2)  -1591 -1395 17.14 0.14
C(7) - O(6) 3.08(8) -51.9(4) -33.99 -2825 10.34 0.20
C(7) - O(7) 2.70(9) -335(5) -29.18 -27.31  22.98 0.07
C(5) - H(9) 2.41(2) -339(8) -32.69 -32.15  30.98 0.02
C(6) - H(11) 1.69(9) -14.3(1) -16.65 -1651  18.89 0.01
O(1) - H(13) 1.94(1) -184(3)  -17.30 -17.01 1593 0.02
O(1) - H(14) 2.20(2) -21.4(8)  -29.01 -27.77  35.35 0.04
O(4) - H(10) 2.20(1) -349(3) -37.34 -3566  38.15 0.05
O(5) - H(12) 2.65(1) -33.1(7) -36.27 -35.79  38.97 0.01
N(1) - H(1) 2.46(1) -34.0(8) -32.83 -3154  30.36 0.04
N(1) - H(2) 2.16(1) -24.2(6)  -28.36 -25.62  29.75 0.11
N(2) - H(3) 2.02(1) -29.0(8) -27.82 -27.38  26.24 0.02
N(2) - H(4) 2.27(1) -20.8(7) -30.14 -27.81  37.14 0.08
N(3) - H(5) 2.04(1) -23.3(6) -26.01 -2483  27.50 0.0
N(3) - H(6) 2.06(1) -18.3(8) -26.52 -25.15  33.35 0.05
N(6) - H(7) 1.49(2) -153(7)  -20.45 -19.61  24.79 0.04
N(5) - H(8) 1.742) -11.3(8)  -22.13 -20.88  31.80 0.06
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Table 5.4 Bond critical point parameters of L-asparaginium picrate.

Bond p(A3  VP((eA®) AeA®)  AEeAd)  AeAD) €

C(1)-C(2)  192(3) -155(1) -1585  -12.05  12.44 0.32
C2)-C(3)  224(3) -19.1(1) -17.82 -1424 1296 0.25
C()-C(4)  234(4) -200(1) -1872 -1494 1365 0.25
C4)-C(5)  215(3) -184(1) -17.68 -13.28 1257 0.33
C(5)-C(6)  220(3) -200(1) -17.97 -1413  12.11 0.27
C®6)-C(1)  187(3) -155(1) -1537 -11.82  11.70 0.30
C(1)-0(1)  262(4) -295(2) -2500 -20.70  16.17 0.21
C2)-N(1)  193(4) -125(1) -1617 -12.62  16.27 0.28
CR)-H(1)  206(8) -187(3) -2019 -2001  21.47 0.01
C(4)-N(2)  180(4) -130(1) ~-1461 -1146  13.07 0.27
C(5)-H(2)  205(10) -189(2) -19.42  -17.60  18.17 0.10
C®6)-N(3)  179(4) -11.8(1) -1485 -10.97  14.05 0.35
N(1)-02)  3.15(4) 0.7(1) 29.06 -2465  54.39 0.18
N(1)-0()  343(4) -53(1)  -3278 -2932  56.82 0.12
N(2)-O(4)  341(4) -79(1)  -3411 -2933 5559 0.16
N(2-0(5)  335(1) -111(2) -3454 -2929 5269 0.18
N(3)-0(6)  347(5) -7.3(1)  -3495 -2920  56.83 0.20
N()-O(7)  357(4) -89(1)  -356  -3076  57.45 0.16
C(7)-C(8)  182(3) -133(1) -1383 -12.26  12.83 0.13
C®)-C(9)  1.62(3) -10.37(6) -1156 -10.91  12.10 0.06
C(9-C(10) 177(3) -104(1) -1326 -10.67 1355 0.24
C®)-N(G)  165(3) -84(1)  -1259 -11.13 1532 0.13
C(10)-N(4) 238(4) -233(1) -2073 -1753  14.98 0.18
C(10)-0(8) 287(5) -32.2(3) -2697 -2317  17.95 0.16
C(7)-0©9)  293(5) -338(3) -3093 -2570  22.84 0.20
C(7)-0(10) 240(4) -267(2) -2253  -2004 1588 0.12
N(4)-H(@)  2.15(10) -27.9(7) -30.78 -2881  3L73 0.07
N(4)-H@)  217(10) -30.39(5) -2941 -27.66  26.68 0.06
NG)-H(7)  2.18(10) -242(5) -2636 -2516  27.30 0.05
N(G5)-H@E)  209(9) -21.9(4) -2661 -2615  30.88 0.02
NG)-H@Q)  2.24(1) -267(5) -29.19 -2834  30.81 0.03
O(10)-H(11) 2.12(11) -155(5) -27.29  -26.24  38.02 0.04
C(@8)-H(10) 1759) -17.1(3) -17.94 -17.76  18.65 0.01
C(9)-H(5B)  175(6) -147(2) -17.05 -1562  17.96 0.09
C(O)-H()  1.82(9) -156(3) -1846  -17.38  20.28 0.06

density and the Laplacian values indicate the single bond nature of the bonds. The density
values for the two carboxylic acid C-O bonds are 2.93(5) and 2.40(4) eA™ with the
corresponding Laplacian values of —33.8(3) and —26.7(2) eA™. The proton transfer from
the picric acid gives rise to a carboxylic acid group (in place of a carbolylate ion)

resulting in two unequal C-O bonds. The density and Laplacian for the C(8)-N(5) are
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1.65(3) eA™ and -8.4(1) eA™ respectively. This indicates a decrease in the bond strength
due to the ionic nature of the nitrogen atom.

In order to quantify the effect of the hydrogen bonding in the complexes a charge density
analysis of the various hydrogen bonds in the crystal structure has been carried out. In
Figure 5.4, shows typical deformation density maps for some of the representative
hydrogen bonds in both complexes MELT and LAST. The maps clearly reveal significant
features such as hydrogen bond regions and lone-pair (non-bonding) regions. There is an
accumulation of charge density in the bonding region between the donor atom and the
hydrogen atom resulting in a shared interaction. On the other hand, in the hydrogen bond
(H---A) region, there is depletion of charge density between the two nuclei. This is due to
the closed-shell interaction. Accordingly, small densities along with small and positive
Laplacians are to be expected at the bond critical points. The details of the density
distribution are given in Table 5.5. It is worthwhile to understand the variation in density
and Laplacian of the density with respect to the hydrogen bond strength, measured in
terms of the H...A distance and the D-H...A angle. For the N-H...O interactions in

Table 5.5 Hydrogen bond critical point parameters

Compounds Bonds o(A® Vp(eA™)
N(1)-H(1)...0(5) 0.11(5) 2.95(2)
N(1)-H(2)...0(3) 0.13(5) 2.96(2)
N(2)-H(3)...0(6) 0.13(6) 3.13(4)
N(2)-H(4)...0(1) 0.27(5) 3.53(3)
N(3)-H(5)...0(1) 0.15(5) 3.08(3)
N(3)-H(6)...0(3) 0.24(5) 3.16(3)
N(6)-H(7)...0(7) 0.40(1) 4.1(2)
N(5)-H(8)...0(2) 0.50(9) 4.31(1)
0(4)-H(10)...02)  0.18(4) 2.96(1)

MELT 0(5)-H(12)...0(6)  0.10(5) 3.5(3)
O(1)-H(13)...0(4)  0.03(2) 0.86(1)
O(1)-H(14)...0(6)  0.18(7) 4.06(6)
N(4)-H(3)...0(1) 0.08(1) 1.14(3)
N(4)-H(3)...0(2) 0.07(1) 1.05(4)
N(4)-H(4)...0(2) 0.07(1) 1.05( 4)
N(5)-H(7)...0(7) 0.04(2) 1.01(3)
N(5)-H(8)...0(9) 0.16(4) 3.65(3)

L ASp N(5)-H(9)...0(8) 0.07(2) 1.97(4)
0(10)-H(11)...0(1)  0.30(6) 7.19(8)
C(9)-H(6)...0(8) 0.05(8) 0.77(4)
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Figure 5.4: Static deformation density plots (at contour intervals of 0.1 eA?) in the
hydrogen bond plane for representative hydrogen bonding interactions in complexes
MELT and LASP.

MELT crystals, the density and Laplacian values fall in the range of 0.11(5) to 0.50(9)
eA™ and 2.95(2) to 4.31(1) eA™ respectively. These values are in good agreement with
the standard values® expected for a strong N-H...O hydrogen bond, with short H...A
distances and angles beyond 170° (see Table 5.5). Conversely, the O-H...O interactions
in MELT carry a density and Lapacian values in the range of 0.10(5) to 0.18(7) eA™ and
0.86(1) to 4.06(6) eA™ respectively, indicating that these interactions are moderately
strong. It is clear that in this complex, the dominant interactions are through N-H...O
hydrogen bonds. The charge density analysis on the hydrogen bonding interaction in
LASP also has been carried out (see Table 5.5). The density and Laplacian for N-H...O
hydrogen bonds in these systems are in the range 0.04(2) to 0.16(4) eA™ and 1.01(3) to
3.65(3) eA”, respectively, somewhat low for a standard N-H...O interaction. On the other
hand, the values for the O-H...O interaction (0.30(6) eA™ and 7.19(8) eA™) indicate that
this corresponds to a strong interaction. In general, it is clear from Tables 5.5 that the
hydrogen bonding interactions in LASP are comparatively weaker than those existing in
MELT.
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A useful application of the multipole model of the electron density is the ability to
derive the molecular electrostatic potential for an isolated molecule in the crystalline
environment, and hence to evaluate contributions of electrostatics to intermolecular
interactions and on molecular property.* Figure 3a and b show the electrostatic potential
on the iso electron density surface at p = 0.5 eA™, in MELT and LASP respectively. The
maps indicate the donor acceptor sites for hydrogen bonding present in both the proton-
transfer complexes. It is interesting to note that in MELT, (Figure 5.5a) the L-tartrate
carries most of the negative potential (red) whereas the surface over melaminium ion is
with positive values (green and blue) clearly implying proton transfer between these
molecules. In the perspective given in Figure 5.5a, the water molecule is seen carrying
negative lobes (red) corresponding to the lone-pair. A similar observation can be made in
the LASP where the negative potential surface (red) is over the picrate ion and positive

(a)
2.186
1.715

1.044

Figure 5.5: Experimental electrostatic potential of (a) MELT (b) LASP on the 0.5 eA?
isodensity surface. A colour gradient is applied to show the change from electronegative
(towards red) to electropositive (towards blue) regions.

surface (green and blue) on the L-asparaginium ion, hence the charge transfer (see Figure
5.5a), this case being more vivid than for MELT in Figure 5.5b. Thus LASP presents a
case of proton transfer where the charge transfer is almost complete with the prevailing
hydrogen bonds being relatively weaker.
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Charge density in proton transfer complexes

The dipole moments of the asymmetric units have been estimated with respect to
the center of mass as the origin, although the values themselves are independent of the
choice of origin as the asymmetric unit as a whole is neutral.*’ The values for MELT and
LASP are 22.1(5) and 40.6(7) D respectively (see Figure 5.6a and 5.6b respectively). The
charge separation in LASP being distinct, a high value of dipole moment is rather
expected. The dipole moments of the various molecular partners within the two

(b)

Figure 5.6: The dipole moments of the asymmetric unit are shown: (c) melaminium
tartrate monohydrate and (d) aspraginium picrate. Note the dipole moment of water, (3.6
D) in (c).

asymmetric units are ill-defined quantities as they are charged species (except water
molecule). It is interesting to note that the dipole moment in water molecule in the former
is doubled in this ionic crystalline environment (gas-phase dipole-moment of water=1.84

D)*. Coppens et al*?

have reported an enhancement in the water dipole-moment in non-
centro symmetric crystal field. Previous theoretical calculations by Batista et al* in
hexagonal ice structure have shown that the dipole-moment of water can reach as high as

3.09 D. The present study reports the experimental value of 3.6 D.

5.5 Conclusions

Based on the experimental and charge density studies on the crystals of
melaminium-tartrate monohydrate and L-asparaginium-picrate molecular complexes, the

charge-transfer characteristics of the hydrogen bonding interactions between the
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molecules have been determined. The origin of the large enhancement in the crystal
dipole moments in both the crystals is attributed to the presence of charge transfer
interactions between the constituent molecules, facilitated through the hydrogen bonds.
Interestingly, the dipole moment of the water of crystallization in melaminium-tartrate
monohydrate determined to be twice as large as that in the gas-phase, which is again a
consequence of the charge transfer interactions within the monomer that create a local
charging environment for the water molecule. The present study provides a
comprehensive understanding of the intermolecular forces prevalent in these important

non-linear optical materials.
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Chapter 6

EXPERIMENTAL CHARGE DENSITY DISTRIBUTION IN
CARBAMAZEPINE AND OXCARBAZEPINE: POTENTIAL
ANTIEPILEPTIC DRUGS*

Summary

Experimental charge density distribution in potential antiepileptic drugs
carbamazepine, [SH-dibenz(b,f)azepine-5-carboxamide], (CBZ) and oxcarbazepine, [10-
0x0-10,11-dihydro-5H—-dibenz(b,f)azepine-5-carboxamide], @ (OCBZ) have been
determined employing high resolution single crystal X-ray diffraction data measured at
100K. The molecules CBZ and OCBZ crystallize in monoclinic space groups P2;/n and
P2,/c respectively with a full molecule in the asymmetric unit. Molecules CBZ and
OCBZ show structural similarity with an exception in the region of additional —C=0
group in OCBZ. Analysis of hydrogen bonding in both the compounds has shown that
CBZ form stronger interactions compared to OCBZ. The density and Laplacian in
phenyl ring bonds show similar trends whereas that in amide groups show a large
difference in these values. The electrostatic potential of both the molecules show a
noticeable difference, where one of the phenyl rings in OCBZ is accumulated with
negative potential and also indicates the potential binding sites on these molecules. The
calculation of in-crystal dipole moment has shown that molecule OCBZ is more polar
compared to CBZ. The difference observed in the strength of hydrogen bond and the
other molecular properties such as electrostatic potential and dipole moment are related to

the reported bioavailability and specificity of OCBZ over CBZ.

* A manuscript based on this work is under preparation.



Chapter 6

6.1 Introduction

The complexity of the problem of drug-receptor recognition is not only to
represent the molecular mechanism of drug binding to the specific receptor, but also to
explain how a drug avoids ‘traps’ on the part of non-specific acceptors." The main
parameters of a molecule which determine the interaction of molecules with a receptor is
the molecular structure, electron density and molecular electrostatic potential (MEP).? It
is well known that a molecule forms an electrostatic field around itself, depending on
atomic charges. Polar substituents that can be included in a molecule may greatly change
its electrostatic potential, so the possibility of the binding and mutual orientation of a
ligand molecule and the receptor vary due to the so-called field effect." A modification of
the substituting groups may change molecular electrostatic potential by both magnitude
and sign at a distance of eight to ten carbon-carbon ordinary bonds’ distance from this
group” In this respect the molecular electrostatic potential derived from the atomic
charges can be a scaling factor which determines interactions and the fuctional groups

effects in a molecular recognition processes.

Electronic charge density method of X-ray crystallography is being successfully
employed to understand the diverse aspects of various organic and inorganic molecular
systems. Studies in literature includes the bond properties of covalent and ionic bonding
of various systems,® understanding of non-bonding interactions like various hydrogen
bonds’ and other electrostatic interactions,® in-crystal molecular properties related to
nonlinear optical activity,” pyroelcricity® and molecular magnetism,” single molecular
properties like aromaticity and conjugation.'’ In addition to this there are quite a few

reports on charge density evaluation of biomolecular functionality."'

Recent literature covers some of the interesting results on charge density analysis
of biologically important small molecules.'* These studies provide a better understanding
of the electronic strcucture of these molecules and also derive a relation between electron
density distribution and the electrostatics involved in the intermolecular interactions.
Recent reports on experimental and theoretical analysis of charge density by Destro'” and
Soave et al'* on Angiotensin II provides an insight in to the understanding of charge

density distribution to explain the electrostatics involved in the drug-receptor interaction.
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Charge density in antiepileptic drugs

These studies point out the importance of experimentally derived charge density in
molecular systems for a precise understanding of the molecular properties. In addition to
this there are some important studies on drug molecules of regular use like ibuprofen'’
and zinc complex of aspirin'® to give a detailed understanding of structure and topology
of electron density towards the understanding of these systems at molecular level. All
these reports highlight the application of experimentally derived charge density for a

better understanding of the intermolecular interactions.

6.2 Scope of the Present Investigation

Anticulvalsants or antiepileptic drugs are compounds which are found to help in
control of epileptic seizure.'’ Carbamazepine [5SH-dibenz(b,f)azepine-5-carboxamide],
CBZ is one of the most commonly used drugs in epileptic treatment, which is found to
have a very less bioavailability'® and side effects. Carbamazepine is also well known for
its polymorphism'® in addition to its ability to form cocrystals and solvates with various
other molecules.”® The compound oxcarbazepine [10-oxo0-10,11-dihydro-5H-
dibenz(b,f)azepine-5-carboxamide], OCBZ also satisfy same clinical purpose and found
to be much effective and have fewer side effects in comparison to carbamazepine.”!
Hence, it is interesting to compare the structure, electron density distribution and
electrostatic potential in these molecules to the known difference in bioavailability and
specificity of OCBZ to CBZ."® This study investigates the experimental charge density
and its topology in carbamazepine and oxcarbazepine molecules including the analysis of
non-bonding interactions in these molecules in the crystals within the platform of Bader

atoms in molecules (AIM) theory.zz.

6.3 Experimental Section

The title compounds carbamazepine and oxcarbazepine were obtained from
commercial suppliers and the crystals were grown from respective methanolic solutions
by slow evaporation at room temperature. High quality crystals were separated under an
optical microscope and covered with epoxy. The crystal data were collected on a
Bruker-Nonius diffractometer with Kappa geometry attached with an APEX - II-CCD

area detector and a graphite monochromator for the Mo Ko radiation (50 kV, 40 mA).
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The crystals were cooled to 100 K on the diffractometer using a stream of cold nitrogen
gas from a vertical nozzle and the temperature was maintained within 1 K throughout the

data collection.

Table 6.1 Crystal Structure and multipole refinement for the compounds CBZ and OCBZ.

Compound name Carbamazipine Oxcarbazipine
Chemical formula CisHixN, O Cis Hia N, Oy
Formula weight 236.27 252.27

Cell setting Monoclinic Monoclinic
Space group P2i/n P2,/c

a(A) 7.4831(2) 5.2052(1)

b (A) 11.0335(3) 9.2586(2)
c(A) 13.7570(4) 24.7809(6)
£(°) 92.942(1) 95.2660(10)
p(g/em?) 1.383 1.409

M, mm’ 0.089 0.096

Cell volume (A?) 1134.35(5) 1189.22(4)
Crystal size (mm) 0.4x0.4x0.3 0.40x0.35x0.25
Z 4 4

F(000) 496 528

no. of measured reflections 9135 14504

no. of independent reflections 9135 6472

Rierge 0.0207 0.0237

Rint 0.0321 0.0292
Refinement on F?

R(F) 0.0367 0.0423
wR(F?) 0.1110 0.1211

S 1.075 1.070

no. of reflections used in the 9135 6472

no. of parameters refined 211 220

weighting scheme
After multipole refinement

0.0317, 0.0627

0.0323, 0.0637

R{F} 0.0263 0.0259
R{F 0.0639 0.0378
S 1.1865 1.0927

The unit cell parameters and the orientation matrix of the CBZ and OCBZ

crystals were initially determined using 138 and 125 reflections respectively from 75
frames collected over a small ® scan of 12.5° sliced at 0.5° interval with three ¢ (0, 120,
240) settings where the values of 26 and o are at 30° and -45°. A hemisphere data of the

reciprocal space is collected with a strategy generated with COSMO program.”® The data
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collection and structure solution have been carried out following the procedure discussed
in the experimental and related aspects section of Chapter 1. A high-order refinement of
the data was performed using reflections with sin@/4 > 0.44 A and Fo > 4c. All the
hydrogens were held constant throughout the refinement along with their isotropic
temperature factors. The complete list of bond lengths and bond angles in both CBZ and
OCBZ are given in the Appendix Table A6.1 and A6.2 respectively and the atom
coordinates along with the isotropic displacement parameters are given Table A6.3 and
A6.4.

Multipolar refinement for the charge density analysis was carried out using the
XDLSM routine of the XD package,”’ and the details are given in Table 6.1. The XD
refinement strategy adopted for CBZ and OCBZ are also similar to previously discussed
molecules (see Experimental and related aspects section of Chapter 1). The residual maps
in different planes of the molecule were featureless (see Appendix Figure A6.3 and
A6.4). Additional information related to experimental charge density analysis is given in

the Appendix of Chapter 6.

6.4 Results and Discussion

The symmetric unit of both the compounds CBZ and OCBZ with atom labeling
is shown in Figure 6.1 and crystal data and other experimental details are listed in Table
6.1. The asymmetric units of CBZ and OCBZ consist of a full molecule and both the
compounds crystallize in monoclinic space groups P2;/n and P2,/c respectively. The
main structural difference between the compounds CBZ and OCBZ are centered around
the carbon atoms C(13) and C(14), where the former has double bond between these two
atoms whereas the latter is an oxo derivative of CBZ with a keto group on carbon atom
C(14). Both the molecules CBZ and OCBZ contain three rings. The two rings in CBZ
are aromatic whereas heterocyclic heptameric ring is anti-aromatic and also participate in
conjugation. OCBZ contain two aromatic rings and a non-aromatic heterocyclic
heptameric ring, as in the case of CBZ. The main functional group in both the
compounds are an amide group projecting out from the nitrogen atom N(1) of the
heptameric ring. Except in the region of C13 and C14 carbon atoms both the molecules

show structural similarity with slight deviation in bond lengths and bond angles. (see
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Figure 6.1: ORTEP representation of the molecules (a) Carbamazepine, CBZ (b)
Oxcarbazepine, OCBZ indicating the atom numbering scheme used. Displacement
ellipsoids are drawn at a 50% probability level.

Appendix Table A6.1 and A6.3) The average carbon - carbon bond lengths in phenyl
rings of both the compounds are given by 1.396 A. The bond C13-C14 in CBZ shows a
length of 1.351 A, which is the typical for a double bond, whereas that in OCBZ is given
by 1.516 A. Similar observation can be made in the case of bond angles; where the bond

angle also show a deviation in the case of carbon atoms C13 and C14.

CBZ and OCBZ show few interesting non-bonding interactions such as N-H---O
and C-H---O hydrogen bonds (see Figure 6.2). The hydrogen bonding interaction in CBZ
molecule include a dimeric N-H---O (H1A--O1, 2.04(1) A) and a C-H--O (H14--Ol,
2.50(1) A) where the N-H...O interaction is quite strong in nature and the respective
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(a)

Figure 6.2: Hydrogen bonding in molecules (a) CBZ and (b) OCBZ.

hydrogen bond angles are given by 177 and 167°. In addition to these hydrogen bonds
there exists a C- H--'7 interaction involving C10---H10 and one of the phenyl rings (atoms
Cl1 to C10) in the molecules with the interaction distance and angle of 2.58 (1) A and
136° respectively. OCBZ also shows a similar type of non-bonding interactions such as
hydrogen bonding and C-H---& interactions. OCBZ molecules involve in one N-H--O and
two C-H---O hydrogen bonds. The N-H...O (H1A--Ol, 2.05(1) A) interaction observed
in this molecule is comparatively weaker than that observed in CBZ with a H...O
distance of 2.05(1) A (H1A--O1,) and D-H-O angle of 136°. The C-H...O interactions in
this molecule are C-H-~-O (H8--O1, 2.50 (1) A) and C-H---O (H11---02, 2.50(1) A) with
angles 137 and 155°. From the analysis of hydrogen bonds it is clear that the CBZ form
strong non-bonding interactions compared to that formed by OCBZ. The non preferential
binding of CBZ over OCBZ can be understood on the basis of the tendency of CBZ

molecule to form strong non bonding interactions.

In order to understand the effect of additional carbonyl group on molecule
OCBZ, a comparative study of experimental charge density derived from high-resolution
single crystal X-ray diffraction data of both compounds CBZ and OCBZ have been
carried out. The representative deformation density maps of the benzene rings from both

the compounds and the amide bond regions are shown in Figure 6.3. The contour depicts
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typical covalent bonding present in both the molecules. The average density of the

carbon- carbon bonds in the phenyl rings in CBZ is given by 2.12 eA™, whereas that in

Figure 6.3: Static deformation density maps from the molecules CBZ and OCBZ (a)
representative phenyl ring from CBZ (b) representative phenyl ring from CBZ. (c) amide
group from CBZ (d) amide group from OCBZ. Contour intervals at 0.1eA; positive
contours are represented as solid lines while zero and negative contours are represented
as dashed lines.

OCBZ is given by 2.14 eA™ which indicate that the carbonyl group on OCBZ is not
influencing phenyl ring densities. The density of the C-N bonds, which is a part of the
heterocyclic ring, is 1.89 and 1.90 eA™ in CBZ while that for OCBZ is 1.97 and 1.83 eA”
3 respectively. These values clearly indicate the extended conjugation in CBZ and the
isolated ring part of the OCBZ. It is interesting to note that the density of the C15-N1
bonds in both the molecules is given by 2.22 eA™, indicating that the bond in not affected
by the carbonyl group in OCBZ. Similarly, the density of bonds in amide group present
in both CBZ and OCBZ are comparable.
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The Laplacian of the density at the bond critical point will give an idea about the
charge polarization in the bonding regions in a molecule. Unlike density the variations of
Laplacian values in CBZ and OCBZ molecules are interesting (see Tables 6.2 and 6.3).
The average Laplacian for the aromatic bonds in the phenyl rings of CBZ are given by —
19.2 and —19.4 eA”, whereas that for OCBZ is given by —17.5 and —18.0 eA™ indicating
that in OCBZ the phenyl rings have undergone less charge polarization due to the
diminished conjugation. The Laplacian values for C1-N1 (-14.2 and —14.3 eA™) and C7-
N1 (-13.3 and 9.9 eA”) bonds in CBZ and OCBZ are comparable. A similar
observation can be made in the case N1-C15 bond and the values are given by —20.4 and
—22.03 eA”. It is interesting to note that the carbonyl bond in the amide group shows a
considerable difference in the Laplacian values indicating that this bond in CBZ has
undergone a higher polarization. The Laplacian values for these bonds are -36.5(1) and -
27.7(1) eA” for CBZ and OCBZ respectively. The Laplacian of the C15-N2 bonds in
CBZ and OCBZ shows very close values (24.1 eA™ and -24.4 eA™) suggesting that this

bond is not affected by the functional group change and conjugation. The carbonyl group

Table 6.2 Bond critical point parameters of CBZ.

Bond p(A7?) Vp@EA®)  MeA?)  h(eA”) (A7) e
C(1)-C(2) 2.190(5)  -19.982( 15) -17.42 -13.75 11.19 0.27
C(2)-C@3) 2.099(5) -18.984( 15) -16.25 -13.41 10.68 0.21

C(3)-C(4)  2.154(5) -19.438(15) -1671  -13.82  11.09 021
C4)-C(5)  2.155(5) -19.840(15) -1691  -13.68 1075 024
C(5)-C(6)  2.030(5) -17.775(15) -1548  -12.88  10.58  0.20
C6)-C(1)  2.151(5) -19.392(15) -17.01  -13.63 1125 025

C(1)-N(1)  1.895(6) -14.301(20) -13.96  -13.34  13.00  0.05
C(7)-N(1)  1.888(6) -14.225(19) -1446  -13.36  13.60  0.08
C(7)-C(8)  2.085(5) -19.122(15) -16.81  -12.71 1040 032
C(8)-C(9)  2.091(5) -19.232(15) -1651  -13.18 1045 025
C(9)-C(10) 2.143(6) -20.190( 16) -17.18  -13.69  10.69  0.25
C(10)-C(11) 2.122(5) -19.862(16) -16.66  -13.67 1047 022
C(11)-C(12) 2.016(5) -17.313(15) -1556  -12.44 1068 025
C(7)-C(12) 2.183(5) -20431(16) -17.89  -13.72  11.18 030
C6)-C(13) 1.872(5) -14.557(14) -13.98  -12.04 1146  0.16
C(13)-C(14) 2.234(6) -21.111(17) -17.74  -13.51  10.14 031
C(14)- C(12) 1.860(5) -14.145(13) -13.45  -12.01 1132  0.12
C(15)-N(1) 2.225(6) -22.031(22) -19.44  -1551  12.92  0.25
C(15)-N(2) 2.276(6) -24.127(26) -20.00  -1595 11.82 025
C(15)-0O(1) 2.887(7) -36.453(33) -27.15  -24.17 1487  0.12
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present in the OCBZ molecule shows a density and Laplacian of 2.97 (1) eA~and —32.8
(1) eA” respectively, which is comparable to that theoretically reported for a carbonyl
bond.” The single bonds connecting double bond with the phenyl ring in CBZ show a
higher density and Laplacian compared to the C6-C13 and C14-C12 in OCBZ indicating
that in CBZ more density has flown from the phenyl ring and double bond. It is
interesting to note that the bond C6-C13 in OCBZ shows more density and Laplacian

values compare to C14-C12 indicating that this former bond is more conjugated due to

Table 6.3 Bond critical point parameters of OCBZ.

Bond p(A™) Vip(eA®)  M(eA”) h(eA”) M(eA”) e
C(1)-C2)  2.153(5) -18.279(15) -16.78 -13.84 1234 021
C()-C(3)  2.155(5) -17.634(16) -16.36  -13.82 1255 0.18
C(3)-C(4)  2.146(5) -17.410(15)  -16.19  -13.90 12.68 0.16
C4)-C(5)  2.200(5) -18.772(16)  -17.06  -14.26 12.55 0.2
C(5)-C(6)  2.119(5) -16.543(16)  -15.96 -13.60 13.02 0.17
C(6)-C(1)  2.097(5) -16.310(15)  -15.98  -13.11 1279 0.22
C(6) - C(13)  1.792(5) -12.126(12)  -13.32 -11.75 1294 0.13
C(13) - C(14) 1.729(5) -10.145(13)  -12.04 -11.02 1292 0.09
C(14) - C(12) 1.688(5) -10.066(12) -11.81 -10.67 12.41 0.11
C(7)-C(8)  2.183(5) -19.184(15)  -17.47  -13.92 1220 0.5
C(®)-C(9)  2.072(5) -17.565(15)  -16.44 -13.05 11.92 0.6
C(9)- C(10)  2.144(5) -18.235(16) -17.06 -13.44 1226 0.27
C(10) - C(11) 2.129(5) -18.428(16) -16.65 -13.92 12.14 0.2
C(11)-C(12) 2.058(5) -16.619(16)  -1595 -12.77 12.09 0.25
C(12)-C(7)  2.167(5) -18.129(16)  -17.37 -13.25 1250 031
C(1)-N(1)  1.965(5) -13.330(19)  -15.54 -13.81 16.01 0.13
C(7)-N(1)  1.826(6) 29.902(19)  -13.26 -12.52 15.88  0.06
N(1)- C(15)  2.226(6) -20.364(22) -20.05 -15.770 1539  0.28
C(15)-0(1) 2.911(7) 27.730(27) 2640 2374 2242  0.11
C(15)-N(2)  2.402(6) -24351(23) -21.97 -17.51 1513 0.5
C(13)-0(2)  2.967(7) -32.802(30)  -27.12  -23.61 1793 0.15

the presence of the carbonyl group nearby (see Table 6.2 and 6.3). A Similar trend is
observed in the case of bond ellipticity as in the case of density and Laplacian. The
average ellipticity of aromatic bonds in CBZ are in the range of 0.23 - 0.27, whereas that
in OCBZ is 0.19 - 0.26 (see table 1 and 2). All the bond ellipticity values in these

molecules are comparable with the theoretical values.
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Any distribution of charge in a molecule creates an electrostatic potential in the
surrounding space, which at any given point represents the potential of the molecule
interacting with the electrical charge at that point.”’ The multipole description of electron
density enables the calculation of the molecular electrostatic potential for an isolated
molecule,™ though the refined multipole parameters implicitly contain crystal field

12-14 . . 31 .
1 -3 and theoretical studies®' on various drug

effects. All the previous experimenta
molecules have highlighted the importance of electrostatic potential to understand the
possible interactions with receptor. The three dimensional display of this electrostatic
potential have been widely used to compare the properties of various drugs and their
homologues towards the rational design of new drugs with appreciable properties.’” This
study investigate some of the features of the experimental molecular electrostatic
potential based on the appearance of the 0.5 eA™ isodensity surfaces of CBZ and OCBZ

given in the Figure 6.4 The color gradient applied is to show the variation in

electrostatic potential from electronegative regions

1.678 eA! .
1.762 e

1.330 1.376

0.982

0.991

0.634 0.605

A -0.062 -0.166

Figure 6.4: Experimental electrostatic potential of (a) CBZ (b) OCBZ on the 0.5 eA™
isodensity surface. A colour gradient is applied to show the change from electronegative
regions (red) over neutral (green) to electropositive (blue).

(red) over neutral (green) to electropositive (blue). It is interesting to compare the
electrostatic potential of the molecules CBZ and OCBZ as it shows some well-defined
features. It is clear from the Figure 6.4 that the phenyl ring close to the -C=0 possess
more negative electrostatic potential compared to the other phenyl ring and its
counterparts in CBZ. Similar observation can be made in the case of oxygen atom of the
-C=0 in amide group, where the negative potentials are —0.62 eA" and —0.139 eA™ for
CBZ and OCBZ respectively. The electrostatic potential for the protons of -NH, group
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in OCBZ is at a higher side with a value of 1.776 eA™'. Thus the comparison of the
isodensity surfaces of both the molecules bring about some of the interesting features,
which can be used to understand the possible interactions with the receptor molecules. It
is noteworthy that the oxygen atoms as well as the phenyl ring of the OCBZ can make
stronger interactions with the receptor with comparable electropositive sites. Similarly,
the protons of the amide group in OCBZ can also make stronger interactions with the

respective electronegative sites of the receptor.

This study also presents a comparison of multipole derived in-crystal dipole
moments in molecules CBZ and OCBZ. Molecule OCBZ showed a large difference in
dipole moment compared to CBZ, with a value of 12.5 (1) D, while CBZ showed a value
of 7.1(1) D. The increase in the dipole moment of CBZ clearly born out from the effect
of additional carbonyl functionality present in OCBZ. The higher dipole moment of the
molecule OCBZ can be a reason for the higher bioavailability due to the improved

solubility in polar body fluids.

6.5 Conclusions

Analysis of experimental charge density in two antiepileptic drugs,
carbamazepine and its oxo derivative oxcarbazepine, has been carried out. The additional
functional group present in oxcarbazepine brings about a noticeable difference in the
molecular geometry with changes in bond lengths and bond angles. Analysis of density at
the bond critical points of these molecules shows that the density and Laplacian values
for the phenyl ring bonds in both of these molecules are comparable. Bearing an
additional carbonyl group, the bonds in amide moiety of OCBZ molecule, especially —
C=0 group show a large variation in Laplacian values. Noticeable variations in these
two molecular systems are observed in the case electrostatic potential, where the OCBZ
shows an accumulation of the negative charge in the phenyl ring close to the carbonyl
group in the molecule and also indicate the acidic nature of amide protons of OCBZ.
Analysis of the structural and charge density features, especially electrostatic potential
suggest that in addition to molecular geometry, the local charge polarizations in the

immediate vicinity can play a key role in the specificity of the OCBZ over CBZ. The
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calculations of the in-crystal dipole moments indicate that the polar nature of the OCBZ

can be one of the reasons for the higher bioavailability of the compound.
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